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Abstract: The coupled fluid-flow and stress model with time-dependent effect is developed. In this
model, rock mass is simulated as a homogeneous and isotropic dual-porosity, dual-permeability
continuum. Darcy’s law is used to describe the fluid flow in a porous medium, and cubic law is used
to describe the flow in fractures. The finite element method is introduced to solve the system, and the
effects of fractures and fracture spacing are considered numerically. The numerical results indicate
that fractures have a significant impact on the rocks’ displacement and pore pressure. It also shows
an increase in plastic strain with decreasing fracture spacing, as does the creep strain. The coupled
process is highly sensitive to the fracture spacing. A series of numerical simulations are conducted
to better understand the complex coupled processes, which leads to an improved understanding of
different aspects of naturally fractured reservoirs and may impact on experimental design to explore
these attributes in a real reservoir situation.

Keywords: dual-porosity; dual-permeability; time-dependent effect; rock mass modelling;
numerical simulation

1. Introduction

The analysis of those problems related to the fractures in rock mass is intrinsically difficult due to
their complex characteristics. All of these solid rock engineering problems have two distinct porosities,
one in the matrix and the other in the fractures. Because of the different storage and conductivity
characteristics of the matrix and fractures, these reservoirs can be represented by dual model reservoirs.
Dual-porosity, single permeability model and dual-porosity, dual-permeability model can be used to
describe the fluid solid coupled effect for not only the weakly compressible fluid but also the slightly
compressible fluid with adsorption mechanism, such as water flowing though fractures in deforming
aquifers [1-3], naturally fractured reservoirs [4,5], and other mechanical influences. Furthermore,
a number of papers have extensively addressed and investigated in the CO; sequestration in deep coal
seams and coalbed methane recovery with dual porosity or dual permeability model [6-13]. Wu et al.
used finite element model to quantify the net change in permeability, the gas flow, and the resultant
deformation in a prototypical coal seam with a dual poroelastic model [6]. Wei and Zhang [7,8] used
finite volume method and fully implicit finite-difference method fully implicit finite-difference method
to simulate the coalbed methane (CBM) recovery with a triple-porosity/dual-permeability model,
respectively. Masoudian and co-researchers [9-11,13] did a lot of work to study the effect of CO,
injection on reservoir and geomechanical performance of the coal seam in a more comprehensive way.

Ever since Barenblatt et al. firstly established the dual-porosity model by introducing the theory
of mixtures [14], there have been numerous studies reporting the theory and numerical analysis
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on modeling fractured formations with the dual-porosity, dual-permeability approach [5,15-18].
Some researchers followed the conventional fluid flow modeling coupled with geomechanics
through stress dependent rock properties and during the development process [19-21]. Considering
pore deformation, Valliappan and Khalili-Naghadeh [20] derived a set of coupled differential
equations governing the behaviour of fissured porous media. Chen and Teufel [19] focused on
theoretical developments with emphasis on the identification of the critical coupling and physical
interpretations of the parameters involved. Taking advantage of the joint-mechanics theory, Bagheri
and Settari [21] developed general, rigorous coupling between the fluid-flow equation and deformation
of fractured media. The need for coupled modeling of hydro-mechanical model has been addressed and
investigated in various studies whether the analytical and numerical modelling [22-25]. For example,
Zhang et al. [22] used the finite element method to investigate the effects of fracture spaces
on the displacement, stress and pressure in dual-porosity media. However, they neglected the
matrix-fracture interaction transfer function. Rutqvist [23] proposed a linked multicontinuum and
crack tensor approach for modelling of coupled geomechanics, fluid flow and transport in fractured
rock. Hu et al. [25] used a numerical manifold method for analyzing fully coupled hydro-mechanical
processes in porous masses with discrete fractures. Some even considered the chemo-hydro-mechanical
model for the coupled multiphysics of carbon dioxide sequestration [10,11].

Although all of these works provide better extension to the existence theory and models,
the long-term creep effect on the matrix with coupled fields is seldom considered. In practice,
the time-dependent effect has a great impact on the characteristics of rock material and the stability
of rock engineering, such as deep underground rock engineering, high slope engineering, dam base
engineering and nuclear waste disposition engineering [26-30]. This influence has been investigated
through experimental and theoretical [27,28,31,32] and numerical modeling [33]. Some researchers
considered the influence of pore pressure on the creep mechanical behavior [34,35]. However,
these studies have improved our understanding on the time-dependent influence on rock mass,
we still should know its influence on dual-porosity, dual-permeability system with important coupling
between mechanical and fluid-flow transport behaviors.

Therefore, the focus of this paper is to investigate the time-dependent response to coupled
hydro-mechanical with dual-porosity, dual-permeability medium. In order to achieve this target,
dual-porosity, dual-permeability model is applied to illustrate the system with coupling between
mechanical and fluid-flow transport both in fractures and in pores. The physical and mathematical
models of dual-porosity, dual-permeability medium are used to derive the governing equations of
rock mass deformation and coupled fluid flow. The time-dependent influence on the deformation
is also considered. From the numerical simulation, four different cases are used to describe the
difference with consideration of the effects of fractures and the spacing of the fractures. The numerical
results are performed in a comprehensive way including displacement contour, displacement vector,
pore pressure contour, equivalent plastic strain contour, and equivalent creep strain contour.

2. Governing Equations

The research on dual-porosity, dual-permeability model is transformed from the homogeneous
isotropic medium to an orthotropic medium, an even more complicated medium. The formulations
have two properties: the first is the porous rock storage capacity is high and transmissivity is low;
fracture storage capacity is low and fracture transmissivity is relatively high. The second is the
possibility that exists on flow through both the blocks and the fractures with a transfer function
describing the fluid exchange between the two continua.

In the following, based on the references [20,22], a set of field equations for rock time-dependent
deformation and fluid flow are defined. These equations are coupled with the interaction effect of pore
pressure and rock deformation in rock matrix and fractures. In addition, these equations are based on
the following assumptions:
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(1) Rock mass is a dual-porosity, dual-permeability homogeneous isotropic continuum.

(2) Strains are infinitesimal.

(3) Rock material has the time-dependent mechanical behavior.

(4) Darcy’s law is used to describe fluid flow in porous medium, and cubic law is used to describe
the flow in fractures.

(5) The density of fluid in rock mass is constant.

(6) Isothermal condition is used.

2.1. Rock Mass Deformation

There are two distinct types of porosity and permeability coexisting in rock volume.
The traditional effective stress form is used with single fluid pressure in the system. Here, by extending
Terzaghi’s effective stress saturated rock, and considering the effects of pore pressure in matrix and
fractures separately, the total stress in a general form is expressed as [15],
0j; = 0ij — a1p16; — A2P263j, 1)
where 0j; is total stress tensor, a1, a; and py, p, are the Biot coefficient of effective stress and fluid
pressure of blocks and fractures, respectively, and §;; is the unit tensor.
Equilibrium equation is
0ijj +bi =0, 2

where b; is the body force vector.
The stress—strain relationship of homogeneous isotropic continuum is

alf]. = 2G&; + Aeodyj, @)

where A and G are lame constants and shear modulus, respectively. &, = €11 + €2 + €33 is
volumetric strain.
The strain-displacement relationship is defined as

1
eij = 5 (i) + ;). )
The total strain can be assumed to be as follows:

gij = sﬁj + efj + sﬁ'j, (5)

where ¢, is elastic strain, ¢/: is viscous strain, and €Y. is viscous (creep) strain. The above expression
1 1 1

should be determined by the actually rheology equation [36-38]. Semenov et al. [36] discussed the
classical and generalized rheological models for the materials in civil and mechanical engineering.
Masad et al. [37] used Perzyna’s viscoplasticity along with the Druker-Prager yield surface for
modeling hot mix asphalt. Thus, the above Equation (5) is only one of the assumptions. In Section 3,
the Druker—Prager model is used to exhibit the pressure-dependent yield and the time hardening form
of the power law creep model for viscous behavior.

Substituting the Equations (3) and (4) into Equation (2), we yield the stress field governing
equation of stress-seepage model for the dual-porosity medium

gy 2 ap1 op2 o
()\—i-G)a—xl-i-GV ul+a1673c,+a2873c,+b1_0 (6)
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Using the principle of A = 2Gv/(1 — 2v) (here, v is the Poisson’s ratio), Equation (6) can be

rewritten in the form
G Ogy

1—200x;

ap1
Bxl-

apz

2,
+ GV u; +a axi

+ ap

+0b; =0. )

2.2. Fluid Flow Governing Equation

Assuming that the fluid flow through porous media can be described by the Darcy’s law,
if the gravity effect is considered, then the Darcy volumetric flow rate can be defined as the
following equation:

K
w=-ﬁWm—m% ®)

where v is the fluid’s relative velocity in porous media, pf and y is the fluid’s density and viscosity,
respectively, k; is the permeability of the porous media, p, is the fluid pressure on porous media,
g = gVz denotes the gravitational acceleration, and z is the vertical coordinate. Here, the permeability
variation in the matrix is not considered. For the sake of simplicity, we assumed that the fracture wall
is smooth and the flow is in the laminar range. Here, we use the cubic law to describe the tangential
flow through a fracture, which is expressed by [39]

ko
va= = (VP2 —pr8), ©)
where v; is the fluid’s average velocity in fracture, d is the average fracture width, and p, is the fluid
pressure on fracture media. The permeability in the fracture is defined as k, = d?/12 [39].
The relative fluid velocity can be defined as

Vwi = P (Vwif — Vis), (10)

where vy, Pu, Vwif, Vis (w = 1 standing for the porous medium and w = 2 for the fracture) represent
relative fluid velocity, porosity, absolute fluid velocity and velocity of the blocks, respectively.
The solid mass continuous equation is defined as

- (1= g)peti) = (1= 9)po), an

where ¢ = ¢ + ¢, is the total porosity of rock mass, and ps is the solid density. Due to
v;50/0x; << 9/0t, we can get

d ) s J is
pogp @+ 02) = (1= @) 30 + (1= @) (12)

Considering the fluid exchange between the porous media and fractures, the fluid mass
continuous equation can be written as

d d
- aTCi(vawi) = E(Pfﬁbw) +(—=1)“Qs, (13)

where Qs = a407(p1 — p2)/p (aq is the interporosity flow coefficient, which is related to the
permeability and geometric characteristic of the matrix) is defined as the matrix-fracture interaction
function. The interaction function has many different equations and has been investigated by many
authors [40-42]. The state equation of fluid and solid blocks can be expressed as
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L3 0po 13ps 3
ot’

i = 14
pr ot f7ot " ps ot (14)
where c¢, ¢s are the compressibilities of fluid and solid blocks, and p = a1p; + axp2 is the total pressure:

10 g oy 1 02 0 e,
Vaxi( wi 3x; ) = dw, ot + aw, ot Aw 9 +( l) " (Pl PZ), (15)

where w = 1,2, a,, is the Biot coefficient shown in Equation (1) of a,,, 4w,, which are the constants
related to the coefficient of compressibility and porosity [20]. The above equation is the governing
equation for fluid flow in dual-porosity medium.

2.3. Boundary Conditions

Generally, there are three kinds of boundary conditions that are the displacement boundary
condition, stress boundary condition and seepage boundary conditions.
The displacement boundary initial condition is

u=1. (16)

The stress boundary condition can be written as

lUx + mey + NTxz - Fx,
1Ty +moy +nt, = F,
1Ty, + mty; +n0;, = F, (17)

where [, m, n are the three exterior normal direction cosine to the boundary, o;, T is the component of
stress tensor, and Ey, Fy, F; are the pressure forces. This boundary condition can be rewritten as

[L)]To =F, (18)

where L is the coefficient matrix of the above set of equations, and F is the vector of pressure force.
There are three kinds of seepage boundary conditions. If we already know the fluid pressure at
each point at any time, then we have

pr=p(xy2), (xyz) el (19)
The second seepage condition is used to describe the fluid flow velocity
lvy + moy +nv, = vy, (20)

where v;, is the component of v normal to the boundary for the impervious boundary v = 0. Cauchy
boundary condition is both the potential and its normal derivative prescribed on the boundary. Thus,
p verifies the following equation:

dv(x,y,z,t
p(x,y,z,t) + a% =B, (x,y,z) €T, (21)

where «, § are Cauchy data.
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3. Numerical Simulation

3.1. Model Description and Input Parameters

Using Galerkin’s weighted residual method in each element and finally assembling into the
whole models, we can get the global matrix of the system and the increment schemes. In order
to study fractures and the time-dependent effects on the system, a two-dimensional model [22],
which has a length of 12 m and a height of 10 m, is constructed using ABAQUS (Dassault
Systémes, Vélizy-Villacoublay, France) as shown in Figure 1. This model is used to describe the
rock mass deformation in a saturated dual-porosity, dual-permeability model under the external load.
A concentrated force P is applied as shown on the middle part of the top surface. The bottom of the
model is rollered and the displacement constraints on the x-direction to the left and right sides. At the
top, an outlet boundary condition is specified with the fluid pressure set to zero, and the pressures
on the left and right boundaries are y,,h. Here, 7, is the unit weight of water and # is the hydraulic
height. A no-flow boundary condition is applied to the bottom of the system. Two fracture groups in
horizontal and vertical direction are contained in this model with the same fracture aperture. The same
four-node bilinear displacement and pore pressure element are used in matrix and fractures ignoring
the cracking effect on fractures in case 1. In cases 2—4, four-node bilinear displacement and pore
pressure element in matrix and cohesive element type in fractures are used to simulate the stress and
strain effect in a dual medium system. Different fracture spacing bs, with 2 m, 1 m and 0.5 m and
the fracture aperture b = 0.01 m are set in cases 2—4. Tangential flow is the fluid flow in the length
direction of the fracture and normal flow refers to the fluid leak-off into the surrounding medium.
Fluid leakage coefficient defines a pressure flow leak-off relationship like the coefficient a0/ u of
the matrix—fracture interaction function. Since the tangential flow is absent from the porous medium,
the tangential flow will enhance the crack at the fractures if the tangential permeability is defined. The
tangential flow and the normal flow are only existed in cases 2—4. The values of the properties are
listed in Table 1 and the simulated conditions are shown in Table 2.

Figure 1. Simulation model.
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Table 1. Property parameters of simulation model.

Parameters Values
Youngs modulus of matrix, E (Pa) 1x 108
Possions ratio of matrix, v 0.2
Youngs modulus of fracture, E (Pa) 2 x 107
Possions ratio of fracture, v 0.15
Concentrated force, P (Pa) 2.76 x 10°
Permeability of matrix, (m/s) 1x10~11
Permeability of fracture, (m/s) 1x 1077
Porosity of matrix 0.1
Porosity of fracture 0.05
Normal stiffness of fracture, k,; (Pa/m) 2 x 107
Tangential stiffness of fracture, ks (Pa/m) 1 x 107
Leakage coefficient, (m3/(Pa-s)) 0.3

Table 2. Simulation models under different conditions.

Parameters Values

Casel
Fracture spacing ignoring
the cracking effect in fracture, b,y (m) 1

Case 2
Fracture spacing considering
the cracking effect in fracture, by (m) 2

Case 3
Fracture spacing considering
the cracking effect in fracture, b, (m) 1

Case 4
Fracture spacing considering
the cracking effect in fracture, b;p (m) 0.5

3.2. Results and Discussion

The displacement contour, displacement vector diagraph and pore pressure contour of the
four cases simulation with the rock consolidation under the top pressure are shown in Figures 2—4.
From Figures 24, the difference in the displacement contour, displacement vector and pore pressure
under different conditions can be seen. The continuity being weakened from case 1 to cases 2—4 can be
demonstrated because of the existence of fractures. The cracking effect of tangential fluid flow plays
a dominant role in enhancing the discontinuity with the decrease of fracture spacing. In addition,
notice that the displacement increases with the decrease of fracture spacing. This implies that the
fractures decrease the stiffness of the system and increase the flexibility of the rock mass. Figure 3
shows the displacement of the points around the fractures is greater than that of other points, which
means that the crack is stress concentration and more dangerous in the whole system, which has been
proved by many experiments. However, case 1 in Figure 3 has no evidence of cracking in addition to
the obvious downward displacement of the middle section. In fact, with the uploading and the effect
of fluid, the displacement becomes larger when the fracture spacing is taken into account.

Figure 4 shows the different situations of pore pressure diagram of single medium case 1 and
dual-porosity cases 2—4. Because the permeability of fracture is larger than that of the pore by several
orders of magnitude, most of the water flows out of the cracks. Due to the middle part of the applied
load, the fractures in this part are more easily cracked. As the cracks increase, the volume of water
discharged from the cracks will be more.
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Figure 2. Displacement Contour. (a) Case 1; (b) case 2; (c) case 3; (d) case 4.

©aaa A ANANNNANNNNS o,

\

7

N
v
A N
A i ‘\\
7/ N\
ﬁ/// \\\N
- N
7 / NN\ W
AR ENEN

()

’

r7777777777777=>>

555555 5> > > > > =

>

>

U, Resultant

+1.030e-02
+9.441e-03
+8.583e-03
+7.725e-03
+6.866e-03
+6.008e-03
+5.150e-03
+4.291e-03
+3.433e-03
+2.575e-03
+1.717e-03
+8.583e-04
+0.000e+00

U, Resultant

+1.349e-02
+1.236e-02
+1.124e-02
+1.012e-02
+8.992e-03
+7.868e-03
+6.744e-03
+5.620e-03
+4.496e-03
+3.372e-03
+2.248e-03
+1.124e-03
+0.000e+00

(DU DD ED NS B

S SR

3

>

B e e

N L L LRSS

AN NNNNNNSSS———————

N

e

NSSSSS

AN
W\

\

ERERTRRE RN

£ 0 URNARRALAANRARAOANNNA
RUTEETSERINN \

ooy

(d)

L1113 380AAANAN

s s emome

(A

1113277777777

RN ENRYY VY

N

&
’

S e3PPI >
o N

//;
T

ccvvrrrryesy

cesrryy
eeeeiisif {17,

Figure 3. Displacement vector diagram. (a) Case 1; (b) case 2; (c) case 3; (d) case 4.

—~———

15555535555 555 500 ke ————————————

8 of 14




Geosciences 2017, 7, 45 9of 14

POR
+1.000e+05

POR
9.167e+04 (Avg: 75%)
+9.167e-
183330104 +1.000e+05
+7.500e+04
+6.667e+04
+5.833e+04
+5.000e+04
+4.167e+04
+3.333e+04
+2.500e+04
+1.667e+04
+8.333e+03
+0.000e+00

+1.000e+05
+9.167e+04
+8.333e+04
+7.500e+04
+6.667e+04
+5.833e+04
+5.000e+04
+4.067e+04
+3.033e+04
+2.500e+04
+1.667e+04
+8.333e+03
-6.104e-05

(b)

POR
+1.000e+05
+9.167e+04
+8.333e+04
+7.500e+04
+6.667e+04
+5.833e+04
+5.000e+04
+4.067e+04
+3.033e+04
+2.500e+04
+1.667e+04
+8.333e+03
-6.104e-05

POR
+1.000e+05
+9.167e+04
+8.333e+04 |
+7.500e+04
+6.667e+04

+4.067e+04
+3.033e+04
+2.500e+04
+1.667e+04
+8.333e+03
—6.104e-05

(d)

Figure 4. Pore pressure contour. (a) Case 1; (b) case 2; (c) case 3; (d) case 4.

The vertical displacement with respect to time curves of the center point on the top surface is
shown in Figure 5. Specifically, the displacement of the center point at the end of consolidation with
time 1 x 10” s from case 1 to case 4 is 9.55 x 107 m, 9.60 x 1073 m, 2.14 x 107? m, 1.30 x 10~2 m,
respectively. The figure shows that the displacement considering the fracture effect in case 2 to case 4
is larger than that in case 1. The figure also shows the displacement increases as the fracture spacing
decreases, indicating the significance of considering the fracture effect in the whole system. Similar
trends are observed from Figure 6, where the displacement over the depth of the center line is displayed
in different cases.

0.000 : : : : : :
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c +—— casel
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8 o———o case4
©
'3 -0.008 8
[a}
-0.012 +
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Figure 5. Displacement time curves at the center point of different cases.
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Figure 6. Displacement depth curves of different cases.

The Drucker-Prager model with associated flow rule is utilized to describe the plasticity behavior
of the matrix. The Drucker—Prager yield function is written as [43] Fs = g — ptan8 — d = 0, where B is
the material’s angle of friction d is its cohesion, p = —1/307; is the equivalent pressure stress and g is
the Mises equivalent stress. Here, we set the friction angle 35° and dilation angle 0° in the above four
cases . The plasticity strain contours are shown in Figure 7. Figure 8 compares the creep strain contours
by using the time hardening form of the power law creep model with the creep material parameters
A=24x10"% n=015m=—08,t =1 x 10° . The time hardening form of the power law model
is & = A(0")"t", where £ is the equivalent creep strain rate, which is defined as € = |{}|; 7" is
the equivalent creep stress; t is the total or the creep time; and A, n, and m are user-defined creep
material parameters. It is observed from Figure 7 that the presence of cracks weakens the load-bearing
capacity and enlarge the plastic area. As is shown in this figure, the decrease in the length of fracture
spacing has a significant impact on the increase of plastic area. Therefore, the ignorance of the crack
effect will lead to a wrong evaluation during the calculation of elastic-plastic materials. Similar trends
are observed from Figure 8 for creep strain on the four cases, which increases as the fracture spacing
decreases, with very significant variations by the creep strain contours. These observations indicate
that neglecting the crack effect can lead to significant errors. We still should care about the creep
deformation even when considering the crack effect.
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Figure 7. Equivalent plastic strain contour. (a) Case 1; (b) case 2; (c) case 3; (d) case 4.
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Figure 8. Equivalent creep strain contour. (a) Case 1; (b) case 2; (c) case 3; (d) case 4.
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In order to illustrate the fracture effect deeply, we give the creep strain of the monitoring point
at node 442 with x = 8.01 m, y = 9.00 m in case 1 and case 3 as shown in Figure 9. Figures 8 and 9
indicate that the creep strain of considering the crack effect in case 3 is greater than that of ignoring
the crack effect in case 1. The above numerical simulations show that whether fracture spacing or
time-dependent effect factor should be considered to assess the safety of practical engineering.

[x1.E-6]
50[ ‘ ‘ ‘

4.0 |-

) case 1 N442 |
20k 4 o——o case 3 N442 |

Displacement/m

00 0.05 0.10 015 [X1.E6]
Time/s

Figure 9. Displacement time curves at node 442 of case 1 and case 3.

4. Conclusions

Numerical investigations have been conducted to enhance the understanding of the coupled
fluid-flow and geomechanics processes with a time-dependent effect. Four cases are carried out
to study the effects of fractures and fracture spacing on the single medium model and the double
medium model.

It is shown that fractures and fracture spacing have a significant impact on the rock mass system.
Compared to a double medium model, a single medium model has a more continuous change, which
can be seen from the displacement contours and pore pressure contours. In addition, the displacement
of double medium model is greater than that of a single medium model. The physical mechanism is
that fractures reduce the stiffness of rock and increase the flexibility of rock mass. The concentrated
force and tangential flow enhance the crack of fractures. Therefore, the permeability coefficient of
fractures is several orders of magnitude larger than that of pores. As a result, the majority of the fluid
flow through the fractures, and the flow of fluid in the pores is relatively slow.

Fracture spacing is also a critical factor in the rock mass modeling because the plastic area and
creep strain increase when the fracture spacing decreases. The maximum creep deformation of the
double medium is greater than that of the single medium model, and the maximum creep deformation
increases with decreasing fracture spacing. The conclusion that can be drawn is that the factors of
fracture distribution and time-dependent effect should not be ignored in a realistic rock mass modeling.

This work can help to provide a further insight in the time-dependent effect on coupled
fluid-flow and stress in dual medium. Furthermore, these results have significant implications for the
characterization of natural fracture reservoirs, and may impact experimental design to understand
such attributes in a real reservoir situation, especially in rocks with distinct rheological features.
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