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ABSTRACT

Injection-induced fracture reactivation during hydraulic fracturing processes in shale gas development as well as
coal bed methane (CBM) and other unconventional oil and gas recovery is widely investigated because of potential
permeability enhancement impacts. Less attention is paid to induced fracture reactivation during oil and gas
production and its impacts on reservoir permeability, despite its relatively commonoccurrence.During production,
a reservoir tends to shrink as effective stresses increase, and the deviatoric effective stresses also increase. These
changes in the principal effective stresses may cause Coulomb fracture slip in existing natural fractures, depending
on their strength, orientation, and initial stress conditions. In this work, an extended finite element model with
contact constraints is used to investigate different fracture slip scenarios induced by general reservoir pressure
depletion. The numerical experiments assess the effect of Young’s modulus, the crack orientation, and the frictional
coefficient of the crack surface on the distribution of stress and displacement after some reservoir depletion. Results
show that the crack orientation significantly affects the state of stress and displacement, particularly in the vicinity
of the crack. Slip can only occur in permitted directions, as determined by the magnitudes of the principal stresses
and the frictional coefficient. Lastly, a larger frictional coefficient (i.e., a rougher natural fracture surface) makes
the crack less prone to shear slip.
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1 Introduction

Reservoir permeability enhancement through injection-based hydraulic fracturing is widely
studied for improved oil production and shale gas development as well as coal bed methane
(CBM) and other unconventional oil and gas recovery [1–4]. Less attention is paid to natural
fracture reactivation induced during oil and gas production processes and its implication on
reservoir permeability, despite its relatively common occurrence [5] During production, an oil or
gas reservoir shrinks (−ΔV) as the effective stresses increase. The shrinkage is impeded laterally
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by the “infinite” earth, but there is far less vertical constraint from the overburden, which will
subside somewhat in response to reservoir shrinkage. Based on linear elastic assumptions, the
total horizontal stresses in the reservoir will decline significantly during depletion, whereas the
total vertical stress decreases only marginally, but with some local redistribution leading to effects
such as increased vertical compression near the flanks of the reservoirs. Based on a poroelastic
behavior [6], as pore pressure declines uniformly in a reservoir, the vertical effective stresses
increase significantly, whereas the horizontal effective stresses increase substantially less (about
1/3 as much for a laterally extensive, flat-lying geometry [7]. Based on the Coulomb friction
criterion [8], the increasing deviation in the effective vertical and horizontal stresses (i.e., increasing
deviatoric stress or shear stress) may reactivate existing natural fractures and cause fracture slip,
depending on the strength and orientation of the fractures, and their initial stress conditions. This
problem can be addressed in the context of contact mechanics.

The contact problem, an issue central to solid mechanics, refers to the stress, strain and
damage phenomena that take place when two solid surfaces interact [9]. Contact problems have
widespread applications in geomechanics, and one embodiment is natural fractures subjected to
changing stresses, leading to processes such as pre-existing fault rupture, joint or bedding-plane
surface slip, and dilative opening of new and existing fissures because of slip. These are all
associated with the relative dislocation (shear slip) of the discontinuity (contact) between two
surfaces and include the basic concept of Coulomb frictional slip between opposing contacting
surfaces [10,11]. Contact surfaces that slip with respect to each other are viewed as Mode II and
Mode III cracks within the formalism of engineering fracture mechanics: Mode II is co-directional
slip (crack propagation direction coincident with activating shear force direction); Mode III is
anti-directional slip (crack propagation direction at a large angle away from the direction of the
principal activating shear force—sometimes called “tearing”). In the contact problem, the shearing
force along the crack face is vital for calculating the stress intensity factor (SIF), the direction
and rate of crack propagation, and has a significant influence on the deformation, strength and
stability of the structure of cracked media [12–14].

A challenge to the analysis of contact-slip problems using conventional finite element methods
lies in the need to adequately remesh the domain during crack nucleation and propagation,
including the use of extremely fine meshes and issues of mesh-dependency of crack propagation.
To help overcome these challenges, the extended finite element method (XFEM) is used to model
cracks with arbitrary geometric shapes within the framework of FEM approaches based on the
Partition of Unity method; this enriches the standard FEM approximations by using additional
discontinuous interpolations near the propagation crack tips [15]. Unlike FEM, XFEM does not
require mesh topology updating; instead, the interpolation functions between the finite element
mesh and the discontinuity are mathematically “enriched” [13,16–20].

XFEM is widely applied to solve crack problems in reservoir engineering, including branched
and intersecting faults [15,18,21,22], cohesive crack propagation [23–25], and 3-D thermal crack
propagation [26,27]. The contact problem is a highly nonlinear constrained problem, so generally,
it can be solved using XFEM with both primal and dual formulations. Khoei et al. [28] and Liu
et al. [29,30] employed a conventional penalty method to model frictional contact with XFEM,
which has also been extended to large deformation contact problems [31].

In this article, the XFEM and frictional contact model are employed to simulate the behavior
of rock discontinuities in producing reservoirs. In the numerical experiments, we analyze the effect
of Young’s modulus, the crack orientation, and the frictional coefficient of the crack surface on
the distribution of stress and displacement after some reservoir depletion.
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2 The Framework of Frictional Contact Problems Using XFEM

2.1 Contact Problem Modeling
The constitutive model for contact friction must be stipulated before numerical modeling

of the contact problem because it provides the physical description of the contact mechanism
between the two bodies. Assuming two bodies, a slave and a master body denoted by ΩS

and ΩM , respectively (Fig. 1), the relative displacement from the point S to the point M is
expressed as

[[u]]= uS− uM on ΓS ∪ ΓM (1)

where uM and uS denote the displacement vectors of master point M and slave point S, respec-
tively. The relative displacement can be decomposed into normal and tangential gap displacements
expressed as follows:

gN = [[u]] · n�c ≡ nT�c [[u]] on Γ = Γ s ∪ ΓM (2)

gT = [[uT ]]=
(
I− nΓc ⊗ nΓc

)
[[u]] on Γ = Γ s ∪ ΓM (3)

where n�c is the unit vector normal to the surface of the master body, and I and nΓc ⊗nΓc are the
identity tensor and projection tensor, respectively.

Figure 1: A contact between two bodies

If the two parts of the surface are in contact, there will be traction along the contact surfaces.
The contact surfaces can be defined by the standard Kuhn–Tucker relations [29]:

gN ≥ 0, pN ≤ 0, gNpN = 0 (4)

In this study, the penalty method is selected to cope with the contact constraints, and the
penalty parameters kN and kT represent the normal and tangential stiffness constants on the
contact surface, respectively. For the contact surfaces, the constitutive law can be written as⎧⎪⎨
⎪⎩
pN =

(
De
f

)
N
[[ue]]

pT =
(
De
f

)
T
[[ue]]

(5)
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where pN and pT are the normal and tangential stresses on the contact surface, and (De
f )T and

(De
f )N are the tangential and normal parts of the elastic matrix for contact friction, which can be

expressed by⎧⎪⎨
⎪⎩
(
De
f

)
N
= kN

(
nΓc ⊗ nΓc

)
(
De
f

)
T
= kT (I− nΓc ⊗ nΓc)

(6)

A stick-slip criterion is needed to determine whether the contact surface is in a state of
adhesion or slip, and the most widely used is Coulomb’s friction law [14]. In two-dimensional
states, the shear surface changes to a line, and the Mohr–Coulomb frictional yield function in the
one-dimensional state is

Ff = ‖pT‖− f ‖pN‖− cf ≤ 0 (7)

where cf is the unit cohesion, and f is the frictional coefficient of the contact surface. Eq. (7) can
be rewritten as

±‖pT‖ ≤± (f ‖pN‖+ cf
)

(8)

The “stick” condition applies if the magnitude of the right side is greater than that of the
left side; in contrast, “slip” arises if the magnitude of the right side is less than the left side. If
slip along the surface takes place, the tangential tractions need to be recalculated and returned to
the magnitude of the right side to achieve a static, non-slipping state.

2.2 Modeling Frictional Contact with XFEM
The general equations of contact problems using XFEM are needed, and the situation is

sketched in Fig. 2. Consider a domain � with a discontinuity �d which divides the domain into
two bodies, the slave (�+) and master (�−) bodies. The displacement boundary condition u= ǔ
is applied on the external boundary �u, the stress (σ ) boundary condition σ · nΓ = t̄ is applied
on the external boundary �t, and the contact boundary condition σ · nΓc = pc is applied on the
contact boundary �c. For the contact problem, the final weak form of the equilibrium equation
can be obtained as [32].∫
�

δε : σd�+
∫
�c

[[δu]] · pcd�−
∫
�t

[[δu]] · t̄dΓ −
∫
�

δu · bd�= 0 (9)

where δu is the virtual displacement field and pc is the contact stress vector along the contact
surface. To model the discontinuity of the contact interface, enriched new degrees of freedom
are introduced by the Heaviside function H(x) to the nodes related to the discontinuity. For an
enriched element, the XFEM displacement approximation function u(x) can be written as:

u (x)=
∑
i∈N

Nstd
i (x)ui +

∑
j∈Nenr

Nstd
j H(x)aj (10)

where N and Nenr denote the set of all nodal points and the set of enriched nodal points in
the domain, respectively. ui denotes the standard nodal degree of freedom, and aj is the enriched

nodal degree of freedom. In addition, Nstd
i (x) and Nstd

j (x) are the standard shape functions with

H(x) being the Heaviside function. The displacement value at the node according to Eq. (10) is
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not equal to the node displacement, and the corresponding displacement approximation can be
written in order to make the displacement value at the node equal to the nodal displacement by
translating the enriched function as

u (x)=
∑
i∈N

Nstd
i (x)ui+

∑
j∈Ndis

Nstd
j (H (x)−H(xj))aj ≡N std (x) ū+Nenr(x)ā (11)

Figure 2: Definition of a contact problem

The Heaviside function is given by:

H (x)=
{
1, ϕ(x)≥ 0

−1, ϕ (x) < 0

}
(12)

where ϕ (x) is the level set function, which is the signed distance function that can be defined as

ϕ (x)=min
∥∥x−x∗

∥∥ sign ((x−x∗
) · n�c) (13)

in which x∗ denotes the closest point to the point x on the contact surface, with n�c being the
vector normal to the contact surface at the point x∗. Therefore, the displacement jump [[u]] on the
contact surface can be given by

[[u]]= [[N std (x) ū+Nenr (x) ā]]=N std(x)[[H (x)−H
(
xj
)
]]ā≡ 2Nstd(x)ā (14)

Based on the relationship between the strain vector and the approximate displacement, the
corresponding strain vector ε(x) can be obtained as follows

ε (x)=
∑
I∈Nstd

BstdI (x) ūI +
∑

J∈Nenr

BenrJ (x) āJ ≡Bstd (x) ū+Benr(x)ā (15)
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where Benr(x) = LNenr (x) involves the spatial derivatives of the enriched shape functions and
Bstd(x)=LNstd (x) contains the spatial derivatives of the standard shape function. Here, L denotes
the matrix differential operators defined as

L=

⎡
⎢⎣
∂/∂x 0

0 ∂/∂y

∂/∂y ∂/∂x

⎤
⎥⎦ (16)

2.3 Modeling of Contact Constraints Using XFEM
Various modeling techniques are employed to introduce the contact constraints stipulated in

Section 2.2 into the weak form of the FEM equation for the contact problem, such as the penalty
method [32–34], the Lagrange multipliers method [35–37], and the augmented-Lagrange multipliers
method [22]. Herein, the penalty method is chosen to derive the frictional contact constraint
formulation. For the penalty method, the normal contact force is related to the “penetration
distance” between the two bodies by using the normal contact stiffness, and the tangential contact
force is calculated by the tangential contact stiffness and the tangential slip between the two
bodies. For the sake of deriving the XFEM solution for the contact problem, the displacement
and stress fields [[u]], u (x), ε (x) are substituted into Eqs. (11), (14) and (15), then into the weak
form of the equilibrium equation (9), and the equilibrium equations can be written as follows,
based on the minimum total potential energy principle∫

Ω

(Bstdδū+Benrδā)TσdΩ+
∫

Γc

(2Nstdδā)TpcdΓ −
∫
�t

(
Nstdδū+Nenrδā

)T
t̄dΓ

−
∫

Ω

(Nstdδū+Nenrδā)TbdΩ= 0 (17)

Rearranging the integral equilibrium equation, and it can be written as

δūT
(∫

Ω

(Bstd)TσdΩ−
∫

Γt

(Nstd)T t̄dΓ +
∫

Ω

(Nstd)TbdΩ

)
+ δāT

(∫
Ω

(
Benr

)T
σdΩ

+
∫

Γc

2(Nstd)TpcdΓ −
∫

Γt

(Nenr)T t̄dΓ −
∫

Ω

(Nenr)TbdΩ

)
= 0 (18)

According to the Eq. (18), the following sets of equations can be obtained

	1 (ū, ā)≡ Fstdint −Fstdext = 0

	2 (ū, ā)≡ Fenrint −Fenrext + fconint = 0 (19)

where F matrices are associated with the weak form of the XFEM equation, i.e., Eq. (9), as

Fstdint =
∫

Ω

(
Bstd

)T
σdΩ

Fstdext =
∫

Γt

(
Nstd

)T
t̄dΓ +

∫
Ω

(
Nstd

)T
bdΩ

Fenrint =
∫

Ω

(
Benr

)T
σdΩ
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Fenrext =
∫

Γt

(
Nenr)T t̄dΓ +

∫
Ω

(
Nenr)T bdΩ

fconint =
∫

Γc

(
Nstd

)T
pcdΓ (20)

The Newton–Raphson iterative procedure [38] is chosen to linearize the discretized governing
equations, and a first-order truncated Taylor series is employed to expand the residual equations,
so the linearized equations for iteration i+ 1 of time interval (n, n+ 1) can be written as[
Kuu Kua

Kau Kaa

]i
n+1

{
dūi+1

n
dāi+1

n

}
=−

{
Fstdint −Fstdext
Fenrint −Fenrext + fconint

}i
n+1

(21)

where dūi+1
n and dāi+1

n denote the increments of the standard and enriched nodal displacements at
iteration i+1 of time interval (n, n+ 1), respectively. The stiffness matrices K are

Kuu=
∫

Ω

(
Bstd

)T
DBstddΩ

Kua=
∫

Ω

(
Bstd

)T
DBenrdΩ

Kau=
∫

Ω

(
Benr

)T DBstddΩ

Kaa=
∫

Ω

(
Benr

)T DBenrdΩ+
∫

Γc

(
Nstd

)T
Dep

f NstddΓ (22)

In which Dep
f denotes the continuum tangent matrix for the contact problem [18], which can

be defined as

Dep
f = kN

(
nΓc ⊗ nΓc

)+ kT
(
I− nΓc ⊗ nΓc

)
(23)

D is the elastic matrix and for the plane stress case,

D= E
1−μ2

⎛
⎜⎜⎜⎝
1 μ 0

μ 1 0

0 0
1−μ
2

⎞
⎟⎟⎟⎠ (24)

whereas for the plane strain case,

D= E(1−μ)
(1− 2μ)(1+μ)

⎛
⎜⎜⎜⎜⎝
1

μ

1−μ 0
μ

1−μ 1 0

0 0
1− 2μ
2(1−μ)

⎞
⎟⎟⎟⎟⎠ (25)

The return mapping algorithm is central to the numerical solution of plasticity problems,
taking much of the computational time [22]. Frictional contact problems and slip are plasticity
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problems, and a similar return mapping algorithm is used to solve the contact stresses on the
contact surface. The normal and tangential contact stresses pN and pT can be calculated itera-
tively. In this paper, the penalty parameters are initially set to several orders of magnitude greater
than that of Young’s modulus E of the material, kN = kT = 103×E. Assuming that the tangential
contact stresses at iteration n and the new Gauss point displacements on the contact surface at
iteration n are given, the tangential and normal contact stresses at iteration n+1 are{
(pT)n+1 = (pT )n+ kT (ΔwT )n+1

(pN)n+1 = kN(wN)n
(26)

where (ΔwT)n+1 is the increment between tangential displacement in iteration n and n+ 1. Then,
this equation is used to check the tangential contact force at iteration n+ 1.∣∣(pT )n+1

∣∣≤ f
∥∥(pN)n+1

∥∥+ cf (27)

If the equation is not satisfied, then both the tangential contact force and the tangential
penalty parameter are updated using the following correction⎧⎪⎨
⎪⎩
(pT)n+1 = f

∥∥(pN)n+1
∥∥+ cf

kT = (pT)n+1− (pT )n
‖(ΔwT)n+1‖

(28)

The residual force vector can be used to evaluate solution convergence by η =∥∥〈ψT
1 , ψ

T
2

〉∥∥ /‖Fext‖
 η0, with η0 being the prescribed target percentage error.

3 Verification

In this section, the frictional contact codes developed here are verified using an elastic plate
with an oblique fracture [29]. The plate is 1× 1 m with a θ = 45◦ inclined crack, and the top
edge is subjected to a uniform vertical displacement u= 0.1 m, whereas the bottom edge is fixed.
The geometry model is discretized with 2601 nodes and 2500 four-node isoparametric elements.
The material is elastic with Young’s modulus E = 10 GPa and Poisson’s ratio ν= 0.3. The contact
constraints are applied using the penalty method with the parameters kN = kT = 5× 1013 N/m3,
and the fracture has a parameter f = 0.1 as the frictional behavior.

Figure 3: The deformed XFEM mesh for the elastic plate
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Fig. 3 displays the deformed XFEM mesh; it shows a tangential relative displacement across
the contact interface. Fig. 4 presents the comparative contours of horizontal and vertical displace-
ment fields [29]. The results show that our solutions are almost the same as those of Liu et al. [29],
a reasonable validation.

Figure 4: Horizontal and vertical displacement field contours for the elastic plate

4 Numerical Example

During oil and gas production, the pore pressure drawdown changes the stress state in the
reservoir and surrounding strata, which may cause fault reactivation, slip of natural fractures and
bedding planes, and alteration of reservoir permeability by fracture dilation, especially in the case
of fracture-flow dominated reservoirs. We focus on the issue of a single fracture slip arising from
a stipulated depletion. Assume a depleted reservoir with the vertical maximum principal stress
σ1 = 40 MPa and the horizontal minimum principal stress σ3 = 20 MPa, with a central 0.6 m long
fracture inclined at θ= 45◦ (Fig. 5). The lower boundary is a zero vertical displacement condition
with horizontal displacement permitted. The fracture is allowed to have tangential movement but
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the fracture tips do not propagate. We use a 1 m × 1 m 2D plane-strain model with Young’s
modulus of 5 GPa and Poisson’s ratio of 0.3; the contact constraints are applied with the normal
penalty parameter kN = 5 × 1012 N/m3 and the tangential stiffness kT = 5 × 1012 N/m3. The
fracture has a friction coefficient of f = 0.1.

Figure 5: Geometry and boundary conditions

4.1 The Effect of Young’s Modulus
To investigate the effect of Young’s modulus on the distribution of displacements and stresses

around the fracture, simulations are performed on the same XFEM mesh and physical parameters
but with three different Young’s moduli, 5 GPa, 20 GPa, and 80 GPa respectively.

(a) (b)
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(c)

Figure 6: Contours of horizontal displacement of the elastic plate with different Young’s moduli
(color bar in units of meters). (a) E = 5 GPa. (b) E = 20 GPa. (c) E = 80 GPa

Figs. 6 and 7 illustrate the horizontal and vertical displacement fields for three different
Young’s moduli; there exists an obvious displacement discontinuity across the fracture, and tan-
gential movement along the interface occurs under deviatoric compressive stresses. With increasing
Young’s modulus, both horizontal and vertical displacements decrease, and the possibility of
tangential movement along the contact plane drops as well.

(a) (b)
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(c)

Figure 7: Contours of vertical displacement of the reservoir with three different Young’s mod-
uli(color bar in units of meters). (a) E = 5 GPa. (b) E = 20 GPa. (c) E = 80 GPa

The distribution of stresses around the fracture can be seen in Figs. 8 and 9; negative
values are compressional, positive values are tensile. The minimum principal stress contains
both compressive and tensile components, showing that locally the minimum principal stresses
change from compressive to tensile near the crack tip, whereas all maximum principal stresses
remain compressive.

(a) (b)



CMES, 2021, vol.126, no.1 229

(c)

Figure 8: Contours of minimum principal stress for different Young’s moduli (color bar in units
of Pa). (a) E = 5 GPa. (b) E = 20 GPa. (c) E = 80 GPa

(a) (b)

(c)

Figure 9: Contours of maximum principal stress for different Young’s moduli (color bar in units
of Pa). (a) E = 5 GPa. (b) E = 20 GPa. (c) E = 80 GPa
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(a) (b)

(c) (d)

(e)

Figure 10: Contours of horizontal displacement for the reservoir with different angles (color bar
in units of meters). (a) 0◦. (b) 27◦. (c) 45◦. (d) 63◦. (e) 90◦
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(a) (b)

(c) (d)

(e)

Figure 11: Contours of vertical displacement for the reservoir with different angles (color bar in
units of meters). (a) 0◦. (b) 27◦. (c) 45◦. (d) 63◦. (e) 90◦
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4.2 The Effect of the Orientation of the Fracture
The displacement field is plotted in Figs. 10 and 11 for different fracture angles, and the slip

displacement curve along the fracture for the reservoir with different angles is given in Fig. 12.
When the fracture is parallel to the horizontal direction, the fracture remains closed and without
slip, as the deviatoric stress (shear stress) on the fracture surface is zero. When the angle θ between
the fracture and the horizontal direction increases to 27◦, relative movement along the fracture is
noted, as slip takes place, also reorienting the local principal stress directions. When the angle θ
increases to 45◦, relative movement along the fracture still takes place, and the slip displacement is
larger compared to that of the angle of 27◦. However, when the angle turns to 63◦ from 45◦, the
slip displacement becomes smaller, indicating that slip is suppressed. As the angle approaches 90◦
(Figs. 10d and 10e, Figs. 11d and 11e), slip is again suppressed. In other words, there is a range
of angles of inclination of the fracture to the principal stress where slip is possible, and this is
dictated by the in situ principal stress field and the values of the parameters in the Mohr–Coulomb
slip criterion.

Figure 12: The slip displacement curve along the fracture for the reservoir with different angles
(x0-the distance from the left tip point along the fracture; slip displacement-the relative displace-
ment around the two surfaces along the fracture)

Figure 13: The angle for a slip of a fracture in a principal stress field (σ ′
1, σ

′
3-effective maxi-

mum and minimum principal stresses, respectively; σ ′
n-effective normal stress; c′-effective cohesion;

φ’-effective friction angle; θ-the angle between the two shear failure surfaces)
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Fig. 13 shows the effect of the angle of the fracture in a principal stress field with the fracture
Mohr–Coulomb (MC) slip criterion. As stresses change (in this case through some unspecified
process), an oriented fracture may slip only within a band of orientations, shown in the small
inset diagram, but specified on the larger MC plot.

(a) (b)

(c)

Figure 14: Contours of horizontal displacements for the reservoir with different frictional coeffi-
cients (color bar in units of meters). (a) f = 0.1 (b) f = 0.3 (c) f = 0.6
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(a)

(c)

(b)

Figure 15: Contours of vertical displacement for the reservoir with different frictional coefficients
(color bar in units of meters). (a) f = 0.1. (b) f = 0.3. (c) f = 0.6

4.3 The Effect of the Frictional Coefficient of the Fracture
The horizontal and vertical displacements for different cases where the fracture has different

frictional coefficients are shown in Figs. 14 and 15. When the frictional coefficient is as small as
0.1 (a very low friction angle in the Mohr–Coulomb diagram), the discontinuity is large and will
occur over a larger range of fracture angles. In this example, the discontinuity slip is suppressed as
the frictional coefficient increases to 0.3 and higher, and disappears when the frictional coefficient
reaches 0.6. Corresponding stress contours are shown in Figs. 16 and 17.
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(a)

(c)

(b)

Figure 16: Contours of minimum principal stresses for the reservoir with different frictional
coefficients (color bar in units of Pa). (a) f = 0.1 (b) f = 0.3 (c) f = 0.6
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(a)

(c)

(b)

Figure 17: Contours of maximum principal stresses for the reservoir with different frictional
coefficients (color bar in units of Pa). (a) f = 0.1 (b) f = 0.3 (c) f = 0.6
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5 Conclusions

Using the penalty method, this paper introduces a frictional contact algorithm to XFEM,
and a Coulomb friction criterion is employed to govern tangential contact slip. In the numerical
experiments, the effect of Young’s modulus, crack orientation, and Coulomb frictional coefficient
of the crack surface on the distribution of stress and displacement after depletion of a reservoir
are analyzed. The results indicate that depletion-induced shear failure is much more likely to occur
in a reservoir of lower Young’s modulus. Also, the angle of the crack (fault, bedding plane, joint)
significantly affects the state of stress and displacement, particularly in the vicinity of the crack.
Slip only can occur in permitted directions, as determined by the magnitudes of the principal
stresses and the frictional coefficient. Finally, a larger frictional coefficient makes the crack less
prone to shear failure, and this parameter can be related to the roughness of the slip surface.
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