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a b s t r a c t

Refracturing treatment is often performed on Russian carbonate reservoirs because of the quick pro-
duction decline of reservoirs. The traditional refracturing model assumes that a refracture initiates in the
normal direction relative to the initial hydro-fracture. This assumption is inconsistent with oilfield
measurements of refracture propagation trajectories. Indeed, the existing model is not based on an in-
depth understanding of initiation and propagation mechanisms of the second hydraulic fractures dur-
ing refracturing. In this study, we use the extended finite element method to investigate refracture
propagation paths at different initiation angles. Both the enriched function approach and phantom mode
technique are incorporated into the refracturing model, thereby ensuring that the refracture can freely
extend on the structured mesh without any refinement near the crack tips. Key factors including pro-
duction time, stress anisotropy and initiation angle, and the propped mechanical effect are analyzed in
detail. This study provides new insight into the mechanism of refracture propagation in unconventional
reservoirs.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

When oil prices are low, refracturing treatment, which is a
powerful technology to improve the production of unconventional
oil and gas reservoirs, offers great economic advantages (Wright
and Weijers, 2001; Xu et al., 2019; Yang et al., 2016). During
refracturing, hydraulic fractures (i.e., refractures) propagate along
the original hydraulic fracture's path or from a new direction due to
stress changes induced by mechanical and poroelastic effects
(Warpinski and Branagan, 1989; Palmer, 1993; Elbel and Mack,
1993; Roussel and Sharma, 2012). Refracture propagation paths
constitute a trending topic in hydraulic fracturing.
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There are two kinds of stimulation mechanisms in refracturing
treatment. One mechanism is the rebirth of an old fracture. In other
words, a refracture extends along the path of the original hydraulic
fracture. This type of fracture propagation can enhance fracture
conductivity and increase the drainage area. The other stimulation
mechanism is stress reorientation or stress reversal (Warpinski and
Branagan, 1989; Wright and Weijers, 2001; Li et al., 2017). The
existence of proppant-filled fractures during initial fracturing (i.e.,
mechanical effect) and production-driven pore pressure depletion
(i.e., poroelastic effects) lead to variation in the values of the two
horizontal stresses and sometimes even the reversal of the stress
field (Elbel andMack,1993;Wright and Conant, 1995; Siebrits et al.,
2000). The inclination and azimuth of the new fracture differ from
those of the original hydraulic fracture to varying degrees (Wright
and Weijers, 2001). The extension of the new fracture into the
unstimulated area increases the production of oil and gas wells.

As shown in Fig. 1, Siebrits et al. (1998) proposed a refracture
propagation path based on the concept of a stress reversal region.
The aforementioned mechanical effect and poroelastic effect are
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Fig. 1. Schematic diagram of fracture reorientation during refracturing.

D.-B. Wang, F.-J. Zhou, Y.-P. Li et al. Petroleum Science 19 (2022) 2781e2795
due to the propped artificial fracture-induced stress field and
production-induced stress field, respectively. The sum of the
induced stress in the direction of the original maximum horizontal
principal stress (denoted by Dsx) and sH (i.e., sH þ Dsx) is less than
the sum of the induced stress in the direction of the original min-
imum horizontal principal stress (Dsy) and sh (i.e., sh þ Dsy).
Refractures may thus initiate normal to the initial fracture before
diverting into the direction of the original maximum horizontal
principal stress. Thus, refracture propagation paths are dependent
on both propped hydraulic fracture-induced stress and production-
induced stress.

Elbel and Mack (1993) established a two-dimensional mathe-
matical model considering the fluid-solid coupling effect, and they
studied the variation relationship between time and pore pressure
around the initial artificial fracture. Their results showed that the
long-term production practice easily changes the reservoir stress
field. Berchenko and Detournay (1997) found analytical solutions to
the stress reorientation problem induced by water injector. Their
study showed that the shear stress induced by water injection/
production may cause fractures between injection/production
wells to divert to a water injection well. Zhai (2006) presented a
poroelastic model for calculating the effect of fluid injection and
production-induced stress on fracture reorientation during refrac-
turing under a variety of conditions. The numerical results showed
that both the far-field maximum and minimum horizontal stress
are altered by the gradient of pore pressure. The key factors influ-
encing fracture reorientation include ground stresses, mechanical
properties of rock, and the gradients of pore pressure. Rock
permeability, heterogeneity, and anisotropy are other factors
influencing stress reorientation. The rock properties dictate the
optimal time window for the orthogonal refracture to be formed
during refracturing (Roussel and Sharma, 2010; Zhang and Chen,
2010).

As previously mentioned, a propped hydraulic fracture-induced
stress field results from themechanical opening of a hydro-fracture.
Sneddon and Elliot (1946) proposed an analytical solution to the
propped hydraulic fracture-induced stress field problem based on
the assumption of plane strain in an elastic body. Calculations have
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shown that the induced stress increases as the net pressure in
fractures increases (Warpinski and Branagan, 1989; Wang et al.,
2015a). A field mini-frac test in an offset well showed that the
stress changes due to propped hydraulic fractures are between 1.7
and 2.1 MPa (Warpinski and Branagan, 1989). Refractures may
initiate normal to the original fracture direction in coalbed
methane wells if the original propped fractures have altered the
maximum and minimum horizontal principal stresses sufficiently
(Palmer, 1993). Numerical simulation showed that outside of the
stress reversal region, the direction of the far-field maximum hor-
izontal stress is along the direction of the original hydraulic frac-
ture, unlike in the case of fluid production-induced stress (Roussel
and Sharma, 2012).

There are many factors influencing refracture propagation, such
as stress anisotropy, rock permeability, and the production rate.
Siebrits et al. (1998) proposed three dimensionless parameters (i.e.,
dimensionless time, dimensionless stress deviator, and dimen-
sionless toughness) to reduce the number of these influential fac-
tors. Among these dimensionless parameters, dimensionless
toughness is used to determine the isotropic point at which the two
horizontal stresses are equal. Based on damage mechanics theory,
Li et al. (2017) developed a coupled poromechanical model to
investigate stress redistribution during refracturing. They pointed
out that pressure depletion and the Biot coefficient have positive
correlations with the optimal refracturing time, while the hori-
zontal stress ratio and Poisson's ratio have negative correlations
with the time. Based on a new virtual internal bond method, Wang
et al. (2021b) proposed a refracture propagation model which
considers the time-dependent and stress-dependent behavior
during refracturing. Chen et al. (2022) built up a refracturing model
with a temporary plugging effect, and this effect is equivalent to the
increase of dynamic viscosity of fracturing fluid in the cracked
cohesive elements. By using this model, some cracked branch
fractures can be well observed during refracturing in conglomerate
reservoirs, which is in line with reality in field application.
Refracturing laboratory experiments show that fracture complexity
is related to the concentration of temporary plugging agents (Zhang
et al., 2022). A relatively low concentration generates a bi-wing
fracture, while a relatively high concentration is beneficial to
forming complex fractures during refracturing.

Many refracturing models assume that a refracture initiates
orthogonal to the initial hydraulic fracture according to the concept
of the stress reversal zone (Zhang and Chen, 2010; Li et al., 2017;
Zhang et al., 2021; Cong et al., 2022). However, both field mea-
surements and laboratory experiments show that a refracture can
initiate and propagate from an angle of inclination with respect to
the initial hydraulic fracture (Wright, 1994; Wright and Conant,
1995; Wright and Weijers, 2001; Liu et al., 2008). Tiltmeter moni-
toring of five refracturing treatments showed that a refracture
initiates at an angle between 30� and 60� with respect to the initial
fracture, while monitoring of refracturing treatment in an infill well
showed that a refracture initiates at an angle greater than 60� with
respect to the initial fracture. Laboratory tests showed that the
initiation angle of a refracture can change with respect to the initial
fracture under different stress conditions (Liu et al., 2008; Shi et al.,
2013; Wang et al., 2015b).

To the best of the authors’ knowledge, existing research fails to
provide an in-depth explanation of the initiation and propagation



Fig. 2. Computational domain with a propagating hydraulic fracture and boundary
conditions.
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mechanisms of the second hydro-fracture during refracturing. In
this study, we use the extended finite element method (XFEM) to
investigate refracture propagation paths at different initiation an-
gles. Compared with the traditional finite method of linear elastic
fracture mechanics, cracks by using XFEM can extend freely on the
mesh, and the mesh near the crack tip does not need to be refined.
Key factors including production time, stress anisotropy, and initial
fracture length are analyzed in detail. This work provides new
insight into the mechanism of refracture propagation in uncon-
ventional reservoirs.

2. Theory and methodology

2.1. Governing equations

Mathematical equations associated with refracturing problems
include those of deformation and failure behaviour of rock, fluid
seepage in porous media, and hydraulic fractures. The next sections
provide the corresponding partial differential equations (PDEs) in
detail.

2.1.1. Rock deformation
We assume that rock deformation during hydraulic fracturing

conforms to linear elastic theory. Considering Terzaghi's effective
stress principle (Terzaghi, 1936), the equation for rock deformation
can be written as

V,s ¼ 0 (1)

s0
eff ¼sþ apI (2)

where s0
eff is the tensor of effective stress; s is the stress tensor; a

is Biot's coefficient of effective stress; p is the fluid pressure in the
rock matrix; and I is the unit tensor.

2.1.2. Seepage flow in the rock matrix
According to the law of conservation of mass in porous media,

the continuity equation for seepage flow in rock matrix can be
written as (Wang et al. 2020a, 2020b, 2021a)

1
M

_pþ aV, _uþ V,vd ¼ 0 (3)

where M is Biot's modulus; u is the displacement field of the rock
matrix; and vd is the flow velocity in porous media. The velocity is
described by Darcy's law:

vd ¼ �k
m
Vp (4)

In Darcy's law, k is the rock-mass permeability tensor; and m is
fluid viscosity.

2.1.3. Seepage flow in hydraulic fractures
Once the hydraulic fracture is generated in the formation, some

of the fluid flows along the hydro-fracture, and the rest of the fluid
leaks off into the rock matrix. Thus, the fluid flow in hydraulic
fractures is expressed as (Wang et al., 2020b)

_wþ vq
vs

þ qL ¼ 0 (5)

where w is the crack opening; q is the flow rate in the hydraulic
fractures, which is defined by the cubic law in Eq. (6); s is the
fracture location; and qL is the leak-off rate normal to the crack
surface, which is expressed as the product of leak-off coefficient cL
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and the pressure difference between the hydraulic fracture and the
rock matrix in Eq. (7). The equations are

q¼ � w3

12m
vpf
vs

(6)

qL ¼ cL
�
pf �pp

�
(7)

where pf is the flow pressure in the hydraulic fracture; and pp is the
fluid pressure in porous media.
2.2. Boundary conditions and variational forms

Fig. 2 depicts the computational domain (denoted as U) with a
propagating hydraulic fracture (Feng and Gray, 2019). The fracture
surface is denoted as Gd. The unit normal vector n points outward to
the fracture surface. The outer boundary of the domain is denoted
as G, which consists of Gu, Gp, Gt, and Gq. On the outer boundary,
there are two types of boundary conditions: the first boundary
condition and the second boundary condition. The first boundary
condition is expressed as shown in Eq. (8), which means that the
constant displacement vector u and pore pressure p are prescribed
on the boundary segments Gu and Gp, respectively. The second
boundary condition is expressed as shown in Eq. (9), which means
that the constant traction vector t and flow rate qw are prescribed
on the boundary segments Gt and Gq, respectively.

The boundary condition on the crack surface Gd belongs to the
Neumann boundary condition, as shown in Eq. (10). A net pressure
is imposed on the crack surface Gd. This pressure is equal to the
cohesive traction tc minus the fluid pressure pf within the hydro-
fracture. The normal flow rate between two fracture surfaces is
denoted as qwd due to the leak-off behavior normal to the crack
surface (c.f. Section 2.1.3). The symbol ⟦⟧ indicates the discrepancy
between the nodal values of fluid velocity for the two fracture
surfaces.

�
u ¼ u; on Gu
p ¼ p; on Gp

(8)
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�
s,n ¼ t; on Gt
vd,n ¼ qw; on Gq

(9)

�
s,nGd

¼ tc � pfnGd

⟦vd⟧,nGd
¼ qwd

(10)

Let us multiply test function h in Eq. (1) and integrate it on both
sides. The weak form of the rock deformation equation is shown in
Eq. (11), where Vs is the symmetric operator of the gradient. It is
noted that in Eq. (2), the total stress tensor s should be replaced by
Terzaghi's effective stress tensor s0.

ð
U

Vsh : sdUþ
ð
Gd

⟦h⟧,
�
tc � pfnGd

�
dG ¼ 0 (11)

Similar to the aforementioned mathematical transformation,
test functions z and x can be multiplied on both sides of Eq. (3) and
Eq. (5), respectively. The weak forms of Eq. (3) and Eq. (5) are
expressed in Eq. (12) and Eq. (13):

ð
U

z

�
1
M

_pþaV , _u
�
dUþ

ð
U

k
m
Vz,VpdU�

ð
Gd

zqwddGþ
ð
Gp

zqwdG¼0

(12)

ð
Gp

x

�
_wþ vq

vs
þ qL

�
dGþ

ð
Gp

vðxqÞ
vs

dGþ
ð
Gp

w3

12m
vpf
vs

vx

vs
dG¼0 (13)

The weak forms in Eq. (11) to Eq. (13) form a transient, non-
linear, coupled fluid-solid system which includes rock deforma-
tion, fluid flow in porous media, and hydraulic fractures. The well-
known Newton method is utilized to linearize the non-linear
equations. An allowable time step is then determined to elimi-
nate the numerical oscillation problem in Eq. (14):

Dt � gF
6Ek

ðDhÞ2 (14)

where Dt is the time step, which is adaptive determination, and the
Fig. 3. Linear traction-separation law.
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variation range is between 1 � 10�12 s and 5 s in this paper; Dh is
the mesh size, which is equal to 0.25 m in the XFEM simulation; E is
the modulus of elasticity of the rock matrix; k is rock permeability;
and gF is the specific gravity of the fluid.

Next, we describe in detail the discretization scheme of the
coupled solid-fluid system and the fracture propagation criterion
during hydraulic fracturing.
2.3. Cohesive traction-separation law

The cohesive traction-separation law has a clear advantage in
fracture propagation problems. The law enables researchers to
overcome the stress singularity of fracture tips by using the linear
fracture mechanics (LEFM) theory. Fig. 3 depicts damage initiation
and evolution inmaterials. Damage initiationmeans the start of the
degradation of cohesive elements. In the XFEM of ABAQUS, the
maximum principal stress criterion is often used to determine the
initiation angle of the crack according to users’ experiences
(Haddad and Sepehrnoori, 2016). After damage initiation, the ma-
terial enters the damage evolution process, which is defined as

tn ¼
� ð1� DÞTn; T � 0
Tn; T <0 (15a)

ts ¼ð1�DÞTs (15b)

where D is damage factor; tn and ts denote the normal and shear
traction components for the current separation with some amount
of damage, respectively; and Tn and Ts denote the normal and shear
stress components for the current separation without damage,
respectively. The area of the triangle in Fig. 3 denotes the critical
fracture energy release rate Gc, which can be converted based on
fracture toughness using Irwin's formula.

The damage factor has a relationship with the cohesive sepa-
ration law:

D¼ df
�
dmax � d0

�
dmax�df � d0

� (16)

dm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2n þ d2s

q
(17)

where df and d0 are the effective separations that correspond to
complete failure and damage initiation, respectively; and dmax and
dm are themaximum separation during the overcall loading process
and the mean effective separation, respectively. In ABAQUS,
Benzeggagh and Kenane's (1996) law, also known as the BK law, is
adopted to simulate the fracturing process during hydraulic
Fig. 4. XFEM enrichment functions of a fracture surface and fracture tips.



D.-B. Wang, F.-J. Zhou, Y.-P. Li et al. Petroleum Science 19 (2022) 2781e2795
fracturing.

2.4. XFEM enrichment functions

Unlike the conventional finite element method, XFEM in-
corporates enrichment functions into its standard shape functions
(Haddad and Sepehrnoori, 2016), as shown in Fig. 4. The XFEM
enrichment functions include the step enrichment function for an
element cut by the fracture surface and the crack tip enrichment
function for an element including the crack tip. In the XFEM of
ABAQUS, the crack tip enrichment is ignored to reduce the
computation cost. Thus, the enrichment displacement field in
ABAQUS is expressed as

uðxÞ¼
X
i2Sall

NiðxÞui þ
X

j2Sfrac

NjðxÞui

2
4H

0
@f

0
@x

1
A
1
A�H

0
@f

0
@xj

1
A
1
A
3
5aj
(18)

where Sall and Sfrac are the node set including all the nodes and the
node set cut by the fracture surface, respectively;Ni(x) andNj(x) are
the standard shape functions for i 2 Sall and j 2 Sfrac, respectively;
ui is the nodal values of the displacement vector; aj is the degree of
freedom (DOF) of the enriched elements; H(x) is the Heaviside step
function, which has the value of either 1 ore1, as shown in Eq. (19);
x is a sample point; x* is the point on the fracture surface that is the
nearest to the point x; and n is the unit normal vector to point
outward from the fracture to the surface.

HðxÞ ¼
�
1; if ðx� x*Þ$n � 0
�1; if ðx� x*Þ$n<0

(19)

When an element is fractured, the phantom node technique is
utilized to describe the discontinuity between the two fracture
surfaces (Song et al., 2006). In this technique, the phantom node
overlaps the original node, and the fractured element becomes two
elements cut by the opened fracture, as shown in Fig. 5. Then, the
enriched displacement vector is expressed as

uðx; tÞ¼
X
i2S1

NiðxÞu1
i Hð� f ðxÞÞ þ

X
i2S2

NiðxÞu2
i Hðf ðxÞÞ (20)

where Si is the node set of the overlapped element i; and uj
i is the

nodal DOF of the overlapped element j.

2.5. XFEM discretization scheme

The pore pressure is approximated as the product of the shape
function of pressure N(x) and the nodal pressure values pi, which is
expressed as
Fig. 5. Phantom node technique.
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pðxÞ¼
X
i2Sall

NðxÞpi (21)

Next, we focus on the finite element discretization scheme of
weak forms. Substituting the finite element approximation of the
displacement vector and the pore pressure into the weak form of
rock deformation, we obtain

f ext ¼ f int þ f pore þ f fluid þ f coh (22)

where f ext is the external force; f int is the internal force; f pore is the
pore fluid force; f fluid is the fracture fluid force; and f coh is the
cohesive contact force. The force vectors for the various elements
are respectively expressed as (Song et al., 2006; Wang et al., 2017)

f extei ¼
ð

Ge
t

NTtH
�
ð � 1Þif eðxÞ

�
dG (23)

f intei ¼
ð

U
e

BTseH
�
ð � 1Þif eðxÞ

�
dU (24)

f poreei ¼
ð

Ue

aNT vp
vx

H
�
ð � 1Þif eðxÞ

�
dU (25)

f fluidei ¼ð � 1Þi
ð

Ge
d

NTpndG (26)

f cohei ¼ð � 1Þi
ð

Ge
d

NTtcdG (27)

where N is the matrix of shape functions; and B is the derivative of
the shape function of N, and the mathematical expression of matrix
B can be written as:

B¼ SN ¼

2
666666664

v

vx
0

v

vy
0

v

vy
v

vx

3
777777775
N (28)

By neglecting the body force term, the discretization scheme of
the fluid flow is expressed as (Nguyen et al., 2017;Wang et al., 2017)

Cp þQu þ Hp ¼ f extp (29)

C¼
ð
U

1
M
NTNdU (30)

Q ¼
ð
U

aðVNÞT,NdU (31)
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H¼
ð
U

ðVNÞT,k,VNdU (32)

f extp ¼
ð
Gq

NTqwdG (33)

where k is the permeability coefficient. Combining the discretiza-
tion scheme of Eq. (22) with Eq. (29), the numerical solution of the
fully coupled fluid-solid system can be calculated using the ABA-
QUS standard solver.

3. Model verification

In order to verify our XFEM model, we solve two numerical
examples by comparing our results to the published experimental
results of hydraulic fracturing. A detailed description is presented
in the next section.

3.1. Abass et al.’s laboratory fracturing experiment

Using the true tri-axial experiment system of hydraulic frac-
turing, Abass et al. (1994) observed fracture propagation in direc-
tional perforation wells. The size of the block is 0.15 � 0.15 �
0.25 m3 with a 0.01-m radius wellbore in the center, as shown in
Fig. 6a. The perforation length is equal to 0.0034 m with phase
angles between 0 and 90�. The perforation density is 0.05 m for
each interval. In the vertical direction, a 20.7MPa stress (denoted as
Sv in Fig. 6a) is applied to the top of the block, and the two applied
horizontal stress values are equal to 17.2 MPa (denoted as SH in
Figs. 6a) and 9.6 MPa (denoted as Sh in Fig. 6a), respectively.
Fig. 6. Comparison between Abass et al.’s (1994) experimental results and the XFE
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Fracturing fluid with a viscosity of 1.18 mPa s is pumped into the
wellbore at an injection rate of 1.67� 10�8 m3/s. In this experiment,
the pore pressure is equal to zero. The permeability and porosity of
the rock sample are 9.5 mD and 0.33, respectively. The modulus of
elasticity and Poisson's ratio of the rock sample are 17.4 GPa and
0.228, respectively. The fracture toughness is equal to
2500 kPa m0.5. The tensile strength of the rock sample is equal to
5.56 MPa.

Based on the XFEM in ABAQUS, we construct a two-dimensional
plane strain model to simulate hydraulic fracture propagation. The
XFEM model includes 8968 CPE4P bilinear rectangular elements
with pore pressure and 9120 nodes in the domain. We only simu-
late the case in which there is a 60� perforation angle from the
wellbore because only the fracture morphology provided by Abass
et al. (1994) is relatively clear. Thus, a pair of initial cracks, each
0.0034 m in length, is preset along a 60� inclined angle in the
horizontal direction. Themesh near thewellboremust be refined to
capture sufficiently accurate propagation trajectories during the
simulation. Two steps including geostatic equilibrium and soil
analysis are set up to simulate fracture propagation. The afore-
mentioned three stresses in the vertical and horizontal directions
are prescribed on the outer boundary. At the same time, a zero
constant pore pressure is applied on the boundary.

The numerical simulation result is shown in Fig. 6b. This result is
basically consistent with the propagation trajectories from Abass
et al.’s (1994) experimental results. The weak inconsistency is due
to rock heterogeneity. Thus, our XFEM model is relatively reliable.
3.2. Chen et al.’s experiment

Another verification model is compared with Chen et al.’s (2010)
experimental results. The experiment uses a cubic 0.30 � 0.30 �
M numerical simulation: (a) experimental results; (b) numerical simulation.



Fig. 7. Comparison between Chen et al.’s (2010) experimental results and XFEM numerical simulation: (a) experimental results; (b) numerical simulation.

Fig. 8. XFEM refracturing model.
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0.30 m3 block (Fig. 7a). The rock sample is poured into cement for
several days. A circular wellborewith a 0.01-m radius is drilled in the
center after the six surfaces of the rock sample are polished. The
vertical stress and twohorizontal stresses applied to the rock surfaces
areequal to15,6,and1MPa, respectively. Theoriginalporepressure is
neglected in this experiment. Fracturing fluid with a viscosity of
0.133 mPa s is injected to fracture the wellbore at a constant rate of
2.1� 10�9m3/s. The permeability and porosity of the rock sample are
0.1mDand0.185, respectively. Themodulusof elasticityandPoisson's
ratioof the rock sampleare8.4GPaand0.23, respectively. The fracture
Table 1
Mechanical and physical parameters of XFEM refracturing model.

Parameter Value Pa

Permeability, mD 3.042 Ve
Porosity 0.11 M
Elastic modulus, GPa 22.5 M
Poisson's ratio 0.21 Te
Fracture toughness MPa m1/2 1.08 In
Initial pore pressure, MPa 12.21 La
Fluid viscosity, mPa s 1.16 Le
Half-length, m 50 Bo
Fracture width, mm 2 Fl
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toughness is equal to 200 kPa m0.5. The tensile strength of the rock
sample is equal to 2.59 MPa.

Similar to the XFEM model in the previous section, this model
yields numerical results that correspond nearly perfectly to the
experimental fracture propagation path identified by Chen et al.
(2010). This reaffirms the accuracy of our XFEM model (Fig. 7).
4. Numerical results

In this section, a numerical study is conducted to simulate the
refracture propagation paths in Russian carbonate reservoirs. The
oil and gas production occurs at the Famennian development site
belonging to the Solikamsk depression in the Perm Krai
(Martyushev and Yurikov, 2021; Novikov and Martyushev, 2020).
The hydrocarbon production in carbonate reservoirs often de-
creases quickly after reaching its peak value in the early period of
development due to hydrocarbon's strong heterogeneity and the
closing of the fracture at high tectonic stresses. Thus, refracturing
technology can recover the oil and gas production at a low oil cost.
4.1. Base case

As shown in Fig. 8, a 200� 100 m2 rectangle domain is modeled
to denote a carbonate reservoir in Russia. This domain is divided
into 3321 rectangular elements with pore pressure (CPE4P element
in ABAQUS). The physical and mechanical parameters of the
rameter Value

rtical stress, MPa 48.2
aximum horizontal stress, MPa 12.8
inimum horizontal stress, MPa 7.45
nsile strength, MPa 1.4
jection rate, m2/min per reservoir thickness 0.167
yer thickness, m 16.2
ak-off coefficient, m/(Pa s) 1.64 � 10�13

it coefficient 1
uid compressibility, Pa�1 1.7 � 10�9
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carbonate reservoir are shown in Table 1. To reduce the calculation
burden, the semi-symmetric finite element model is adopted in the
simulation. Thus, the initial hydro-fracture is located on the bottom
of the rectangular domain with a half-length of 50 m, which cor-
responds to the red line at the bottom edge in Fig. 8. The injection
point is at mid-edge of the bottom boundary. To simulate the
refracture propagation after some production time, an initial crack
is preset with different initiation angles relative to the horizontal
direction (i.e., 15�/30�/45�/60�/90�). The angle is 15� in the base
case. The constant displacement boundary conditions are imposed
on the initial hydro-fracture to present the propped mechanical
Fig. 10. Distribution contours of maximum principal stress around the initial

Fig. 11. Variation in stress reversal zone at different dimensio

Fig. 9. Distribution contours of pore pressure around the initial fractu
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effect. The initial fracture width is set to be 2 mm on the red line in
Fig. 8. Meanwhile, outer boundaries without the initial fracture are
imposed on the vertical stress and two horizontal stresses, where
the constant pore pressure is also imposed. The XFEM refracturing
model includes three steps: geostatic equilibrium, production after
initial fracturing, and refracturing treatment. It should be noted
that the injection rate is positivewhen thewell is produced, and the
injection rate is negative when the well is refractured. In addition,
we use the dimensionless time proposed by Siebrits et al. (2000) to
reduce some ambiguities in the process of analysis, which is
defined as
fracture at different dimensionless times: (a) t ¼ 0:016; (b) t ¼ 0:093.

nless times: (a) t ¼ 0:014; (b) t ¼ 0:049; (c) t ¼ 0:093.

re at different dimensionless times: (a) t ¼ 0:016; (b) t ¼ 0:093.



Fig. 12. Variation in stress components at different dimensionless times: (a) Sxx;
(b) Syy; (c) Sxy.
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t ¼ 4kt

mL2f

h
cffþ aBð1þyÞð1�2yÞ

ð1�yÞE
i (34)
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where t is the dimensionless time; E is the modulus of elasticity of
carbonate rock; y is Poisson's ratio; k is rock permeability; t is the
production time; cf is fluid compressibility; aB is the Biot coeffi-
cient; m is the viscosity of injection fluid; and Lf is the half-length of
the initial hydro-fracture.

Fig. 9 depicts the distribution contours of pore pressure around
the initial fracture at different dimensionless times. We observe the
typically elliptical distribution of the pore pressure depletion. The
size of the affected area increases as the dimensionless time in-
creases. Fig. 10 depicts the contours of maximum principal stress
around the initial fracture at different dimensionless times. We also
observe that the numerical value of maximum principal stress
varies with the dimensionless time, which is consistent with the
analytical solution for induced stress found in previous work (Elbel
and Mack, 1993; Siebrits et al., 2000; Wang et al., 2015a). This
induced stress around the initial hydro-fracture is caused by the
depleted pore pressure. In addition, the variation in the stress
reversal zone at different dimensionless times is shown in Fig. 10.
The result in Fig. 10 shows that the orientation of maximum prin-
cipal stress around the initial hydro-fracture also changes with the
production time. After an optimal time window, the original di-
rection of the two horizontal principal stresses can be reversed (see
Fig. 11).

In order to further investigate the relationship between the
variation in the stress tensor around the initial fracture and the
production time, we plot the corresponding curves along a pre-
defined path, as shown in Fig. 8: i.e., the dotted black line in the
vertical direction. Fig. 12 depicts the variation in three stress
components (i.e., Sxx, Syy, and Sxy) at different dimensionless times.
We observe that both of the normal stress components along the
path in Fig. 8, Sxx and Syy, are compressive stress and that the cor-
responding shear stress, Sxy, is almost tensile stress. With the in-
crease in the dimensionless time, the absolute value of each of the
stress components increases, which is due to the production-
induced stress field around the initial hydro-fracture. In addition,
the incrementmagnitude of Syy is greater than that of Sxx because of
the large space between these curves (Fig. 6b) at different dimen-
sionless times. Syy's greater magnitude shows that the two hori-
zontal principal stresses can be reversed after some production
time. In addition, we observe that the magnitude of stress com-
ponents undergoes major changes in locations that are less than
10 m from the initial fracture.

Fig. 13 depicts the refracture propagation paths with 2.35 MPa
stress anisotropy at different dimensionless times. We observe that
the refracture initiates from a 15� angle and diverts into the
orientation of the original maximumprincipal stress in the case of a
relatively low stress difference.
4.2. Initiation angle

The traditional theory of refracturing assumes that a refracture
initiates perpendicular to the direction of the initial hydro-fracture.
However, field measurements show that a refracture can initiate
from different angles relative to the initial hydro-fracture (Wright
and Weijers, 2001). Thus, we consider the scenario of refracture
propagation at different angles, as shown in Fig. 14. The penetration
length of the refracture is denoted as Lxf

0, as shown in Fig. 1, which
is the vertical distance from the isotropic point to the wellbore. We
observe that the penetration length of the refracture increases as
the initial angle increases. This shows that a 90� initiation angle is
the most favorable because the refracture can penetrate and make
contact with additional reservoirs normal to the direction of initial



Fig. 14. Refracture propagation trajectories with a horizontal stress difference of 2.35 MPa at different initiation angles: (a) 15�; (b) 30�; (c) 45�; (d) 60�; (e) 90� .

Fig. 13. Refracture propagation paths at different dimensionless times: (a) t ¼ 0:0029; (b) t ¼ 0:0077.
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fracture. Note that the refracture diverts into the left side of the
domain in the case of a 60� angle, unlike in other cases. When the
refracture initiates normal to the direction of initial hydro-fracture,
the refracture propagates straight along the vertical direction and
no diversion appears, as shown in Fig. 14e, due to the small stress
anisotropy of 2.35 MPa. This shows that the penetration length of
the refracture is long in the case of a 90� angle.
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4.3. Stress anisotropy

Stress anisotropy is an important factor impacting fracture
diversion in a rock formation. Figs. 15e18 depict refracture propa-
gation trajectories with different initiation angles at different stress
anisotropies. We observe that the penetration length of refracture
propagation decreases as the stress anisotropy increases in each
case of an initiation angle. Low stress anisotropy is favorable for
refracturing treatment. With an increase in stress anisotropy, it



Fig. 15. Refracture propagation trajectories with a 15� initiation angle at different stress anisotropies: (a) 2.35 MPa; (b) 5.35 MPa; (c) 8.35 MPa.

Fig. 16. Refracture propagation trajectories with a 45� initiation angle at different stress anisotropies: (a) 2.35 MPa; (b) 5.35 MPa; (c) 8.35 MPa.
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becomes increasingly easy for the refracture to divert into the
original maximum principal stress direction. Note that the refrac-
ture initiates and diverts into the left side of the domain, unlike in
the case of a relatively small initiation angle. When the initiation
angle reaches 90�, the refracture can divert into the left side or the
right side of the domain. This shows that the refracture can initiate
from either the left or right side of the domain, and the initiation
direction is uncertain. This is a very special case of refracture
propagation.
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4.4. Production time

Production time can induce an additional stress field around the
initial hydro-fracture due to the poroelasticity effect (Zhai, 2006;
Wang et al., 2015a). It is the fluid entering/outflowing from the
formation pores, which increases the pore pressure and causes
formation dissolution, expansion, resulting in pore-elastic stress,
thereby increasing the total stress, i.e., the fluid-induced stress
field. The in-situ stress changes due to the diffusion of pore fluid



Fig. 17. Refracture propagation trajectories with a 60� initiation angle at different stress anisotropies: (a) 2.35 MPa; (b) 5.35 MPa; (c) 8.35 MPa.

Fig. 18. Refracture propagation trajectories with a 90� initiation angle at different stress anisotropies: (a) 2.35 MPa; (b) 5.35 MPa; (c) 8.35 MPa.
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into the bedrock. This phenomenon causes the stress intensity
factor to change with time, and this change is an important factor
governing the propagation of hydraulic fractures. In addition, when
multiple wells are producing/injecting water, well spacing and
inter-well interference can also affect the induced stress field
caused by production. Fig. 19 and Fig. 20 depict refracture propa-
gation paths at different dimensionless times with a 60� angle and
5.35 MPa/2.35 MPa stress anisotropies, respectively. Because of the
stress state and the reservoir parameters, production time has no
2792
distinct effect on refracture propagation at various stress
anisotropies.

4.5. Mechanical effect

An artificial fracture-induced stress field exists in the propped
initial hydro-fracture due to the mechanical effect (Sneddon and
Elliot, 1946; Warpinski and Branagan, 1989). We compare the re-
sults with andwithout themechanical effect in the case of 2.35MPa



Fig. 19. Refracture propagation trajectories with a 60� initiation angle and 5.35 MPa stress anisotropy at different dimensionless times: (a) t ¼ 0:0037; (b) t ¼ 0:074; (c) t ¼
0:093; (d) t ¼ 0:111.

Fig. 20. Refracture propagation trajectories with a 60� initiation angle and 2.35 MPa stress anisotropy at different dimensionless times: (a) t ¼ 0:0019; (b) t ¼ 0:0037; (c) t ¼
0:093; (d) t ¼ 0:111.

D.-B. Wang, F.-J. Zhou, Y.-P. Li et al. Petroleum Science 19 (2022) 2781e2795
stress anisotropy, as shown in Fig. 21 and Fig. 22. We observe that
the injection pressure is quite different in the two cases. The in-
jection pressure with the mechanical effect causes an obvious
pressure drop on the curve. Opening the new fracture requires
more energy because of the stress concentration around the initial
hydro-fracture. In addition, the refracture propagation paths with
the mechanical effect (Fig. 22) are different from those without the
mechanical effect (Figs. 19 and 20). The refracture diverts into the
2793
right side of the domain, while the refracture propagates along the
left side of the domain. In addition, the penetration length of the
refracture with the mechanical effect is shorter than that without
the mechanical effect. These findings suggest that the mechanical
effect is not beneficial for refracturing treatment because it limits
the propagation distance in the vertical direction.



Fig. 21. Injection pressure comparison with and without the mechanical effect.
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5. Discussion

The XFEM model in this study assumes the formation is ho-
mogeneous and isotropic. In fact, there are some natural fractures
in subsurface. Besides, the temperature effect in the process of
production is neglected. In deep formation, the thermal stress
induced by production has obvious effect on stress reorientation.
Some natural fractures can be open due to thermal expansion. Thus,
this XFEM model has some limitations during the refracturing of
naturally fractured reservoirs and deep formations. The mechanical
Fig. 22. Refracture propagation trajectories with a 60� initiation angle and 0.001 m mecha
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behavior between hydraulic fractured and cemented natural frac-
tures and the temperature effect induced by production should be
incorporated into this XFEM model of refracturing as the next step.
6. Conclusions

Drawing on XFEM, this paper numerically investigated the
mechanisms of fracture propagation during the refracturing of
Russian carbonate reservoirs. Various factors influencing fracture
propagation including the initiation angle, stress anisotropy, pro-
duction time, and the mechanical effect were discussed in detail.
Our main conclusions are as follows:

The parameters of the initiation angle, production time, stress
difference, and the mechanical effect are the main factors influ-
encing fracture propagation during refracturing.

In the case of the initiation angle, the smaller the horizontal
stress difference is, the longer the diverting radius of the refracture
is. This longer radius corresponds to the longer penetration length
of the refracture in the vertical direction. The greater the horizontal
stress difference is, the shorter the diverting radius of the refracture
is, which is not beneficial for penetration in the vertical direction.

In the case of horizontal stress difference, the diverting radius of
the refracture increases with the increase in the initiation angle,
which is beneficial for penetration in the vertical direction.

Because of the stress state and the reservoir parameters, pro-
duction time has no distinct effect on refracture propagation.

The mechanical effect has a significant effect on refracture
propagation, and the propagation paths and injection pressurewith
and without the mechanical effect are quite different. The results
show that the mechanical effect is not beneficial for penetration in
the vertical direction during refracturing treatment.
nical effect at different stress anisotropies: (a) 2.35 MPa; (b) 5.35 MPa; (c) 8.35 MPa.
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