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In unconventional reservoirs, the production rate of the initially fractured well will decrease rapidly as the development proceeds.
In order to maintain economic well productivity of the initial fracture, the industries can create refractures to prevent the well
production rate from decreasing. However, the production of the initial fracture can induce the stress field to reorientate,
which will cause the refracture to propagate along a different direction from the initial fracture. Thus, the refracturing
treatment can result in a complex fracture system which raises a stringent challenge for one to evaluate the performance of the
refractured well. In this paper, the authors utilize the embedded discrete fracture model (EDFM) to characterize the
performance of the refractured wells. The calculated results in this paper show that, for the same equivalent matrix
permeability, a larger permeability component parallel to the initial fracture can lead to a higher increase ratio of the
refracturing treatment but lower cumulative production. If the reoriented section of the refracture is orthogonal to the initial
fracture, the productivity of the refracture system can be the highest. The length of the reoriented section plays a more
important role than the length of the initially oriented section in influencing the refracturing treatment. The refracturing

treatment can lead to a higher increase of cumulative production if the initial fracture has a lower permeability.

1. Introduction

In recent years, the refracturing treatment has increasingly
attracted the attention of industries to improve the produc-
tivity of initially fractured well. Hydraulic fractures will ori-
ent along the direction that is parallel to the maximum
principal stress (or perpendicular to the least principal
stress) [1, 2]. Since the production of the initial fracture
can result in a stress reorientation around the fractured well
[3, 4], the refracturing treatment will induce a fracture that
has a different growth direction from the initial fracture.
Figure 1 shows the schematic of the refracture system. As
shown in Figure 1, because of the effect of stress reorienta-
tion, the refracture will first penetrate the reservoir along a
direction that has a certain azimuth with respect to the ini-
tial fracture. As the fracture grows beyond the stress reorien-
tation region, the propagation direction of the refracture will
gradually change to the direction of the initial fracture. Thus,
the refracture can be divided into three sections, including a

reorientated section (red line in Figure 1), a transition sec-
tion (yellow line in Figure 1), and an initially orientated sec-
tion (blue line in Figure 1). Shan et al. provided a pressure
transient analysis model to posterior assess the fracture
propagation of refractured vertical well in oil reservoir [5].
Yi and Sharma proposed a new method to calculate slurry
distribution among multiple fractures during the fracturing
treatment and refracturing treatment [6]. Wang and Salehi
used hybrid simulation with neural network and data analy-
sis techniques to select refracture candidates [7]. Li et al.
examine the stress redistribution and fracture propagation
during restimulation of shale gas reservoirs [8].

For the complex fracture system that is shown in
Figure 1, the conventional numerical method can be used
to predict the production of the refractured well. In the con-
ventional numerical method, the local refined grid (LGR) or
unstructured grid will be applied to characterize the trajec-
tory of the refracture. However, both the LGR technique
and the unstructured grid technique will increase the
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FIGURE 1: Schematic of the refractured system.

workload and decrease the computational efficiency of the
conventional numerical simulation method, which makes
these two techniques unattractive for simulating the refrac-
tured well. Compared to the conventional numerical
method, the semianalytical method provides a more compu-
tationally efficient way to simulate the performance of vari-
ous complex fracture systems. Since only the fracture
system needs to be discretized in the semianalytical method,
the simulation efficiency can be significantly improved.
Wang et al. studied the transient flow of fractured media
with fractal geometry [9]. Luo et al. proposed a new
fracture-unit model on the basis of the semi-analytical
method and applied the proposed model to a Z-fold fracture
[10]. Liu et al. developed a semianalytical model to simulate
the scenario of multiples vertical well considering the effect
of well interference [11]. Xu et al. predicted the production
of multiwing fractured well with finite conductivity in natu-
rally fractured reservoirs with the aid of a semianalytical
model [12]. Zhang and Emami-Meybodi used the semiana-
lytical method to conduct rate transient analysis in shale
gas reservoirs by accounting for the two-phase flowback
[13]. Although the semianalytical method provides an alter-
nate method for simulating complex fractures, it can be dif-
ficult to characterize the reservoir heterogeneity and
irregular reservoir boundary. Hence, for field applications,
the semianalytical method is commonly used to conduct
postfracture analysis with early production data rather than
to predict the long-term well performance.

In recent years, the embed discrete fracture model
(EDFM) has attracted more and more attention for model-
ing complex fractures. The EDFM was developed by Lee
et al. to honor the complex fracture geometry while using
structured grids [14]. Sangnimnuan et al. proposed a fluid-
flow/geomechanic model to efficiently predict the stress evo-
lution in unconventional reservoirs with complex fractures
based on EDFM [15]. Xu and Sepehrnoori built a field-
scale reservoir simulator with the EDFM by use of corner-
point grids [16]. Yao et al. combined the EDFM with a
dual-porosity/dual-permeability model to parameterize mul-
tiscale fractures [17].

According to the aforementioned argument, one can
conclude that first, the conventional numerical method is
not convenient to handle the problems of the complex frac-
tures; second, although the semianalytical method can be
used to characterize the complex fractures, it can be chal-
lenging to consider reservoir heterogeneity and irregular
boundaries; and third, EDFM is an extension to the conven-
tional numerical method and can be utilized to simulate var-
ious complex fractures. This study, therefore, is designed to
carry out a thorough study of the performance of the refrac-
tured well based on EDFM.

2. Methodology

The EDFM characterizes the matrix-fracture flow and
fracture-fracture flow through nonneighboring connection
(NNC) formulations [14]. There are three types of NNC in
EDEFM, including type #1, the connection between fracture
segment and matrix grid, type #2, the connection between
fracture segments of the same fracture, and type #3, the con-
nection between fracture segments of intersected fractures.
Figure 2 shows all three types of NNCs. In this paper, since
there is no fracture intersection, only NNC type #1 and type
#2 are considered.

For the sake of convenience, the fluid flow between two
continuous mediums is generally described as

dav= Tu—h(pu _pb)’ (1)

where g is the flux rate (m’/day), T is the transmissibility
(m3/(day-MPa)), p is the pressure (MPa), and subscripts a
and b indicate the two continuous mediums. For example,
the fluid flow between matrix grid and fracture segment
can be expressed as

I (pm —pf)- (2)

Thus, only the calculation method of the transmissibility
needs to be changed to describe the fluid flow between
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FIGURE 2: Schematic of the three types of NNC.

different mediums. For the NNC type #1, the transmissibility
is given as

2Bk,

T, (= .
/’ldm—f

m—f (3)

In Equation (3), f3 is the unit conversion factor (0.0853),
k is the permeability (mD), A is the connection area (m?)
between fracture segment and matrix grid, p is oil viscosity
(mPass), and dm,f denotes the average distance (m) between
the fracture segment and the matrix grid, which is expressed
as

(4)

where dV is volume element of the matrix grid (m®), V is
volume of the matrix grid (m?), and d, is distance (m)
between the volume element and the fracture segment. For
the NNC type #2, one can have

_ 2T Ty, . (5)
ST+ Ty,
In Equation (5), Ty, and T;_, are the transmissibility

(m3/(day-MPa)) of the two connected fracture segments,
which can be calculated with

- (B)
uL f-1

where w is the fracture width (m), % is the formation thick-
ness (m), and L is the length of fracture segment (m). In
addition to the NNC, the fracture-wellbore flow can be cal-
culated with Darcy’s law, and the transmissibility is written

TaBLE 1: Conversion of the anisotropic system to the equivalent
isotropic system.

Anisotropic ) ] ]
system Equivalent isotropic system
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0 is fracture azimuth corresponding to x -axis

0, = arctan ( Kok tan 9), 0, = arctan <1 [ Ky Ky tan 9>
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...
uln (r,./r,)

eq''w

(7)

where r,, is the wellbore radius (m), and Teq the is equivalent
radius (m) which can be calculated with [18]

req=0.141/Lf2+wf2. (8)

The fluid flow between matrix grids is characterized with
the conventional finite difference method, which is detailed
introduced in Ertekin et al. [19]. According to the aforemen-
tioned introduction, one can use NNC formulations to char-
acterize the matrix-fracture flow and fracture-fracture flow,
use Darcy’s law to characterize fracture-wellbore flow, and
use the finite difference method to characterize the matrix-
matrix flow. Thus, the well performance of the refracture
system can be readily predicted with the EDFM.

The reservoir anisotropy is furthermore considered in
this work. Since the traditional EDFM method cannot con-
sider reservoir anisotropy, the authors will use the method
proposed by Spivey and Lee to transform an anisotropic sys-
tem into an equivalent isotropic system [20], such that one
can apply the EDEM to the equivalent isotropic system to
evaluate the performance of the refracturing treatment.
Table 1 lists the parameters in the anisotropic system and
their counterparts in the equivalent isotropic system.

It is noted that, although only single phase Darcy flow is
considered in this work, non-Darcy flow and multiphase
flow can also be observed in real field cases [21]. For exam-
ple, if the fluid flow rate is sufficiently high in the fractures,
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FIGURE 3: Performance of the refracturing treatment with different permeability anisotropies: (a) production rate and cumulative production

and (b) comparison of the increase ratio.
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FIGURE 4: Pressure fields of the 2000 day (MPa): (a) permeability pair #1 without refracturing treatment, (b) permeability pair #2 without
refracturing treatment, (c) permeability pair #3 without refracturing treatment, (d) permeability pair #1 with refracturing treatment, (e)
permeability pair #2 with refracturing treatment, and (f) permeability pair #3 with refracturing treatment.

one can observe Forchheimer flow. For such scenarios, one
can use the method introduced in Al-Rbeawi [22] to con-
sider the high rate non-Darcy flow.

3. Results and Discussion

In this part, a comprehensive investigation was conducted to
study the effects of permeability anisotropy, refracture azi-
muth, fracture length, and fracture permeability on the per-
formance of the refractured well. The benchmark values of
the parameters used in this section are as follows: initial res-
ervoir pressure p,=30MPa, reservoir dimension along x
-axis X, = 500 m, reservoir dimension along y-axis Y, =400
m, reservoir thickness h = 15 m, reservoir permeability along
x-axis k,,, =0.01mD, reservoir permeability along y-axis
k,,, =0.01mD, matrix porosity ¢,,=0.2, initial fracture

porosity ¢, = 0.2, refracture porosity ¢, =0.2, total com-

pressibility of the matrix system c,,, =0.0012 MPa™!, total
compressibility of initial fracture ¢,;; =0.0012 MPa™!, total
compressibility of refracture ¢, =0.0012 MPa™!, initial
fracture length Ly, =100 m, length of the reoriented section
of the refracture L,, = 50 m, length of the initially orientated
section Ly,; = 30 m, oil viscosity ¢4 =1mPa-s, initial fracture
permeability k;, =1x 10°mD, refracture permeability k,
=1x 10° mD, initial fracture width w;, = 1 x 107> m, refrac-
ture width wy, =1x 10 m, formation volume factor B=
0.985, wellbore pressure p, = 5MPa, production time only
with the initial fracture T[; =1000 days, production time
with both the initial fracture and refracture T, = 1000 days,
and the azimuth between the refracture and initial fracture
0=90°. It is worth noting that the EDFM method is a
numerical method for calculating the fluid flow in fractured
reservoirs. Therefore, although the investigation was
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FIGURE 7: Performance of the refractured well with (a) different lengths of reoriented section and (b) different lengths of initially reoriented
section.

conducted on a simplified model and the real reservoir  3.1. Permeability Anisotropy. Three pairs of permeability are
geology is neglected, the introduced EDFM method can  examined to explore the effect of the permeability anisotropy
be applied in various sedimentary reservoirs if the model ~ on the performance of refractured well, including pair #1
is sufficiently accurate to characterize the reservoir  k,,, =0.0004mD and k,, =0.025mD, pair #2 k,,, =0.002

geology. mD and k,,, =0.005mD, and pair #3 k,, =0.01mD and
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FIGURE 9: Pressure fields of the 2000 day with different lengths of initially oriented section (MPa): (a) Lp;=10m, (b) Ly =30m, ()

Ly =50m, and (d) Ly,; =70 m.
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FIGURE 10: Performance of the refractured well with (a) different initial fracture permeability (b) different refracture permeability.

k,u, =0.001 mD. As the permeability pair is varied from #1

to #3, the permeability along the x-axis is increased while
the permeability along the y-axis is decreased. It is worth
noting that the value of k,,, Xk, remains unchanged for
these three anisotropic permeability pairs, such that the per-
meability of the equivalent isotropic permeability system will
have the same value. Figure 3 compares the well perfor-
mance of the refractured well with different permeability
pairs. In Figure 3(a), the solid lines represent the well pro-
duction with refracturing treatment, and the dash lines rep-
resent the well production without refracturing treatment.

As shown in Figure 3(a), as the permeability along y-axis is
increased, the cumulative well production is increased, and
the highest cumulative well production happens to the per-
meability pair #1 with the largest permeability along y-axis.
The increase ratio of the cumulative production & was fur-

ther defined to compare the effect of the refracturing treat-
ment:

Qre - Qnon

E= ——MMM—
non

x 100%,

©)
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where Q,, represents the cumulative production with refrac-
turing treatment (m?), and Q,, represents the cumulative
production  without refracturing  treatment  (m’).
Figure 3(b) compares the increase ratio of different perme-
ability anisotropies. It is shown in Figure 3(b) that perme-
ability pair #3 leads to the highest increase ratio of 81.98%.
According to the results demonstrated in Figure 3, one can
find that a larger permeability perpendicular to the initial
fracture can result in a larger cumulative production but
lower efficiency of the refracturing treatment.

Figure 4 shows the pressure fields of the 2000 day with-
out refracturing treatment (Figures 4(a)-4(c)) and with
refracturing treatment (Figures 4(d)-4(f)) of different per-
meability anisotropies. Comparing Figure 4(a) to
Figure 4(d), one can find that, for permeability pair #1 which
has the lowest k,,, and highest k,,, the refracturing treat-

ment will only slightly increase the low-pressure area (the
low-pressure area can be regarded as the area within which
the reservoir pressure is much lower than the initial pres-
sure. For example, in Figure 4, the green and blue areas in
Figure 4 can be regarded as low-pressure areas). Thus, the
cumulative production of permeability pair #1 is least
increased by the refracturing treatment. Figures 4(c) and
4(f) show the pressure field without refracturing treatment
and with refracturing treatment, respectively, for permeabil-
ity pair #3. This suggests that the refracturing treatment can
significantly increase the low-pressure area, leading to a dis-
tinguishable performance of the refracturing treatment.

3.2. Refracture Azimuth. The refracture azimuth is varied
from 30° to 90° to explore the effect of the refracture azimuth
on the performance of refractured well. Figure 5 demon-
strates the performance of the refracturing treatment with
various azimuths. It can be seen in Figure 5(a) that as the
azimuth is ranged from 30° to 90°, the cumulative produc-
tion of the refracturing treatment is increased, indicating
that making a refracture orthogonal to the initial fracture
is favorable for increasing the well productivity. Figure 5(b)
compares the increase ratio of the cumulative production,
which also illustrates that a refracture that is orthogonal to
the initial refracture (6 = 90°) induces the maximum increase
of cumulative production. Figure 6 presents the pressure

fields of the 2000™ day with different refracturing azimuths.
It is observed in this figure that as the azimuth is increased,
the low-pressure area is increased. Thus, the refracture azi-
muth of 6 = 90° results in the highest cumulative production.

3.3. Refracture Length. Figures 7(a) and 7(b) show the per-
formance of the refractured well with different lengths of
reoriented section and different lengths of initially reor-
iented section, respectively. In Figure 7(a), the length of the
reoriented section of 20 m, 50 m, 80 m, and 110 m is consid-
ered, and in Figure 7(b), length of the initially oriented sec-
tion of 10m, 30m, 50m, and 70m is considered. It is
observed in Figure 7 that a longer reoriented section and a
longer initially oriented section can both induce a higher
cumulative production. However, the increase of the reor-
iented section can lead to a more significant increase of the
cumulative production, implying that the length of the reor-
iented section plays a more important role in affecting the
refracturing treatment.

Figures 8 and 9 exhibit pressure fields of the 2000™ day
with different lengths of reoriented section and different
lengths of initially reoriented section, respectively. Compar-
ing the pressure fields shown in Figure 8 to those shown in
Figure 9, one can see that increasing the length of the reor-
iented section can render the low-pressure area expand to
a larger area than increasing the length of the initially ori-
ented section. Therefore, the reoriented section can exert a
more obvious impact on the well performance than the ini-
tially oriented section.

3.4. Fracture Permeability. Figure 10(a) illustrates the perfor-
mance of the refractured well with different initial fracture
permeability (k;, =1x10*mD, k;; =1x10°mD, and kg,
=1x 10° mD), whereas Figure 10(b) illustrates the perfor-
mance of the refractured well with different refracture per-
meability  (k;, =1x10*mD,  k;,=1x10°mD,  and
kfz =1x10°mD). As shown in Figure 10(a), larger initial
fracture permeability and refracture permeability can both
result in a larger cumulative well production. Figure 11 com-
pares the increase ratio of the cumulative production with
different initial fracture permeability (Figure 11(a)) and



different refracture permeability (Figure 11(b)). An interest-
ing observation is that as the initial fracture permeability is
increased, the increase ratio is decreased, whereas as the
refracture permeability is increased the increase ratio is
increased. This demonstrates that the refracturing treating
has more advantages to enhance the productivity of a lower
permeability initial fracture, and the larger the permeability
of the refracture, the higher performance of the refracturing
treatment.

4. Conclusions

In this paper, the authors conducted a comprehensive study
of the well performance of the refractured well by use of
EDFM. The permeability anisotropy is also considered in
this paper. The influencing factors, including permeability
anisotropy, refracture azimuth, fracture length, and fracture
permeability, are investigated. On the basis of the calculated
results in this paper, the following conclusions can be
formed:

(1) The performance of the refracturing treatment is
highly dependent on the low-pressure area that is
induced by the refracture. A better performance of
the refracturing treatment commonly comes
together with a larger low-pressure area

(2) For the scenario of anisotropic permeability reser-
voir, a larger permeability orthogonal to the initial
fracture can result in a larger cumulative production
but lower increase ratio of the refracturing treatment

(3) A refracture that is orthogonal to the initial fracture
can most significantly increase the low-pressure area
of the refracture system, thus leading to the best per-
formance of the refracturing treatment among differ-
ent refracture azimuths

(4) A longer refracture length is more favorable for
improving the well productivity. However, the length
of the reoriented section can exert a more noticeable
effect on the well performance than the length of the
initially oriented section

(5) The refracturing treatment can lead to a higher
increase of the cumulative production for the sce-
nario of low initial fracture permeability. A higher
permeability of the refracture can induce higher
cumulative production

Abbreviations

A:  Connection area between fracture segment and
matrix grid, m?

B: Formation volume factor

d,,_s: Average distance between the fracture segment and

the matrix grid, m
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