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a b s t r a c t

In the Changqing Oilfield in northwest China, when traditional petroleum exploitation encounters
forestry reserves or water source protection areas, sectorial well-factory design is proposed. The most
distinct feature of a sectorial well-factory is the deviation of the well from the minimum horizontal
principal stress, resulting in hydraulic fracture deflection after the initiation, along with possible well
interference (i.e., fracture hit) and fracture coalescence in the oblique wells. Four indexes describing well
deflection are then proposed according to fracture morphology. Several fracturing designs, including
stage arrangement, fracturing sequences, and fracturing techniques are applied to study the feasibility of
the sectorial well-factory design. The results show that the “gradual” or “sparse” stage arrangement,
large injection rate, and simultaneous multifracture treatment can help to optimize the fracture
morphology and stimulation design. However, the subsequent stress shadowing effect usually adversely
affects the fracturing of adjacent wells. With a small initial horizontal stress difference, large injection
rate and staggered stage arrangement can achieve ideal stimulation performance. Our results can provide
a guidance for optimizing stimulation design in unconventional well-factory while taking into account
environmental protection.
© 2023 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-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Hydraulic fracturing is a widely used artificial stimulation
technique for commercial exploitation in unconventional reser-
voirs with low porosity and low permeability. A large number of
practices and studies have proved that staged multi-cluster frac-
turing frommultiple well pads is a key technique to further reduce
treatment costs and improve fracturing performance. The common
approach is the parallel well-factory, in which all horizontal wells
are drilled along the optimal orientation, i.e., the direction of the
minimum horizontal principal stress (Shmin) as shown in Fig. 1(a).
As a result, hydraulic fractures propagate perpendicular to the
wellbore through massive fluid injection, eventually achieving the
hnical & Underground Engi-
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efficient stimulation of the target reservoir in a certain direction.
Numerous studies have been carried out to investigate the propa-
gation and interaction behavior of hydraulic fractures in multiple
parallel horizontal wells during the staged multi-cluster fracturing.
For the calculation of fracture size during multifracture treatment
analytical methods have not made much progress because it is
more complex than the propagation of single and regular fracture.
Only some analytical solutions were developed to assess the results
of well interference, including the degree of fracture hit (Molina
and Zeidouni, 2017), rate transient data (Liu Q. et al, 2020;
Thompson, 2018; Wei et al., 2022) and the location of observation
wells (Al-Khamis et al., 2003). Advanced numerical simulations can
overcome the lack of analytical methods to present complex frac-
turemorphology at engineering scale with field data. For the planar
fracture model, embedded discrete fracture model (EDFM) is a
popular method to simulate the impact of well interference (Tang
et al., 2017; Yu et al., 2017, 2018) and it can be combined with a
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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Fig. 1. Schematic diagram of (a) parallel well-factory, and (b) sectorial well-factory.
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commercial black oil reservoir simulator for multi-well history
matching (Xavier Fiallos et al., 2019). For the nonplanar fracture
model, Wu and his coworkers (Wu and Olson, 2015, 2016;Wu et al.,
2018) analyzed the dynamic-stress evolution and multiple-fracture
propagation in horizontal wells through a simplified three-
dimensional (3D) displacement discontinuity method (DDM).
Discrete element method (DEM) is also applied to simulate
different completion designs for simultaneous fracturing from two
horizontal wells (Duan et al., 2021). Furthermore, DEM can be
coupled with hydromechanics to consider the nonplanar 3D
growth of hydraulic fractures in layered reservoirs (Yang et al.,
2016). As for the design of fracturing strategy, many studies have
investigated the influence of well interference under different
fracturing techniques and confirmed that zipper fracturing yields
better well performance (Chen et al., 2018; Sobhaniaragh et al.,
2017; Wang Z. et al., 2022; Feng et al., 2016, 2017; Vidma et al.,
2018; Yoshioka et al., 2021,; Zhao et al., 2022). Through numerical
simulations and experiment studies, stress shadowing effect have
been investigated during hydraulic fracturing in horizontal wells
(Daneshy et al., 2012; Liu X. et al., 2020; Shan et al., 2021; Wang L.
et al., 2022; Wang X. et al., 2022a, 2022b, 2022c; Bourdin et al.,
2012; Tang J. et al., 2019; Tang X. et al., 2019).

The aforementioned studies are all based on the scenario of
parallel well-factory but cannot provide guidance for some special
well patterns. In the exploitation of unconventional reservoirs,
environmentally sensitive areas such as forestry reserves and water
source protection zones are sometimes encountered. In this case, it
is difficult to drill traditional parallel wells, resulting in a rather
inadequate stimulation of the target reservoirs. Fig. 1(b) is an
example of a pad layout based on environmental protection in the
Changqing Oilfield in northwest China. A sectorial well-factory
layout is designed to avoid surface operations while recovering
the underlying reservoir. In this complex well pattern, the azimuth
of each horizontal well deviates from the optimal orientation at
different angles, and the spacing betweenwellbores increases from
heel to toe, resulting in complex propagation behavior of hydraulic
fractures. To date, limited studies have focused on the dynamic
growth of hydraulic fractures in oblique horizontal wells. The
determination of the optimal well azimuth is mainly based on field
data (LaFollette and Holcomb, 2011; Zinn et al., 2011). Studies have
shown that the more the horizontal wellbore deviates from the
minimum horizontal stress, the lower the estimated ultimate
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recovery. Wang et al. (2023), Wutherich et al. (2013) and Yang et al.
(2016) carried out numerical studies on fracturing at different
drilling azimuths, which were mostly focused on production
comparison. In summary, extremely limited effort has been re-
ported in studying fracturing in sectorial well-factory. The fracture
propagation behavior and stress shadowing evolution between
multiple clusters andmultiple non-parallel horizontal wells remain
unclear.

In this study, we develop a three-dimensional (3D) lattice
method based model for staged multi-cluster fracturing for the
sectorial well-factory to explore the feasibility of hydraulic frac-
turing considering well interference and stress shadowing. All the
wells in the model are set deviated from the optimal orientation at
different angles and some evaluation indexes are proposed based
on the analysis of fracture deflection behavior from a single stage.
With these indexes fracture propagation under different stage ar-
rangements, fracturing sequences and fracturing techniques are
discussed scientifically to conclude the characteristic of well
interference and stress shadowing in oblique horizontal wells. Our
research results can provide a guidance for fracturing optimization
design in unconventional well-factory under environmental pro-
tection requirements.
2. Numerical method of discrete lattice

XSite, a numerical code based on synthetic rock mass and lattice
method, has been used to simulate the propagation behavior of
hydraulic fractures in fractured rocks (Damjanac and Cundall, 2016;
Damjanac et al., 2016; Bakhshi et al., 2019; Benouadah et al., 2021;
Detournay et al., 2022). Developed as a simplified version of the
particle flow code (PFC) utilizing the bonded particle model (BPM),
the main advantage of the lattice approximation is its computa-
tional performance by loss of generality. Lattice approximation is
achieved by discretizing the porous medium into mass nodes with
springs, as shown in Fig. 2(a), which represent particles and con-
tacts. Each fluid node is located in the center of the spring, and fluid
flows between the pipes connecting the fluid nodes.
2.1. Mechanical model

There are three translations and three rotations for each node in
the lattice. The explicit solution scheme is ideal for directly



Fig. 2. (a) Lattice approximation in XSite, (b) fluid variables in the matrix flow. Red dots represent spring pressures and blue arrows represent fluid flow along the springs.
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simulating highly nonlinear behavior such as propagation, slippage,
and failure of joints. The following set of central difference formulas
controls the motion of each node (Damjanac et al., 2016; Damjanac
and Cundall, 2016):

8<
:

_uðtþDt=2Þ
i ¼ _uðt�Dt=2Þ

i þ
X

FðtÞi Dt
.
m

uðtþDtÞ
i ¼ uðtÞi þ _uðtþDt=2Þ

i Dt
(1)

where uðiÞt is the position of component i (i ¼ 1e3) and _uðiÞt repre-
sents the corresponding velocity of component i ði¼ 1e3Þ at time t;P

FðtÞi is the total force acting on themassm at time t; Dt represents
the time step. The angular velocity is calculated by the following
equation:

wðtþDt=2Þ
i ¼ wðt�Dt=2Þ

i þ
P

MðtÞ
i

I
Dt (2)

where
P

MðtÞ
i is the total moment of component i ði¼ 1e3Þ and I

represents the moment of inertia.
For an intact spring, the relative velocity between node A and

node B can be written as:

_ureli ¼ _uAi � _uBi (3)

then the normal and tangential velocities can be calculated as:

8<
: _uNi ¼ _ureli ni

_uSi ¼ _ureli � _uNi ni
(4)

where N denotes “normal”; S denotes “shear”; ni is the unit normal
vector, and the Einstein summation convention applies to repeated
indices. The normal stress and shear stress of the spring in the
model can be calculated by the mutual displacement of nodes
(Damjanac and Cundall, 2016; Damjanac et al., 2016) as:

8><
>:

FNi )F
N
i þ _uNi K

NDt

FSi )F
S
i þ _uSi K

SDt
(5)

where KN and KS are the normal and shear stiffnesses of the spring,
respectively. Here we assume that the normal stress is positive in
tension. When the spring stress exceeds the predefined tensile or
shear strength, the spring breaks andmicro-fractures are generated
with FN ¼ 0 and FS ¼ 0.
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2.2. Flow model

XSite simulates single-phase fluid flow in both fractures and
matrix while using different solutions. For fluid flow in fractures, it
is solved in the network of fluid nodes and pipes as shown in
Fig. 2(a), including initial fractures and subsequently generated
micro-fractures. The flow in matrix is represented by the pore
pressure in the spring of a lattice, which is related to permeability,
fluid storage, and leak-off into the rock, and fluid can exchange
between fractures and the matrix.
2.2.1. Fluid flow in fractures
As aforementioned, fracturing fluid flows along pipes connect-

ing micro-fractures (or in initial fractures specified as model inputs
in the cluster), which is described by the lubrication equation. Thus,
the flow rate in the pipe connecting broken fluid nodes A and B is
calculated as:

q ¼ bkr
a3

12m

h
PA � PB þ rwg

�
zA � zB

� i
(6)

where b is a dimensionless calibration parameter; kr is the relative
permeability; a is the hydraulic aperture; m is the fluid viscosity; PA

and PB represent the fluid pressures at node A and node B,
respectively; rw is the fluid density; g is the acceleration of gravity;
zA and zB represent the elevations of node A and node B,
respectively.

Using the explicit numerical scheme again, the pressure incre-
ment DP in the evolution of the fracture flow during each time step
Dtf equals:

DP ¼
P

qi
V

KFDtf (7)

where KF is the apparent fluid bulk modulus; V is the node volume;P
qi is the sum of all flow rates from the pipes connected to the

fluid node.
2.2.2. Fluid flow in matrix
Fluid flow in matrix should be taken into consideration if leak-

off is non-negligible, assuming that the fluid will penetrate into
the intact rock. The matrix pressure is solved in the lattice spring,
which only exists in the original lattice data structure in Fig. 2(b).
Removing the pre-existing joints in the model, the pressure in the
remaining springs of the rock matrix is equal to the matrix pres-
sure. Therefore, the flow rate in the matrix can be calculated by the
difference in local spring pressures:
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qðiÞ ¼ hi

�
PðiÞ � P

�
(8)

where qðiÞ is the flow rate of the ith spring, hi is the conductivity;
and P is the “virtual” pressure at each node. Then the unbalance of
two distinct flows within a spring defines the change in matrix
pressure (Damjanac et al., 2016):

DPðiÞ ¼
�
qðiÞleft � qðiÞright

�
kDtf

.
A2 (9)

where qðiÞleft and qðiÞright are the flow rates of left and right spring

segments, respectively; k is the apparentmechanical stiffness of the
fluid node; Dtf is the fluid time step; and A is the apparent spring
area.
2.3. Hydromechanical coupling

The mechanical model and the flow model are fully coupled by
an efficient sequential explicit calculation method of the 3D
discrete lattice method (Damjanac et al., 2016; Damjanac and
Cundall, 2016; Bakhshi et al., 2019). There are three aspects of
hydro-mechanical coupling presented in the following.

(1) Fracture permeability depends on the initial aperture and
rock deformation. In Eq. (6) the cubic law provides a relationship
between the flow rate and hydraulic aperture where fracture
permeability kf is calculated as:

kf ¼
a2

12
(10)

(2) Fluid pressure affects rock deformation and strength. The
effective stress calculations are carried out.

(3) Rock deformation in turn leads to changes in fluid pressure.
Eq. (7) presents the pressure increment and the apparent
fluid bulk modulus KF is calculated by hydraulic aperture a
and the apparent spring area A when one-dimensional fluid
stiffness is much larger than the rock stiffness:

KF¼
a
A

�
kR þ kJ

�
(11)

where kR and kJ represent the one-dimensional rock stiffness and
joint stiffness, respectively.
3. Model verification

We verify the numerical model based on the propagation of a 3D
penny-shaped fracture in a toughness dominated regime without
considering leak-off. According to the geological and engineering
parameters in Table 1, we compare the geometric dimensions of the
Table 1
Input parameters in the verification model.

Input parameter Value

Young’s modulus, GPa 10
Fracture toughness, Pa$m0.5 1e7
Fluid viscosity, Pa$s 0.005
Carter’s leak-off parameter, m/s0.5 0
Poisson’s ratio 0.26
Injection rate, m3/s 0.02
Injection time, s 500

3570
3D penny-shaped fracture obtained by numerical simulation and
theoretical solution (Dontsov, 2016, 2022; Detournay, 2016):

wk

�
rkðtÞ
RkðtÞ

; t
�
¼0:6537

 
K 04Q0t
E04

!1=5 
1�

�
rkðtÞ
RkðtÞ

�2
!1=2

(12)

RkðtÞ¼0:8546
�
E0Q0t
K 0

�2=5

(13)

Eq. (12) along with Eq. (13) describes the relationship of hy-
draulic aperture, wk, and the fracture radius, rk, with an injection
rate, Q0, in a total injection time, t, analytically. K 0 and E0 arewritten
in the scaled form to represent rock toughness and Young’s
modulus, respectively. Dontsov (2016) provided other details for
the theoretical solution.

The fracture morphology obtained from numerical simulation is
shown in Fig. 3(a). A circular penny-shaped fracture is formed in the
domain. The size of the fracture obtained by the numerical simu-
lation is in a good agreement with the theoretical solution, as
shown in Fig. 3(b). The errors mainly occur at the center and the
tips of the fracture. At small distances, the numerical injection
source is a finite volume rather than a point source which is
assumed in the theoretical solution. Therefore, the numerical
fracture is narrower; at large distances, the exact solution assumes
no seepage because of a zero initial aperture but the numerical
solution allows seepage ahead of the fracture tip to obtain a larger
fracture width than the theoretical solution. This is consistent with
previous findings (Damjanac and Cundall, 2016; Damjanac et al.,
2016). The above analysis clearly shows that the numerical model
can characterize the hydraulic fracturing process well.

4. Fracture propagation in the sectorial well-factory

4.1. Simulation of fracture morphology

We built seven single-staged models named as Well 1-1 to Well
1-7 in Fig. 4. The wellbore azimuth of each horizontal well deviated
from the direction of Shmin varies from 0� to 90�. In each case, there
is one single stage containing 3 clusters in the center of a
150 m � 150 m � 70 m region with a cluster spacing of 10 m. The
initial horizontal stress difference between Shmax and Shmin is
5 MPa. Other input parameters are the same as listed in Table 2. It
should be noted that we do not consider the small-scale fracturing
behavior in the near-wellbore area, and only focus on the macro-
scopic propagation behavior of hydraulic fractures on the wellbore
scale. Therefore, it is assumed that the initial disc-shaped fracture is
perpendicular to the wellbore, instead of the actual perforation
cluster. The sizes of the initial preset fractures and clusters are on a
scale comparable to the wellbore for computational efficiency,
which may deviate from reality but can be accepted for field-scale
problems. All the following numerical examples in this paper are
based on this assumption.

The results of fracture morphology of each non-parallel hori-
zontal well are displayed in Fig. 4(a). It is expected that fractures will
propagate along the pre-existing fractures perpendicular to the
horizontal wellbore in the optimal azimuth. As the azimuth of the
wellbore increases from the direction of Shmin, fracture coalescence
between clusters starts to occur. After the initiation, hydraulic frac-
tures will reorient to the direction of Shmax, governed by the stress
differential. In the extreme situation where the deviated angle is
close to 90�, fractures deflect to the wellbore azimuth and bifurcate
during fracturing. Notably, in Well 1-7, the middle fracture in the
stage propagates perpendicular to the wellbore, which may be
caused by the stress shadowing of the fractures at both ends.



Fig. 3. (a) Fracture morphology obtained from numerical simulation, (b) comparison of geometric dimensions between numerical and theoretical solutions.
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4.2. Evaluation indexes for the sectorial well-factory

Fig. 5 shows schematic diagrams of the fracture morphology of
the sectorial well-factory based on the numerical results of Section
4.1. In Fig. 5(a), fracture deflection refers to the reorientation
behavior of hydraulic fracture from the preset direction to the Shmax
direction under the impact of the horizontal principal stresses. We
use a straight line to connect the initial point O with point C of the
hydraulic fracture tip, and then draw a straight line perpendicular
to the horizontal wellbore from point C to point B. We then draw a
straight line from point O perpendicular to the horizontal wellbore,
which is denoted as OA. In Fig. 5(b), the orange and red circles
represent fracture coalescence, and the blue circle represents well
interference. Based on previous studies, fracture coalescence be-
tween clusters and stages correlates positively with the formation
of a complex fracture network, so we only regard well interference
between wells as unfavorable.

Therefore, two characteristics of fracture propagation in the
sectorial well-factory are well interference and fracture deflection.
Based on the above concepts, we propose four evaluation indexes:

� Well interference between wells.
� Deflection distance, i.e., the length of line segment BC.
� Deflection angle, i.e., :AOC, which is defined as:

a¼90� arctan
BC
OB

(14)

where BC and OB are the lengths of the segments BC and OB,
respectively.

Note that only the deflection distance and fracture angle at both
ends are chosen in one stage to evaluate the entire fracture
morphology.

� Covering area, defined as the sweep area of the hydraulic
fracture:

S¼ Spolygon (15)

where Spolygon is the area of the domain covered by the final
complex fracture network, as shown in Fig. 5(b).
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5. Numerical simulations for fracture optimization

In this section, various possible optimization designs are tested
in the numerical model, and the results are evaluated by using the
proposed evaluation indexes.
5.1. Improved stage arrangement for a single well

We first consider improving the treatment performance for a
single multi-staged non-parallel horizontal well in the sectorial
well-factory. Based on the pad layout shown in Fig. 1(b), we design
a target sectorial well-factory containing ten non-parallel hori-
zontal wells, as shown in Fig. 6. The deviated angles between the
direction of Shmin are listed in Table 3. The tenwells are divided into
two groups, conventional production wells and potential produc-
tion wells. Wells with a deviated angle greater than 70� from the
Shmin are defined as conventional production wells, otherwise as
potential production wells. The location of potential production
wells is defined as an extreme region. Then Wells 2-1, 2-2, 2-3, 2-8,
2-9, and 2-10 of the ten wells are conventional production wells,
and the remaining wells belong to potential production wells. Due
to limited computational resource, only two fracturing stages per
well with three clusters per stage are simulated in a
500 m � 300 m � 70 m domain. The geological and engineering
parameters are provided in Table 4.

We start by considering the fracturing of three conventional
production wells, Wells 2-1, 2-2, and 2-10. Due to the relatively
small deviation angle and the decreasingwellbore spacing between
two adjacent wells from toe to heel, we vary stage spacing and
cluster spacing. The stages set in each well can be divided into two
groups, as shown in Fig. 7. Group 1 is close to the heel and the stages
have large cluster spacing and stage spacing, while Group 2 is close
to toe, the cluster spacing and stage spacing are smaller. The spe-
cific values of cluster and stage spacing for each well are illustrated
in the corresponding geometric models in Fig. 7. From the numer-
ical results, due to the small deviation angle, the fracture deflection
is small, and there are not many additional fracture branches. In
addition, the fracture lengths are long enough to constitute a suf-
ficiently large covering area of each well and the values are marked
respectively near the red polygons. Therefore, the “gradual” stage
arrangement for conventional production wells can achieve better
treatment performance.



Fig. 4. (a) Schematic of the wells in the sectorial well-factory, (b) fracture morphology of each well at the end of injection.

Table 2
Input parameters for the single-staged models.

Input parameter Value

Young’s modulus, GPa 30
Fracture toughness, Pa$m0.5 1e6
Poisson’s ratio 0.25
Porosity, % 8.83
Permeability, mD 0.1
Injection rate, m3/s 3
Injection time, s 900
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For fracturing potential production wells, the same design as
conventional production wells is first applied to arrange the stages
forWell 2-4, as shown in Fig. 8(a). However, due to a large deviation
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angle, fractures deflect immediately after initiation, causing strong
fracture coalescence connecting to the well. As a result, the
coverage area of the fracture network is much smaller than the
acceptable value. Therefore, as shown in Fig. 8(b), the stages are
evenly placed along the wellbore with a larger cluster and stage
spacing, which is defined as a “sparse” stage arrangement.
Although the total number of hydraulic fractures in the same dis-
tance is reduced, simulation results show a larger coverage area.
Potential production Wells 2-5 and 2-6 are also stimulated
following the “sparse” stage arrangement strategy, and the corre-
sponding fracture networks are shown in Fig. 9. Notably, the
covering area of the potential production well is usually smaller
than that of the conventional production well, indicating lower
expected production, which confirms our definition of these two



Fig. 5. Schematic diagram of fracturing behavior of (a) single fracture and (b) multiple fractures.

Fig. 6. Locations of ten target non-parallel horizontal wells.

Table 3
Deviated angles of ten target wells.

Well No. 2-1 2-2 2-3

Angle between well and Shmin, degree 42 50 60

Table 4
Rock properties and engineering parameters.

Input parameter

Geological parameter Young’s modul
Poisson’s ratio
Porosity, %
Permeability, m
Fracture tough
Maximum hori
Minimum horiz
Vertical stress,
Formation pore
Uniaxial compr
Tensile strengt

Engineering parameter Injection rate, m
Injection time f

Y.-H. Liu, J.-T. Zhang, J. Bai et al. Petroleum Science 20 (2023) 3567e3581
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types of non-parallel horizontal wells.

5.2. Optimization of the “heel” section of two wells in the extreme
region

Due to the small well spacing, hydraulic fracturing in the “heel”
portion of the adjacent wells (marked by the blue circle in Fig. 6) is
most likely to cause well interference, especially in the extreme
region. Therefore, we choose the “heel” portion of two adjacent
wells (marked by the yellow circle in Fig. 6) for optimization design
and label them as Wells 3-1 and 3-2 in Fig. 10.

5.2.1. Different fracturing sequences
We first examine the impact of different fracturing sequences.

The details of the numerical model are shown in Fig. 10. The model
size is 500 m � 400 m � 70 m. The heights of the barrier and the
reservoir are 10 and 50 m, respectively. To overcome the rigid
boundary conditions, two soft layers are placed along the sides of
the model, parallel to the predicted propagation direction of hy-
draulic fractures. There is one stage with 3 clusters in each well and
with a cluster spacing of 20 m. The well spacing is 140 m, and the
injection time per stage is 60 min. Other parameters are listed in
2-4 2-5 2-6 2-7 2-8 2-9 2-10

72 84 83 72 60 50 42

Value

us, GPa 33
0.25
8.83

D 0.1
ness, Pa$m0.5 1e6
zontal principal stress, MPa 40
ontal principal stress, MPa 35
MPa 45
pressure, MPa 20
essive strength, MPa 130
h, MPa 4

3/min 3
or each stage, s 2400



Fig. 7. Fracture morphology of conventional production wells.

Fig. 8. Comparison of stage arrangement for potential production Well 2-4.
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Table 4. Referring to previous studies (Wang and Liu, 2021;
Saberhosseini et al., 2021; Zhang et al., 2021), we propose three
fracturing sequences, as shown in Fig. 11. In the first design, the
initial fractures are aligned, and hydraulic fracturing is performed
sequentially, i.e., all three clusters in Well 3-1 are simultaneously
fractured and followed by all three clusters in Well 3-2, which is
called “Aligned crack& sequential fracturing”. In the second design,
the initial fractures are aligned, but hydraulic fracturing is per-
formed in a zipper sequence, i.e., in the sequence of
④/①/⑤/②/⑥/③ as shown in Fig. 11, which is called
“Aligned crack & zipper fracturing”.

The numerical results of the fracture morphology and induced
stress evolution under three fracturing sequences are shown in
Figs. 12e14. Under sequential fracturing, the middle fracture is
perpendicular to the wellbore due to the stress shadowing effect of
the fractures on both sides, which is similar to the result of Well 1-7
in Fig. 4(a). Fractures on both sides deflect, with a maximum
deflection distance of 25.23 m and a maximum deflection angle of
3574
18.5�. As for induced stress evolution, although stress reversal is
seen in some areas around existing fractures, i.e., Syy > Sxx, after the
fracturing of Well 3-1, the affected area does not extend around
Well 3-2. Therefore, the fracture morphology of the two wells is
similar, and well interference does not occur.

The latter two fracturing sequence designs result in completely
different treatment performance. In Fig. 13, “wild goose” type frac-
tures propagate in the first two clusters, either aligned or staggered.
However, subsequent fractures ⑤ and ② deflect in the opposite
direction, causing well interference. Besides, fractures ④ and ①

propagate again interacting with new fractures, increasing the risk
of fracture penetration into the barrier, as indicated by red dashed
circles in Fig. 13. These propagation behavior can be illustrated by
the induced stress evolution in Fig. 14. The propagations of the first
two fractures do not affect each other, as shown in Fig. 13. When the
third and fourth fractures propagate, the stress distribution is
different because the gap between Syy and Sxx becomes smaller, and
even becomes negative in some areas around cluster ⑤. Therefore,



Fig. 9. Final fracture morphology of potential production wells.

Fig. 10. Numerical model of two adjacent non-parallel horizontal wells.
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subsequent fractures deflect reversely under strong stress shadow-
ing effect, and the deflection distance is greater than the previous
fractures, resulting in a strong well interference.
Fig. 11. Scheme diagrams of three
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In summary, the “Aligned crack & sequential fracturing” design
does not induce well interference without excessive stress inter-
ference. “Aligned crack & zipper fracturing” design and “Staggered
crack& zipper fracturing” design can causewell interference due to
the stress shadowing effect in the domain. Based on the above re-
sults, simultaneous multi-fracture treatment is a better option to
avoid strong well interference.
5.2.2. Different fracturing techniques
Two fracturing techniques applied in the field (Leising and

Newman, 1993) are discussed. The first technique is to place
three clusters in one stage with a uniform large cluster spacing
(30 m), defined as LCS. For each cluster, a larger perforation friction
is set (Zhang et al., 2021). The second technique is to use a close-cut
mode to place eight clusters with a small cluster spacing (8 m) in
one stage, defined as SCS. The numerical models of these two
fracturing scenarios are illustrated in Fig. 15. Eight cases are simu-
lated using these two techniques, and parameters are listed in
Table 5. Injection rate and in situ stress condition are considered
important factors according to the previous studies (Damjanac
et al., 2016; Zhang et al., 2021). Other parameters are the same as
listed in Table 4.

A large cluster spacing is applied in Case 1-1 through Case 1-5.
different fracturing sequences.



Fig. 12. (a) Fracture morphology and (b) induced stress evolution of “Aligned crack & sequential fracturing” design.

Fig. 13. Fracture morphology of (a) “Aligned crack & zipper fracturing” design and (b) “Staggered crack & zipper fracturing” design.

Y.-H. Liu, J.-T. Zhang, J. Bai et al. Petroleum Science 20 (2023) 3567e3581

3576



Fig. 14. Induced stress evolution of “Aligned crack & zipper fracturing” design and “Staggered crack & zipper fracturing” design.

Fig. 15. Numerical models of two fracturing methods, (a) large cluster spacing (LCS), and (b) small cluster spacing (SCS).
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The fracture morphology and the induced stress evolution after
fracturing Well 3-2 under different injection rates and initial
stresses are displayed in Figs. 16 and 17. The maximum deflection
distance (MDD), the maximum deflection angle (MDA), and the
covering area (CA) of the two wells in each case are calculated in
Table 6.

The influence of different injection rates is investigated in Cases
1-1, 1-2, and 1-3. As can be seen in Fig. 16, the fracture morphology
of the two wells looks similar at 6 and 9 m3/min, respectively. Due
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to the large injection rate, a larger fracture aperture is shown in Case
1-2. In Case 1-3, the fluid pressure in the fracture is large enough to
allow Well 3-2 to have a larger covering area with a smaller
deflection angle and a larger deflection distance, but subsequent
stress shadowing prevents the following propagation of fractures in
Well 3-1. This is confirmed in Fig. 17. At a low small injection rate,
the induced stress around Well 3-2 does not affect the stress dis-
tribution around Well 3-1, while the large injection rate can cause
negative stress shadowing on the remaining unfractured wells.



Table 5
Input parameters for the designed numerical cases.

Case No. Well No. Shmax, Pa Shmin, MPa Stress differential, MPa Injection rate, m3/min Fracturing technique

Case 1-1 Well 3-1 35 30 5 6 LCS
Well 3-2 35 30 5 6 LCS

Case 1-2 Well 3-1 35 30 5 9 LCS
Well 3-2 35 30 5 9 LCS

Case 1-3 Well 3-1 35 30 5 12 LCS
Well 3-2 35 30 5 12 LCS

Case 1-4 Well 3-1 35 32 3 12 LCS
Well 3-2 35 32 3 12 LCS

Case 1-5 Well 3-1 35 33 2 12 LCS
Well 3-2 35 33 2 12 LCS

Case 2-1 Well 3-1 35 30 5 14 SCS
Well 3-2 35 30 5 14 SCS

Case 2-2 Well 3-1 35 32 3 14 SCS
Well 3-2 35 32 3 14 SCS

Case 2-3 Well 3-1 35 33 2 14 SCS
Well 3-2 35 33 2 14 SCS

Fig. 16. Fracture morphology of Case 1-1 to Case 1-5.
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We then investigate the effect of different stress differentials in
Cases 1-3, 1-4, and 1-5. In Case 1-4, deflection of the middle frac-
ture still occurs after propagation, resulting in similar treatment
performance to Case 1-3. However, Case 1-5 has the smallest initial
stress differential of 2 MPa, the middle fracture propagates mostly
parallel to the Shmin direction because the stress shadowing of the
fractures on both sides is dominant compared to the small stress
difference. Therefore, only the middle fracture of Well 3-1 is hin-
dered, and fractures on both ends can propagate perpendicular to
the wellbore under the stress shadowing effect of the middle
fracture to achieve a larger covering area for an ideal stimulation
performance.

Next, Cases 2-1, 2-2, and 2-3 are simulated under small cluster
spacing. Based on the analysis of Case 1-1 through Case 1-5, a large
injection rate of 14m3/min is used. The effect of stress differential is
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also considered. In Cases 2-1, 2-2, and 2-3, the initial stress differ-
ences are 5, 3, and 2 MPa, respectively. The numerical results are
shown in Figs. 18 and 19, and Table 6. Due to the small cluster
spacing, all fractures in each case merge together after initiation,
forming a “fracture core”with a large aperture in the center. In Case
2-1, the stress difference is large, which is easy to cause planar
fractures with small deflection distance and large deflection angle,
and a sharp deflection may result in a small fracture core and
covering area. With the decrease in stress differential, the deflec-
tion angle decreases, while the deflection distance and covering
area increase with the increase in fracture branches. With the
smallest stress differential (2 MPa), fracture branches of the two
wells can propagate into the half region of the other well and
communicate in the middle. For induced stress, the affected area of
one well cannot extend into the other half region because of the



Fig. 17. Induced stress evolution of Case 1-1 to Case 1-5 after Well 3-2 is fractured.

Table 6
Evaluation index values of Case 1-1 to Case 1-5 and Case 2-1 to Case 2-3.

Case No. Well 3-1 Well 3-2

MDD, m MDA, degree CA, m2 MDD, m MDA, degree CA, m2

Case 1-1 39.3 62.1 7,698.3 23.6 67.1 15,608.0
Case 1-2 49.5 67.0 8,151.2 27.5 74.4 10,189.0
Case 1-3 39.1 38.5 6,473.0 99.7 47.7 44,571.1
Case 1-4 61.5 34.2 9,541.4 100.8 45.0 59,112.4
Case 1-5 67.8 28.8 14,724.2 89.6 43.2 48,179.2
Case 2-1 52.4 46.8 15,754.8 52.6 50.0 19,087.6
Case 2-2 82.2 36.9 23,048.0 85.5 30.0 23,773.3
Case 2-3 92.1 33 31,845.1 98.7 27.9 33,803.7

Fig. 18. Fracture morphology of Case 2-1 to Case 2-3.
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small injection rate per cluster.
In summary, two different fracturing techniques exhibit

different behavior in the sectorial well-factory. Under a large cluster
spacing design, increasing injection rate can promote fracture
propagation and increase the stimulated reservoir volume (SRV).
The deflection of the middle fracture in the pre-fractured well can
hinder the propagation of subsequent fractures due to strong stress
shadowing effect. However, when the stress differential is small
enough, the stress shadowing effect contributes to an ideal treat-
ment performance. Under a small cluster spacing design, the
induced stress evolution area of each well does not extend to the
3579
other half region too much. Reducing the stress differential can
increase the deflection distance while reducing the deflection
angle. Simultaneous multi-fracture treatment results in a fracture
core that increases with decreasing stress differential.

6. Discussion

The sectorial well-factory is an innovative model that considers
large-scale production and environmental protection. Critical is-
sues in hydraulic fracturing in the sectorial well-factory are fracture
deflection and subsequent well interference. We have tried to



Fig. 19. Induced stress evolution of Case 2-1 to Case 2-3.
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tackle these issues with different designs and a deeper under-
standing is needed to guide the well and completion design for this
configuration.

Depending on the well type, a larger covering area can be ach-
ieved successfully through a “gradual” or “sparse” stage arrange-
ment. Fracture coalescence between clusters and stages can be
beneficial under certain conditions. Well interference is likely to
occur at large injection rates. However, in Case 1-5, we see a rep-
resentation of an ideal stimulation, where only the central fracture
is hindered by the planar fracture under a small stress differential.
Therefore, if the middle cluster of the post-fractured well is
removed and the middle fracture is allowed to penetrate the
remaining clusters, the fractures will not communicate under the
stress shadowing effect. In that case, the entire stage arrangement
of the two wells can be seen as an “oversized” staggered arrange-
ment, which can lead to over capitalization.

This work is mainly focused on the feasibility of initial fracturing
in the original reservoir. In reality, the stress differential is more
complicated which can affect the fracturing sequence decision and
the induced stress results will be different from model prediction.
At the same time, natural fractures should be considered, as they
can interact with hydraulic fractures. Other engineering parameters
such as fracturing fluid viscosity, proppant concentration, and leak-
off coefficient should also be taken into account. At last, as shown in
Fig. 14, the stress distribution in the reservoir is changed signifi-
cantly, which results in stress reversal where fractures are present.
Furthermore, if a refracturing is conducted sequentially in the same
reservoir under the same layout of the sectorial well-factory, the
deflection and well-interference will be improved theoretically,
which is a promising part for our future work.
7. Conclusions

In this paper, we develop a new numerical model of the sectorial
well-factory based on three-dimensional lattice method and
investigate its feasibility of hydraulic fracturing. Evaluation indexes
are proposed scientifically and comprehensive optimization de-
signs are carried out for fracture propagation, including different
stage arrangements, fracturing sequences, and fracturing tech-
niques with various injection rates and in situ stress conditions. The
resulting fracture morphology is analyzed considering well inter-
ference and stress shadowing. Optimization guidance can be pro-
vided for the sectorial well-factory from the following conclusions.
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(1) Compared with parallel well-factory, the main issues of the
sectorial well-factory are the fracture deflection driven by
initial stresses and well interference. Increasing horizontal
stress difference will sharpen the deflection and induce
planar fracture propagation.

(2) For multi-stage fracturing of a single well in the sectorial
well-factory, “gradual” and “sparse” stage arrangements are
recommended according to well types to optimize stimula-
tion performance.

(3) When performing simultaneous multi-fracture treatment in
a sectorial well-factory, a large injection rate is recom-
mended as it improves fracture deflection, but the resulting
stress shadowing effect often prevents subsequent fracture
propagation.

(4) For areas with small stress differentials, large injection rates
with an “oversized” staggered stage arrangement can cause
positive stress shadowing effect for optimal stimulation
performance.
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