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a b s t r a c t

Due to the wide application of closely spaced multi-well horizontal pads for developing unconventional
gas reservoirs, interference between wells becomes a significant concern. Communication between wells
mainly occurs through natural fractures. However, previous studies have found that interwell commu-
nication through natural fractures is varied, and non-communication also appears in the mid and late
stages of production due to natural fracture closure. This study proposes a boundary element method for
coupling multi-connected regions for the first time. Using this method, we coupled multiple flow fields
to establish dual-well models with various connectivity conditions of the stimulated reservoir volume
(SRV) region. These models also take into consideration of adsorption and desorption mechanism of
natural gas as well as the impact of fracturing fluid retention.

The study found that when considering the non-communication of SRV regions between multi-well
horizontal pads, the transient behavior of the targeted well exhibits a transitional flow stage occurring
before the well interference flow stage. In addition, sensitivity analysis shows that the well spacing and
production regime, as well as the connectivity conditions of the SRV region, affect the timing of interwell
interference. Meanwhile, the productivity of the two wells, reservoir properties, and fracturing opera-
tions affect the intensity of interwell interference.
© 2024 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

As unconventional oil and gas reservoirs are mostly character-
ized by low porosity and low permeability, multi-fractured hori-
zontal wells (MFHWs) have become the most effective means of
extracting for shale gas reservoirs (Asadi et al., 2020; Cui et al.,
2021; He et al., 2018; Guo et al., 2016; Mayerhofer et al., 2010;
Wang et al., 2022; Zhang et al., 2020). While “small well spacing
and dense well network” is the mainstream method of developing
shale gas reservoirs, the deployment of excessively small well
spacingmay lead to serious well interference (Al-Shami et al., 2023;
Raterman et al., 2020; Wang et al., 2018). Microseismic events
y Elsevier B.V. on behalf of KeAi Co
indicate that well interference can be classified into three sce-
narios: hydraulic fracture communication (fracture hits), nature-
fracture communication, and non-communication (Fig. 1). As frac-
ture hits between wells can significantly affect production dy-
namics and reduce productivity (He et al., 2023; Hou et al., 2022; Li,
2022), it is necessary to scientifically plan well spacing to avoid
direct fracture hits. Furthermore, when establishing a multi-well
horizontal pad model for systematic evaluation of well interfer-
ence and optimizing well network density, it is essential to differ-
entiate between two scenarios of nature-fracture communication
and non-communication between wells.

Compared to conventional reservoirs, shale gas reservoirs
exhibit a more complex pore structure, which contains organic
matter pores, inorganic matter pores, and natural fractures
(Afsharpoor and Javadpour, 2018; Fu et al., 2021; Han et al., 2019).
Varied seepage mechanisms need to be considered for different
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Fig. 1. Microseismic events of the multi-well horizontal pads (Manchanda et al., 2014).

Y.-L. Zhao, H.-Y. Feng, C.-Z. Bu et al. Petroleum Science 21 (2024) 4278e4297
types of pores. The natural gas stored in the pores of organic matter
is mainly free gas and adsorbed gas, and the seepage mechanisms
include adsorption, desorption, and diffusion of the gas (Zhang
et al., 2019; Zhao et al., 2014, 2018). The natural gas stored in the
inorganic pore space is only free gas, therefore the flow of gas in
such space is relatively simple, only needing to consider the bulk
phase flow characteristics. However, experiments and numerical
simulations have shown that reservoir-bound water exists as water
films or water bridges on the surface or throat of the inorganic
matter pore, which impedes the flow of gases and leads to a
reduction in the transport capacity of the shale matrix (Li et al.,
2018; Tan et al., 2021). Therefore, the effect of bound water satu-
ration needs to be taken into account when establishing the
apparent permeability of inorganic matter pores.

In the development of shale gas, the stimulated reservoir vol-
ume (SRV) zones created by horizontal well fracture modification
can significantly improve subsurface seepage conditions for natural
gas to increase horizontal well production. Some scholars have
used linear flow modeling to study the transient pressure response
and production capacity of fractured horizontal wells in shale gas
reservoirs (Garcez and Ayala, 2022; Zhang D.L. et al., 2015; Zhang
L.H. et al., 2016). However, such models assume an ideal situation
where each hydraulic fracture is parallel, isometric, and homoge-
neous, which is quite different from the actual situation. Based on
this, some researchers derived and established a composite
boundary element model, and applied this method to the modeling
of fractured horizontal wells, while taking into account the effects
of SRV zones and irregular boundaries (Chen and Liu, 2023; Jia et al.,
2017b; Wu et al., 2018, 2020).

In recent years, many densely spaced MFHWs have been
employed in unconventional reservoirs. However, during large-
scale hydraulic fracturing operations, excessive fracture extension
can lead to severe well interference. Therefore, the conventional
approach of considering individual fractured horizontal well
models is no longer applicable. To address this issue, some re-
searchers have conducted studies of the pressure transient
behavior of multi-well horizontal pads by establishing numerical
models (Siddiqui and Kumar, 2016; Xu et al., 2023; Fu et al., 2023;
Marongiu-Porcu et al., 2016). Gao et al. (2019) employed the
perpendicular bisection (PEBI) grids and the finite volume method
to analyze the pressure transient behavior of MFHWs in shale gas
reservoirs under three scenarios: direct hydraulic fracture
communication between horizontal wells, communication with
SRV regions, and non-communication. Qin et al. (2023) coupled the
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embedded discrete fracture model with the reservoir model to
study the pressure transient behavior of the multi-well horizontal
pad with complex fracture networks and analyzed the flow stages
of multi-well systems under well interference. Chen et al. (2023)
investigated the pressure transient behavior of two-phase flow in
multi-well horizontal pads using the perpendicular bisection grids
and discrete fracture model. They also conducted a thorough
analysis of the effects of various parameters of the targeted well
and offsetting well on the well interference flow. Liang et al. (2024)
categorized the interference forms into four types and established
numerical models. Based on multiple seepage mechanisms in shale
gas reservoirs, they investigated the dynamic variation of produc-
tion between the targeted well and the offsetting well under
different interference forms of multi-well horizontal pads in shale
gas reservoirs. The well interference investigations conducted
through numerical methods offer comprehensive insights into the
impact of offsetting wells on targeted wells under various sce-
narios. Furthermore, they conducted sensitivity analyses on perti-
nent parameters, thereby significantly enhancing the
understanding and value of the research in this field.

However, due to the requirement of subdividing a large number
of grids to ensure computational accuracy, numerical models are
inevitably inefficient and demand high computational power.
Therefore, establishing a parametric or semi-parametric model is
necessary for analyzing the transient behavior of multi-well hori-
zontal pads. Molina and Zeidouni (2017a, 2017b) developed an
analytical model for MFHWs that considers interwell interference
based on linear flow theory. Using this model, they analyzed
various dual-MFHWs systems and used the interference coefficient
a as a fitting parameter to perform history matching. Their study
found a strong correlation between the interference coefficient a
and the degree of interwell pressure communication. Two years
later, Molina (2019) extended this method to the three-MFHWs
system and applied the analytical model to evaluate the degree of
fracture hits in actual multi-well horizontal pads. However, the
multi-well platform model based on linear flow theory makes
overly idealized assumptions about fracture geometry and flow
regions.While this method allows for quick processing of field data,
it also introduces certain errors.

Some scholars have studied the pressure transient behavior of
multi-well horizontal pads by establishing semi-analytical models
based on source functions (Jia et al., 2017a; Guo et al., 2023). These
models are capable of characterizing the complex fractures in
fractured horizontal wells and have been widely applied. However,
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they demonstrate the limitation of only considering regular flow
boundaries, thus being unable to accurately describe the complex
SRV regions generated by the fracturing operation. The boundary
elementmethod, as a semi-analytical approach developed based on
the source functions, addresses the challenges of complex bound-
aries, offering advantages such as no need for grid partitioning, fast
computation, and high accuracy. Chu et al. (2022a, 2022b)
employed the boundary element method to analyze the effects of
offsetting well and boundaries, as well as the pressure transient
behavior of multi-well horizontal pads from both three-
dimensional and two-dimensional perspectives. In the same year,
they further utilized this method to establish a model to analyze
the SRV region and conducted a detailed analysis of the impact of
SRV region shape on pressure transient behavior. However, the
aforementioned semi-analytical models did not distinguish be-
tween communication and non-communication with SRV regions
among multi-well horizontal pads. Instead, they represented the
SRV region as a unified entity. According to Kumar et al. (2020),
many wells exhibit direct fracture connectivity in the early stages.
However, during the production process, the connected fracture
pathways will close. Therefore, for different types and periods of
well interference, more detailed models of various types are
required.

This study divides the interwell interference of multi-well hor-
izontal pad into three scenarios: fully connected with SRV regions,
partially connected with SRV regions, and non-communication
(Fig. 2), and proposes and applies for the first time the multi-
connected boundary element method to establish a coupled
model of multiple flow fields, and the Green's functions, point
source functions, and perturbation transformations were combined
to solve the model. We compared the interwell interference of
multi-well horizontal pads under different scenarios and analyzed
the impact of well spacing, SRV properties, and offsetting well pa-
rameters on the pressure behavior of targeted wells. The research
findings aim to provide new solutions for the spacing arrangement
of MFHWs in shale gas reservoirs.

2. Gas transporting mechanisms

The seepage mechanism of gas in shale is complex, and residual
fracturing fluids often occur in the SRV area around the horizontal
wells after the fracturing operation is finished, whichmakes the gas
flow in shale more complicated. The model in this study not only
considers the adsorption and desorption behavior of gas in organic
pores but also takes into account the effect of fracturing fluid
(bound water) trapped in inorganic pores on gas seepage.

2.1. Apparent permeability of organic pores

2.1.1. Viscous flow
In a shale matrix, the flow of gas can be expressed by the Darcy

equation:

v¼ � k
mg

Vp (1)

where v is the velocity, m/s; k is the permeability, m2; mg is the
viscosity of shale gas, Pa$s; and p is the pressure of pores, Pa, V is
the Hamilton operator.

For gases, the mass flux due to viscous flow can be described as

Jv ¼ � pMg

ZRT
k
mg

Vp (2)

where Jv is the mass flux due to viscous flow, kg/(m2$s); Mg is the
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molar mass, kg/mol; Z is a dimensionless deviation factor; R is the
gas constant, J/(mol$K); T is the temperature of the reservoir, K.
2.1.2. Knudsen diffusion
The mass flux of shale gas due to Knudsen diffusion is expressed

as follows:

Jk ¼ � DkpMgcg
ZRT

Vp (3)

where Jk is the mass flux due to Knudsen diffusion, kg/(m2$s); Dk is
the Knudsen diffusion coefficient, m2/s; cg is the gas compressibility
factor, Pa�1.

The total mass flow considering viscous flow with Knudsen
diffusion is expressed as

J¼ Jv þ Jk ¼ � rg
mg

�
km þDkmgcg

�
Vp (4)

The equivalent apparent permeability of organic pores can be
expressed as

kapp-or ¼ km þ Dkmgcg (5)

where rg is the gas density, kg/mol; kapp-or is the apparent
permeability of organic pores, m2; km is the matrix permeability,
m2.

Considering the gas slippage, Eq. (5) can be rewritten as

kapp-or ¼ Fkm þ Dkmgcg (6)

F ¼ 1þ mg
31:623pavg

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pRTf
tMgkm

s
(7)

where F is the slippage coefficient, dimensionless; t is the tortu-
osity of the pore; f is the porosity of the matrix; pavg is the average
pressure in pores, Pa.
2.1.3. Langmuir isothermal adsorption equation
According to previous studies (Zhao et al., 2016), free gas and

adsorbed gas are always in dynamic equilibrium during the
development of shale gas reservoirs, which can be described by the
Langmuir equation:

G¼GL
p

pL þ p
(8)

where G is the adsorption quantity of gas, m3/m3; GL is the limiting
adsorption quantity of gas, m3/m3; pL is the Langmuir pressure, Pa.
2.2. Apparent permeability of inorganic pores

Considering the effects of the bound water, the permeability of
the porous medium is

kw ¼fðr � hwÞ2
8t

(9)

where kw is the permeability under consideration of the effect of
the bound water, m2; hw is the bound water film thickness, m; r is
the pore radius, m.

The boundwater film thickness is related to the reservoir-bound
water saturation:



Fig. 2. The schematic diagram of the communication status of nature-fractures in multi-well pads.
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Sw ¼1�
�
1� hw

r

�2

(10)

where Sw is the water saturation of the matrix.
According to Eqs. (9) and (10), the apparent permeability of the

inorganic poreswith the impact of the boundwater film considered
can be obtained

kapp-iom ¼ð1� SwÞkm (11)

where kapp-iom is the apparent permeability of the inorganic pores,
m2.

According to Li et al. (2018), if we consider the non-
homogeneous nature of the core, the tendency of bound water to
block the pore throat, leading to a substantial reduction in the
seepage capacity of the core, is there:
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kapp-iom ¼ð1� SwÞ2kkm (12)

where k is the equivalent pore size correction factor, taking into
account the effect of water content. The value of k ranges from 0.5
to 2 and the exact value can be determined according to the digital
core and core pore throat structure.

The apparent permeability of the shale matrix considering
organic and inorganic pores is

kapp ¼4kapp-or þ ð1� 4Þkapp-iom (13)

where 4 is the percentage of organic pores; kapp is the apparent
permeability of the shale matrix, m2.
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3. Model establishment and solution

3.1. Physical model

As shown in Fig. 2(c), the reservoir contains twoMFHWs, i.e. the
targeted well and the offsetting well, with the SRV regions
distributed around eachMFHW. Here, G represents the boundary of
the region, and U represents the region. The model is solved using
the multi-connected boundary element method. The assumptions
for the model are as follows.

(1) The reservoir contains a single-phase gas flow, which sat-
isfies Darcy's law.

(2) Hydraulic fractures are considered finite-conductivity and
are influenced by stress-sensitive effects.

(3) The effects of gravity and capillary forces are neglected.
(4) The top and bottom of the reservoir are sealed, and the outer

boundary (G1) is closed.
(5) The SRV region is considered a dual medium consisting of

matrix porosity and nature-fractures, while the uSRV region
is considered a single medium.

(6) Bound water film exists only in inorganic pores.
3.2. Mathematical model

3.2.1. Reservoir flow equations
Dimensionless distances are expressed as follows:

xD ¼ x
L

yD ¼ y
L

rD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xD2 þ yD2

q

SDi;j ¼
Si;j
L

HDi;j ¼
Hi;j

L

Dimensionless pseudo-pressure is

mD ¼ pkhTsc
qscpscT

ðmi �mÞ

Dimensionless line density flow is

qDi;j ¼
Lqsci;j
qsc

Dimensionless time is

tD¼ k

mgi

�
ffcf þ fmcm

�
L2

t

Dimensionless permeability modulus is

gD ¼ pscqscT
pkhTsc

g

Dimensionless fracture conductivity is
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RFD ¼ kFwF

kL

Dimensionless wellbore storage coefficient is

CD ¼ C

2ph
�
ffcf þ fmcm

�
L2

Definition of other parameters are

cd ¼
2Tpsc

fmmgiTsc

�
1� ff � fm

�
GLmðpLÞ

½mðpLÞ þmðpÞ�2

u¼ ffcf
ffcf þ fmcm

ud ¼
fmcd

ffcf þ fmcm

s¼ kf ðfFcFÞ
kF
�
ffcf þ fmcm

�

l¼a
km
kf

L2

M¼ km
kf

h¼
km

�
ffcf þ fmcm

�
kf ðfmcmÞ

c¼ kapp
km

where L is the reference length, m; Si, j is the length of the j-th
segment of the i-th fracture in the horizontal well, m; Hi, j is the
distance from the horizontal well to the j-th segment of the i-th
fracture, m; psc is the atmospheric pressure at surface conditions,
Pa; qsc is the well production at surface conditions, m3/s; Tsc is the
temperature at surface conditions, K; mi is the initial pseudo-
pressure of the reservoir, Pa/s; h is the reservoir thickness, m; m
is the pseudo-pressure, Pa/s; qsci,j is the line density of flow rate of
the j-th segment of the i-th hydraulic fracture in the horizontal
well, m2/s; mgi is the initial viscosity of shale gas, Pa$s; ff is the
porosity of the nature fracture; fm is the porosity of the matrix; fF
is the porosity of the hydraulic fracture; cf is the compressibility
factor of the nature fracture, Pa�1; cm is the compressibility factor of
the matrix, Pa�1; cF is the compressibility factor of the hydraulic
fracture, Pa�1; t is the time, s; g is the hydraulic fracture perme-
ability modulus, Pa$s/Pa2; kf is the permeability of nature fracture,
m2; kF is the permeability of hydraulic fracture, m2; wF is the hy-
draulic fracture width, m; C is the well storage coefficient, m3‧Pa; a
is the shape factor, m�2.

According to Langmuir isothermal adsorption equation, the
desorption gas qdes can be expressed as

qdes ¼ rg

�
1� ff � fm

�
GL

mðpLÞ
ðmðpLÞ þmðpÞÞ2

vmðpÞ
vt

(14)

Using the point source function method (Gringarten and Ramey,
1973, 1974), while introducing pseudo-pressure, dimensionless
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variables, and Laplace transformation, we can obtain the inner and
outer zone control equations.

The control equation of the outer zone is as follows:

v2m mD

vx2D
þ v2mmD

vy2D
¼ smmD (15)

where s is the Laplace variable; m mD is the dimensionless pseudo-
pressure of the matrix in the Laplace domain;

Considering the pseudo-steady flow from pores to fractures, the
control equation of the SRV region around theMFHWs is as follows:

v2mfD

vx2D
þ v2mfD

vy2D
¼ h

h
sumfD þ sð1� uþ udÞmmD

i

� 2pM
ð
U

qDi;jd
�
x� xi;j; y� yi;j

�
dS (16)

The crossflow is

cl
�
mmD �mfD

�
þ shð1� uþudÞmmD ¼0 (17)
qmmDðQk; sÞ ¼
1
2p

XN1þN2þN3

n¼1

ln
2

ð1
�1



EðP0;Qk;uÞ

�
1� x

2
vmmD;n

vn
þ1þ x

2
vmmD;nþ1

vn

�
�
�
1� x

2
mmD;n þ

1þ x

2
mmD;nþ1

�
vEðP0;Qk;uÞ

vn

�
dx

(24)
The initial conditions are

mmDjtD¼0 ¼mfD

���
tD¼0

¼0 (18)

The boundary conditions at the outer boundary are

vmmD

vn
¼0 (19)

The conditions at the interface between the inner and outer
zones are

vmmD

vn
¼ � 1

M
vmfD
vn

ðxD; yDÞ2G2;G3 (20)

mmD ¼ mfD ðxD; yDÞ2G2;G3 (21)

The fundamental solution in Laplace space using the boundary
element method is

EðP;Q ;uÞ ¼ K0
�
rDðP;QÞ ffiffiffi

u
p 	

(22)

where P and Q represent arbitrary points inside or on the boundary
of the domain.
q ¼
8<
:

1=2 for points on smooth parts of boundary
b=2p for points on non-smooth parts of boundary
1 for points in internal domain
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u¼

8><
>:

s uSRV region

sh


uþ clð1� uþ udÞ

clþ hsð1� uþ udÞ
�

SRV region
(23)

where m fD is the dimensionless pseudo-pressure of the nature
fracture in the Laplace domain; q Di,j is the dimensionless flow rate
of the j-th segment of the i-th hydraulic fracture in the horizontal
well in the Laplace domain; (xi,j, yi,j) is the discrete segment co-
ordinates of the hydraulic fracture; d() is the Dirac function; n is the
normal vector of the boundary; K0() is the zeroth-order Bessel
function.

The outer boundary G1 of the reservoir can be discretized into N1
linear segments, while the inner boundaries G2 and G3 can be dis-
cretized into N2 and N3 linear segments, respectively. For the outer
zone, the numbering and integration order of the boundary dis-
cretization are as shown in Fig. 3(a), while for the inner zone, the
numbering and integration order is as shown in Fig. 3(b).

Based on the boundary element method, the boundary integral
equation for an arbitrary point k in Laplace space in the outer zone
is
The boundary integral equation in the SRV region is

qmfDðQk; sÞ ¼
1
2p

XN2 ;N3

n¼1

ln
2

ð1
�1



EðP 0

;Qk;uÞ
�
1� x

2
vmfD;n

vn

þ 1þ x

2
vmfD;nþ1

vn

�
�
�
1� x

2
mfD;n

þ 1þ x

2
mfD;nþ1

�
vEðP0

;Qk;uÞ
vn

�
dxþ

XFN
i¼1

�
XW
j¼1

ð
SDi;j

qDi;jEðP
0
;Qk;uÞdS (25)

where Qk is the point inside or on the boundary; P0 is the point on
the boundary; ln is the dimensionless length of the n-th segmented
boundary section; FN is the total number of fractures in the SRV
region; W is the number of discretized segments for each fracture;
and q is a constant related to the geometry at point Qk.
(26)



Fig. 3. The schematic diagram of numbering and integration order of boundary.
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where b represents the angle of the boundary point Qk.
Similarly, the boundary integral equation for the center point of

discretized fracture segments in the inner zone is

mFDi;j ¼
1
2p

XN2;N3

n¼1

ln
2

ð1
�1



EðP 0

;QF;uÞ
�
1� x

2
vmfD;n

vn

þ 1þ x

2
vmfD;nþ1

vn

�
�
�
1� x

2
mfD;n

þ 1þ x

2
mfD;nþ1

�
vEðP 0

;QF;uÞ
vn

�
dxþ

XFN
i¼1

�
XW
j¼1

ð
SDi;j

qDi;jEðP
0
;QF;uÞdS (27)

where mFDi;j represents the dimensionless pseudo-pressure at the
midpoint of the j-th discretized segment of the i-th hydraulic
fracture; QF represents the midpoint of discretized segments of
hydraulic fractures in the inner zone.
Fig. 4. The schematic diagram of the simplified model.
3.2.2. Fracture flow equations
Considering the stress sensitivity of hydraulic fractures, the

fracture control equation is obtained using an exponential form of
permeability variation:

v

vxD

�
e�gDðmFDi�mFDÞvmFD

vxD

�
þ v

vyD

�
e�gDðmFDi�mFDÞvmFD

vyD

�
¼s

vmFD

vtD
(28)

where gD is the dimensionless permeability modulus of hydraulic
fracture.

By using the Pedrosa variable substitution and perturbation
transformation, combined with Eq. (28), we obtain

V2jFD ¼s
vjFD
vtD

(29)

where JFD satisfies the following equation:

mFD¼ � 1
gD

lnð1� gDjFDÞ (30)

In Laplace space, discretization of the fracture model yields
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jwD � jFDi;j ¼
2p
RFD

(
HDi;j

Xj

n¼1

qDi;nSDi;n �
"Xj�1

n¼1

qDi;nðj� nÞSDi;n2

þ qDi;j
SDi;j

2

8

#)

(31)

3.3. Model solution

For this model, the unknowns include the pseudo-pressure at
boundary points and internal points, the flow rate on fracture



Table 1
Parameter values of the simplified model.

Group Item Value Unit

Basic parameters Initial reservoir pressure 35 MPa
Reservoir thickness 35 m
Rock compressibility 4.35 � 10�4 MPa�1

Langmuir isothermal adsorption pressure 4 MPa
Langmuir isothermal adsorption volume 10 m3/m3

SRV region Matrix permeability 0.05 mD
Porosity of the macro pore system 0.1 e

The length of the targeted well's SRV xe 900 m
The width of the targeted well's SRV ye 400 m
The length of the offsetting well's SRV xm 900 m
The length of the offsetting well's SRV ym 400 m

uSRV region Matrix permeability 0.02 mD
Porosity of the macro pore system 0.08 e

Unstimulated region radius 4000 m

Hydraulic fracture Fracture conductivity 200 mD$m
Fracture half length 80 m
Fracture dip angle 90 �

Well Well number 2 e

Well length 750 m
Well radius 0.1 m
Well spacing 500 m
Skin factor 0 e

Wellbore storage coefficient 0 m3/MPa
Targeted well production rate 1 m3/d
Offsetting well production rate 1 m3/d

Fluid Viscosity 0.25 mPa$s
Compressibility 0.018 MPa�1

Fig. 5. Comparing results between the numerical model and our model.
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segments, the pseudo-pressure on fracture segments, and the
pseudo-pressure at the bottom of the horizontal well. The pseudo-
pressure coefficients at boundary points and internal points can be
obtained from Eqs. (24) and (25). The pseudo-pressure coefficients
on fracture segments can be obtained from Eq. (27), and the rela-
tionship between the flow rate and the pseudo-pressure is repre-
sented by the discretized formula of the fracture model Eq. (31).

In addition, the constant production condition for the targeted
well is expressed as

XFN
i¼1

XW
j¼1

SDi;jqDi;j ¼
1
s

(32)
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The constant production condition for the offsetting well is
expressed as

XFN
i¼1

XW
j¼1

SDi;jqDi;j ¼
qoffsetting
qtargeted

1
s

(33)

By combining Eqs. (24), (25), (27), and (31)e(33), we can obtain
the coefficient matrix. Solving it yields the bottom-hole pressure
(jwD) of the targeted well:



Fig. 6. Pressure profile of the multi-well horizontal pad.

Table 2
Parameter values of the model.

Group Item Value Unit

Basic parameters Initial reservoir pressure 35 MPa
Reservoir thickness 35 m
Rock compressibility 4.35 � 10�4 MPa�1

Langmuir isothermal adsorption pressure 4 MPa
Langmuir isothermal adsorption volume 10 m3/m3

SRV region Matrix permeability 0.001 mD
Nature-fracture permeability 0.1 mD
Porosity of the macro pore system 0.1 e

Porosity of the fracture system 0.03 e

The length of the targeted well's SRV xe 900 m
The width of the targeted well's SRV ye 400 m
The length of the offsetting well's SRV xm 900 m
The length of the offsetting well's SRV ym 400 m
Constrained water saturation 10 %
Geometry factor 1 � 10�5 m�2

uSRV region Matrix permeability 0.001 mD
Porosity of the macro pore system 0.1 e

Unstimulated region radius 4000 m

Hydraulic fracture Fracture conductivity 200 mD$m
Fracture half length 80 m
Fracture dip angle 90 �

Well Well number 2 e

Well length 750 m
Well radius 0.1 m
Well spacing 500 m
Skin factor 0.0001 e

Wellbore storage coefficient 1 m3/MPa
Targeted well production rate 1 m3/d
Offsetting well production rate 1 m3/d

Fluid Viscosity 0.25 mPa$s
Compressibility 0.018 MPa�1
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Fig. 7. Integrated flow regimes of the multi-well horizontal pad without nature-
fracture communication.

Fig. 8. The schematic diagram of three different models.

Fig. 9. Effect of SRV region communication status on the type curve of the targeted
well in the multi-well horizontal pad (qtargeted: qoffsetting ¼ 1:1).

Fig. 10. Effect of SRV region communication status on the type curve of the targeted
well in the multi-well horizontal pad (qtargeted: qoffsetting ¼ 1:2).

Fig. 11. Effect of SRV region communication status on the type curve of the targeted
well in the multi-well horizontal pad (qtargeted: qoffsetting ¼ 2:1).
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s
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(34)

where A is the solution of the seepage control equations for the
inner and outer zones; B is the solution of the line source equations
Fig. 12. The schematic diagram of the multi-we
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of discrete fracture; D and E are the solutions of the seepage control
equations for the hydraulic fracture; I is the unit matrix; i is amatrix
with element 1.

Taking into account wellbore storage effects and skin effects, we
obtain

j
*
wD ¼ sjwD þ Sk

sþ CDs2ðsjwD þ SkÞ
(35)

Finally, using the Stehfest numerical inversion algorithm, we
obtain the pseudo-pressure in real space. Then, using Eq. (30), we
calculate the pseudo-pressure at the bottom of thewell considering
the stress sensitivity of the hydraulic fractures.

If it is necessary to set the production time for the horizontal
well, the pressure superposition principle can be employed to
ll horizontal pad with various well spacing.



Fig. 13. Effect of various well spacings on the type curve of the targeted well in the
multi-well horizontal pad.
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address the impact of different production times of the offsetting
well on the targeted well. This method allows for setting different
initial production times for different wells in the model. The tar-
geted well and the offsetting well can have different production
capacities at different time intervals. When the production capacity
is set as 0, it indicates that the well does not produce during that
time interval.

4. Model validation

The model was validated using a simplified model (Fig. 4) and
with the assistance of Saphir well-testing software. In the simpli-
fied model, the outer boundary is circular and closed, each hy-
draulic fractured horizontal well has an independent SRV region,
and the reservoir is considered as a single medium. Other param-
eters are as shown in Table 1.

Themodel is divided into two cases for validation: simultaneous
production from two hydraulic fractured horizontal wells and
production from two hydraulic fractured horizontal wells with
staggered production schedules. The validation results are shown
in Fig. 5, which indicate that the results from our model are
consistent with those from numerical simulations, validating the
reliability of our model calculations. As shown in the pressure
profile generated by Saphir (Fig. 6), when the offsetting well begins
production five years later, the interwell interference on the tar-
geted well during the early and mid-production stages is less than
in the case where both wells produce simultaneously. However, in
the late production stage, the interwell interference on the targeted
well becomes similar in both scenarios. It can also be observed that
even if the SRV regions generated by the two fractured horizontal
wells are not connected, the interference between the two wells is
significant and increases over time.

5. Results and discussion

We established different models to perform flow stage division
and sensitivity analysis, with the SRV region set as a dual-porosity
medium and the uSRV region set as a single-porosity medium.
Other parameters are shown in Table 2.

5.1. Flow regimes

As shown in Fig. 7, the transient behavior of the multi-well
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horizontal pad with individual SRVs can be divided into ten flow
regimes.

(a) Wellbore storage stage

In the log-log plot, the bottom-hole pressure and pressure de-
rivative during the wellbore storage stage are displayed as straight
lines with unit slope.

(b) Transition stage from wellbore storage to bilinear flow

In this stage, the pressure derivative curve exhibits a “convex”
shape, and the degree of convexity in this region depends on the
skin value.

(c) Bilinear flow stage

The pressure and pressure derivative curves are displayed as
straight lines with a slope of 1/4 in the log-log plot.

(d) Linear flow stage

The pressure and pressure derivative curves are displayed as
straight lines with a slope of 1/2 in the log-log plot.

(e) Pseudo-radial flow stage

The horizontal well forms a radial flow within the SRV region,
and this stage changes with the size of the SRV region. The pressure
and pressure derivative curves are displayed as straight lines with a
slope of 1/2 in the log-log plot.

(f) Stage of transitional flow between the SRV region and the
uSRV region

In this stage, there is a noticeable increase in pressure and
pressure derivative, and the magnitude of this increase is influ-
enced by the flow rate ratio between the SRV region and the uSRV
region.

(g) Stage of SRV region matrix pore fluid flowing into nature-
fractures

The concave trend formed by the matrix pore fluid flowing into
the nature-fractures, the degree of concavity depends on the ratio
of matrix pore volume to nature-fracture pore volume in the SRV
region.

(h) Well interference flow stage

During this stage, interference from the offsetting well affects
the production of the targeted well, increasing both pressure and
pressure derivative curves. Since the timing of interwell interfer-
ence is related to well spacing, reservoir properties, and the con-
nectivity of the SRV region, the interwell interference stage may
occur earlier or later under different conditions, causing this stage
to overlap with other flow stages.

(i) Radial flow stage

In this stage, the pressure derivative curve is displayed as a
horizontal line in the log-log plot, and its value is influenced by the
transmissibility ratio between the SRV region and the uSRV region,
as well as the production from the offsetting well.



Fig. 14. The schematic diagram of the multi-well horizontal pad with different sizes of the targeted well's SRV region (the well spacing is 600 m).
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(j) Boundary-dominated flow stage

In this stage, the pressure and pressure derivative curves appear
as straight lines with a slope of 1 in the log-log plot.
5.2. Comparison and sensitivity analysis

5.2.1. Effect of SRV region connectivity
To investigate the impact of SRV area connectivity on the pro-

duction of the targeted well in a multi-well horizontal pad, we
established three models with different degrees of SRV connectiv-
ity (Fig. 8), and sensitivity was analyzed with varied production
4290
capacities of the offsetting well. As shown in Fig. 9, when the
production capacities of the targeted well and the offsetting well
are equal, the connectivity degree of their SRV regions has minimal
impact on the pressure and pressure derivative curves of the tar-
geted well. The reason is that the targeted well and the offsetting
well have the same speed and magnitude of pressure wave prop-
agation. Therefore, regardless of the connectivity of the SRV re-
gions, both wells can evenly access the reservoir resources.

When the production capacity of the offsetting well differs from
that of the targeted well, the situation changes significantly. When
the production capacity of the offsetting well is twice that of the
targeted well, the influence of whether the SRV regions are



Fig. 15. Effect of different sizes of the targeted well's SRV region on the type curve of
the targeted well in the multi-well horizontal pad.
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connected to the pressure and pressure derivative curves of the
targeted well is illustrated in Fig. 10. Compared to the scenario
where the SRV regions are not connected, in the casewhere the SRV
regions are connected, the pressure curve of the targeted well ex-
hibits a significant increase during the transition flow stage and in
subsequent stages. The connectivity degree of the SRV regions af-
fects the magnitude of the pressure curve increase during the
transition flow stage for the targeted well but does not affect sub-
sequent stages. When the production capacity of the offsetting well
is half of that of the targeted well, the impact of whether the SRV
regions are connected on the pressure and pressure derivative
curves of the targeted well is illustrated in Fig. 11. In comparison to
the scenario where the SRV regions are not connected, the con-
nected SRV regions result in a decrease in the pressure curve of the
targeted well. The reason for this occurrence lies in the imbalance
of production capacities between the two wells, resulting in
different speeds and magnitudes of pressure wave propagation
between them. Therefore, the SRV region around the well with
higher production capacity at the same time forms a larger pressure
drop. The connectivity of the SRV regions allows some natural gas
from the SRV region around the well with lower production ca-
pacity to flow towards the well with higher production capacity to
balance the pressure difference. This phenomenon is less pro-
nounced when the SRV regions are not connected.

5.2.2. Effect of well spacing
The spacing of the multi-well horizontal pad directly affects the

well interference stage. As the distance between the targeted well
and the offsetting well increases (Fig. 12), the occurrence of inter-
ference from the offsetting well on the targeted well is delayed, and
the pressure derivative curve shifts downward during the inter-
ference stage (Fig. 13). Additionally, as the well spacing increases,
the targeted well gets closer to the outer boundary, resulting in the
radial flow stage becoming less pronounced in the typical pressure
curve.

5.2.3. Effect of the size of targeted well's SRV region
The size of the SRV region of the targeted well directly affects

the transient behavior of the targeted well during steady-state
production. The pressure behavior using different sizes of rectan-
gular boundaries for the targeted well's SRV region was compared
(Fig. 14). As shown in Fig. 15, with the expansion of the targeted
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well's SRV region, the pressure and pressure derivative curves of
the targeted well exhibit a trend of dropping during the mid-term
production. Additionally, the pseudo-radial flow stage becomes
more pronounced. This occurs because the expansion of the SRV
region causes a delay in the propagation of pressure waves from the
targeted well to the boundary of the SRV region. As a result, the
duration of pseudo-radial flow is extended.

5.2.4. Effect of the size of offsetting well's SRV region
To quantify the impact of the offsetting well's SRV region size on

the transient behavior of the targeted well, pressure behavior using
different sizes of rectangular boundaries for the offsetting well's
SRV region was compared (Fig. 16). As shown in Fig. 17, the size of
the offsetting well's SRV region mainly affects the production of the
targeted well during the interwell interference stage. As the off-
setting well's SRV region size increases, the pressure and pressure
derivative curves of the targeted well during the interwell inter-
ference stage exhibit a trend of initially rising and then dropping.
The initial rise is due to the increased interference from the off-
setting well's SRV region. However, the subsequent decrease in the
pressure curve is attributed to the enlargement of the offsetting
well's SRV region, which reduces the pressure consumption caused
by steady-state production.

5.2.5. Effect of offsetting well's production capacity
The production rate of the offsetting well directly influences the

pressure depletion. Consequently, it has a more significant impact
on the transient behavior of the targeted well. As shown in Fig. 18,
the dimensionless production rate of the offsetting well ranges
from 1 to 4, illustrating the effect of the offsetting well's production
rate on the behavior of the targeted well. Different production rates
of the offsetting well directly affect the interwell interference stage
in the typical pressure curve. As the production rate of the off-
setting well increases, the resulting pressure depletion becomes
larger, leading to stronger interference with the targeted well.
Consequently, the pressure drop required for the targeted well's
production during the interwell interference stage increases man-
ifested as a larger amplitude of the pressure and pressure derivative
curves in the typical pressure curve of the targeted well.

5.2.6. Effect of the number of hydraulic fractures
As shown in Fig. 19, by maintaining 12 hydraulic fractures in the

targeted well and varying the number of hydraulic fractures in the
offsetting well, we observe the impact of the number of hydraulic
fractures in the offset well on the transient pressure behavior of
both the targeted and offsetting wells. In Fig. 20, changes in the
number of hydraulic fractures in the offsetting well mainly affect
the targeted well during the mid to late production stages. As the
number of hydraulic fractures in the offsetting well increases, the
interwell interference experienced by the targeted well during
these stages becomes more pronounced, leading to a more
noticeable upward trend in the pressure and pressure derivative
curves. Conversely, as shown in Fig. 21, the impact of changes in the
number of hydraulic fractures in the offsetting well on its transient
pressure behavior begins in the early stages. As the number of
hydraulic fractures in the offsetting well increases, the early-stage
pressure and pressure derivative curves of the offsetting well
significantly decrease. Additionally, the expanded control area of
the offsetting well reduces the interference from the targeted well.

5.2.7. Effect of hydraulic fracture stress sensitivity
Considering the dimensionless permeability modulus of hy-

draulic fractures to be 0, 0.0005, 0.001, and 0.002, respectively,



Fig. 16. The schematic diagram of the multi-well horizontal pad with different sizes of the offsetting well's SRV region (the well spacing is 600 m).
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their influence is shown in Fig. 22. Under constant production
conditions, the influence of stress sensitivity effect of hydraulic
fractures increases as the pressure of hydraulic fractures gradually
decreases in the later stages of production. The stronger the stress
sensitivity effect (the larger the dimensionless permeability
modulus), the greater the upward amplitude of the well test curve
in the later stages. Compared to the influence of the offsetting
well's production capacity on the targeted well, during the
boundary-dominated flow regime, the slope of pressure and pres-
sure derivative curves will be greater than 1 due to the stress
sensitivity effect of the hydraulic fracture, whereas under the in-
fluence of the offsetting well's production capacity, the slope of the
4292
pressure and pressure derivative curves equals 1.

5.2.8. Effect of different production times for the offsetting well
In the production of multi-well horizontal pads, each well often

has different production start times. Therefore, it is essential to
study the interference between wells under different production
schedules. By shifting the production start time of the offsetting
well from simultaneous production with the targeted well to 20
years later, the impact on the targeted well's transient behavior is
shown in Fig. 23. As the production start time of the offsetting well
is delayed, the interference on the targeted well is delayed
accordingly, that is manifested by the interference stage of the



Fig. 17. Effect of different sizes of the offsetting well's SRV region on the type curve of
the targeted well in the multi-well horizontal pad.

Fig. 18. Effect of different production capacities of the offsetting well on the type curve
of the targeted well in the multi-well horizontal pad.

Fig. 19. The schematic diagram of the multi-well horizontal pad with different numbers of offsetting well's hydraulic fractures (the well spacing is 220 m).

Fig. 20. Effect of different numbers of hydraulic fractures of offsetting well on the type
curve of the targeted well in the multi-well horizontal pad.

Fig. 21. Effect of different numbers of hydraulic fractures of offsetting well on the type
curve of the offsetting well in the multi-well horizontal pad.
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Fig. 22. Effect of hydraulic fracture stress sensitivity on the type curve of the targeted
well in the multi-well horizontal pad.

Fig. 23. Effect of different production times for the offsetting well on the type curve of
the targeted well in the multi-well horizontal pad.

Fig. 24. Effect of different water saturation levels in the SRV region on the type curve
of the targeted well in the multi-well horizontal pad.

Fig. 25. Effect of different Knudsen diffusion coefficients on the type curve of the
targeted well in the multi-well horizontal pad.

Fig. 26. Microseismic events of wells H-4, H-5, and H-6 in Changning area.
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targeted well occurring later. Moreover, when the impact of the
offsetting well on the targeted well occurs, the bottom hole pres-
sure and pressure derivative curves of the targeted well suddenly
surge.
5.2.9. Effect of varying water saturation on the SRV region
The significant retention of fracturing fluid in the reservoir

during horizontal well fracturing operations leads to reservoir
damage, which subsequently affects the flow of natural gas within
the reservoir. Analyzing the transient behavior of the targeted well
for different water saturation levels in the SRV region, ranging from
0 to 40%, as shown in Fig. 24, reveals that the varying water satu-
ration in the SRV region primarily impacts the early production
stage. Higher water saturation increases the resistance to the flow
of natural gas in the reservoir, resulting in higher pressure and
pressure derivative curves for the targeted well. However, as the
pressure wave propagates to the boundary of the SRV region, the
influence of water saturation on the transient behavior at the



Table 3
Input parameters of the case study from the Changning area.

Group Item Value Unit

Basic parameters Initial reservoir pressure 35 MPa
Reservoir thickness 40 m
Rock compressibility 4.35 � 10�4 MPa�1

Porosity 0.03 e

H-4 well Fracture width 0.001 m
Fracture porosity 0.5 e

Fracture number 23 e

Well length 1500 m

H-5 well Fracture width 0.001 m
Fracture porosity 0.5 e

Fracture number 23 e

Well length 1800 m

H-6 well Fracture width 0.001 m
Fracture porosity 0.5 e

Fracture number 22 e

Well length 1510 m

Fluid Viscosity 0.25 mPa$s
Compressibility 0.018 MPa�1

Fig. 27. Model schematic diagram.

Fig. 28. Case study of the shale gas reservoir in the Changning area: Typical curve
matching results for well H-5.
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bottom of the targeted well gradually diminishes.
5.2.10. Effect of different diffusion coefficients
The Knudsen diffusion coefficient primarily affects the process

of natural gas migration from matrix pores to natural fractures in a
dual-porosity medium. As shown in Fig. 25, a smaller diffusion
coefficient delays the occurrence of matrix-to-fracture gas migra-
tion, causing the concavity in the pressure derivative curve of the
target well to shift to the right. The magnitude of the concavity is
also influenced by the diffusion coefficient. A larger diffusion co-
efficient results in a more pronounced concavity in the pressure
derivative curve, while a smaller coefficient leads to a less pro-
nounced concavity.
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6. Field application

The study focuses on the Longmaxi Formation shale gas reser-
voir in the Changning area, located in the Changning Block, Yibin,
Sichuan. The structural position is at the junction of the Sichuan
Basin and the Yunnan-Guizhou Plateau. In this study case, three
wells were drilled in September 2014 and monitored for pressure
and production rate from January 2015 to September 2023. The
well lengths of wells H-4, H-5, and H-6 are 1500, 1800, and 1510 m
long, respectively, with well spacings of approximately 500 m.
Microseismic events for this area (Fig. 26) indicate that wells H-5
and H-4 are partially connected through a natural fracture zone.
Other parameters for this area are shown in Table 3.

Field monitoring data indicate a significant upward trend in the
pressure curve of well H-5 during themid to late production stages,



Table 4
Evaluation results of the case study from the Changning area.

Group Item Value Unit

Basic parameters Well spacing 480 m
Matrix permeability 6.5 � 10�4 mD
Nature-fracture permeability 1.8 mD

H-4 well Fracture half length 75 m
Fracture conductivity 90 mD$m
Fracture dip angle 90 �

H-5 well Fracture half length 82 m
Fracture conductivity 85 mD$m
Fracture dip angle 90 �

Skin factor 0 e

Wellbore storage coefficient 35 m3/MPa

H-6 well Fracture half length 75 m
Fracture conductivity 90 mD$m
Fracture dip angle 90 �
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suggesting substantial interwell interference. To demonstrate the
advantages of the model presented in this paper, we established
two models (Fig. 27) to fit the actual curve of well H-5. The fitting
results are shown in Fig. 28. It can be observed that the multi-
connected boundary element model enters the transition flow
stage from the SRV region to the uSRV region earlier, and the
interwell interference experienced by the multi-connected
boundary element model is less than that of the traditional
boundary element model. The fitting results indicate that, in this
case, the traditional boundary element model overestimates the
degree of interwell interference, whereas the multi-connected
boundary element model handles this situation well. The param-
eters obtained from the evaluation for the three wells are shown in
Table 4.
7. Conclusions

Based on the multi-connected boundary element method and
considering the adsorption-desorption effect of natural gas in shale
reservoirs and the impact of bound water, we categorized the
connectivity of the complex SRV region in multi-well horizontal
pads into three scenarios and established respective models. We
analyzed the effects of SRV region connectivity, reservoir proper-
ties, scale of SRV region, bound water saturation, as well as the
production time of the target and offset wells on the transient
pressure behavior of multi-well horizontal pads. The main con-
clusions are as follows.

(1) When the SRV regions of the targeted well and the offsetting
well are not connected, the stage of transitional flow from
the SRV region to the uSRV region arrives earlier than the
interwell interference flow stage for the targeted well. This is
one of the distinctions from other models.

(2) When the production rates of the offsetting well and the
targeted well differ, the connectivity of the SRV regions
significantly affects the production of the targeted well.
Specifically, when the production rate of the offsetting well
exceeds that of the targeted well, the connectivity of the SRV
regions leads to an increase in the pressure and pressure
derivative curves of the targeted well. Conversely, when the
production rate of the offsetting well is lower than that of the
targeted well, the connectivity of the SRV regions results in
decreases in the pressure and pressure derivative curves of
the targeted well. However, when the SRV regions are not
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connected, the impact on the targeted well is limited
regardless of the production rate of the offsetting well.

(3) When the SRV regions of the offsetting well and the targeted
well are not connected, the size and properties of the SRV
regions around the offsetting well have a limited impact on
the production of the targeted well, mainly observed in the
late stage of production. In contrast, the size and properties
of the SRV regions around the targetedwell have a significant
impact on the production of the targeted well, primarily
observed in the pre-production stage.

(4) The different production start times of offsetting well and
well spacing directly affect the onset of the interwell inter-
ference flow stage in the targeted well. The later the off-
settingwell starts production and the larger thewell spacing,
the later the targeted well enters the interwell interference
flow stage.

Since this model requires detailed characterization of the SRV
region in the horizontal well platform, it relies on field micro-
seismic monitoring and horizontal well fracturing design during
the modeling process. Therefore, the accuracy of parameter inver-
sion is limited by the data provided from the field. Additionally, this
model cannot account for fracture hits, which presents certain
limitations in practical applications. To address these issues, the
next research goal is to consider fracture hits between wells.
Additionally, establishing a scientific workflow to achieve synergy
between field operations and laboratory experiments is also a
priority.
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