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1 |  INTRODUCTION

Shale gas is a relatively clean fossil energy, and the develop-
ment of the natural gas resources may lead to energy indepen-
dence in some countries. Multi-stage fracturing horizontal 
well (MFHW) is a crucial technology of shale gas develop-
ment, and the large-scale horizontal well pattern has achieved 
remarkable performance in many fields in North America and 
China.1-5 However, some MFHW groups have appeared in-
creasingly severe well interference after producing for several 

years, due to the well pattern infilling and large-scale hydrau-
lic fracturing of new wells. For instance, Jiaoshiba is the most 
successful shale gas reservoir with more than 10 billion cubic 
meters cumulative gas production in China. Unfortunately, 
parent wells crop up jumps in water production during hy-
draulic fracturing processing of child wells in the later pro-
duction period. Besides, North American shale fields, such as 
Arkoma Basin, have also shown an obvious loss of gas pro-
duction because of well interference.6,7 Fracture hits and pres-
sure interference are two main factors influencing the shale 
gas permanent development.8 The future high production 
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Abstract
Shale gas plays a crucial role in the national energy supply. However, fast pressure 
drop, production decline, and water resources pollution caused by well interference 
and fracture hits become more severe in multi-layer mining shale gas fields. Such 
as, it is urgent to evaluate the interference of multi-stage fracturing horizontal wells 
(MFHWs) between the upper and lower gas layers in Chinese Jiaoshiba shale gas 
field. Therefore, we put forward a comprehensive method to analyze the MFHW in-
terference in this paper. The method contains bottom-hole pressure response analysis 
(BHPRA) during neighboring well fracturing, BHPRA of well interference test, and 
production dynamic analysis. Our study indicates that longitudinal pressure inter-
ference exists between the Jiaoshiba upper and lower gas layers upon the apparent 
interference pressure response in a multi-well test. However, MFHW interferences 
occur in the corresponding fracturing stages with shorter distance, and the interfer-
ence strength is related to both well distance and fracturing scales. The Jiaoshiba 
upper gas layers can be developed to increase the gas production performance, but it 
is necessary to maintain a reasonable well spacing to avoid severe interference dur-
ing the development.
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performance and stable production have been greatly chal-
lenged. Large-scale hydraulic fracturing has environmental 
risks for surface water and groundwater, especially contami-
nants may be transported by fracturing-induced fractures and 
natural fractures. The water environment problems caused 
by shale gas development have been highly valued by many 
countries.9 Understanding the migration of the injected frac-
turing fluid is of great significance for determining whether 
the groundwater pollution in the reservoir is hidden.

Well interference may be caused by interaction between 
primary hydraulic fractures (HFs) and/or secondary natural 
fractures activated during hydraulic fracturing. Well inter-
ference analysis can help to understand the reasonable well 
spacing, increase the production of single well shale gas, save 
costs, and reduce the amount of fracturing fluid and the treat-
ment and discharge of return fluid. The development of the 
300-m well spacing in the lower layers in Jiaoshiba shale gas 
field obtain satisfied gas production performance. However, 
will the development of new MFHWs in the upper layers af-
fect the production of the old wells in the lower gas reservoir? 
The shale gas reservoir has a tremendous difference in the 
horizontal and vertical permeability, and the permeability in 
the longitudinal direction is relatively low. Does the longitu-
dinal well interference exist? Well interference may cause gas 
productivity to drop (occasionally rise) because of changing 
existing fracture networks, near-well permeability, or due to 
multiphase flow. This process is called fracture hit, and three 
different mechanisms are thought to cause well interference: 
depleted zones, changes in the geo-stress field, and high-per-
meability lithofacies. In particular, the well interference in 
the longitudinal direction needs to be recognized, and it is 
necessary to pay special attention to whether the fracturing 
fluid will reach the upper horizon and whether the fractur-
ing fluid may enter the upper layer to affect the groundwater 
system.

Conventional well interference evaluation methods in-
clude static and dynamic analysis methods. Static analy-
sis methods mainly include log curve comparison and well 
reservoir parameter comparison. Dynamic analysis methods 
mainly include interference test, tracer test, interwell micro-
seismic, and geochemical methods. Among them, the inter-
ference test well belongs to the multi-well test well, which 
can obtain the reservoir information of a region, including 
directly detecting whether the wells are connected, whether 
the interwell fault is closed, the dominant seepage channel 
of the stratum, and the trend of the fracture. The interference 
well test usually includes one active well and multiple obser-
vation wells. During the test, the observation wells are always 
kept closed, and the pressure and background pressure mea-
sured by the observation wells are compared to explain the 
formation parameters and pressure diffusion of the high-per-
meability reservoir channel. Classical interference testing 
techniques are based on the superposition of the line source 

solution. The use of this method is limited by the precision 
and time resolution that is normally obtained when measur-
ing the production rate in active wells. In the high-precision 
pressure test technique proposed by Najurieta et al,10 the 
pressure signal is measured at the active well and it is used to 
accurately calculate its diffusion in the reservoir. The higher 
precision in pressure calculation at the observing well gives 
more resolution to the analyst and provides more confidence 
when evaluating local reservoir heterogeneities.

To recognize the well interference and analyze its impact 
on production, many scholars have presented some new meth-
ods in recent years. These methods can be divided into three 
types: (a) to investigate the well interference by fine-scale 
reservoir numerical modeling; (b) calculate the interference 
extent by statistic the pressure/production disturbance caused 
by fracture hit; and (c) using pressure transient analysis to 
recognize the well interference.

1. Fine-scale reservoir numerical modeling. Mezghani et al11 
combined gradual deformation and upscaling techniques 
for direct conditioning of fine-scale reservoir models to 
interference test data, as a consequence, both fine- and 
coarse-scale models are updated by dynamic data during 
the history matching process, and they used a synthetic 
interference test to validate the proposed methodology. 
Marongiu-Porcu et al12 proposed a numerical simulation 
method for shale gas reservoirs based on geophysical, 
completion and development data of Eagle Ford shale 
gas fields and studied the propagation of HFs and their 
respective network with natural fractures. The magnitude 
and orientation of in situ stress were evaluated.

2. Statistic method to analyze the pressure/production distur-
bance caused by fracture hit or well interference. Sardinha 
et al8 counted 763 pressure disturbances detected by 
neighboring wells in 252 fracture events in a well group 
of 10 wells in the Nexen Dilly Greek shale gas field and 
analyzed the number of pressure fluctuations, amplitude, 
and well spacing and horizon layer relationship. Yaich et 
al13 presented a new statistic method to quantify the im-
pact of well interference and optimize well spacing in the 
Marcellus Shale. Pang et al14 studied the effect of well 
interference on shale gas well stimulated reservoir vol-
ume (SRV) interpretation. Liang et al15 share their moni-
toring data addressing well connectivity and fracture hit 
mitigation through an integrated modeling approach on 
multi-pad development. Molina and Zeidouni16 presented 
a calculation method of well interference strength, which 
is considered to be the number of stages connected to the 
fracturing stage.

3. Pressure transient analysis to recognize the well in-
terference. Lawal et al17 demonstrated rate transient 
analysis tools can be used to model fracture hits, and ex-
amples from Haynesville and Marcellus were examined. 
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Thompson18 presented a semianalytical superposition 
model for analyzing pressure, and rate data from wells 
where production characteristics were altered because of 
the interference from nearby fracture operations. Yu et 
al19 established a physical model to simulate the well in-
terference of shale gas wells by embeded discrete fracture 
model (EDFM) and analyzed the effects of fracture con-
nectivity and matrix permeability. Tang et al20 developed 
a comprehensive compositional reservoir model to study 
the well interference phenomena in the Eagle Ford Shale/
Austin Chalk production system. Wang et al21 studied the 
transient pressure simulation of well interference com-
municated by connecting fracture (ie, fracture hit) during 
interference testing of wells with variable operating con-
ditions. Gao et al22 used numerical simulation methods to 
study the sensitivity of well test parameters in gas reser-
voir horizontal wells and explained the formation param-
eters upon pressure recovery test.

The three methods possess their own advantages, among 
which pressure transient analysis (PTA) method applies 
downhole pressure monitoring data collected in the field, 
which can more accurately identify the interwell interfer-
ence and judge the interference intensity. It is urgent to pro-
foundly study the transient pressure behaviors of shale gas 
MFHWs with neighboring wells, considering the complex 
fracture network and the multi-flow mechanism, such as 
the desorption and diffusion of shale gas,23,24

To study the porous media flow and transient pressure 
behaviors of shale gas MFHWs, many scholars have es-
tablished kinds of multi-linear flow region coupled mod-
els, including three-region, five-region and seven-region 
coupled model. Before this, Bello and Wattenbarger25 used 
the layered double porosity model and the Warren-Root du-
al-porosity model to analyze the pressure response and pro-
duction dynamics of MFHWs in shale reservoirs. However, 
those two dual-porosity reservoir models are too simplified 
to characterize the fracture network after multi-stage frac-
turing. Therefore, Ozkan et al26 and Al-Rbeawi27 divided 
the stimulated shale reservoirs into HFs, SRV, and matrix. 
Moreover, they simplify the flow in these three regions into 
the one-dimensional linear flow by establishing a three-
linear-flow model. Additionally, Stalgorova and Mattar28 
and Zhang et al29 improved the three-linear-flow model by 
considering the unstimulated areas between two hydraulic 
fracturing SRV and proposed a five-region coupled flow 
model. Zeng et al30 further subdivided the five-region cou-
pled flow model and proposed a seven-region coupled flow 
model. Based on these coupled models, Wang et al31 and 
Kim et al32 analyzed the stress-sensitive effects of gas res-
ervoirs and fractures. Xiao et al33 presented a new semi-
analytical methodology for pressure transient analysis of 
multi-well-pad-production scheme in shale gas reservoirs. 

Overall, the flow around shale MFHWs is mainly charac-
terized by coupled linear flow models with multiple sub-
divided regions. In these models, HF, SRV, and matrix 
are commonly applied, and they are separately discussed 
as follows. The flow in fracturing fractures usually satis-
fied Darcy law or high-speed non-Darcy law.34 The SRV 
can be treated as dual media or characterized by complex 
fracture network models.35 The matrix can be regarded as 
a homogenous ultra-low-permeability medium. However, 
some scholars treat it as a dual medium with natural frac-
ture network.36 The equivalent permeability can be ana-
lyzed in the multiple regions coupled model to simplify the 
effects of desorption and diffusion in the SRV and matrix. 
From these three main regions, five regions or seven re-
gions are further subdivided, but the physical parameters 
in the added regions are difficult to obtain.

Well interference has had a significant influence on the 
SRV interpretation. It has drawn scholars' attention in re-
cent years, but its impact on transient behaviors is rarely re-
ported. Researchers generally ignore the well interference 
in the longitudinal direction, and the existing well inter-
ference research method cannot accurately determine the 
specific interference fracturing segment and the numeri-
cal simulation analysis of the interference well group. The 
problems shown in previous literature mainly include the 
following three aspects.

1. There is no detailed discussion on the pressure inter-
ference between the fracture sections of the active well 
and observation well;

2. There is no quantitative evaluation on the interference in-
tensity between the fractured sections and between wells;

3. Analytical models and methods for shale gas interference 
well test data need to be improved.

Considering these problems above, we present a com-
prehensive analysis of the well interference of the prac-
tical MFHW group of the Jiaoshiba shale gas field in this 
paper. This research may help to determine the well interfer-
ence between lower and upper shale gas layers and provide 
some foundations to optimize upper layers' gas production 
performance.

The rest contents of this paper are arranged as follows: 
in Section 2, an analysis process of MFHW interference is 
put forward, and it is divided into three phases, which are 
discussed in the following three sections based on Jiaoshiba 
shale gas field. In Section 3, the observation wells’ BHP re-
sponses are analyzed during a neighboring well fracturing, 
and the interference stages and strength are determined. 
Section 4 provides the scheme and data of well interference, 
and a numerical analysis method is presented. Section 5 ana-
lyzes the dynamic production of an MFHW group. The paper 
is concluded in Section 6.
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2 |  MFHW INTERFERENCE 
ANALYSIS PROCESS

The shale gas well interference analysis process includes 
observation well's bottom-hole pressure response analysis 
(BHPRA) during the fracturing of neighboring well, BHPRA 
of well interference test, and production dynamic analysis, 
as shown in Figure 1. Overall, the analysis process contains 
three phases as follow.

1. Analyzing the observation MHFW's BHP response during 
the fracturing of neighboring infilling well. Bottom-hole 
pressure response analysis can determine the fracturing 
stages of observation wells that connected with neigh-
boring wells and distinguish the disconnected stages. 
Especially, interference strength can be calculated ac-
cording to pressure response amplitude.

2. Bottom-hole pressure response analysis of well interfer-
ence test. It aims at understanding observation MFHWs' 
pressure disturbance caused by their neighboring active 
MFHWs' production variation. When adjusting the ac-
tive MFHW's production system (open/close well), the 
pressure response time delay of the observation MFHWs 
reflects the pressure diffusion in the dominant communi-
cated region. The pressure response amplitude caused by 

their neighboring MFHWs' production variation reflects 
the interference strength.

3. Production dynamic analysis. When adjusting the produc-
tion system, the well interference of A MFHW group is 
monitored directly by testing dynamic wellhead pressure 
and gas/water production. Production dynamic analysis 
can further verify the existence of well interference.

3 |  BHPRA DURING THE 
FRACTURING OF NEIGHBORING 
WELL

A well group is a shale gas MFHW group locates at the 
Ordovician Wufeng and Silurian Longmaxi Formation of 
Jiaoshiba shale gas field, including three wells A-1, A-2 (par-
ent wells), and A-3 (child infilling well). A-1 and A-2 well 
drill through the lower 1-4 layers with 13 and 17 stages of 
hydraulic fracturing, and A-3 well drills through the upper 
7-9 layers with 18 stages of hydraulic fracturing, as shown 
in Figure 2.

The Longmaxi Formation of the Silurian is a deep-water 
continental shelf deposit with a sizeable gas-bearing shale 
(thickness 93 m), organic matter abundance 2.54%, vitrinite 

F I G U R E  1  Shale gas multi-stage fracturing horizontal wells (MFHWs) interference analysis process

F I G U R E  2  Fracturing stages and 
layers of A well group (A-1 well perforated 
13 stages and operated hydraulic fracturing, 
A-2 well perforated 17 stages and operated 
hydraulic fracturing, and A-3 well 
perforated 18 stages and operated hydraulic 
fracturing)
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reflectance 2.5%, brittle mineral content 56.53%, and gas 
content 2-6  m3/ton. The lower quality shale gas layers are 
40 m thick, the organic matter abundance is 3.03%, the po-
rosity is 4.8%, and the gas content is 5-6 m3/t. We use the 
steady-state method to test the shale reservoir permeability. 
The horizontal permeability (contains matrix and natural 
fractures) is mainly 0.001-355  mD with obvious heteroge-
neity. The matrix permeability is generally lower than 1 mD, 
almost 0.0015-5.71 mD. The longitudinal stratification has a 
significant contribution to the horizontal seepage capacity of 
the formation.

Prehydrochloric acid treatment is used before fracturing 
to reduce fracturing pressure. The ceramsite is chosen as the 
proppant to improve the fracture conductivity and connectiv-
ity, and to increase the effective stimulating reservoir volume 
(SRV).

The hydraulic fracturing of neighboring wells provides 
quite strong interference signals. The high-precision elec-
tronic pressure gauge, installed in the later stage of the well 
shut-off, can receive the interference signals of neighboring 
well fracturing. These signals are shown in the pressure tran-
sient monitored. The BHP of parent wells (A-1 and A-2) and 
pump rate (PA) of child well (A-3) are shown in Figure 3. 
According to the pressure response of the well during the 
fracturing of each neighboring well, the connected fractures 
between the two wells is determined. The comprehensive 
fracturing data and the horizontal well trajectory data are 
used to explore the cause of interference response during the 
fracturing of neighboring well. According to the amplitude 
of the different pressure response signals, the interference 
strength between two wells' hydraulic fracturing stages can 
be qualitatively determined. This provides a basis for the es-
tablishment of geological models to understand well interfer-
ence and analyzes them step by step to obtain detailed results.

During the fracturing of the child well, the BHP responses 
of the parent wells are shown in Figure 3. From the BHP of 
A-2 well (red line), the interference responses are significant 
after the third and fourth fracturing stages of A-3 well, and 

there is almost no pressure response of A-1 well as shown 
in its BHP curve (blue line). The pressure interference re-
sponses of wells A-1 and A-2 are common obvious when 
A-3 well operated the hydraulic fracturing at the seventh and 
eighth stages. The main reason for the apparent pressure in-
terference response is the nearer well distance between the 
front fracturing stages of A-2 and A-3 (260 m). However, in-
creasing fracturing scale (injection sand volume and liquid 
volume, as shown in Table 1) is the key for the existing of 
apparent pressure interference response during the seventh, 
eighth, and ninth stages of A-3 well. According to this, it can 
be preliminarily judged that there may be fractures hits in the 
third, fourth, seventh, and eighth stages. The pressure inter-
ference caused by the fracture hits needs to be further evalu-
ated in the gas production system adjustment.

4 |  WELL INTERFERENCE TEST

4.1 | Test scheme

Interference test was carried out on A well group in Feb 
2017. Three wells installed downhole pressure gauges for 
BHP monitoring. The whole test contains three parts: (a) 
well clean-up with a high gas rate; (b) well shut-in pressure 
recovery; and (c) interference test. During the interference 
test, A-3 well operated twice open-well production with 
12 × 104 m3/d gas rate, and parent wells keep shut-in, the test 
scheme is shown in Table 2.

4.2 | Test results

The interference test pressure is shown in Figure 4. From the 
pressure curve fluctuation characteristics, the pressure recov-
ery ability of well A-1 is strong, and its pressure drop caused 
by A-3 well production is weaker. In contrast, the pressure 
recovery ability of well A-2 is weak, and its pressure drop 

F I G U R E  3  Interference pressure 
response of neighboring wells in A well 
group
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caused by A-3 well production is stronger. In order to quan-
tify the well interference, the pressure response time delay 
caused by the well opening/closing during the interference 
test is counted, according to PRA. Pressure response ampli-
tudes of different interference stages are calculated as shown 
in Table. 3.

4.3 | Numerical simulation analysis

4.3.1 | Model description

According to the geological data and logging interpretation 
results, the fundamental mechanism geological model is es-
tablished. Based on the multi-region coupling flow model, 
the numerical well test method is used to fit the pressure re-
covery test data of three wells to explain the reservoir, well-
bore, and fracture parameters. By the well-fitted curve fitting 
model, the actual fitting of the production dynamic data is 
further carried out. By repeatedly fitting the well testing 
curve and the dynamic production data, a more reliable nu-
merical model is finally obtained. The well interference can 
be observed not only according to the impact on the pressure 
field, but also can predict the production capacity of the hori-
zontal wells group. According to the numerical simulation 
model established by Gao et al,22 the modeling area is mainly 
divided into three parts.

Due to the significant difference in porosity and perme-
ability between the fracturing and unfracturing areas in the 
reservoir, shale reservoirs around MFHWs are divided into 
subregions, including HFs, SRV with abundant inducing mi-
crofractures, and matrix as shown in Figure 5. Assumptions: 
(a) Water flow is ignored, and there is only single-phase gas 
flow existed in each subregion. (b) Just viscous flow exists in 
the HF and satisfies the Darcy law,37 neglecting the longitu-
dinal flow. (c) SRV is treated as dual media, and each hydrau-
lic stage's SRV overlaps with each other in one MFHW. (d) 
Matrix is regarded as homogeneous ultra-low permeability 
media. (e) Pseudopressure function (m) is introduced to sim-
plify the gas composition change with temperature and pres-
sure.38 (f) There are three connection modes between the well 
and neighboring wells, including the connection of inducing 
microfracture clusters in the SRV and the connection of HFs 
as shown in Figure 5.

4.3.2 | Mathematical model

Pseudopressure
For the actual situation of the gas reservoir, especially during 
the regular mining of the gas field, the gas viscosity and the 
compression factor are functions of the pressure. To make 
the gas flow equation reflect the actual situation of the shale A
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gas reservoir, we use the real gas pseudopressure, m(p) of 
Al-Hussainy et al,39 which takes into account the variations 
of gas viscosity and Z-factor as a function of pressure.

where p is reservoir pressure, MPa; p0 is initial reservoir pres-
sure, MPa; μ is gas viscosity, mPa s; z is compressibility coeffi-
cient, dimensionless.

HF flow model
It is assumed that fluid exchanges exist among the fracture, 
the SRV and the wellbore, the boundary between the well 
and HFs is defined as Γ1, and the boundary between the 
SRV and the HFs is Γ2. If the HFs directly connected in one 
well pair, the fluid exchange between two wells' HFs needs 
to be considered. Commonly, Shale gas wells produce at 
a given production rate first according to the development 
scheme, and the gas supply capacity of the reservoir gradu-
ally tends to insufficient as the pressure continues to drop. 
The shale gas wells are converted to produce with constant 
pressure later. Based on this, the flow equations in the finite 

conductivity fractures are established by Gao et al22 as 
follows.

The initial conditions:

The inner boundary condition:1. Constant pressure boundary conditions:

1. Fixed output boundary conditions:

The outer boundary condition:

(1)m(P)=2

p

∫
p0

p

�(p) ⋅z(p)
dp,

(2)∇
2mF =

�Fc

kF

�mF

�t
.

(2a)mF
||t=0

=mi.

(2b)mF
||Γ1

=mw.

(2c)
∑

−
kF

�

�mF

�n

||||Γ1

=Cw

�mF

�t
+

2pscT

�ZscTsc

qiw,F.

(2d)mS,f
||Γ2

= mF
||Γ2

.

T A B L E  2  Interference test scheme of A well group

Well
Well clean-up with high 
gas rate

Well shut-in pressure 
recovery

Interference test

1st stage 2rd stage 3rd stage

A-3 14 d, 12 × 104 m3/d 20 d Gas producing 3 d, 
12 × 104 m3/d

Well shut-in 3 d Gas producing 3 d, 
12 × 104 m3/d

A-1 14 d, 8 × 104 m3/d 20 d Well shut-in

A-2 14 d, 8 × 104 m3/d 20 d Well shut-in

F I G U R E  4  Interference test pressure curve. BHP, bottom-hole pressure
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where mF is the gas pseudopressure of HF, MPa2/(mPa s); t is time, 
day; φ is porosity, dimensionless; k is permeability, mD; n is nor-
mal direction mark, dimensionless; F is HF mark, dimensionless; 
sc is standard condition mark, dimensionless; c is gas compress-
ibility factor, MPa−1; Cw is wellbore storage factor, m3/MPa; qiw,F 
is the fluid exchange volume between the HF and wellbore, m3/d.

SRV flow model
Matrix system flow model. Assuming that gas desorbed 
from the SRV matrix system, the desorption gas satisfies the 
Langmuir isothermal adsorption equation on the surface of 
the matrix bedrock. The migration of gas includes viscous 
flow, Knudsen diffusion, and surface diffusion. Hence, the 
matrix system flow model is Equation (3).

where mS,m and mS,f are the gas pseudopressure of the SRV ma-
trix system and fracture system, respectively, MPa2/(mPa s); S 
is SRV mark, dimensionless; m and f are the marks of SRV 

matrix system and fracture system, respectively, dimensionless; 
VS,L is Langmuir gas volume, m3/kg; Vst is gas molar volume at 
standard temperature and pressure conditions, m3/kmol; mS,L is 
Langmuir gas pressure, MPa2/(mPa s); T is reservoir tempera-
ture, K; Rg is gas constant, J/mol/K.

Fracture system flow model. Because the microfractures in the 
SRV region are very developed, how to characterize the fracture 
network equivalently in the seepage model has been a difficult 
problem to solve. For this reason, many scholars hypothesize 
that the development and spread of fracture networks satisfy 
the fractal characteristics and propose a fractal model that 
characterizes natural fracture networks.40-42 However, the 
critical parameters such as the fractal dimension in the model 
are difficult to determine. Also, considering complex networks 
will greatly increase the complexity of meshing and numerical 
calculations. Therefore, the equivalent permeability is used to 
characterize the comprehensive permeability of the fracture 
system in the SRV region. The gas in the fracture medium in 
the SRV is mainly in the form of free gas. Therefore, only the 
viscous gas flow and Knudsen diffusion are considered in the 
fracture medium, and the apparent permeability ks,f is used to 
represent the permeability of the fracture medium.43

(3)
∇

2mS,m−�(mS,m−mS,f)

=

[
�S,mc

kS,m

+
2RgT�sVS,L(1−�S,m)

ks,mVst(mS,L+mS,m)2

]
�mS,m

�t
.

T A B L E  3  Interference test analysis of A well group

MFHW Stimulating signal Date Time
Pressure/
MPa

Pressure response 
time delay/h

Pressure response 
amplitude/MPa

A-1 (1) Well opening 2017/3/1 11:58:32 21.439 1.65 0.0808

(2) Well shut-in 2017/3/4 12:28:32 21.3582 1.17 0.0938

(3) Well opening 2017/3/7 12:07:47 21.452 1.83 0.0681

(4) Well shut-in 2017/3/10 12:16:17 21.3839 1.16 0.1426

A-2 (1) Well opening 2017/3/1 11:24:55 24.1331 1.09 0.2048

(2) Well shut-in 2017/3/4 12:31:55 23.9283 1.22 0.0868

(3) Well opening 2017/3/7 11:43:40 24.0151 1.43 0.1791

(4) Well shut-in 2017/3/10 12:14:55 23.836 1.14 0.1559

F I G U R E  5  Multi-region coupled 
shale reservoir physical model (Well A 
and well B are two multi-stage fracturing 
horizontal wells (MFHWs), the hydraulic 
fractures connected with the stimulated 
reservoir volumes (SRVs), and the SRVs 
are dual medium. A, MFHW fracture hit 
3D schematic. B, MFHW fracture hit 2D 
schematic

(A) MFHW fracture hit 3D schematic. (B) MFHW fracture hit 2D schematic.
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where Kn is Knudsen number, dimensionless; β is tenuity factor, 
dimensionless; b is average fracture aperture, m; and c is aver-
age fracture spacing, m.

Assume that the wellbore only has fluid exchange with 
the fracture, neglecting the direct fluid exchange between the 
fracture system and the wellbore in the SRV, and defining the 
interface between the fracture and the matrix systems in the 
SRV as Γ3. Then, the flow model in the fracture system of the 
SRV is presented as Equation (5).

The initial conditions：

Inner boundary condition：

Outer boundary condition：

where α is exchange flow coefficient, (m3 mPa s)/MPa2; M is 
matrix mark, dimensionless.

Matrix flow model
The shale gas reservoir is rich in kerogen organic matter, and 
the hydrocarbon gas generated in the kerogen satisfies the satu-
ration adsorption and then spreads from the kerogen pores to the 
inorganic matrix pore space where the hydrocarbon concentra-
tion is relatively reduced. The gas in the kerogen occurs in two 
forms: free gas and adsorbed gas. The pores in the kerogen have 
the same order of magnitude as the gas molecules in the shale 
gas. Therefore, the free gas will generate Knudsen Diffusion in 
the kerogen nanoporous network. At the same time, the kero-
gen is saturated with a large amount of adsorbed gas, and the 
adsorbed gas on the surface of the skeleton will produce surface 
diffusion. Assuming that the shale gas reservoir is isothermally 
developed, the Langmuir isotherm adsorption equation is used 
to describe the adsorption and desorption of kerogen.

The apparent permeability of the matrix region proposed 
by Singh et al44 and Civan et al45 is:

Thus, the kerogen-medium continuity equation consider-
ing Knudsen diffusion, adsorption-desorption, and surface 
diffusion is obtained as Equation (7).

The initial conditions：

Inner boundary condition：

Outer boundary condition：

4.3.3 | Interference numerical analysis

The finite volume method of MATLAB software was used 
to solve the mathematical model. The input parameters in 
the model are reservoir thickness 89m, gas relative den-
sity 0.5642, porosity 4.98%, reservoir temperature 188.6 K, 
well radius 69.85 mm, A-1 well horizontal length 1200 m, 
A-2 well horizontal length 1434 m, and A-3 well horizontal 
length 1520 m. In the initial calculation, the reservoir perme-
ability is assumed to be 0.1 mD, and the fractures' half-length 
in each well is given the same average length of 65 m. The 
interference test data are fitted by continuously adjusting the 
permeability of the model and the conductivity of the frac-
tures. The curve fitting results are shown in Figure 6.

Through fitting the pressure test data in Figure 6, reser-
voir permeability, fractures conductivity, and half-length are 
interpreted. The reservoir permeability is 0.043 mD, average 
fractures conductivity of A-3 well is 1524  mD  m, average 
fractures conductivity of A-2 well is 673 mD m, and average 
fractures conductivity of A-1 well is 750 mD m. The frac-
tures' half-length of three wells are shown in Table. 4.

The fracture half-length is set before the calculation, and 
the half-length determines the boundary of the high-perme-
ability region of the HF (Equations 1 and 2, Γ1). By compar-
ing the calculated pressure with the test pressure, the fracture 
half-length is determined after multiple fittings.

5 |  PRODUCTION DYNAMIC 
ANALYSIS

Wellhead pressures are continuously recorded during all 
completions and flowback operations. The rate of pressure 
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buildup plus the magnitude and frequency of the interwell hits 
are studied. Pressure hits are then compared with production 
interactions between wells. Connections are mapped to form 
a comprehensive image of the fracture network. In the pad 

studied, all wells had multiple hits with varying degrees of 
communication across the fracture network. Observations con-
firm that fractures had significant vertical and lateral growth 
establishing a highly complex network. Interference analysis 
indicates the connections between wells often diminish over 
time. As a final validation, the high degree of interaction and 
fracture overlap are shown to be consistent with high-resolu-
tion microseismic observations. Establishing the extent of the 
effective fracture network is fundamental to deciding design 
variables. Multi-variable pad designs and production results 
can only be deciphered when viewed in conjunction with 
fracture interactions. The process discussed provides a simple 
way to observe and understand these interactions.

The cumulative gas productions of parent A-1 and A-2 
well are 3318.13 × 104 m3 and 2941.53 × 104 m3, respec-
tively, and the average daily gas production is 64  900 and 
60  500  m3/d. Their casing pressure reduced from 32 to 
33.0 MPa at the initial stage of production to 12.9-14.6 MPa 
at July 2017. A-3 put into production at February 2016, and 
its average daily gas production of A-3 well is 65 300 m3/d. 
All of these three wells have experienced many times open/
close well.

In March 2017, the gas production of wells A-1 and A-3 
was stable at around 6 × 104 m3. After the interference test, 
all three wells produced at around 6 × 104 m3 for 20 days. 
After that, A-2 well shut down, but A-1 and A-3 wells still 
produced at a daily gas production rate of 6 × 104 m3, which 
led to a pressure drop during the later pressure recovery of 
A-2 well, as shown in Figure 7.

F I G U R E  6  Numerical simulation results of pressure test and 
data fitted. a. A-1 pressure test data and fitted data. b. A-2 pressure test 
data and fitted data

(A) A-1 pressure test data and fitted data. 

(B) A-2 pressure test data and fitted data.

T A B L E  4  Fractures' half-length of three wells

A-3 well HF stages Half-length/m A-1 well HF stages Half-length/m A-2 well HF stages Half-length/m

1st 85 1st 16 1st 12

2nd 84 2nd 8 2nd 14

3rd 87 3rd 20 3rd 18

4th 80 4th 15 4th 22

5th 88 5th 22 5th 33

6th 84 6th 48 6th 48

7th 84 7th 51 7th 45

8th 84 8th 41 8th 73

9th 85 9th 21 9th 45

10th 83 10th 23 10th 17

11th 47 11th 79 11th 48

12th 70 12th 80 12th 67

13th 85 13th 80 13th 68

14th 86     14th 69

15th 74     15th 62

16th 78     16th 70

17th 72     17th 67

18th 30        

Abbreviation: HF, hydraulic fracture.
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The bottom-hole pressure is calculated by the model in 
this paper, and the monitoring of the bottom-hole pressure 
requires the installation of a high-precision pressure gauge. 
The pressure of production data is casing pressure recorded 
in wellhead. Because the pressure loss in the wellbore cannot 
be accurately calculated, it is impossible to accurately simu-
late the casing pressure data of the wellhead. In the follow-up 
study, the investigation on wellbore pressure loss will be fur-
ther carried out to better adjust the fitting model parameters 
and to improve the model.

6 |  CONCLUSIONS

In recent years, with the continuous expansion of the shale 
gas wells pattern's scale and reduction in well spacing, the 
problem of well interference has become increasingly se-
rious. The new drilled MFHW in upper gas layers has an 
impact on the output of the MFHW in lower gas layers of 
Jiaoshiba, but it is beneficial to increase the gas produc-
tion of the gas field through the development of multi-well 
layers. The longitudinal interference between the upper 
gas layers and the lower gas layers of Jiaoshiba was evalu-
ated by the proposed comprehensive evaluation method. 
The interference fracturing stages between the two wells 
were found by the fracturing interference detecting, and 
the interference strength was quantitatively evaluated by 
the pressure response amplitude. Whether water produc-
tion increases sharply determines whether fracture hits 
exist, which is helpful for understanding the longitudi-
nal extension of the HFs and the pollution of the shallow 
groundwater.

Through well interference test, we found that the parent 
wells are disturbed by the child wells when adjusted produc-
tion system. The pressure interference is evaluated by the 
daily pressure drop during the multi-well production in the 
upper and lower layers. The well interference exists in the 
multi-well production system.

To study the transient pressure behaviors of shale gas 
MFHW under well interference, we establish a multi-region 
coupled flow model based on the pore fracture structures 
and flow mechanisms of the different region. Then, perpen-
dicular bisection (PEBI) grids and finite volume method 
are used for the numerical solution. Utilizing the measured 
shut-in pressure recovery test data of shale gas wells, we 
explain the property parameters of the reservoir and HFs. 
Moreover, BHP data monitored in the later stage are fitted 
to verify the accuracy of the model. Based on the shale gas 
seepage model, the pressure field and BHP are analyzed 
under the disturbance of neighboring wells.
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APPENDIX 
We use finite volume method to discretize the reservoir area 
into nonoverlapping control volumes with a certain control 
volume around each center node. According to the seepage 
equation and boundary conditions of the multiple composite 
flow model given before, the partial differential equation to 
be solved is integrated for each control volume, and a set of 
discrete equations is obtained.

Fracture discrete flow equation
Based on the flow model Equation (2) of the hydraulic frac-
tures, the volume integral equation of the control volume V 
is shown as follow.

Gauss formula is used to convert the volume integral of the 
left diffusion term of Equation (A1) into surface integral, as 
shown in Equations (A2) and (A3).

Assuming that the time difference between two time steps 
is Δt, the distance of two adjacent grid center node is L and 

then the discrete equation can be converted into Equation 
(A4).

The linearized form of Equation (A4) is:

On this basis, the discrete equations of stimulated reservoir 
volume (SRV) region and unstimulated matrix region can be 
further deduced.

SRV region discrete flow equation
The discrete flow equation of SRV region matrix system is 
shown in Equation (A6):

The linearized form of Equation (A6) is:
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The discrete flow equation of the fracture system in SRV 
region is shown in Equation (A9):

The linearized form of Equation (A9) is:

Matrix region discrete flow equation
The discrete flow equation of matrix region matrix system is 
shown in Equation (A10):

The linearized form of Equation (A10) is:

Boundary conditions discrete equations
Boundary conditions between fracture and SRV region:

Interface conditions between SRV region and matrix:
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