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ABSTRACT: Over more than a decade of development, medium to deep shale gas reservoirs have faced rapid pro-
duction declines, making sustained output challenging. To harness remaining reserves effectively, advanced fracturing
techniques such as infill drilling are essential. This study develops a complex fracture network model for dual horizontal
wells and a four-dimensional in-situ stress evolution model, grounded in elastic porous media theory. These models
simulate and analyze the evolution of formation pore pressure and in-situ stress during production. The investigation
focuses on the influence of infill well fracturing timing on fracture propagation patterns, individual well productivity,
and the overall productivity of well clusters. The findings reveal that, at infill well locations, the maximum horizontal
principal stress undergoes the most significant reduction, while changes in the minimum horizontal principal stress and
vertical stress remain minimal. The horizontal stress surrounding the infill well may reorient, potentially transitioning
the stress regime from strike-slip to normal faulting. Delays in infill well fracturing increase lateral fracture deflection
and diminish fracture propagation between wells. Considering the stable production phase and cumulative gas output
of the well group, the study identifies an optimal timing for infill fracturing. Notably, larger well spacing shifts the
optimal timing to a later stage.
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1 Introduction
Shale gas is a significant unconventional energy source, but its development process faces challenges,

such as low reservoir porosity and permeability, which contribute to a rapid decline in gas well production, in
addition to the high costs involved in mitigating these issues [1–3]. It is widely believed both domestically and
internationally that encrypted well technology is key to improving shale gas recovery rates [4,5]. In North
America, the primary methods for enhancing recovery rates include the use of optimized techniques such
as well pattern encryption and three-dimensional development to strengthen the control of reserves by the
well network [6–8]; Secondly, by optimizing development policies, improving fracturing techniques, and
enhancing drainage and gas extraction processes, the production of individual wells is increased [9]. Com-
bining engineering techniques and economic analysis, single-well EUR (Estimated Ultimate Recovery) and
block recovery rates are used as technical indicators, while NPV (Net Present Value) serves as the economic
indicator. Well spacing is adjusted in real-time based on changes in gas prices and costs to continuously
improve block recovery rates, thus achieving maximum returns [10,11]. Currently, the recommended well
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spacing for the Haynesville and Marcellus shale gas fields is 200–300 m, respectively [12–14]. Due to limited
experience, the initial well spacing was large initially. In certain regions, shale gas wells typically had a
spacing of 400–500 m, which led to suboptimal utilization of horizontal wells. Following optimization and
adjustments, a denser well spacing of 300 m has been recommended [15]. Additionally, pilot experiments
on the optimization and control of “fracture-controlled reserves” technology have significantly enhanced
both primary and secondary fracturing stimulation in tight oil and gas reservoirs [16]. To fully tap into the
untapped reserves of the reservoir and enhance regional production capacity, it is urgent to deploy a large
number of infill wells.

The key to research the well pattern of shale gas infill wells lies in coordinating the spacing of the
well network with the matching relationship of volumetric fracturing. Special attention needs to be given
to the simulation of hydraulic fracture propagation under the multi-physical field coupling of in-situ stress
evolution during long-term injection and production in oil and gas reservoirs. During the initial hydraulic
fracturing operations, the formation is in its original state, and fracture propagation on both sides of the
wellbore is relatively uniform. However, as development progresses, reservoir pressure and in-situ stress
conditions change continuously, resulting in significant differences in fracture propagation between old wells
and infill wells, which in turn affects the deployment of later infill wells. Kumar et al. conducted a systematic
study on the model of the parent well’s depletion impact on the fracturing and productivity of infill wells. The
results show that when well spacing is close, the infill wells are affected by the depletion zone of the parent
well, leading to asymmetric hydraulic fracture propagation [8,17–20]. This phenomenon has been validated
through field well testing, tracer testing, and microseismic monitoring of fracturing [21−23]. The reasons for
this are twofold: Firstly, the pressure sink formed around the parent well directs the fracturing towards the
parent well when fracturing the child well. Secondly, the depletion of pore pressure around the parent well
alters the magnitude and direction of the local principal stress, leading to a redistribution of stress [24]. Gupta
et al., through a case study of two shale gas platforms, described an integrated approach. This study revealed
the close relationship between reservoir depletion behavior and the spatiotemporal distribution of stress
and similarly indicated that reservoir depletion could have a negative impact on the fracture propagation of
child wells [25]. This phenomenon is influenced by various factors, including well spacing, the production
level of existing wells, formation properties, in-situ stress conditions, the development of natural fractures,
the timing of fracturing in existing wells, the complexity of hydraulic fractures, the type of fracturing fluid,
and operational parameters. Therefore, studying the fracture propagation patterns of existing wells and infill
wells requires a comprehensive consideration of multiple factors [26–28].

Rezaei developed a novel transient fully coupled poroelastic displacement discontinuity model to study
the impact of factors such as injection pressure, well spacing, the spacing of existing fractures, and the
difference between maximum and minimum horizontal stresses on the propagation of hydraulic fractures in
nearby infill wells [29]. Rezaei et al. used global sensitivity analysis based on Sobol techniques to identify the
most important rock and design parameters affecting pore pressure and stress changes during production.
They found that mobility (i.e., the ratio of rock permeability to fluid viscosity) and production pressure are
the primary parameters influencing pore pressure and stress changes. Additionally, fracture half-length and
fracture spacing also contribute to stress changes at the fracture gaps [30,31]. Given that production time,
formation conditions, and the interactions between existing wells and infill wells are dynamically changing,
selecting the appropriate timing for infill well fracturing is particularly critical. Current studies rarely conduct
systematic research on the spatial and temporal evolution characteristics of the magnitude and direction of
three principal stresses between wells, as well as the state of ground stress, when comprehensively considering
this complex process.
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To further explore the fracturing design and development strategy for infill wells in medium to deep
shale gas reservoirs, this paper selects a shale gas infill well platform in southern Sichuan as the research
subject. Firstly, we established an integrated model that includes a three-dimensional geological model,
a natural fracture model, and a geomechanical model to reconstruct the heterogeneous stress field and
analyze the inter-well stress state after the production of existing wells. Based on these models and analyses,
we further simulated and explored the fracturing fracture propagation patterns of infill wells and the
development effectiveness of the infill well groups. Through this series of studies, this paper aims to optimize
the timing of fracturing for infill wells in shale gas reservoirs and provide theoretical guidance for the
fracturing design and reservoir development of mid-to-deep shale gas infill wells. These research outcomes
not only aid in optimizing the fracturing design of infill wells but also enhance the overall development
efficiency of the gas reservoir.

2 Methodology
The marine shale is the most realistic domain for large-scale development and sustained increase of

shale gas production [32]. The target shale gas field in this study has proven geological reserves exceeding
400 billion cubic meters, and by 2020, it had achieved an annual production capacity of 5 billion cubic
meters. By the end of 2022, the highest tested production from horizontal wells in the target shale gas field
reached 730,000 cubic meters per day, with the estimated ultimate recovery (EUR) per well ranging from 78
to 135 million cubic meters. With ongoing development, the study area has essentially achieved full initial
well network coverage for horizontal shale gas wells. However, due to unclear geological understanding
and immature construction techniques in the early stages, some areas experienced inadequate reservoir
stimulation due to large well spacing, low transformation intensity, and large cluster spacing. To enhance
overall reserve utilization, it is necessary to deploy a denser well network.

2.1 Workflow
The method of four-dimensional in-situ stress analysis used in this study is based on a three-dimensional

geological model. It simulates the entire process, including parent well fracturing, production, infill well
fracturing, and subsequent production. For fracturing simulation, an Unconventional Fracture Model
(UFM) based on the boundary element method is used. This model is embedded into the geological model to
create an unstructured grid. The Intersect simulator is then employed to simulate the production dynamics
of horizontal wells in shale gas reservoirs. The results of pore pressure changes from the reservoir numerical
simulation are mapped onto the geo-mechanical model. A geo-mechanical simulator, Visage, which is based
on the finite element algorithm, is used to simulate the four-dimensional in-situ stress field. This approach
analyzes the changes in pore pressure and stress at different stages of the reservoir, providing technical
support for well spacing optimization in new platform wells.

2.1.1 Fracture Propagation Model
The geometry of hydraulic fractures plays a crucial role in the assessment of development areas in

shale reservoirs. One of the objectives of this work is to evaluate the impact of reservoir depletion between
wells, which requires a description of fracture propagation geometry. This paper utilizes the Unconventional
Fracture Model (UFM) proposed by Weng et al. [33–35], commonly used for simulating complex fracture
networks. Its main features are as follows:

1. The model assumptions are based on elastic deformation and material balance.
2. It can simulate fracture initiation between different perforation clusters within a single fracturing stage.
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3. It models the transport process of proppant within fractures and predicts the dynamic distribution of
fluid and proppant.

4. It considers interactions with natural fractures to generate non-planar hydraulic fracture geometries.
5. The calculations include stress shadow effects generated within and between fracturing stages.

2.1.2 Mechanical Models
The saturated rock mass can be regarded as a continuous porous medium composed of a rock skeleton

phase and a fluid phase. Assuming small deformation conditions, the stress equilibrium equations can be
derived using the theory of elastic porous media. By applying Newton’s second law to a unit mass of saturated
porous medium (neglecting the inertial forces of the rock mass), the mechanical governing equation of the
system can be expressed as:

∇ ⋅ σ + ρb g = 0 (1)

where the tensile stress is defined as positive; σ represents the Cauchy total stress tensor; g represents the
gravitational acceleration vector; ρb = ϕρ f + (1 − ϕ) ρs is the density of the saturated rock mass, ρs and ρ f
is the density of the rock skeleton particles and fluid, respectively, and ϕ is the porosity. Note that in this
text, the stress sign convention is such that tensile stress is positive, and compressive stress is negative. The
principle of effective stress shows that the total stress is determined both by the deformation of rock skeleton
and internal pore pressure. To obtain the distribution of pore pressure, the Darcy equation is used:

v = − k
μ
(∇pp − ρf g) (2)

where ν is the flow rate; μ is fluid viscosity; k is permeability. The total stress can then be calculated with the
pore pressure and effective stress induced by skeleton strains:

σ = σ ′ − bpδ (3)
σ ′ = C∶ ε (4)

where b is the Biot coefficient and C is the stiffness matrix of the rock skeleton. By substituting Eqs. (2)–(4)
into (1), a complete mechanical equilibrium expression of saturated rock mass can be obtained:

∇ ⋅ (σ ′ − bpδ) + ρb g = 0 (5)

where the effective stress acting on the rock skeleton is represented by σ ′, p is the pore fluid pressure. C is
the fourth-order elastic tensor under drainage conditions, ε is a linear strain tensor, which can be expressed
as:

ε = 1
2
(∇u +∇Tu) (6)

Combined with Eqs. (5) and (6) to solve the displacement and strain of rock, the total stress and effective
stress can be obtained.

2.2 Model Setting
The dual horizontal well group model and the ground stress model are shown in Fig. 1. The model

parameters are set based on the development parameters of the horizontal well group in the target well area,
as shown in Table 1.
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Figure 1: (a) Diagram of the model. In (b) point Hi represents the stress recording points along the X-axis
(i = 1, 2, . . . , 12), and point Vj represents the stress recording points along the Y-axis (under the current 500 m well
spacing, j = 1, 2, . . . , 13); (c) shows the fracture geometry of the parent well

Table 1: Parameters of the model

Reservoir property Notation Value Reservoir property Notation Value
Permeability k 0.0001 mD Young’s

modulus
YM 35.0 GPa

Maximum
horizontal

stress

σH 71.0 MPa Poisson’s ratio / 0.2

Minimum
horizontal

stress

σh 61.0 MPa Gas
saturation

Sg 0.65

Total vertical
stress

σv 65.0 MPa Porosity φ 0.08

Initial
reservoir
pressure

P 50.0 MPa Fluid viscosity μ 0.46 cP

Fluid density ρf 1034 kg/m3 Parent well
spacing

L 500 m

Pumping rate / 14 m3/min Fluid volume / 1000 m3/stage
Proppant / 20/40 and

40/70 sand
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In the basic case, the initial maximum horizontal principal stress direction is parallel to the Y-axis
in Fig. 1. The parent well is located in the middle of the reservoir, with a basic well spacing of 500 m and a
fracture spacing of 30 m. The reservoir computational domain has a length of 1000 m and a width of 600 m,
with a horizontal grid spacing of 2 m, a total reservoir thickness of 90 m, and a total of 2,250,000 grid cells.
The fracturing simulation considers natural fractures, with the fracture propagation range being 30 m in the
middle of the model and a height of 30 m, as shown in Fig. 1c for the parent well fracture geometry. The
numerical simulation includes two horizontal wells, both using constant production rates initially, followed
by constant bottom-hole pressure production with a bottom-hole pressure of 10 MPa, to obtain the evolution
pattern of the ground stress field during the pore pressure reduction process.

3 Results and Discussion
During the production process of the parent well, changes in formation conditions can affect the

complex fractures formed by hydraulic fracturing. The interference between infill wells and old wells also
dynamically changes with the degree of reservoir depletion and the current spacing of the parent wells. To
optimize the fracturing timing of the infill wells and maximize the production capacity of the infill well
group, the spatiotemporal evolution characteristics of the inter-well stress field in the development of tight
oil reservoirs with horizontal well groups under different production times and well spacings of the parent
wells are explained.

3.1 The Production Time of the Parent Well
3.1.1 Evolution of Production-Induced Stress

Figs. 2–4 show the distribution of pore pressure and horizontal induced stress (Syy and Sxx) at four
different production times for the well groups, with the selected times being initial, and after 1, 3, and 10
years of production. The results indicate that during production, the pore pressure experiences the greatest
decrease, and the horizontal stress also reduces. As the pore pressure drops, the magnitude of the horizontal
induced stress continues to change, significantly decreasing within the fracture range, with the changes
within the fractures being greater than those between the fractures.

-50.0

-45.0

-40.0

-35.0

-30.0

-25.0

-20.0

-15.0

-10.0

Pressure/ MPa

(a) (b) (c) (d)

Horizontal

well
Hydraulic 

fracture
Contour lines

Figure 2: Pore pressure distribution during the production process, (a–d) represent the production times of 0, 1, 3, and
10 years, respectively
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Figure 3: Induced stress distribution in the Y direction during the production process, (a–d) represent the production
times of 0, 1, 3, and 10 years, respectively
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Figure 4: Induced stress distribution in the X direction during the production process, with (a–d) representing
production times of 0, 1, 3, and 10 years, respectively

3.1.2 Stress Evolution Law (Interwell X Direction)
The aforementioned simulation results indicate that in the untouched area between wells, the horizontal

induced stress along the well trajectory direction is shown. Fig. 5 illustrates the variation curves of the three
principal stresses (σH, σh, σV) and the horizontal stress difference (σH–σh) between points H12 and C at the
center between wells over production time. As the production time of the parent well increases, the evolution
amplitude of σH is greater than that of σh, and σh rises in the middle of the fractured section. The closer σH
is to point C, the greater the decrease, significantly reducing the horizontal stress difference in the middle of
the well group, as shown in Fig. 5c. The most likely location for stress reversal is at point C, where the stress
difference decreases from 10 to 1.5 MPa. Under the current geological model conditions and well spacing,
stress reversal does not occur. The vertical stress σV changes the slowest in this process, decreasing by only
0.08 to 0.4 MPa, as shown in Fig. 5d.
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Figure 5: The relationship curves between time and the three principal stresses and horizontal stress difference in the
inter-well (X direction) are as follows: (a) X direction stress; (b) Y direction stress; (c) horizontal stress difference; (d)
vertical stress

To study the variation of horizontal in-situ stress difference under current conditions, the distribution
of in-situ stress difference in the well group model was calculated. Fig. 6a shows the initial in-situ stress
difference distribution, which is uniformly 10 MPa. From Fig. 6b, it can be seen that significant changes in
in-situ stress difference occur near the fracture zone. The maximum horizontal stress difference increases to
24 MPa, while the minimum decreases to −4 MPa.

In order to determine the distribution of the differential in-situ stress in the reservoir during the
production process, it is divided into four regions based on the magnitude of change in the stress difference:
(1) Regions where the change is less than 10% are designated as transition zones; (2) Regions where the in-situ
stress difference decreases by more than 10% are designated as stress reduction zones; (3) Regions where the
in-situ stress difference increases by more than 10% are designated as stress increase zones; (4) Regions where
the stress difference decreases to below zero within the stress reduction zone are designated as stress reversal
zones. As shown in Fig. 7, Region 1 represents the transition zone, Region 2 represents the stress reduction
zone, Region 3 represents the stress increase zone, and Region 4 represents the stress reversal zone.

According to our zoning rules, the area of increased stress difference during production is distributed
in a direction perpendicular to the fractures, appearing almost symmetrically. The area of decreased stress
difference is distributed along the direction of the fractures. As production progresses, the range of the
transition zone gradually decreases, while the corresponding areas of increased and decreased stress differ-
ences expand. However, the stress difference distribution does not change monotonically with production.
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As shown in Fig. 7b, after 1 year of production, stress reversal occurred within the fractures at both ends, and
in subsequent production, it gradually transitioned to a stress reduction area, as seen in Fig. 7c,d.
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Figure 6: Distribution of horizontal stress difference during production: (a–d) represent production times at 0, 1, 3,
and 10 years, respectively
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Figure 7: Differential horizontal stress zones during the production process, (a–d) represent production times at 0, 1,
3, and 10 years, respectively

3.1.3 Stress Evolution Law (Interwell Y Direction)
The selected recording point V is located at the midline between the 6th and 7th clusters of fractures in

the parent well. Fig. 8 shows the three-directional stress statistics along the line from point V13 to C, divided
into the fracture-controlled area of the parent well and the undeveloped area. Under the current well spacing
conditions, point V13 is located at the parent wellbore, and point V8 is at the boundary of the parent well
fracture. As shown in Fig. 8a, there is an abrupt change in σh over a 40 m range from the fracture boundary
to the undeveloped area. The longer the production time, the greater the change in horizontal stress. σh
decreases rapidly within the parent well fracture control area, while it slightly increases in the undeveloped
area. The overall decrease in σH is less than that of σh, and from the wellbore to the infill well position, it first
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increases and then decreases beyond the fracture tip. The overall horizontal stress difference in the infill well
control area is smaller than in the parent well. After production, the changes in vertical stress are complex
and large, with increases between fractures and decreases within fractures. The change magnitude of induced
stress in the Z direction (Szz) does not monotonically increase with production time. As shown in Fig. 9b,
the induced stress change magnitude after 1 year of production is greater than at other times; combined with
the statistical results in Fig. 8d, the vertical stress from the parent wellbore to its fracture boundary gradually
decreases, shows an upward trend at the transition point, and monotonically decreases beyond approximately
40 m from the fracture tip.
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Figure 8: The relationship curves between inter-well (Y direction) triaxial principal stresses and horizontal stress
difference with time: (a) X direction stress; (b) Y direction stress; (c) horizontal stress difference; (d) vertical stress

3.2 Spacing of Parent Well
3.2.1 Effect of Well Spacing on Induced Stress Evolution

The actual well spacing implemented on the H3 platform is between 450 and 500 m. The selected well
spacings are 400, 450, 500, and 600 m. The pore pressure distribution after 10 year’s production with different
well spacings is shown in Fig. 10. Fig. 11 demonstrates the induced stress in the X, Y, and Z directions. The
reduction in pore pressure within the fracture-controlled area of the parent well is similar with different well
spacings. However, the evolution of induced stress in three directions shows some differences. For example,
in the inter-well area, changes of well spacing show little reduction in pore fluid pressure, with the decrease
of values being less than 0.1 MPa. Though the pore pressure changes quite small, the stresses show more
obvious changes, especially in the X and Y directions. The induced stress in the X direction increases from
0.4 to 0.6 MPa while the stresses in Y direction decreases around 0.2 MPa. The changes of stress become
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more significant when smaller well spacing is used. The changes of stress in Z direction is much smaller than
other directions, especially in the inter-well area.
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Figure 9: Distribution of induced stress in the Z direction during production, with (a)–(d) representing production
times of 0, 1, 3, and 10 years, respectively
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Figure 10: Pore pressure distribution under different well spacing over 10 years of production: (a) 400 m; (b) 450 m;
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Figure 11: Induced stress distribution in three directions after 10 years of production for the parent well at various well
spacings: (a) Y direction; (b) X direction; (c) Z direction

3.2.2 Stress Evolution Law between Parent Wells
For the inter-well region, Fig. 12 shows the variation curves of the three principal stresses and horizontal

stress difference from point H12 to point C at the center between wells, after 10 years of production from the
parent well at various well spacings. Increasing the well spacing significantly reduces the decline in horizontal
principal stress, which can effectively mitigate the degree of deviation in the direction of horizontal principal
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stress between wells. As shown in Figs. 12c and 13, when the well spacing is 400 m, the horizontal principal
stress between the infill well location H2 and point C reverses in the 10th year of production. However, when
the well spacing increases to 450 m, under the simulation conditions in this study, the direction of horizontal
principal stress in the infill well region does not reverse.
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4 Optimization of Fracturing Timing for Infill Wells
Based on the prediction of ground stress evolution in Section 3, the optimal timing for infill well

fracturing is selected. During the development of shale gas reservoirs, the formation pore pressure and stress
conditions change over different periods, affecting the propagation pattern of hydraulic fractures and the
productivity performance of infill and adjacent wells. Therefore, when selecting the timing for infill well
fracturing, it is important to comprehensively consider the propagation of hydraulic fractures, the fracturing
stimulation of the infill well, and the impact on the overall productivity of the well group.

4.1 Fracture Geometry of Infill Well
The same fracturing plan as the parent well was adopted. Taking a parent well spacing of 500 m as

an example, the fracture geometry of infill wells was compared after 1, 3, 5, 7, and 10 years of production
(Fig. 14). From the figure, it can be seen that after 1 year of production, the hydraulic fractures in each cluster
of the infill wells are relatively uniform, with no obvious deviation. However, as the timing of fracturing is
delayed, the fracture network shows a noticeable deviation at the front end near the old well. At the same time,
the differences in the propagation of fractures in each cluster within the fracturing section also gradually
increase. This indicates that over time, changes in formation stress and pore pressure have a significant impact
on the formation and propagation of fractures.

Table 2 shows the simulated statistical results of hydraulic fractures in infill wells at different fracturing
times. By analyzing the data in the table, the following conclusions can be drawn:

As the fracturing time is delayed, the increased diversion of fractures enhances their complexity. This
increase in complexity helps to form a more intricate fracture network to some extent. However, it also limits
the extension of some fractures in the length direction, resulting in a reduced overall stimulated volume.

This indicates that while increased fracture complexity may improve oil and gas recovery, excessively
delaying the fracturing time is not always beneficial. Therefore, there is an optimal timing for fracturing infill
wells. At this optimal time, fracturing not only creates a complex fracture network but also maximizes the
stimulated area, thereby enhancing overall production efficiency.

In practical operations, identifying this optimal timing requires a comprehensive consideration of
various factors, including formation conditions, production history, and economic benefits. Therefore,
reasonably selecting and optimizing the fracturing time is of significant importance for maximizing the
productivity and benefits of the well group.

4.2 Production of Infill Well
In order to compare the fracture stimulation of infill wells at different fracturing timings, we conducted

a simulation analysis of the production changes in well groups after 20 years of production for each well.
To minimize the impact of changes in the production regime of old wells on the overall production of the
well group, all three wells in the gas reservoir simulation were initially operated at a constant production
rate, followed by constant bottom hole pressure production with a bottom hole pressure of 10 MPa. Fig. 15a,b
shows the steady production time and cumulative gas production of the well group after infill well fracturing
at different times, respectively. As shown in Fig. 15, the earlier the fracturing time of the infill wells, the
longer the steady production period, but the cumulative production is smaller in the later stage. From the
change in cumulative production of the well group Fig. 15b, it can be seen that with a well spacing of 500 m,
if the infill timing is later than the fifth year, both the parent and infill wells show a decrease in cumulative
gas production. Deploying infill wells for fracturing in the fifth year of production results in the highest
cumulative production for the well group in the later stage.
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Figure 14: Distribution of fracture propagation patterns for infill wells at different infill timings: (a–f) represent the
parent well production at 0, 1, 3, 5, 7, and 10 years, respectively

Table 2: Statistics of fracture propagation results

Timing/year
Hydraulic
fracture length in
Y/m

Hydraulic
fracture length in
X/m

SRV/104 m3 Total fracture
surface Area/m2

0 181.2~238.7 0.1~0.5 507.5 98,292.4
1 136.2~213.2 0.3~12.9 594.5 95,748.6
3 151.9~217.5 0.6~28.3 597.8 95,570.8
5 142.4~261.8 0.9~27.4 606.2 103,268.4
7 116.1~237.1 1.8~32.1 599.4 96,267.8
10 95.36~248.2 4.6~39.4 601.0 100,911.8
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Based on the analysis of key factors such as shale reservoir pressure, hydraulic fracturing transformation
extent, and fracture density, conducting infill well fracturing in a target area with a parent well spacing
of 500 m after 5 years of well group production can achieve optimal production results. At this time, the
reservoir pressure has not yet fully depleted, and the fracture distribution and control range are relatively
reasonable, which can optimize production.

5 Conclusions
1. In the study of horizontal well group development in shale gas reservoirs, it is important to consider

the direction of the maximum horizontal principal stress between wells and its variation characteristics.
During the development period, the change in pore pressure between wells is relatively small, with a
reduction of no more than 0.1 MPa. However, the maximum horizontal principal stress among the three
principal stresses decreases significantly, while the changes in the minimum horizontal principal stress
and vertical stress are not substantial. This may lead to a change in the stress state (during parent well
production, the inter-well stress state may shift from a strike-slip to a normal stress state).

2. The reversal time of the horizontal principal stress direction exhibits spatiotemporal dynamic character-
istics, especially at the midpoint between wells and in the fractured zone. As production time increases,
the horizontal principal stress direction is more likely to reverse. By carefully selecting the timing of infill
well fracturing, this characteristic can be utilized to form a complex fracture network while achieving
a larger transformation range, thereby increasing the cumulative gas production.

3. Due to variations in the physical properties of different shale reservoirs, inter-well distances of old
wells, scale of transformation, fracture density, and production regimes, it is challenging to uniformly
determine the timing for infill drilling. It is recommended to consider formation parameters, changes
in formation pressure, and other factors specific to each well area, and to use the optimization methods
discussed in this paper as a reference to select the optimal timing for infill well fracturing.

However, it should be noted that our current study has certain limitations. We have considered natural
fractures in the fracturing model, but the shapes of these fractures are relatively simple, so the simulated
hydraulic fractures resemble simple fractures. This differs from the complex fracture networks that may
form in actual shale hydraulic fracturing. Additionally, in the mechanical model, we have assumed linear
elastic behavior, whereas real shale may exhibit some plasticity. This opens an interesting direction for
future research.
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Lastly, we emphasize that our work primarily focuses on theoretical modeling, but the model parameters
are based on real-world scenarios. As discussed in Section 4, we optimized the infill well fracturing timing
based on the evolution of the in-situ stress and developed a timing optimization template for a given
shale reservoir, which has practical significance. Regarding the application of these findings in real-world
scenarios, we believe more detailed analysis and optimization work are required. From this perspective,
future research can place greater emphasis on the potential impacts of different shale reservoirs and their
inherent variability (such as fracture density and pore pressure), which would broaden the applicability of
this study.
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