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Abstract

Mature thin oil reservoirs remain pivotal to maintaining reserves, sustaining production,
and enhancing profitability due to their substantial annual output and untapped recovery
potential. However, prolonged development leads to compromised fracturing efficacy,
manifesting as severe formation-energy depletion, rapid production decline, and short
effective periods of stimulation measures. Energy-storage fracturing technology addresses
these challenges through fluid-injection energization and imbibition displacement, thereby
replenishing formation energy and mobilizing residual oil. Leveraging a geo-engineering
integrated platform, this study establishes an inverted seven-spot well-pattern energization
model to systematically investigate pore pressure-stress field evolution and dynamic
responses under varying energization parameters, including energy-storage injection rate,
energy-storage volume, and energy-storage sequence. Key findings include: (1) increasing
the energy-storage injection rate from 1.5 m3/min to 3.5 m3/min elevates average pore
pressure by 7.8 MPa, with minimum and maximum horizontal principal stresses increasing
by 1.4 MPa and 1.7 MPa, respectively; (2) raising the energy-storage volume from 2800 m3
to 4200 m® enhances pore pressure by 5.5 MPa, accompanied by 2.5 MPa and 2.6 MPa
increments in minimum and maximum horizontal principal stresses; (3) simultaneous
energizing of all injection wells (1-6) is identified as the optimal injection sequence, yielding
the highest average pore pressure of 40.3 MPa at equivalent monitoring positions within
the well group, with corresponding average minimum and maximum horizontal principal
stresses of 55.3 MPa and 60.3 MPa, respectively. The results provide theoretical and technical
support for optimizing energy-storage fracturing strategies in mature thin oil reservoirs.

Keywords: mature thin oil reservoir; energy-storage fracturing; pore pressure-stress field;
parameter optimization

1. Introduction

Mature thin oil reservoirs exhibit high annual production and serve as a cornerstone
for production stabilization and enhancement in the Xinjiang Oilfield. However, prolonged
development has led to continuous formation pressure depletion, compromised fracturing
efficiency, and widespread challenges, including inadequate fluid supply capacity and low-
yield inefficiency in most production wells [1-7]. Urgent replenishment of formation energy
is required to address imminent production maintenance pressures [8-11]. The group
energy-storage fracturing technology, serving as a pivotal approach for stabilizing and
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boosting production in mature reservoirs, demonstrates significant potential in elevating
formation energy, enhancing imbibition-driven oil displacement, and unlocking residual
oil reserves. This method improves intra-layer and inter-layer development efficiency, with
preliminary field applications yielding tangible success.

Previous studies have demonstrated several application scenarios and technical ad-
vantages of energy-storage fracturing. Zheng Taiyi et al. [12] optimized CO, energy-storage
huff-and-puff parameters for staged-fracturing horizontal wells in tight reservoirs, show-
ing that gas injection can effectively supplement formation energy. Huang Ting et al. [13]
proposed a process combining fracturing-fluid displacement injection and shut-in imbi-
bition for ultra-low-permeability reservoirs, confirming that energy-storage fracturing
can improve reservoir pressure and fracture-network complexity. He Haibin [14] devel-
oped fracture-network energy-enhancing fracturing through staged water injection, which
increased dynamic imbibition efficiency and oil-water displacement efficiency in tight reser-
voirs. Zhang Hongni et al. [15] combined slickwater fracturing fluids with energy-storage
fracturing in triple-low reservoirs to restore formation energy and improve stimulation effec-
tiveness. Xiu Shuzhi et al. [16] further developed a low-damage energy-storage fracturing
fluid system and integrated it with fracture-height control technology for low-permeability
glutenite reservoirs. Overall, existing energy-storage fracturing technologies have mainly
been applied to single-well huff-and-puff, fracturing-fluid system optimization, shut-in
imbibition, and field process testing. These studies highlight the advantages of energy sup-
plementation, enhanced imbibition displacement, improved fracture-network conductivity,
and residual-oil mobilization. However, most previous work has focused on single wells or
local treatment effects, while the pressure-conduction behavior, stress-superposition mech-
anism, and parameter-priority relationships under well-group energy-storage conditions
remain insufficiently quantified.

Despite the effectiveness of energy-storage fracturing in field applications [13,17-21],
the evolutionary characteristics of pore pressure—stress fields under well-group energy-
storage conditions remain inadequately characterized in existing studies [22]. In particular,
previous research has not fully clarified how injection rate, injected fluid volume, and
injection sequence jointly control the spatial expansion of pore pressure and horizontal
principal stress fields in an inverted seven-spot well pattern. Therefore, systematic nu-
merical simulations are required to establish an optimization methodology for well-group
energy-storage fracturing parameters. This study aims to quantify the multi-field coupling
responses of a mature thin oil reservoir and provide theoretical and technical foundations
for subsequent production-stabilization and enhancement strategies in mature oilfields.

Compared with previous studies that mainly addressed single-well huff-and-puff,
fracturing-fluid systems, or field process tests, the present work focuses on the well-group
scale of an inverted seven-spot pattern. The main distinction of this study is that pore
pressure, minimum horizontal principal stress, and maximum horizontal principal stress
are jointly evaluated under three engineering parameters, namely injection rate, energy-
storage volume, and injection sequence. Therefore, this work provides a comparative
framework for identifying parameter-priority relationships and well-group synergistic
energization mechanisms rather than only describing single-well stimulation performance.

2. Model Establishment
2.1. Study Area Overview

Located in Jimsar County, the Bei-83 Well Block occupies the middle section of the
piedmont structural belt. The block has an initial proven reserve of 1.08 million tons
and an oil-bearing area of 1.7 km?. The reservoir thickness ranges from 6 to 19 m, with
an average effective thickness of 6.5 m. Development was initiated using an inverted
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seven-spot well pattern with 300 m well spacing. The peak daily oil production reached
135 t/d, the cumulative oil production reached 217,000 t, and the recovery factor was
18.45%. With continuous production, the elastic energy of the reservoir was gradually
depleted, the liquid-supply capacity of producing wells weakened, and the effective period
of conventional stimulation became shorter. The reservoir deficit volume is estimated to be
33,000-44,000 m?, and the designed energy-storage volume accounts for approximately 10%
of this deficit volume. The reservoir is primarily driven by elastic expansion, with an origi-
nal formation pressure of 38.47 MPa and a pressure coefficient of 1.45. The initial geostress
field is characterized by a minimum horizontal principal stress of approximately 52 MPa in
the geomechanical model, and the maximum horizontal principal stress is higher than the
minimum horizontal stress, indicating a horizontal-stress-dominated stress regime. After
long-term depletion, pressure drawdown around the well group caused a local reduction in
pore pressure and strengthened the mismatch between formation energy and the original
stress state. Petrophysical analysis reveals an average porosity of 21.05% and an average
permeability of 6.82 mD, with strong heterogeneity. Lithologically, the reservoir comprises
73.5% lithic fragments, 18.4% feldspar, and minor quartz. Clay minerals are dominated by
illite/smectite mixed-layer minerals (64.0%), followed by kaolinite (30.4%) and minor illite
(5.6%), which impart moderate water sensitivity. These geological parameters, historical
production data, and energy-deficit characteristics collectively indicate that the Bei-83 well
group is suitable for evaluating well-group energy-storage fracturing.

2.2. Numerical Model and Coupling Method

Based on the geological characteristics of the inverted seven-spot well pattern in the
Bei-83 well block, this study employs a multi-software collaborative modeling approach
to conduct numerical hydraulic-fracturing simulations. Techlog software (v2020) was
first used to standardize logging data and interpret reservoir parameters. The processed
results were then imported into the Petrel numerical simulation platform to establish a
three-dimensional geomechanical model, and an engineering-scale numerical fracturing
model of the inverted seven-spot well pattern was constructed, as illustrated in Figure 1.
A large-scale three-dimensional geological model (2010 m x 2010 m x 140 m) was built
according to reservoir geomechanical properties to reduce boundary effects and ensure
computational accuracy. The model was discretized using a structured hexahedral grid.
Local grid refinement was adopted around injection wells, production wells, and the
main fracture-propagation area, whereas the grid size was gradually enlarged toward
the outer boundaries to balance computational efficiency and numerical accuracy. The
hydraulic boundary was set as a closed boundary on the lateral and bottom surfaces, and
rate-controlled injection was imposed at the injection wells. The geomechanical boundary
conditions included fixed normal displacement on lateral boundaries, fixed vertical dis-
placement at the bottom boundary, and overburden loading on the upper boundary. Initial
pore pressure, minimum horizontal principal stress, and maximum horizontal principal
stress were assigned according to logging interpretation and geomechanical inversion.
The coupled seepage-stress problem was solved using an iterative poroelastic coupling
procedure in which Darcy flow equations and geomechanical equilibrium equations were
updated step by step. Dynamic time stepping was adopted to ensure convergence during
high-rate injection. The principal parameters of the model include an average porosity of
21.05%, average permeability of 6.82 mD, pressure coefficient of 1.45, Young’s modulus of
18 GPa, minimum horizontal principal stress of 52 MPa, and tensile strength of 4.2 MPa.
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Figure 1. Inverted seven-spot hydraulic fracturing numerical model.

The governing seepage-stress coupling framework was further clarified. Fluid flow in
the reservoir was described by mass conservation and Darcy flow [23,24], expressed as

d
7(5’;’) )9 (o) = g @

k
v=—-V )
i p

where ¢ is porosity, p is fluid density, v is Darcy velocity, k is permeability, y is fluid
viscosity, p is pore pressure, and g is the source/sink term.
The mechanical response was governed by the equilibrium equation [24,25]

V-o+b=0 3)
the effective-stress relationship being [24,25]
o =0 —apl 4)

where o is total stress, 0’ is effective stress, « is Biot coefficient, and I is the identity tensor.

The porosity, permeability, pressure coefficient, Young’s modulus, in situ stresses, and
tensile strength were assigned according to logging interpretation, petrophysical analysis,
and geomechanical inversion of the Bei-83 well block. Constant-rate injection was applied
in each simulation case, and the coupled pore-pressure and stress fields were updated
iteratively at each time step until numerical convergence was achieved [26].

Model validation and field-data constraints were further clarified. The model was
constrained by the original formation pressure (38.47 MPa), the recovery factor (18.45%),
cumulative oil production (217,000 t), well spacing (300 m), and the estimated reservoir
energy deficit (33,000-44,000 m®). Because continuous downhole pressure monitoring
and well-by-well flow-rate data were not available for every simulation case, the compari-
son with field performance is qualitative rather than a full history match. The simulated
pressure-replenishment trend is consistent with the observed field requirement for energy
supplementation after long-term production; nevertheless, quantitative validation against
future pressure-gauge and production-dynamic data is still required. Based on the produc-
tion data of individual wells during the initial stage of single-well flowback after energy
storage, a production history fitting for individual wells was conducted (Figure 2). The
results showed that the fitting effect exceeded 90%, further supporting the reliability of
the model.
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Figure 2. Fitting results of liquid extraction rate.

To improve repeatability, three monitoring grids for pressure and stress extraction
were defined. The “equivalent monitoring positions” for extracting the average pore
pressure and the horizontal principal stress were defined at the same relative positions in
all simulation scenarios.

2.3. Simulation Schemes

Building upon the previously established numerical fracturing model of the inverted
seven-spot well pattern, this study adopts the multi-factor orthogonal experimental design
methodology to formulate 22 energy-storage simulation schemes. The work systemati-
cally investigates the evolutionary patterns and dynamic response characteristics of pore
pressure-stress fields under varying energy-storage injection rates (1.5 to 3.5 m3/min),
energy-storage volumes (2800 to 4200 m3), and different injection sequences. The detailed
experimental design is shown in Table 1.

Table 1. Simulation schemes for well-group energy-storage fracturing.

Factors Parameter Selection
energy-storage 2800 3000 3200 3400
volume (m?) (A1) (A2) (A3) (A4)
energy-storage 3600 3800 4000 4200
volume (m?) (A5) (A6) (A7) (A8)
eflrsz%zos;(f;c%e 1.5 1.8 2.0 22
(m?/min) (B1) (B2) (B3) (B4)
eﬁﬁ%ﬁfgﬁe 2.5 2.8 3.0 35
(m3/min) (B5) (B6) (B?) (B8)
energy-storage sequential energizing sequential
sequence (1-2-4-6-5-3) energizing
(1-6-2-5-4-3)
energy-storage sequential energizing simultaneous energizing
sequence (1-4-5-2-6-3) (1~6)
energy-storage sequential sequential
seg };ence & energizing energizing
1 (16-25-43) (12-46-35)
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The injection-rate range of 1.5-3.5 m3/min was selected according to the field pumping
capacity, pressure-control requirements during stimulation, and operational safety margins
for mature thin oil reservoirs. The energy-storage volume range of 2800-4200 m® was
determined by combining the estimated reservoir energy deficit (33,000-44,000 m®) with
the field design principle that the injected energy-storage volume should account for
approximately 10% of the deficit volume. Therefore, the lower limits represent conservative
stimulation conditions, whereas the upper limits represent the maximum field-operational
scale considered acceptable for avoiding excessive pressure build-up and uncontrolled
fracture extension.

3. Analysis of Numerical Simulation Results
3.1. Energy-Storage Injection Rate

The inverted seven-spot well pattern model was configured with an energy-storage
volume of 3600 m3, employing simultaneous energization of injection wells (1~6) under
constant-rate injection. Eight injection rate schemes (1.5 m3/min, 1.8 m?/min, 2.0 m3/min,
2.2 m3/min, 2.5 m3/min, 2.8 m3/min, 3.0 m3/min, and 3.5 m3/min) were implemented
to systematically investigate pore pressure field evolution under varying energy-storage
injection rates. As shown in Figure 3, the average pore pressures at identical monitoring
locations measured 37.7 MPa, 38.9 MPa, 39.9 MPa, 40.5 MPa, 41.7 MPa, 42.8 MPa, 43.1 MPa,
and 45.5 MPa respectively. The results demonstrate that the affected area of the pore
pressure field exhibits a pronounced expansion trend with increasing injection rates. The
peak pressure influence zone propagates from the immediate vicinity of the injection wells
to encompass all regions within the inverted seven-spot well pattern configuration.

Figure 4 presents the pore pressure simulation results of the well group under varying
energy-storage injection rates. Regression analysis of numerical simulation data reveals a
correlation coefficient R = 0.99736 and coefficient of determination R? = 0.99473 between
energy-storage injection rates and pore pressure, exhibiting a statistically significant linear
positive correlation. As the injection rate increases from 1.5 m3/min to 3.5 m3/min, the
average well-group pore pressure rises from 37.7 MPa to 45.5 MPa, yielding a net increase
of 7.8 MPa (20.69% enhancement). Mechanistic analysis indicates that the energization
medium influx velocity at higher injection rates exceeds the diffusion rate from fracture
systems to matrix pores. This disequilibrium induces elevated fluid pressure within
fractures, generating a steep fracture-matrix pressure gradient field. The resultant hydraulic
potential drives imbibition-driven flow from fractures to matrix pores, thereby enhancing
reservoir pore pressure.

In Figure 4, the blue and red data points both represent numerical simulation results
used for linear regression. The two colors are used only to distinguish different parameter-
level groups visually, rather than to represent different data sources such as measured and
simulated values. The fitted line indicates the overall linear relationship between the energy-
storage injection rate and average pore pressure under the same model configuration.

Maintaining identical model configurations and energy-storage parameters (3600 m>
volume, simultaneous energization of injection wells 1~6, constant-rate injection), this
study investigates the evolutionary characteristics of well-group stress fields under con-
trolled energy-storage injection rates (1.5~3.5 m3/min) to reveal the coupling mechanism
between injection rates and stress field dynamics. As shown in Figure 5, the average mini-
mum horizontal principal stresses at equivalent monitoring positions measure 54.8 MPa,
55.0 MPa, 55.2 MPa, 55.3 MPa, 55.5 MPa, 55.7 MPa, 55.8 MPa, and 56.2 MPa, correspond-
ing to injection rates of 1.5 m3/min, 1.8 m3/min, 2.0 m3/min, 2.2 m3/min, 2.5 m3/min,
2.8 m3/min, 3.0 m3/min, and 3.5 m3/min, respectively. The results demonstrate that the
spatial propagation patterns of the minimum horizontal principal stress field exhibit charac-
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teristics analogous to those observed in pore pressure fields under identical energy-storage
conditions. Increasing injection rates induce a significant expansion of the stress-affected
zone. Notably, at 2.2 m®/min, the peak stress influence transitions from localized regions
near injection wells to fully saturate the inverted seven-spot well network.
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Figure 3. The pore pressure fields of the well group under different energy-storage injection rates.
(a) The pore pressures with energy-storage injection rates of 1.5 m3/min and 1.8 m3/min; (b) The pore
pressures with energy-storage injection rates of 2 m?3/min and 2.2 m3/min; (c) The pore pressures
with energy-storage injection rates of 2.5 m®/min and 2.8 m3/min; (d) The pore pressures with
energy-storage injection rates of 3 m3/min and 3.5 m3/min.
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Figure 4. Simulation results of pore pressure in the well group under different energy-storage
injection rates.
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(a) The minimum horizontal principal stresses with
energy-storage injection rates of 1.5 m®min and 1.8
m3/min

Min Horizontal

Stress Pressure
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energy-storage injection rates of 2 m¥min and 2.2

m3/min
Min Horizontal
Stress Pressure
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e
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(c) The minimum horizontal principal stresses with
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53.2
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(d) The minimum horizontal principal stresses with
energy-storage injection rates of 3 m%min and 3.5

m3/min
Figure 5. The well group’s minimum horizontal principal stress fields under different energy-storage
injection rates. (a) The minimum horizontal principal stresses with energy-storage injection rates of
1.5 m®/min and 1.8 m3/min; (b) The minimum horizontal principal stresses with energy-storage
injection rates of 2 m3/min and 2.2 m®/min; (c) The minimum horizontal principal stresses with
energy-storage injection rates of 2.5 m3/min and 2.8 m?/min; (d) The minimum horizontal principal
stresses with energy-storage injection rates of 3 m®/min and 3.5 m3/min.
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The simulated minimum horizontal principal stresses of the well group under varying
energy-storage injection rates are presented in Figure 6. Linear regression analysis of the
average minimum horizontal principal stress yields a correlation coefficient R = 0.99846
and a coefficient of determination R? = 0.99692, demonstrating a statistically significant
linear positive correlation between injection rates and stress evolution. Increasing the
injection rate from 1.5 m®/min to 3.5 m3/min elevates the minimum horizontal princi-
pal stress from 54.8 MPa to 56.2 MPa, corresponding to a net stress increase of 1.4 MPa
(2.55% enhancement). Mechanistic quantification reveals a linear sensitivity coefficient
of 0.7 MPa per 1 m?3/min increment in injection rate. Notably, the stress field exhibits
significantly lower sensitivity to injection rate variations than the pore pressure field.
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[ Correlation coefficient (R)=0.99846
Coefficient of determination (R*)=0.99692

73 73 73 o o
a n 4 n n
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T
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Energy-storage injection rates/m*/min

n
=
EN

Figure 6. Simulation results of the minimum horizontal principal stresses in the well group under
different energy-storage injection rates.

Under identical energy storage volume, energy-storage sequence, and constant-rate
injection conditions, this study investigates the dynamic response characteristics of the
injection rate versus the maximum horizontal principal stress field. Figure 7 illustrates
the maximum horizontal principal stress variations in well groups under different energy-
storage injection rates. When energy-storage injection rate increases progressively from
1.5 m3/min, 1.8 m3/min, 2.0 m3/min, 2.2 m3/min, 2.5 m3/min, 2.8 m3/min, 3.0 m3/min,
and 3.5 m3/min, the average maximum horizontal principal stresses at equivalent locations
within the well groups measure 59.9 MPa, 60.2 MPa, 60.4 MPa, 60.5 MPa, 60.8 MPa, 61 MPa,
61.2 MPa, and 61.6 MPa, respectively. Analysis reveals a pronounced synergistic effect
between the disturbance range of the maximum horizontal principal stress field and the
evolution patterns of the pore pressure field and the minimum horizontal principal stress
field in the well groups. The affected area of the maximum horizontal principal stress field
demonstrates significant expansion with increasing energy-storage injection rates. Notably,
at an injection rate of 2.8 m?/min, the peak influence range of the maximum horizontal
principal stress extends from the vicinity of injection wells to encompass all regions within
the inverted seven-spot well pattern.

The simulated maximum horizontal principal stresses of the well group under varying
energy-storage injection rates are presented in Figure 8. Linear regression analysis of the av-
erage maximum horizontal principal stress yields a correlation coefficient R = 0.99884 and a
coefficient of determination R% = 0.99748, indicating a statistically significant, linear, positive
correlation between injection rates and stress evolution. When the energy-storage injection
rate increases from 1.5 m>/min to 3.5 m®/min, the maximum horizontal principal stress
rises from 59.9 MPa to 61.6 MPa, corresponding to a net increase of 1.7 MPa (2.83% enhance-
ment). The stress sensitivity coefficient is quantified as 0.8 MPa per 1 m?/min increment
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in injection rate. These results are closely aligned with the observed effects of energy-
storage injection rates on the minimum horizontal principal stress field, demonstrating that
the minimum and maximum horizontal principal stress fields respond synchronously to
injection rate variations.
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(a) The maximum horizontal principal stresses with
energy-storage injection rates of 1.5 m¥min and 1.8
m3/min
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(b) The maximum horizontal principal stresses with
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m3/min
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59.5
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(c) The maximum horizontal principal stresses with
energy-storage injection rates of 2.5 m¥min and 2.8
m3/min
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—-60.2
—-60.0
- 59.7

59.5
59.2
59.0

58.7

(d) The maximum horizontal principal stresses with
energy-storage injection rates of 3 m’/min and 3.5
m3/min

Figure 7. The well group’s maximum horizontal principal stress fields under different energy-storage
injection rates. (a) The maximum horizontal principal stresses with energy-storage injection rates of
1.5 m®/min and 1.8 m3/min; (b) The maximum horizontal principal stresses with energy-storage
injection rates of 2 m®/min and 2.2 m3/min; (c) The maximum horizontal principal stresses with
energy-storage injection rates of 2.5 m3/min and 2.8 m3/min; (d) The maximum horizontal principal
stresses with energy-storage injection rates of 3 m®/min and 3.5 m3/min.
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Figure 8. Simulation results of the maximum horizontal principal stresses in the well group under
different energy-storage injection rates.

3.2. Energy-Storage Volume

With an energy-storage injection rate of 2 m®/min and simultaneous energization of
injection wells (1~6) under constant-rate injection, simulations were conducted at energy-
storage volumes of 2800 m?, 3000 m3, 3200 m?, 3400 m?, 3600 m?, 3800 m3, 4000 m3,
and 4200 m3. This study systematically investigates pore pressure field evolution under
varying energy-storage volumes and utilizes the inverted seven-spot well pattern fracturing
model. The pore pressures of the well group under varying energy-storage volumes are
illustrated in Figure 9. The average pore pressures at equivalent monitoring positions
measure 37.5 MPa, 38.2 MPa, 39.1 MPa, 39.7 MPa, 40.4 MPa, 41.3 MPa, 42.3 MPa, and
43.0 MPa, respectively. Increasing the energy-storage volume significantly expands the
influence domain of the well group’s pore pressure stress field. The peak pore pressure
propagation evolves from localized regions near injection wells to fully saturate the entire
internal area of the well network.

The simulated pore pressure results of the well group under varying energy-storage
volumes are presented in Figure 10. Regression analysis of the numerical simulation data
yields a correlation coefficient R = 0.9984 and a coefficient of determination R? = 0.9968,
demonstrating a strong linear positive correlation between energy-storage volume and
pore pressure. Increasing the energy-storage volume from 2800 m? to 4200 m? elevates
the average well-group pore pressure from 37.5 MPa to 43.0 MPa, corresponding to a net
increase of 5.5 MPa (14.67% enhancement). The pressure sensitivity coefficient is quantified
as 0.8 MPa per 200 m? increment in energy-storage volume. Analytical results based on
Biot’s poroelastic theory demonstrate that reservoir pressure is jointly sustained by the rock
matrix and pore fluids. With increasing injection volume of the energy-storage medium,
the effective stress borne by the rock matrix is significantly reduced, leading to a marked
enhancement in the reservoir’s pore pressure.

Maintaining the aforementioned model configuration and energy-storage parameters,
this study investigates the evolutionary characteristics of the well-group stress field un-
der fine-tuned energy-storage volumes, systematically revealing the coupling mechanism
between energy-storage volume and stress field dynamics. As shown in Figure 11, the
average minimum horizontal principal stresses at equivalent monitoring positions measure
54.1 MPa, 54.4 MPa, 54.8 MPa, 55.2 MPa, 55.5 MPa, 55.9 MPa, 56.3 MPa, and 56.6 MPa,
corresponding to energy-storage volumes of 2800 m?, 3000 m?, 3200 m3, 3400 m?, 3600 m?,
3800 m3, 4000 m?, and 4200 m?, respectively. The propagation patterns of the minimum
horizontal principal stress field exhibit consistent trends with those observed in pore pres-
sure field evolution. Increasing the energy-storage volume induces a significant expansion
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of the stress-affected domain, with the peak stress influence zone progressively extending
from the vicinity of the injection wells to encompass the interior regions of the inverted

seven-spot well pattern.
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(a) The pore pressures with energy-storage volumes of
2800 m3 and 3000 m3

Pore pressure

MPa
| e
37.5

—35.0
32.5
30.0
27.5
25.0
225
20.0
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Figure 9. The pore pressure fields of the well group under different energy-storage volumes. (a) The
pore pressures with energy-storage volumes of 2800 m3 and 3000 m?; (b) The pore pressures with

energy-storage volumes of 3200 m3 and 3400 m?; (c) The pore pressures with energy-storage volumes

of 3600 m and 3800 m3; (d) The pore pressures with energy-storage volumes of 4000 m> and 4200 m?.
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Figure 10. Simulation results of the pore pressure in the well group under different energy-
storage volumes.
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Figure 11. The minimum horizontal principal stress fields of the well group under different energy-
storage volumes. (a) The minimum horizontal principal stresses with energy-storage volumes of
2800 m3 and 3000 m; (b) The minimum horizontal principal stresses with energy-storage volumes of
3200 m® and 3400 m?; () The minimum horizontal principal stresses with energy-storage volumes of
3600 m> and 3800 m3; (d) The minimum horizontal principal stresses with energy-storage volumes of
4000 m® and 4200 m®.
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The simulated minimum horizontal principal stresses of the well group under varying
energy-storage volumes are presented in Figure 12. Linear regression analysis of the
average minimum horizontal principal stress yields a correlation coefficient R = 0.99942 and
a coefficient of determination R? = 0.99885, demonstrating a statistically significant linear
positive correlation between energy-storage volume and stress evolution. Increasing the
energy-storage volume from 2800 m? to 4200 m? elevates the average minimum horizontal
principal stress from 54.1 MPa to 56.6 MPa, corresponding to a net stress increase of 2.5 MPa
(4.62% enhancement). The stress gradient sensitivity is quantified as 0.36 MPa per 200 m?
increment in energy-storage volume. Notably, the minimum horizontal principal stress field
exhibits lower sensitivity to energy-storage volume variations than the pore pressure field.
This comparative analysis reveals analogous response characteristics between the pore
pressure-minimum horizontal stress fields and the energy-storage volume, consistent with
the previously observed coupling behavior under energy-storage injection rate variations.
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Figure 12. Simulation results of the minimum horizontal principal stresses in the well group under
different energy-storage volumes.

Under identical energy-storage volume, energy-storage sequence, and constant-rate
injection conditions, this study further investigates the synergistic response mechanism
of the maximum horizontal principal stress to energy-storage volume variations. The
maximum horizontal principal stresses of the well group under varying energy-storage
volumes are presented in Figure 13. The average maximum horizontal principal stresses
at equivalent monitoring positions measure 59.0 MPa, 59.3 MPa, 59.8 MPa, 60.3 MPa,
60.6 MPa, 60.8 MPa, 61.3 MPa, and 61.6 MPa, corresponding to energy-storage volumes of
2800 m?, 3000 m3, 3200 m?, 3400 m?, 3600 m?, 3800 m3, 4000 m?, and 4200 m?, respectively.
The results reveal that the propagation range of the maximum horizontal principal stress
field significantly exceeds that of both the pore pressure field and the minimum horizontal
principal stress field. As the energy-storage volume increases, the influence zone of the
peak maximum horizontal principal stress progressively expands from localized areas
near injection wells to fully encompass all internal regions of the inverted seven-spot
well pattern.

The simulated maximum horizontal principal stresses of the well group under varying
energy-storage volumes are presented in Figure 14. Regression analysis of the average
maximum horizontal principal stress yields a correlation coefficient R = 0.99558 and a
coefficient of determination R? = 0.99119, demonstrating a statistically significant linear
positive correlation between energy-storage volume and stress evolution. Increasing the
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energy-storage volume from 2800 m? to 4200 m? elevates the maximum horizontal princi-
pal stress from 59.0 MPa to 61.6 MPa, corresponding to a net increase of 2.6 MPa (4.41%
enhancement). The stress sensitivity coefficient is quantified as 0.36 MPa per 200 m? incre-
ment in energy-storage volume. Analytical results indicate that the response characteristics
of the minimum and maximum horizontal principal stress fields to energy-storage volume
variations are consistent with each other; however, both exhibit lower sensitivity compared
to the pore pressure field.
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Figure 13. The maximum horizontal principal stress fields of the well group under different energy-
storage volumes. (a) The maximum horizontal principal stresses with energy-storage volumes of
2800 m3 and 3000 m3; (b) The maximum horizontal principal stresses with energy-storage volumes of
3200 m® and 3400 m?; (c) The maximum horizontal principal stresses with energy-storage volumes of
3600 m> and 3800 m?; (d) The maximum horizontal principal stresses with energy-storage volumes
of 4000 m? and 4200 m*.
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Figure 14. Simulation results of the maximum horizontal principal stresses in the well group under
different energy-storage volumes.

3.3. Energy-Storage Sequences

The inverted seven-spot well pattern model was configured with an energy-storage in-
jection rate of 2 m®/min and a total energy-storage volume of 3600 m3. Using constant-rate
injection, simulations were conducted using six distinct energization sequences: simultane-
ous energizing of injection wells (1~6), sequential energizing of injection wells (1-6-2-5-4-3),
sequential energizing of injection wells (1-4-5-2-6-3), sequential energizing of injection wells
(1-2-4-6-5-3), sequential energizing of injection wells (16-25-43), and sequential energizing
of injection wells (12-46-53). As shown in Figure 15, the average pore pressures of the
well group under sequential energizing sequences (1-2-4-6-5-3), (1-6-2-5-4-3), (1-4-5-2-6-3),
(16-25-43), and (12-46-53) were 33.9 MPa, 34.1 MPa, 34.0 MPa, 36.4 MPa, and 35.1 MPa, re-
spectively. In contrast, with simultaneous energization of injection wells (1~6), the average
pore pressure at equivalent monitoring positions reached 40.3 MPa.

The analysis reveals distinct spatial distributions of pore pressure fields under different
energization sequences. Under single-well sequential energization, the sequences (1-2-4-6-
5-3), (1-6-2-5-4-3), and (1-4-5-2-6-3) yield similar pressure-field patterns, with average pore
pressures of 33.9 MPa, 34.1 MPa, and 34.0 MPa, respectively. Because each well is energized
at a different time, early-injected pressure has sufficient time to dissipate into the matrix and
surrounding area before later wells begin injection; therefore, the pressure-conduction time
effect weakens the final pressure accumulation in the well group. Under dual-well synchro-
nized sequential energization, the average pore pressures increase to 36.4 MPa for (16-25-43)
and 35.1 MPa for (12-46-53), indicating that simultaneous operation of two wells shortens
the time lag between adjacent pressure fronts and enhances local pressure superposition.
The sequence (16-25-43) presents a more elliptical pressure distribution because paired
wells located on opposite sides generate more directional pressure interference. Under
full-well simultaneous energization (1~6), pressure fronts from all injection wells overlap
within the same injection period, producing the strongest pressure superposition effect and
the largest affected area; consequently, the average pore pressure reaches 40.3 MPa, which
is 3.9 MPa higher than the best dual-well synchronized sequence and 6.2-6.4 MPa higher
than the single-well sequential modes.
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Figure 15. The pore pressure fields of the well group under different energy-storage sequences.
(a) The pore pressures with simultaneous energizing of injection wells (1~6) and sequential energizing
of injection wells (1-2-4-6-5-3); (b) The pore pressures with simultaneous energizing of injection wells
(1-6-2-5-4-3) and sequential energizing of injection wells (16-25-43); (c) The pore pressures with
simultaneous energizing of injection wells (1-4-5-2-6-3) and sequential energizing of injection wells
(12-46-53).

Building upon the preceding results, this study investigates the evolutionary patterns
of the minimum horizontal principal stress field under varying energization sequences,
using an inverted seven-spot well pattern model with a constant energy-storage injection
rate, energy-storage volume, and constant-rate injection. As shown in Figure 16, the average
maximum horizontal principal stresses of the well group under sequential energizing
sequences (1-2-4-6-5-3), (1-6-2-5-4-3), (1-4-5-2-6-3), (16-25-43), and (12-46-53) were 54.1 MPa,
54.1 MPa, 54.1 MPa, 54.6 MPa, and 54.3 MPa. In contrast, with simultaneous energization
of injection wells (1~6), the average minimum horizontal principal stress at equivalent
monitoring positions reached 55.3 MPa.
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Figure 16. The minimum horizontal principal stress fields of the well group under different energy-
storage sequences. (a) The minimum horizontal principal stresses with simultaneous energizing
of injection wells (1~6) and sequential energizing of injection wells (1-2-4-6-5-3); (b) The minimum
horizontal principal stresses with simultaneous energizing of injection wells (1-6-2-5-4-3) and se-
quential energizing of injection wells (16-25-43); (c¢) The minimum horizontal principal stresses
with simultaneous energizing of injection wells (1-4-5-2-6-3) and sequential energizing of injection
wells (12-46-53).

The analysis reveals significant variations in the influenced domains of the minimum
horizontal principal stress field under different energization sequences. Under single-well
sequential energization, the influenced domains are similar because stress perturbations
generated by early-injected wells partially relax before subsequent wells are energized,
leading to limited stress accumulation. Under dual-well synchronized sequential energiza-
tion, the minimum horizontal principal stress increases moderately because two adjacent or
opposite wells are pressurized at the same time, which enhances stress interference between
paired injection wells. The average minimum horizontal principal stress reaches 54.6 MPa
for sequence (16-25-43), higher than the single-well sequential modes. Under full-well
simultaneous energization (1~6), the stress perturbations generated by all injection wells
overlap in both time and space, producing the strongest stress-superposition effect. The
average minimum horizontal principal stress reaches 55.3 MPa, which is 0.7 MPa higher
than the best dual-well synchronized sequence and approximately 1.2 MPa higher than
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the single-well sequential modes. These results demonstrate that the minimum horizontal
principal stress response is controlled by both pressure-conduction timing and stress-field
superposition.

Similarly, this study systematically investigates the evolutionary patterns of the maxi-
mum horizontal principal stress field under varying energization sequences, revealing the
operational control mechanisms governing stress field modulation. As shown in Figure 17,
the average maximum horizontal principal stresses of the well group under sequential
energizing sequences (1-2-4-6-5-3), (1-6-2-5-4-3), (1-4-5-2-6-3), (16-25-43), and (12-46-53)
were 59.2 MPa, 59.3 MPa, 59.2 MPa, 59.7 MPa, and 59.4 MPa, respectively. In contrast,
with simultaneous energization of injection wells (1~6), the average maximum horizontal
principal stress at equivalent monitoring positions reached 60.3 MPa.
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Figure 17. The maximum horizontal principal stress fields of the well group under different energy-
storage sequences. (a) The maximum horizontal principal stresses with simultaneous energizing
of injection wells (1~6) and sequential energizing of injection wells (1-2-4-6-5-3); (b) The maximum
horizontal principal stresses with simultaneous energizing of injection wells (1-6-2-5-4-3) and se-
quential energizing of injection wells (16-25-43); (c) The maximum horizontal principal stresses
with simultaneous energizing of injection wells (1-4-5-2-6-3) and sequential energizing of injection
wells (12-46-53).
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The analysis reveals significant variations in the influenced domains of the maximum
horizontal principal stress field under different energization sequences. Under single-
well sequential energization, the average maximum horizontal principal stress varies
only slightly among sequences (1-2-4-6-5-3), (1-6-2-5-4-3), and (1-4-5-2-6-3), with values of
59.2 MPa, 59.3 MPa, and 59.2 MPa, respectively. This small difference indicates that the long
time interval between single-well injections weakens the cumulative stress response. Under
dual-well synchronized sequential energization, the average maximum horizontal principal
stress increases to 59.7 MPa for (16-25-43) and 59.4 MPa for (12-46-53). The improvement
is attributed to the simultaneous pressure loading of paired wells, which enhances stress
interference and expands the affected domain. Under full-well simultaneous energization
(1~6), the highest average maximum horizontal principal stress of 60.3 MPa is observed
at equivalent monitoring positions. This value is 0.6 MPa higher than the best dual-well
synchronized sequence and 1.0-1.1 MPa higher than the single-well sequential modes.
Therefore, compared with single-well sequential injection and dual-well synchronized
injection, full-well simultaneous energization produces the strongest maximum horizontal
stress superposition and the most continuous stress-affected zone within the inverted
seven-spot well pattern.

3.4. Comparative Sensitivity of Energy-Storage Parameters

To clarify the priority of field parameter optimization, the sensitivities of injection rate,
energy-storage volume, and injection sequence were compared horizontally based on the
calculated response coefficients. For the pressure field, the injection rate shows the highest
continuous-variable sensitivity, with an increase of 3.90 MPa per 1 m?®/min, followed by
energy-storage volume, with an increase of approximately 0.79 MPa per 200 m3. The
injection sequence mainly affects pressure accumulation through temporal superposition:
full-well simultaneous energization increases average pore pressure by 3.9 MPa compared
with the best dual-well synchronized sequence and by more than 6.0 MPa compared with
single-well sequential modes.

For the stress field, energy-storage volume has a stronger effect than injection rate on
both minimum and maximum horizontal principal stresses when evaluated over the full
tested range. Increasing the energy-storage volume from 2800 m? to 4200 m? increases the
minimum and maximum horizontal principal stresses by 2.5 MPa and 2.6 MPa, respectively,
whereas increasing the injection rate from 1.5 m3/min to 3.5 m3/min increases them
by 1.4 MPa and 1.7 MPa, respectively. The injection sequence provides an additional
stress-superposition gain, with the full-well simultaneous mode increasing the minimum
and maximum horizontal principal stresses by 0.7 MPa and 0.6 MPa relative to the best
dual-well synchronized sequence. Therefore, field optimization should prioritize the
injection sequence for rapid well-group pressure build-up, then optimize the injection rate
to improve pore-pressure response, and finally refine energy-storage volume according to
cost, water-cut risk, and stress-control requirements.

4. Discussion

In summary, variations in the energy-storage injection rate, energy-storage volume,
and energy-storage sequence significantly influence the coupled evolution of pore pressure—
stress fields within the well group. In terms of injection-rate effects, high-rate energization
induces a pressure-confinement effect within fractures, generating steep pressure-gradient
fields that elevate intra-fracture fluid pressure. This hydraulic potential drives imbibition-
dominated flow of the energization medium from fractures to matrix pores, thereby ex-
panding the swept volume within the reservoir. The pressure-field sensitivity to injection
rate reaches 3.90 MPa per 1 m3/min, which is higher than the stress-field sensitivities
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of 0.70-0.85 MPa per 1 m®/min. Therefore, injection rate is a key parameter for rapid
pore-pressure build-up. However, practical field operations require prudent optimization
of the injection rate to mitigate operational risks associated with excessive rates, including
fracture-network instability, pressure channeling, and unintended fluid migration.

It should be noted that the high coefficients of determination (R? > 0.99) reflect the
monotonic responses obtained within the selected parameter ranges under a fixed geologi-
cal model, grid configuration, and time-stepping strategy. They should not be interpreted
as universal statistical relationships independent of model assumptions. The linearity is
partly associated with the controlled single-factor simulation design, the prescribed range
of injection rate and injected volume, and the deterministic representation of reservoir prop-
erties. Therefore, the regression results are mainly used to compare the relative sensitivity
of engineering parameters rather than to provide field-scale probabilistic prediction.

The present simulation results are deterministic values, and confidence intervals were
not calculated because sufficient stochastic realizations of porosity, permeability, and ge-
omechanical parameters were not available. The geological model includes heterogeneity
through the interpreted porosity and permeability distributions, but the coefficient of
variation of these properties was not explicitly quantified in the available dataset. As a
preliminary sensitivity assessment, this study focuses on three operational parameters:
injection rate, energy-storage volume, and injection sequence. Future work should incor-
porate multiple geological realizations or Monte Carlo sampling of permeability, porosity,
elastic modulus, and in-situ stress to quantify uncertainty envelopes for pore pressure and
stress responses.

The pressure-confinement and imbibition-dominated flow mechanisms were further
quantified using the simulated pressure increments and the 300 m well spacing. For exam-
ple, increasing the injection rate from 1.5 to 3.5 m3/min raises the average pore pressure by
7.8 MPa, corresponding to an apparent well-group pressure-gradient increment of approxi-
mately 0.026 MPa/m. Increasing the energy-storage volume from 2800 to 4200 m? produces
a 5.5 MPa pressure increase, equivalent to approximately 0.018 MPa/m. Under different
injection sequences, full-well synchronous energization produces a stronger pressure-front
overlap than single-well sequential energization and dual-well synchronous energization,
which explains its higher pore-pressure recovery and stronger stress superposition.

The internal mechanism can be interpreted from three aspects. First, increasing the
injection rate strengthens the fracture-matrix pressure gradient and accelerates pressure
propagation, so it has the most direct influence on rapid pore-pressure build-up. Second,
increasing the injected volume extends the duration and spatial range of pore-fluid support,
reduces the effective stress borne by the rock skeleton, and thus produces a stronger
full-range stress response. Third, changing the injection sequence alters the temporal
overlap of pressure fronts and stress perturbations among wells. Full-well simultaneous
energization maximizes pressure-front overlap and stress-field superposition, whereas
single-well sequential energization allows early pressure disturbances to dissipate before
later injection starts. These mechanisms explain why the three engineering parameters
show different sensitivities in the pore-pressure and stress-field responses.

Potential negative effects should also be considered during field implementation.
Excessive injection rate or excessive energy-storage volume may increase the risk of un-
controlled fracture reorientation, excessive fracture-height growth, proppant migration
or embedment, and leakage into neighboring layers. Consequently, although full-well
synchronous energization is optimal for pressure recovery in the simulated cases, field
application should combine pressure monitoring, fracture-height control, and stepwise
injection optimization to avoid over-pressurization.
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Recent studies on real-time monitoring systems in oil-processing equipment also em-
phasize that dense field measurements can improve diagnosis and model verification [27].
This further supports the need to combine numerical simulation with field pressure moni-
toring and production-dynamic feedback in future energy-storage fracturing design.

Regarding the impact of energy-storage volume on pore pressure-stress field evolution,
the substantial injection of energization medium into the reservoir effectively replenishes
the formation-energy deficit caused by prolonged production. Compared with lower
energy-storage volumes, higher volumes enhance imbibition of fracturing fluid into matrix
pores. This phenomenon arises from the dual pressure-bearing mechanism of reservoirs, in
which stress is shared by the rock matrix and pore fluids. As the injected volume increases,
the effective stress borne by the rock matrix decreases, whereas pore-fluid pressure rises,
expanding the influenced domains of pore pressure—stress fields from localized near-
well areas to the entire well network. The sensitivity comparison shows that energy-
storage volume produces a stronger full-range increase in the horizontal principal stresses
than injection rate, indicating that volume design is particularly important for stress-field
adjustment and sustained energy replenishment. Nevertheless, excessive energy-storage
volumes may increase flowback water cut and operating costs.

Regarding the influence of energy-storage sequences on pore pressure-stress field
evolution, the differences among single-well sequential injection, dual-well synchronized
injection, and full-well simultaneous injection are governed by two mechanisms: pressure-
conduction time effects and stress-superposition effects. Single-well sequential injection
has the longest time lag, so pressure from early-injected wells dissipates before later wells
are energized, resulting in weak pressure accumulation. Dual-well synchronized injection
shortens the time lag and strengthens local superposition between paired wells, improving
both pressure and stress responses. Full-well simultaneous injection generates overlapping
pressure fronts and synchronous stress perturbations across the entire well group, resulting
in the highest average pore pressure and horizontal principal stresses. Therefore, injection
sequence should be treated as the primary operational parameter for well-group synergistic
energization, while injection rate and energy-storage volume should be jointly optimized
according to pressure response, stress-control demand, and operational risk.

5. Conclusions

Through a comprehensive investigation of multi-field coupling evolution charac-
teristics under group energy-storage fracturing in mature thin oil reservoirs, this study
elucidates the influence of energy-storage injection rates, energy-storage volumes, and
energy-storage sequences on pore pressure—stress fields. Key conclusions are summarized
as follows:

(1) A statistically significant linear positive correlation exists between energy-storage
injection rates and the coupled pore pressure—stress field evolution. When energy-
storage injection rates were increased from 1.5 m?/min to 3.5 m3/min, the average
pore pressure at equivalent monitoring positions rose by 7.8 MPa (20.69% enhance-
ment), while the minimum and maximum horizontal principal stresses increased by
1.4 MPa (2.55%) and 1.7 MPa (2.83%), respectively. This trend was accompanied by a
progressive expansion of the influenced domains for both pore pressure and stress
fields, with propagation ranges transitioning from localized near-well regions to full
well-network coverage.

(2) A statistically significant linear positive correlation is observed between energy-
storage volumes and the coupled evolution of pore pressure-stress fields. Increasing
the energy-storage volume from 2800 m to 4200 m? elevates the average pore pressure
at equivalent monitoring positions by 5.5 MPa (14.67% enhancement), while the
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minimum and maximum horizontal principal stresses increase by 2.5 MPa (4.62%)
and 2.6 MPa (4.41%), respectively. This volumetric dependency is accompanied by a
progressive expansion of the influenced domains for both pore pressure and stress
fields, with propagation ranges transitioning from localized near-well regions to full
coverage of the inverted seven-spot well network.

(8) Energy-storage sequence significantly controls the coupled pore pressure-stress re-
sponse of the well group. Among the tested schemes, simultaneous energization of
injection wells (1-6) produced the strongest pressure-front overlap and stress-field
superposition, yielding the highest average pore pressure of 40.3 MPa, minimum
horizontal principal stress of 55.3 MPa, and maximum horizontal principal stress of
60.3 MPa at equivalent monitoring positions. Therefore, full-well simultaneous ener-
gization is the preferred operational mode for rapid well-group energy replenishment.

(4) The present work provides deterministic parameter-optimization results. The reli-
ability of the regression relationships and the influence of reservoir heterogeneity
should be further evaluated using field pressure data, production history matching,
high-resolution monitoring-point data, and stochastic geological realizations.
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