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ABSTRACT

Accurate prediction of stress evolution induced by production pressure depletion after hydraulic frac-
turing is essential for efficient development of stacked continental shale reservoirs. This study estab-
lishes a three-dimensional stress sensitivity and flow coupling framework to characterize intra-layer
and interlayer stress evolution during shale oil development. A 3D discrete fracture network (DFN)
integrating hydraulic and natural fractures was reconstructed from microseismic data obtained during
multi-layer fracturing. Based on this, a stress sensitivity model for interbedded sandstone-shale res-
ervoirs and a V-shaped well layout flow model was developed to simulate single-layer (three-well) and
three-layer (nine-well) production scenarios. The reconstructed fracture network revealed that hy-
draulic fractures propagate laterally away from the zipper fracturing side and vertically upward toward
low-pressure zones. During multi-layer development on Platform H, fracture intersections between the
middle and adjacent layers produced 0-3 MPa pore pressure interference under different production
schedules, indicating the need for optimized inter-well and interlayer spacing. Sandstone layers, char-
acterized by higher permeability and porosity, exhibited a greater increase in horizontal stress differ-
ence (2.61 MPa) than shale layers (<0.5 MPa). Stress reorientation angles ranged from 5° to 38° in shale
and from 16° to 64° in sandstone layers. These results demonstrate that well spacing should be larger in
sandstone layers, whereas infill drilling is more suitable within shale intervals. The proposed modeling
and analysis approach provides a theoretical and technical basis for optimizing well pattern deployment
and maximizing energy utilization in shale oil reservoir development.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).

1. Introduction

low-permeability formations, significantly enhance shale resource
utilization and recovery while also reducing operational costs,

Oilfield development practices in shale oil and gas plays such as
Eagle Ford and Bakken in North America, as well as Fuling and
Changning-Weiyuan in China, have demonstrated that hydraulic
fracturing technology is evolving from single-layer multi-well
volumetric fracturing to stereoscopic fracturing (Patel et al., 2016;
Sun et al.,, 2023). Stereoscopic fracturing can effectively stimulate
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shortening construction cycles, improving equipment utilization,
and minimizing land use (Barbosa et al., 2025). By deploying
multiple horizontal wells within a single well pad and simulta-
neously developing multiple reservoir layers, petroleum engineers
can maximize the areal coverage of well patterns (Zhang et al.,
2022). Typically, a single pad involves 2 to 5 stacked layers with
16 to 65 wells. For example, the Wolfcamp shale, with an average
thickness of approximately 350 m, is commonly developed using
V- and W-shaped well trajectories with same-layer well spacing of
about 200 m and interlayer spacing of 100 m, enabling efficient
three-layer development (Zhang et al., 2025a).

Wood et al. (2018), Ajisafe et al. (2017), and Guo et al. (2025)
reported that the lateral migration distance of proppant in
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List of symbols

DFN Discrete fracture network

DFM Discrete fracture model

DBSCAN Density-based spatial clustering of applications with
noise

RANSAC Random sample consensus

SRV Stimulated reservoir volume

LGR Local grid refinement

DOFs Degrees of freedom

Constant a Seismicity parameter, representing the level of
seismic activity

b-value  Proportional coefficient in the magnitude—frequency
relationship

M Earthquake magnitude

N Frequency of events with magnitude greater than M

Gij Stress component.

&jj Strain component

EKk Volumetric strain of the rock

Sij Kronecker delta, which is equals to 1 when i=j and
0 when i#j

G Shear modulus

K Bulk modulus

a Biot coefficient

p Pore pressure

Di Partial derivative of pore pressure p with respect to
the i-direction

Ui Partial derivative of the displacement component u;
with respect to the j-direction

uj; Partial derivative of the displacement component u;
with respect to the i-direction

fi Component of the body force in the i-direction

Gijj Partial derivative of the stress component o; with
respect to the j-direction

ujji Second-order partial derivative of the displacement
component u; with respect to j- and i-directions

Ujjj Second-order partial derivative of the displacement
component u; with respect to j-direction

¢m Matrix porosity

p Fluid density

u Flow velocity vector

Qm Source term

km Matrix permeability

u Fluid viscosity

g Gravitational acceleration

ey Volumetric strain

t Production time

Sm Total compressibility of the rock

7L Compressibility coefficients of the fluid

Xm Compressibility coefficients of the solid

Xt Compressibility coefficients of the fracture

ds Fracture aperture

VT Tangential gradient operator along the fracture

ke Fracture permeability

Qf Source term in the fracture

bss Porosity of sandstone

Psso Initial porosity of sandstone

Ass Effective stress coefficient of sandstone

Evss Volumetric strain of sandstone

Kss Permeability of sandstone

Ksso Initial permeability of sandstone

os Porosity of shale

) Initial porosity of shale

as Effective stress coefficient of shale

Evs Volumetric strain of shale

ks Permeability of shale

kso Initial permeability of shale

dry Initial fracture aperture

Dr Fluid pressure inside the fracture

Pro Initial fluid pressure inside the fracture

SHmax Maximum horizontal in situ stress

Shmin Minimum horizontal in situ stress

SHmax—Shmin Horizontal stress difference

Sv Overburden in situ stress

0 Angle between the minimum horizontal principal
stress and the x-axis

oH Maximum horizontal principal stress

oh Minimum horizontal principal stress

Pp—Po Pore pressure variation

hydraulic fractures of shale formations is typically around
20-30 m, while the vertical migration height of most proppant is
about 10-20 m. This indicates that thick shale formations have
substantial potential for multi-layer development. Huang et al.
(2019, 2022) explored the characteristics of fracture geometry
and the vertical penetration behavior of hydraulic fractures under
varying geological conditions and operational parameters. Multi-
layer development can be categorized into two main types. The
first type targets shale reservoirs such as Haynesville and Bossier,
where multiple sweet spots are vertically dispersed over large
intervals (greater than 80 m); in such cases, wells are drilled
separately in different sweet-spot layers (Defeu et al., 2019). The
second type targets formations like the Wolfcamp shale, charac-
terized by thick sweet spot intervals interbedded with multiple
limestone and sandstone layers, where stereoscopic staggered
well placement is adopted. All planned wells are drilled from the
same surface location, and multiple productive layers are accessed
simultaneously through multilateral horizontal well and com-
mingled production technologies (Kaufman et al., 2019). Unlike
North American marine shale multi-layer development, which
typically involves multiple stacked layers across multiple

formations, China's marine shale gas is older, occurs at greater
depths, and exhibits high temperatures, high pressures, and
complex structural-lithological characteristics. The vertical dis-
tribution of shale layers is often discontinuous and interbedded
with thin sandstone intervals, resulting in a “single for-
mation-multilayer” development pattern (Guo et al., 2024; Yang,
2024). Continental shale oil reservoirs are characterized by large
depositional thickness and well-developed sedimentary rhythms,
with rapid vertical and lateral variations in lithology, oil-bearing
properties, and interlayer distribution, as well as relatively low
thermal maturity, making multi-layer development even more
challenging (Lv and Hou, 2024).

Stereoscopic fracturing and conventional multi-stage/multi-
cluster fracturing of a horizontal well lead to significantly
different patterns in local stress field evolution, fracture propa-
gation behavior, and fluid flow regimes (Marongiu-Porcu et al.,
2016). In practice, zipper fracturing and simultaneous fracturing
are commonly applied to maximize the stimulated reservoir vol-
ume by enhancing stress interference between wells and clusters
and activating pre-existing natural fractures (Zhang et al., 2025b).
Wang et al. (2023), Zhang et al. (2021a), and Wang et al. (2026)
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established three-dimensional fully coupled perforation-
fracturing models to quantitatively describe fracture competition
and growth dynamics among multiple perforation clusters. During
multi-well fracturing, when the stress fronts generated by two
wells intersect head-on, stress neutralization may occur, thereby
suppressing further fracture propagation (Abdelaziz et al., 2023;
Zhang et al,, 2026). In contrast, oblique intersection of stress
fronts can generate new fractures through shear effects, improving
stimulation effectiveness (Chang and Hou, 2023; Hou et al., 2024).
Li et al. (2025) found that optimizing the fracturing sequence can
enhance stimulation performance by leveraging inter-fracture
stress interference. Wu et al. (2017) observed fracture deflection
and attraction between wells, which tends to cause fracture coa-
lescence and inter-well connectivity. Sesetty and Ghassemi (2015)
pointed out that the closure behavior of early-stage fractures
significantly affects induced stress field evolution and the geom-
etry of subsequent fractures. Wang et al. (2022) argued that
although high stress anisotropy can effectively reduce fracture
deflection caused by inter-well stress interference, asymmetric
fracture propagation and insufficient reservoir stimulation be-
tween wells can still occur. Pei et al. (2023) and Yin et al. (2025)
demonstrated that both orthogonal and inclined well patterns are
susceptible to enhanced asymmetric fracture growth in child wells
when the parent—child well spacing is reduced or the production
period is prolonged. Qiu et al. (2015) demonstrated that there
exists an optimal well and cluster spacing during hydraulic frac-
turing, and zipper fracturing generally achieves better reservoir
stimulation than sequential fracturing. Dontsov and Peirce (2015)
investigated proppant transport during dynamic single-fracture
propagation and found that proppant accumulation within the
fracture reduces fluid conductivity. Wang et al. (2018) integrated a
proppant transport model into the PKN fracture propagation
model and evaluated the effects of proppant distribution on frac-
ture closure width and fracture conductivity.

The development of unconventional oil and gas reservoirs has
entered a stage characterized by the large-scale application of
stereoscopic well pattern development, with gradually reduced
well spacing and interlayer spacing. However, production-induced
stress interference has resulted in significant variability in devel-
opment performance (Luo et al., 2021; Pei and Sepehrnoori, 2022).
Sawadogo et al. (2020) evaluated the effects of well spacing and
layer settings on inter-well connectivity and production dynamics
throughout the entire wellbore interval. Alimahomed et al. (2018)
investigated stereoscopic well stacking and staggered develop-
ment strategies and demonstrated that a bottom-up completion
sequence combined with a well spacing of 660 ft can significantly
enhance oil and gas production. Bommer and Bayne (2020)
employed an integrated geological-engineering simulation com-
bined with microseismic monitoring, tracer tests, and inter-well
pressure interference measurements to optimize the well
spacing, identifying 300 m as the optimal value. Guo et al. (2018)
developed a two-dimensional multi-phase flow-geomechanics
coupled model to investigate stress reorientation during produc-
tion in the Eagle Ford shale gas reservoir. Curnow and Tutuncu
(2016) applied a dual-porosity dual-permeability model to
analyze stress field evolution during horizontal well production in
the Eagle Ford shale oil reservoir, enabling optimization of frac-
turing and production strategies. Morales et al. (2016) established
a three-dimensional hydro-mechanical coupling model to study
stress evolution during production from hydraulically fractured
horizontal wells in shale oil reservoirs, analyzing its effects on
refracturing and infill well stimulation. Sangnimnuan et al. (2019)
incorporated reservoir stacking features into a coupled reservoir-
geomechanics-EDFM model to investigate the spatiotemporal
evolution of the stress field in the Permian Basin, demonstrating
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that vertical well pattern deployment induces less stress pertur-
bation than infill drilling in horizontal well patterns. Wei et al.
(2021) found that as formation pressure decreases during pro-
duction, the orientation of principal stresses changes, with stress
reversal occurring near hydraulic fractures. Zhang et al. (2021b)
and Hou et al. (2022) used the RANSAC algorithm to reconstruct
complex three-dimensional fracture networks for both primary
and infill wells in shale gas reservoirs, and applied dual-porosity
dual-permeability modeling to investigate stress interference be-
tween hydraulic fractures and between wells.

Many existing studies examine the dynamic evolution of
reservoir stress fields using fracture geometries derived pri-
marily from numerical simulations. Moreover, most models are
limited to production-induced stress variations under different
well-pattern deployments involving only two or three horizon-
tal wells, whereas the coupled effects of well-pattern and
fracture-network configurations in multi-layer, multi-well
development are often overlooked. During multi-layer devel-
opment of continental shale oil reservoirs, the three-
dimensional distribution of fracture networks and fluid flow
behaviors are the two key factors governing the evolution of the
in-situ stress field. In this study, we first reconstructed the post-
stimulation hydraulic fracture network geometry for Platform H
using microseismic events recorded during multi-layer frac-
turing operations. This allowed a clear visualization of the
fracture network morphology for nine wells after stimulation.
Then, according to the distribution characteristics of “sweet
spots” in different continental shale oil reservoirs and consid-
ering interlayer spacing and layer thickness, a 3-layer, 9-well
hydro-mechanical coupling model was established, as shown
in Fig. 1. A series of numerical simulations of interlayer multi-
horizontal well fracturing and production with a V-shaped
well layout were performed to investigate the dynamic evolu-
tion of both horizontal and vertical in-situ stress under vertical
heterogeneity conditions.

2. Geological background of continental shale oil multi-layer
development in the X Depression

2.1. Stereoscopic well pattern configuration and microseismic
monitoring

The X Depression is a typical representative of continental
faulted basins in China, characterized by strong vertical hetero-
geneity. The target formation consists of thin interbedded layers
with well-developed lamina fractures and multiple types and
scales of microfractures. Due to variations in mineral composition,
different interbeds exhibit either brittle or ductile mechanical
behavior. The shale oil reservoirs are deeply buried, with depths
ranging from 3000 to 5000 m, and are subject to high horizontal
stress anisotropy and abnormally high pore pressure. The fracture
system is well developed, and the differential horizontal stress
ranges from 4.9 to 6.9 MPa, with an average of 5.7 MPa. The
reservoir lithology is primarily composed of mudstone and sand-
stone, with a typical lithological assemblage of thick mudstone
interbedded with thin sandstone. Porosity generally ranges from
4% to 10%. The reservoir is characterized by limited lateral conti-
nuity and discontinuous vertical distribution. The target intervals
exhibit good brittleness, with brittleness indices ranging from 0.35
to 0.45 (average 0.38), and Poisson's ratios ranging from 0.25 to
0.30 (average 0.28).

Taking Well H-1-A as an example, the stage length ranges
from 60 to 67 m, with an average of 61.5 m. The cluster spacing
ranges from 8 to 11 m, with an average of 9.5 m. The proppant
and fluid injection intensities are 3.3 and 385 m3/m,
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Fig. 1. Schematic diagram of stereoscopic fracturing and the research workflow.

respectively. The well is completed at a depth of 3200-3434 m,
with a reservoir temperature of 135 °C, an average porosity of
5.3%, and an average permeability of 0.848 mD. During hy-
draulic fracturing, a surface microseismic monitoring system
was deployed on Platform H using an array of three-component
geophones. The monitoring network consisted of 95 three-
component intelligent seismic nodes. Microseismic signals
were acquired, denoised, and then processed through event
location and interpretation workflows. Due to the influence of
faults and pre-existing natural fractures, Well H-1-A exhibited a
significant accumulation of microseismic events near the
wellbore, forming a distinct angle with the dominant fracture
propagation direction. Large-scale natural fractures were
detected on the left side of Stage 20 and the right side of Stage
21. In contrast, the natural fracture response was weaker in
Wells H-1-B and H-1-C. The microseismic events in these two
wells showed a strip-like distribution pattern, forming a certain
angle with the wellbore and exhibiting asymmetric spatial
distribution along the well, as illustrated in Fig. 2.

2.2. Evaluation of microseismic activity during zipper fracturing on
a cluster well platform

In seismological prediction studies, a sudden decrease in the b-
value is generally considered an indicator of stress release and a
potential precursor to seismic events. The Gutenberg-Richter law
describes the relationship between M and N, as shown in the
following equation, where N represents the number of events with
magnitude greater than M, and a and b are constants (Lei and Ma,
2014). The parameter b is commonly called the b-value.

logN = a — bM (1)

For the three horizontal wells in Layer H-1, a total of 19,917
microseismic events were recorded during 74 hydraulic fracturing
stages. The magnitude distribution of microseismic events ranged
from —2.6 to —0.2. The Gutenberg-Richter relationship for the
three wells is shown in Fig. 3(a). The calculated b-values for the
three wells are 2.58, 2.86, and 2.64, respectively. For comparison,
the b-value for natural earthquakes is typically close to 1, while

(@) (b)
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Fig. 2. Plan view of microseismic event distribution for the three wells in Layer H-1. The diameter of each event marker corresponds to the event magnitude.
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Fig. 3. Gutenberg-Richter magnitude—frequency relationship and event magnitude histogram.

that for induced events in tight sandstone fracturing is around 2.4.
The average b-value of 2.67 for the H well group indicates that the
number of larger-magnitude events is relatively small, which is
consistent with the monitoring results. The histogram of event
magnitudes for the three horizontal wells is presented in Fig. 3(b).
The total number of monitored events for Wells H-1-A, H-1-B, and
H-1-C is 6,643, 4,207, and 9,067, respectively. The number of
events recorded by Well H-1-C is approximately 1.36 and 2.15
times that of the other two wells, indicating stronger microseismic
activity during fracturing operations.

Wang et al. (2009) suggested that the b-value can be used to
infer reservoir stress and lithological characteristics, and that the
b-value is closely related to rock brittleness. A smaller b-value after
fracturing indicates the formation of a more complex fracture
network. In general, tectonic stress within the rock mass is
inversely correlated with b-value, and low-b-value zones are
typically associated with higher stress accumulation. Fig. 4 shows
the comparison between the average event magnitude and b-value
for each fracturing stage of Well H-1-A. It can be observed that
stages 2, 3, 6, 7,10, 11, and 19-22, where strong-magnitude events
are concentrated, correspond to smaller b-values, mostly below 1.
This indicates that the reservoir in these zones tends to be more
brittle and capable of higher stress accumulation than surrounding
intervals, resulting in a greater number of large-magnitude
microseismic events.
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2.3. Three-dimensional discrete fracture network reconstruction
and stimulation effectiveness evaluation

The spatial distribution of dry microseismic events within each
fracturing stage and cluster exhibits an isolated, scattered pattern
(Shakiba and Sepehrnoori, 2015). To effectively identify the den-
sity distribution of microseismic event clusters, the DBSCAN al-
gorithm was applied. This approach allows for the identification of
dry events generated during reservoir stimulation and removes
noise points, thereby eliminating blank zones in the fracture
network caused by noise and improving the accuracy of hydraulic
fracture orientation identification and SRV calculation. Given the
multi-stage, multi-cluster design of horizontal wells, the RANSAC
algorithm, known for its high robustness, was employed to
reconstruct the hydraulic fracture network using both core point
sets and boundary point sets. This process enabled the extraction
of fracture surface geometries and the characterization of inter-
section points between hydraulic and natural fractures. Details of
the algorithm implementation can be found in (Zhang et al.,
2025c¢).

The hydraulic fractures created by the three horizontal wells
effectively interacted with the pre-existing natural fracture
network, forming a high-complexity fracture system that aligns
well with the observed microseismic event distribution. For each
fracturing stage, the reconstructed fracture propagation envelope
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Fig. 4. Comparison of average event magnitude and b-value for each fracturing stage of Well H-1-A.

corresponds closely to the spatial distribution of its associated
microseismic signals. Spatially, the fracture network primarily
extends laterally along the maximum principal stress direction,
forming an intersection angle with the wellbore, while the vertical
propagation remains relatively narrow, as illustrated in Fig. 5. In
addition, most hydraulic fractures are not perfectly perpendicular
to the wellbore. The reconstructed hydraulic fracture geometries
are highly complex, influenced mainly by stress interference
induced by zipper fracturing and the presence of strip-shaped
natural fracture belts. From the perspective of the three wells:
Well H-1-A is strongly influenced by surrounding natural

w— Trajectory

Well H-1-A

Stage 1

Well H-1-B

fractures. Pressure transmission during fracturing stimulated
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tures are more developed in Stages 19-24, with shorter recon-
structed natural fracture lengths and smaller intersection angles
with the wellbore. Well H-1-B exhibits a more symmetric fracture
distribution, with dominant hydraulic fractures between Stages 8
and 12 that are nearly perpendicular to the wellbore. Well H-1-C
shows the most uniform event distribution and the widest over-
all coverage. Due to the influence of faults and natural fractures,
fractures in Stages 3 and 9-13 are particularly complex.
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Fig. 5. Reconstructed hydraulic fracture network for the three horizontal wells in Layer H-1 based on microseismic events.
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The hydraulic fracture network serves as the main flow
pathway for shale oil and gas production, and fracture length and
height are key indicators for evaluating stimulation effectiveness
and production potential. Taking Well H-1-A as an example, Fig. 6
presents a bar chart comparing the fracture length, fracture height,
half-fracture length, and half-fracture height. The distribution of
fracture length and height is highly uneven, with large standard
deviations, indicating strong heterogeneity in fracture propaga-
tion. For Well H-1-A, the average fracture length and average
fracture height are 239 and 83 m, respectively, both showing
asymmetric propagation characteristics. The left and right half-
fracture lengths are 129 and 109 m, respectively, with the wing
away from the zipper fracturing well showing stronger develop-
ment. This suggests that, under the influence of zipper fracturing,
injection pressure from adjacent wells increases effective stress in
the fracture zone, enhancing fracture complexity and deflection on
the zipper side while promoting greater half-fracture length
growth on the opposite side. In the vertical direction, the upper
fracture height and lower fracture height are 48 and 36 m,
respectively. This indicates that the hydraulic fracture network
tends to propagate upward toward regions of lower pore pressure,

5
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80 Jemrmrmem
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40 4
20
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Fracture height, m

0

Stage
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reflecting the preferential fracture growth direction in vertically
heterogeneous formations.

3. Flow model of fractured continental shale oil reservoirs
3.1. Solid mechanics governing equations
According to the elastic theory of porous media, the constitu-

tive equation of an isotropic matrix saturated with fluid can be
derived as follows (He et al., 2020):

2G
cjj = ZGFJU + <K — ?> 81(1(5ij — ap&ij (2)

For a homogeneous, isotropic, and elastic medium, the geo-
metric equation can be expressed as:

gij:% (uu+uj,,‘) (3)

Considering the deformation of the solid as a quasi-static pro-
cess, the stress equilibrium equation can be expressed as:

100
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Fig. 6. Bar chart of fracture propagation length in horizontal and vertical directions for Well H-1-A.
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Oij j +fi=0 (4)

Based on Egs. (2)-(4), the governing equation for solid
displacement can be derived as:

G
(K+§>ujﬁ+cuijj7ap‘,-+f,-:0 (5)

In Egs. (2)-(5), compressive stress is defined as negative.

3.2. Governing equations of fluid flow

3.2.1. Governing equations of fluid flow in the matrix
The continuity equation in the matrix pores can be expressed as
(Kazemi et al., 1969):

W) . (pu) = O (6)
u= - p g (7)
U

Considering solid deformation, fluid flow is driven by both
production pressure differential and pore deformation, and the
governing equation for fluid flow can be expressed as:

ap dey km -~
PSmr —pla—dm) S+ V- —7/J(Vp—pg) =0 (8)
Sm:¢m)(L+(1 _¢m))(m (9)

3.2.2. Governing equations of fluid flow in fractures

Since the length and height of fractures are much greater than
their aperture, the fracture can be simplified as a two-dimensional
plane in three-dimensional space. A discrete fracture model (DFM)
is then adopted to describe fluid flow inside the fracture. By ho-
mogenizing the fracture aperture, the governing equation for fluid
flow within the fracture can be expressed as (Yu et al., 2015):

0 k
dortg +Vr- | —dep (V1D —p8)| = Qs (10)

3.3. Cross-coupling equations

The reservoir consists of two lithologies: sandstone and shale.
Due to significant differences in lithological properties between
these layers, their porosity, permeability, and mechanical proper-
ties also differ markedly, leading to distinct flow behaviors.
Consequently, the stress-sensitivity characteristics of sandstone
and shale layers differ.

In sandstone reservoirs, matrix pore deformation is the domi-
nant factor reducing porosity and permeability. The variation of
porosity and permeability in sandstone interlayers under hydro-
mechanical coupling can be expressed as (Wei et al., 2019):

$ss = Psso + Ass€vss (11)
1-— ¢2 (/)3 >
ks = ksso | ———52 x 35 (12)
® > < 1- ¢gs ¢3so

In shale formations, a large number of natural fractures exist.
During production, fracture closure becomes the dominant factor
influencing variations in shale porosity and permeability (Pan and
Connell, 2007). From the perspective of poroelastic theory, the
variation laws of shale porosity and permeability under hydro-
mechanical coupling can be theoretically derived as follows:

3391

Petroleum Science 23 (2026) 3384-3407

(as = ¢s)( —as)

ks (13)

s =5 + (@ — ¢ps)evs + P

ks = kso (1 + £ys)? (14)

For a planar fracture, the aperture can be regarded as a function
of the fluid pressure inside the fracture. Therefore, the fracture
aperture can be expressed as:

1
df — dfO et (pf*pfo) ( 1 5)

In the direction parallel to fluid flow, the fracture permeability
and fracture aperture can be related by the cubic law as follows:

kf: (16)

ag
12

3.4. Model parameter settings

Based on the distribution of sweet spots and the vertical het-
erogeneity of Platform H, a three-dimensional sandstone-shale
interbedded stress-sensitive model was established, accounting
for interlayer spacing and layer thickness. Logging interpretation,
in-situ stress analysis, wellbore trajectories, and the 3D distribu-
tion of hydraulic fractures were incorporated to build a multi-layer
development physical model. Furthermore, a production-induced
stress evolution prediction model was developed based on
poroelastic theory, and a multi-well, multi-layer flow model for
shale oil development was constructed. As shown in Fig. 7, the 3D
model has dimensions of 2200 m x 1600 m x 510 m, with sand-
stone and shale layers vertically stacked. The thickness of sand-
stone layers ranges from 10 to 20 m, while shale layers range from
60 to 140 m. It should be noted that the z-direction in the figure
represents relative height rather than burial depth. The vertical
relative height in the model ranges from 0 to 510 m, corresponding
to burial depths of 3200-3710 m in the geological model.

A total of 248 fracturing stages and 56,294 effective micro-
seismic events were recorded from nine horizontal wells, as
shown in Fig. 8(a). Using the method described in Section 2.3, a
three-dimensional DFN for the nine wells was reconstructed
(Fig. 8(b)). During the well placement design of Platform H,
structural features and favorable lithofacies distribution were
considered. A “V-shaped” staggered well pattern was adopted for
the well group, with vertical offsets for wells in the same layer and
horizontal offsets for wells in different layers, resulting in three
layers and nine horizontal wells. As shown in Fig. 8(c) and (d),
partial fracture intersections are observed at the toe ends between
Layers H-1 and H-2, with intersection heights of 2-4 m, and at the
heel ends between Layers H-2 and H-3, with intersection lengths
of 3-7 m. Large-scale volume fracturing promotes the formation of
a complex fracture network with numerous branches in the
reservoir. The induced natural fractures, triggered by hydraulic
fracture propagation, are characterized by random and discrete
distributions (indicated by blue ellipses in Fig. 8(e)). In contrast,
the hydraulic fractures, shown as black ellipses in Fig. 8(e), are
directly initiated by fluid injection and are typically connected to
the horizontal wellbore. In the three-dimensional numerical
model, both hydraulic and natural fractures are represented using
LGR, as illustrated in Fig. 8(f).

The boundary conditions of the solid mechanics model in this
study are defined in two parts. The lateral boundaries of the model
are constrained by zero normal displacement (i.e., the normal
displacement is set to zero), which represents the mechanical
boundary condition of an infinite surrounding formation. This
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Fig. 7. Three-dimensional geological model for multi-layer development of a three-layer sandstone-shale interbedded reservoir.

setting prevents rigid-body motion of the model, ensures stress
field stability, and avoids rigid-body drift and singular matrix is-
sues during numerical computation. The upper boundary of the
model is subjected to a constant pressure load of 78 MPa, corre-
sponding to the overburden stress at a burial depth of 3200 m. This
boundary condition is applied to account for the compaction effect
of the overlying rock layers. The evolution of the three-
dimensional stress field induced by production pressure deple-
tion is governed by Eqgs. (5-10). An implicit Euler finite difference
scheme is employed for the time domain to ensure numerical
accuracy and convergence. Spatial discretization is performed
using the Galerkin finite element method, and nonlinearities in the
system are handled using the Newton-Raphson method. All sim-
ulations were performed on a workstation equipped with an Intel
64-bit processor (consumer-grade P6 architecture, model 106,
level 10), featuring 32 CPU cores and 256 GB of RAM. The three-
layer model consists of 1,739,861 mesh elements and 9,447,298
degrees of freedom (DOFs), requiring 29,811 s of CPU time and a
peak memory usage of 160.18 GB. In contrast, the single-layer
model contains 493,183 mesh elements and 2,711,448 DOFs,
with a CPU time of 6625 s and a peak memory consumption of
38.97 GB. These results indicate that although the computational
cost of the three-layer model increases by approximately 3-5
times, the improved representation of sand-shale interlayering
and fracture network complexity significantly enhances the
applicability and scalability of the proposed method for field-scale
reservoir simulations. This increase in computational cost repre-
sents an acceptable trade-off between modeling accuracy and
computational efficiency.

In the model, the horizontal stages of all nine wells are in the
middle of the reservoir. Each well contains 23-28 fracturing stages,
with average fracture lengths and heights of 230 and 75 m,
respectively. The vertical spacing between Layers H-1 and H-2 is
48 m, and between Layers H-2 and H-3 is 42 m. Table 1 summa-
rizes the penetration of hydraulic fractures into reservoir layers at
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different depths, showing the distribution of fractures and their
corresponding layer intervals.

The simulation parameters for the three-layer development
model are summarized in Table 2, including in-situ stress, physical
properties, and pressure parameters. Based on field logging data
and lithological distribution, the model is vertically divided into
eight layers, comprising four sandstone layers and four shale
layers. The sandstone layers are thinner and exhibit higher triaxial
stress. The ranges of SHmax, Shmin, and Sy in the sandstone layers are
74-82, 69.5-75.5, and 78-86.44 MPa, respectively. For the shale
layers, the corresponding stress ranges are 73-80.98, 67.5-74.91,
and 75-83.56 MPa, respectively. The Symax—Shmin for the four
sandstone layers and four shale layers is 4.75 and 5.76 MPa,
respectively. Unlike many domestic and international shale oil
reservoirs, the continental shale oil reservoir at Platform H is
characterized by overpressure at depths greater than 3000 m, with
pressure coefficients ranging from 1.2 to 1.8. In this study, the pore
pressure coefficient is set to 1.5.

4. Stress interference evaluation of three horizontal wells in
a single-layer stacked continental shale oil reservoir

4.1. Model validation

To verify the validity of the proposed model and to compare it
with existing approaches, a stratigraphic model was constructed
as shown in Fig. 9(a). The middle layer is a sandstone with rela-
tively high porosity and permeability, while the upper and lower
layers are shale with lower porosity and permeability. The simu-
lation parameters of the sandstone layer are taken from the Sand 2
layer in Table 1, and those of the shale layers are taken from the
Shale 2 layer in Table 2.

The Mandel effect is a classical benchmark problem for vali-
dating poroelastic and hydro-mechanical coupled models. It de-
scribes a phenomenon in which fluid is discharged from one
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Fig. 8. Schematic diagram of V-shaped and W-shaped well patterns for three-layer development.

Table 1
Vertical propagation characteristics of hydraulic fractures in different lithologies.

No. Layer Fracture penetration Depth interval, m
1 Sandstone 1 No penetration 0-15

2 Shale 1 Partial penetration 15-75

3 Sandstone 2 Partial penetration 75-90

4 Shale 2 Full penetration 90-230

5 Sandstone 3 Full penetration 230-240

6 Shale 3 Full penetration 240-360

7 Sandstone 4 Full penetration 360-380

8 Shale 4 Partial penetration 380-510

boundary, and under the action of overburden stress, pore
compaction occurs, leading to a transient increase in pore pressure
at certain locations. For a two-dimensional homogeneous me-
dium, the Mandel effect has an analytical solution and is therefore
widely used for model verification in coupled flow-geomechanics
studies (Guo et al., 2019). In this study, the model proposed by Wei
et al. (2019) was used to simulate a single-layer sandstone model,
where pressure drawdown was applied at the left boundary and all
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other boundaries were sealed. In contrast, the proposed model
was applied to the sand-shale interbedded system shown in
Fig. 9(a), with all boundaries sealed except for pressure draw-
down applied only at the left boundary of the sandstone layer. The
pore pressure evolution at the center of the sandstone layer was
then compared between the two models. As shown in Fig. 9(b), the
homogeneous model of Wei et al. (2019) exhibits a faster pore
pressure increase than the heterogeneous model proposed in this
study. This difference arises because the homogeneous model
neglects interlayer fluid exchange, and the higher porosity and
permeability of the sandstone result in a more rapid pore pressure
decline compared with the heterogeneous sand-shale system.

4.2. Analysis of horizontal stress evolution induced by
simultaneous production in a single layer

During the simulation of three horizontal wells in a single-layer
development model, a fixed bottom-hole pressure of 40 MPa was
applied over a three-year production period, allowing character-
ization of the spatiotemporal evolution of pore pressure and
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Table 2
Model parameters for three-layer development simulation.

Petroleum Science 23 (2026) 3384-3407

Parameter Shale 1 Sandstone 1 Shale 2 Sandstone 2 Shale 3 Sandstone 3 Shale 4  Sandstone 4
SHmax, MPa 74.00 73.00 75.00 74.64 78.00 77.92 82.00 80.98
Shmin, MPa 69.50 67.50 71.50 69.02 73.50 72.07 75.50 74.91
Matrix porosity, % 4 6 4 6 4 6 4 6
Density, g-cm >3 2.2 2.0 2.2 2.0 22 2.0 22 2.0
Permeability, mD 0.25 10 0.25 10 0.25 10 0.25 10
Poisson's ratio 0.23 0.15 0.23 0.15 0.23 0.15 0.23 0.15
Young's modulus, GPa 20 40 20 40 20 40 20 40
Effective stress coefficient 0.75 0.80 0.75 0.80 0.75 0.80 0.75 0.80
Hydraulic fracture porosity  0.30 Hydraulic fracture 1000 Hydraulic fracture 5 Reservoir pore 48
permeability, D aperture, mm pressure, MPa
Natural fracture porosity 0.001 Natural fracture 500 Natural fracture 0.5 Bottom-hole 40
permeability, mD aperture, mm pressure, MPa
Shale oil viscosity, mPa-s 57.7 Shale oil density, 0.94 Fracture 1x10°8

g.cm >
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Fig. 9. Comparison between homogeneous sandstone and heterogeneous sand-shale interbedded models.

in-situ stress. Because of significant differences in porosity and
permeability among sublayers and varying hydraulic fracture
propagation in each sublayer, the pore pressure evolution patterns
also exhibit considerable heterogeneity. Fig. 10 presents the spatial
distribution of pore pressure in sandstone and shale layers after
two years of production. As production progresses, the area of pore
pressure depletion expands. In regions far from the SRV, the pore
pressure change is negligible due to the extremely low matrix
permeability, which restricts pressure transmission away from the
production wells.

In comparison, both the magnitude and spatial extent of pore
pressure variation in sandstone layers are significantly larger than
those in shale layers. This is mainly attributed to the higher
porosity and permeability of sandstone. Since the hydraulic frac-
tures in the three wells did not penetrate the Sandstone 1 layer,
pressure variation in this layer is primarily due to pressure prop-
agation, resulting in a maximum pore pressure drop of only
1.1 MPa. In the other five layers where hydraulic fractures are
present, the maximum pore pressure changes in Sandstone 2 and
Sandstone 3 are 9.1 and 11 MPa, respectively. For the shale layers,
the maximum pore pressure changes in Shale 1, Shale 2, and Shale
3 are 7.6, 10, and 4.7 MPa, respectively. As shown in Fig. 10(a) and
(f), the pressure-depletion zone in sandstone exhibits a striped
distribution pattern extending outward from the fracture network
due to its higher permeability, whereas in shale layers, pore
pressure variation is confined to areas near the hydraulic fractures.
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During production, the in-situ horizontal principal stress
within the layer rotates by a certain angle. The angle between the
minimum horizontal principal stress and the x-axis in the plane
can be calculated using the following equation (Guo et al., 2019):

Txy

tang = —————
OH — Ox

(17)

Fig. 11 shows the distribution of the minimum horizontal
principal stress and its orientation in three sandstone layers and
three shale layers after two years of production. It can be
observed that within a 200 m radius from the horizontal well-
bore, a clear stress rotation occurs. The stress rotation angle at
the tips of hydraulic fractures is larger than in other regions, and
the rotation angle in sandstone layers is greater than that in
shale layers. Far away from the discrete fracture network, the
maximum principal stress rotation is almost negligible, with the
stress direction remaining aligned with the initial minimum
principal stress direction. This is because the pressure-depletion
front does not effectively propagate into these areas. The
maximum stress rotation angles in Sandstone 1, Sandstone 2, and
Sandstone 3 are 16°, 64°, and 57°, respectively, while those in
Shale 1, Shale 2, and Shale 3 are 14°, 38°, and 5°, respectively. A
smaller stress rotation angle indicates a lower interference be-
tween adjacent fractures during refracturing, reducing the like-
lihood of fracture crossing and enabling longer fracture
propagation.
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Hydraulic fractures mainly propagate in Sandstone 2, the lower
part of Shale 3, and the upper part of Shale 2. These zones also
show more pronounced changes in both the increase and decrease
of effective minimum horizontal principal stress compared with
other layers. Although Shale 1 and Shale 2 have similar initial
horizontal stress differences (5.5 and 5.62 MPa, respectively), hy-
draulic fractures propagate more extensively in Shale 2. The range
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and magnitude of stress rotation in Shale 3 are greater than those
in Shale 1, indicating that hydraulic fractures intensify stress
rotation. The degree and range of stress rotation in Sandstone 2 are
also greater than those in Sandstone 3, primarily because hy-
draulic fractures penetrate Sandstone 2 more extensively. How-
ever, the initial horizontal stress difference in Sandstone 3
(6.5 MPa) is larger than that in Sandstone 2 (4.5 MPa). This
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demonstrates that the initial horizontal stress difference strongly
influences stress rotation, and the larger the initial stress differ-
ence, the smaller the rotation angle under the same production
period.

4.3. Evolution of vertical stress induced by simultaneous
production in a single layer

In the regions penetrated by the hydraulic fracture network,
pore pressure responds more significantly to production. Even in
areas not intersected by hydraulic fractures, changes in both the
magnitude and direction of in-situ stress, though limited, still lead
to local stress field alterations, which may influence the drilling,
completion, and fracturing performance of adjacent wells in ver-
tical well spacing during development (Fig. 12). As shown by the
flow streamlines, when the pore pressure depletion front induced
by hydraulic fractures in the shale layer reaches the sandstone
layer, the higher permeability of sandstone causes the depletion
zone to propagate horizontally, resulting in a “T-shaped” pressure
depletion pattern. Furthermore, if a hydraulic fracture in the shale
layer intersects this T-shaped zone, it establishes hydraulic
communication between the shale fracture and the sandstone
layer, thereby enhancing shale oil recovery. For the unfractured
regions of sandstone, shale oil first migrates into Shale layer 2
under the combined effect of gravity and pressure gradient, and is
then produced through the hydraulic fracture network. Fig. 12(b)
shows the pore pressure curves along line X (Z= —50 m) at the 1st,
2nd, and 3rd production years. The pressure depletion range
induced by hydraulic fractures is typically 40-62 m, and the
depletion zone is relatively narrow and elongated. This is mainly
because shale oil has relatively low maturity, high density and
viscosity, and is primarily adsorbed on the internal surface,
resulting in poor flowability in the subsurface. Additionally, the
pressure depletion magnitude generated by the main hydraulic
fracture network is largest in the first year and decreases in the
second and third years, reflecting a gradual decline in pressure
gradient and flow intensity over time.

The interlayer stress difference is a key factor influencing the
vertical propagation of hydraulic fractures. Experimental results
by (Tan et al., 2017) have shown that when the horizontal stress
difference between layers reaches 4-6 MPa, the vertical propaga-
tion of hydraulic fractures can be effectively constrained. However,

—
Q

E=2

o

€ -230

[

g 800 0 -800

o) 0 -

173

E 46
—

o

et

<

.% -230 44
< 800 0 -800

2

= OF

-230

800 0 -800

The width of reservoir, m

Petroleum Science 23 (2026) 3384-3407

this critical horizontal stress difference may vary for different
formations. The horizontal principal stress can be expressed as:

2
GHA’h:Ux;in (O-X;—Gy) + 72 (18)

In the poroelastic model, tensile stress is defined as positive,
and for convenience. In this study, the minimum horizontal prin-
cipal stress, minimum horizontal stress, and horizontal stress
difference were extracted at the toe and heel of the horizontal
wellbore, as well as at near-wellbore and far-field locations. These
stress curves were then used to characterize the spatial and tem-
poral variations of in-situ stress at different positions along the
horizontal well.

As shown in Fig. 13, a slight fluctuation in the minimum hori-
zontal principal stress occurs at locations where lithological
transitions are present. As production progresses, the effective
minimum horizontal principal stress increases, while the mini-
mum horizontal stress decreases at the toe of the horizontal well,
with different trends observed at different positions. Hydraulic
fractures are mainly distributed in the lower part of Shale layer 1,
Sandstone layer 2, Shale layer 2, and the middle part of Sandstone
layer 3. Consequently, the increase in effective minimum hori-
zontal principal stress and the decrease in minimum horizontal
stress in Shale 2, Sandstone 3, and the upper part of Shale 3 are
more pronounced than in other layers. Because the permeability of
Shale 2 is lower than that of the overlying and underlying sand-
stone layers, fluid within Shale 2 is squeezed into the adjacent
high-permeability sandstone layers during production. This leads
to a larger minimum horizontal principal stress variation in Shale
3, resulting in a slope-shaped stress profile. In interbedded
sandstone-shale reservoirs, the interlayer stress difference con-
trols whether hydraulic fractures can propagate across multiple
thin layers, while the magnitude of the minimum horizontal
principal stress determines the required fracture extension pres-
sure. With continued production, the horizontal stress differences
between Sandstone 3 and the adjacent layers increase to 6.32 and
6.51 MPa, respectively, which are unfavorable for the vertical
propagation of hydraulic fractures across layer interfaces.

As shown in Fig. 14, at the heel and near-wellbore section of the
horizontal well, the effective minimum horizontal principal stress
in all sublayers increases slightly, by approximately 0.5 MPa, with a
larger increase in sandstone layers (0.8 MPa) than in shale layers.
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Fig. 12. Pore pressure contour maps and pore pressure profiles along section 2 (x= —1750) during three years of production. The white dashed lines in panel (a) represent flow

streamlines.
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Fig. 13. Stress curves at the toe end and near-wellbore section of three horizontal wells.
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Fig. 14. Stress curves at the heel end and near-wellbore section of three horizontal wells in a single layer.

The minimum horizontal stress in all sublayers decreases, with
Sandstone 2 and Sandstone 3 showing a greater reduction than the
adjacent layers. This leads to increases in the horizontal stress
difference of approximately 0.3 and 0.9 MPa, respectively, which,
to some extent, weaken the vertical fracture propagation capacity.
As shown in Fig. 14(c), the horizontal stress difference in the
sandstone layers increases significantly, while that in the shale
layers increases slightly. In Shale 2, sawtooth-like fluctuations can
be observed in the minimum horizontal principal stress, minimum
horizontal stress, and horizontal stress difference, with

amplitudes of 3.11, 3.02, and 2.33 MPa, respectively. However, the
vertical thickness of these fluctuations is relatively small, mainly
because of the low porosity and permeability of shale, which limit
the vertical propagation range of the pressure-depletion front.

4.4. Production performance evaluation under simultaneous
single-layer production

Fig. 15 shows the cumulative oil production per unit thickness
of each sublayer as a function of production time. Overall,
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Fig. 15. Cumulative oil production per unit thickness of each sublayer over time.

sandstone layers exhibit higher production than shale layers, with
the cumulative production ranking of the three sandstone layers
being Sandstone 2 > Sandstone 1 > Sandstone 3, and that of the
shale layers being Shale 2 > Shale 1 > Shale 3. For the sandstone
layers, oil production increases most rapidly during the first 150
days, with growth rates of 0.92, 1.14, and 0.34 m>/m/d, respec-
tively. After 200 days, the production growth rate becomes more
gradual. In contrast, shale layers show a relatively stable, slower
rate of production increase, approximately 0.14 m3/m/d. Notably,
Shale 2 outperforms Sandstone 3, with a cumulative production of
203.46 m>/m after three years. This is primarily because the hy-
draulic fractures are mainly distributed within Shale 2. The highest
production is achieved in Sandstone 2, mainly due to its higher
porosity and permeability, and because the upper part of the hy-
draulic fracture network of Well H-1-A is located within this layer.
These findings suggest that during stereoscopic well pattern
deployment, layer selection should be optimized to place more
hydraulic fractures in high-permeability layers and to allow them
to propagate vertically across layers, thereby contacting a larger
reservoir volume and enhancing shale oil recovery.

5. Vertical stress interference in a three-layer well pattern
within interbedded sandstone-shale reservoirs

5.1. Horizontal stress evolution induced by three-layer
development

During three-layer development, stress interference between
layers caused by vertical hydraulic fractures is a key concern in
field-scale shale oil development. The well interference phenom-
enon discussed in this paper specifically refers to the interference
between adjacent horizontal wells induced by reservoir depletion
and large-scale reservoir stimulation during the development of
low-permeability shale oil and gas reservoirs. This is conceptually
different from the well interference caused by injection-
production well patterns and infill drilling in conventional reser-
voirs. Such interference, also known as fracturing-induced inter-
ference, can occur in both horizontal and vertical directions. At the
early stage of production, the pore pressure in the dominant hy-
draulic fracture network—which is directly connected to the
wellbore—declines first, leading to pressure perturbation in both
the same layer and the adjacent layers, with a magnitude of
approximately 2 MPa, as shown in Fig. 16.
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The fracture density and fracture permeability during stereo-
scopic fracturing determine the fracture-reservoir contact area and
the fluid flow velocity within the fractures, thereby directly influ-
encing the production characteristics of shale oil horizontal wells.
The pore pressure variation ranges in Sandstone layers 1-4 are 1.2,
9.3, 12, and 15.3 MPa, respectively, while those in Shale layers 1-4
are 7.7, 10.4, 12.6, and 15.5 MPa, respectively. Compared with the
single-layer three-well development scenario shown in Fig. 10, the
pore pressure changes induced by three-layer nine-well three-
layer development are more pronounced. Moreover, in contrast
to single-layer well patterns, the shale layers are more susceptible
to vertical stress interference from the sandstone layers in three-
layer development. Specifically, Shale 3 is affected by the induced
pressure depletion from hydraulic fractures in Sandstone 3 and
Sandstone 4, while hydraulic fractures in Sandstone 3 influence
Shale 4. As a result, Shale 3 and Shale 4 experience combined intra-
layer and inter-layer pore pressure perturbations. In contrast, the
impact of shale layers on the sandstone layers is weaker, with only
Sandstone 4 being affected by Shale 3 and Shale 4. These findings
indicate that three-layer development planning must consider not
only optimized interlayer spacing but also fracture height propa-
gation across different lithologies to maximize reservoir stimula-
tion and production efficiency.

As shown in Eq. (5), during the three-layer development of
continental shale oil reservoirs, fluid flow reduces pore pressure,
which in turn increases the effective stress carried by the rock
skeleton, leading to rock deformation and ultimately changes in
both the magnitude and direction of the in-situ stress field. Fig. 18
presents the minimum horizontal effective stress contour maps of
four sandstone layers and four shale layers after two years of
production. It can be observed that, with increasing depth, the
minimum horizontal effective stress in both shale and sandstone
layers increases continuously, ranging from 0 to 4.2 MPa. In
comparison, the pore pressure variations are more pronounced in
sandstone layers. As production time increases, the effective stress
fluctuation range in the hydraulic fracture network gradually
propagates outward from the wellbore, and connectivity along the
wellbore direction becomes more significant. However, as shown
in Fig. 17, the spatial extent of the effective stress perturbation is
smaller than that of the pore pressure perturbation. This is mainly
because rock deformation is related to pore pressure change
through a cubic relationship, resulting in a more localized stress
response compared with pressure depletion.
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Due to significant differences in porosity—permeability pa-
rameters, initial in-situ stress, and rock mechanical properties

Q.-X. Zhang, B. Hou, L.-Y. Zhang et al.

5.2. Analysis of vertical stress evolution induced by three-layer
development

Petroleum Science 23 (2026) 3384-3407

between sandstone and shale on the H platform, the reservoir
exhibits large interlayer stress differences and strong vertical
geomechanical heterogeneity, resulting in notable variations in
stress evolution patterns across sublayers during production. As
shown in Fig. 19(a), the effective minimum horizontal principal
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stress near the toe of the horizontal wellbore increases in all
sublayers, with sandstone layers exhibiting a larger increase than
shale layers. Specifically, Sandstone 4 and Sandstone 2 increase by
1.77 and 3.24 MPa, respectively, and their adjacent shale layers
(Shale 3 and Shale 4) also show a noticeable increase. Fig. 19(b)
shows that the minimum horizontal principal stress decreases in
all sublayers, with Sandstone 2 and Sandstone 3 exhibiting larger
reductions (5.75 and 7.47 MPa, respectively) than neighboring
layers. This results in an increased horizontal stress difference
between these sandstone layers and adjacent layers, which is
unfavorable for vertical hydraulic fracture propagation. As shown
in Fig. 19(c), the horizontal stress differences in the sandstone
layers increase significantly, with Sandstone 4 increasing by
2.61 MPa, while shale layers show a more minor increase. Notably,
in Shale 4, the reservoir near the hydraulic fracture zone exhibits a
2.16 MPa increase. These results indicate that when planning
vertical infill fracturing, it is advisable to avoid sandstone layers
with both high permeability and high initial in-situ stress, as they
may amplify stress barriers and limit fracture vertical growth.

As shown in Fig. 20, in the far-field region, the effective mini-
mum horizontal principal stress of the reservoir increases with
production time, while the minimum horizontal stress and hori-
zontal stress difference decrease slightly, since fluid in this region
has not yet been produced and pore pressure changes remain
small. In addition, as shale oil is produced, the total stress

Petroleum Science 23 (2026) 3384-3407

continuously decreases. The horizontal stress difference decreases
near the horizontal well but shows a slight increase in the far-field.
Interlayer fracture propagation significantly enhances the
drainage volume of a single well, thereby increasing well pro-
ductivity. Whether hydraulic fractures can propagate across layers
primarily depends on the interlayer stress difference. The inter-
layer horizontal stress difference decreases over time near the
middle section of the horizontal well, while it increases at the toe
and in the far-field. Therefore, refracturing should be preferentially
performed near the middle section of the horizontal well.

During the three-layer development process, in addition to the
effects of hydraulic and natural fractures, the distribution of high-
permeability sandstone layers also induces interlayer stress
interference. Fig. 21 shows the p and pore pressure variation
contour maps for Cross-section 1 and Cross-section 2 after three
years of production. Compared with shale layers, the width of the
lateral pore pressure variation zone induced by a single fracture in
sandstone is approximately 2-3 times larger. The sandstone layers
(Sand 3 and Sand 4) that are directly connected to hydraulic
fractures exhibit faster lateral seepage rates, and as production
continues, the pressure-decline zones tend to become inter-
connected. This finding partially explains why Shale 3's oil pro-
duction is higher than Sand 1's.

During shale oil development, various forms of vertical inter-
well interference can occur, primarily governed by the hydraulic
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and natural fracture connectivity between wells. The degree of
such interference is primarily determined by the extent of natural-
fracture development within the reservoir and the effectiveness of
hydraulic stimulation applied to each well. According to the
dominant fracture connection patterns, the interference mecha-
nisms can be classified into four main types: (a) direct connectivity
between the hydraulic fractures of Wells A and B; (b) communi-
cation between secondary hydraulic fractures from Well A and
main hydraulic fractures from Well B; (¢) communication between
natural fractures or secondary hydraulic fractures of Well A and
hydraulic fractures of Well B; and (d) interaction between natural
or secondary hydraulic fractures from both Wells A and B. In
addition to these fracture-induced pathways, three-layer devel-
opment introduces another form of vertical coupling. The presence
and spatial distribution of high-porosity and high-permeability
sandstone layers can induce interlayer stress interference (e),
acting as mechanical conduits for stress transmission between
adjacent strata. This lithological stress coupling, superimposed on
fracture-induced connectivity, further complicates the multi-layer
geomechanical response during production, as illustrated in
Fig. 22.

The pore pressure and interlayer connectivity characteristics
during three-layer development of three-layer and single-layer
well patterns are illustrated in Fig. 23. In the three-layer, nine-
well development model, the fracture network is dense and
vertically interconnected across multiple layers, forming a pro-
nounced pressure gradient. Local interlayer pore pressure differ-
ences reach 1-2 MPa, and in zones where fractures intersect, the
pressure communication between layers becomes significant. The
pore pressure drop between the H-2 and H-3 layers reaches
approximately 2-3 MPa, indicating strong vertical stress interfer-
ence. In contrast, the single-layer, three-well model exhibits a
more moderate pore pressure decline, primarily confined to
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200-300 m around the hydraulic fractures, with a maximum
pressure drop of less than 2 MPa. Overall, the three-layer devel-
opment substantially enhances vertical pressure transmission and
interlayer fluid communication, expanding the effective pressure-
depletion zone by approximately 1.5-2 times. This improved
connectivity provides more favorable flow channels and energy
release conditions, thereby facilitating more efficient volumetric
exploitation of shale oil resources.

5.3. Production evaluation of three-layer development

Fig. 24 presents the cumulative oil production per unit
thickness for four sandstone and four shale layers over a three-
year production period. It can be observed that in the first 220
days, the initial production from Shale 3 and Shale 4, which are
directly connected to the hydraulic fractures, is significantly
higher, reaching 174.88 and 146.67 m>/m, respectively. This in-
dicates that three-layer development can substantially enhance
resource recovery and improve oil production efficiency. After
approximately 250 days, both sandstone and shale layers enter a
stable production stage, during which cumulative oil production
increases linearly at rates of 0.23 m3/m/d for sandstone layers
and 0.08 m?>/m/d for shale layers. Shale 1 and Sandstone 1
exhibit the lowest production among their respective lithologies,
primarily because no hydraulic fractures are distributed within
these layers. Therefore, in three-layer development, increasing
the complexity and density of the fracture network is essential to
improve overall shale oil flow capacity and enhance ultimate
recovery.

Fig. 25(a) presents the overall production evolution of Well H-
1-C during the first year after hydraulic fracturing. Shale oil pro-
duction exhibits a relatively high initial rate of approximately
110-120 m?, followed by a rapid decline over the first 14 days, then
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Fig. 24. Cumulative oil production per unit thickness of each sublayer during three-layer development.

gradually transitioning to a slower decline. The simulated results
show good agreement with the measured production data in
terms of the overall trend, successfully capturing the typical pro-
duction behavior of unconventional reservoirs characterized by a
rapid early decline followed by a more stable depletion stage.
Fig. 25(b) provides a zoomed-in view of the first 60 days, offer-
ing a clearer comparison between the simulated and observed
data during the early production period. Although the simulated
production is slightly lower than the measured data in the first few
days, the two curves converge after approximately 15 days,
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indicating that the proposed model can accurately reproduce
early-time production decline and its dynamic evolution,
demonstrating good predictive reliability and applicability.

6. Further discussion

(1) In this study, two multi-layer development models were
constructed: a single-layer three-well model and a three-
layer nine-well model. For future work, it is necessary to
establish fracture interference charts under different
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interlayer spacing, well spacing, and stage-cluster spacing to
guide field operations. Such charts can facilitate batch-scale
multi-layer development, promote standardization of sur-
face facilities, and enable systematic production
management.

(2) Stereoscopic well group development can effectively in-

deployment and distribution characteristics of stereoscopic frac-
turing well patterns and fracture networks. It further investigates
the dynamic evolution of in-situ stress induced by production
under vertical heterogeneity of continental shale reservoirs. The
main conclusions are as follows:

crease the recovery factor. Appropriate interlayer and well
spacing are crucial to ensure the economic efficiency of well
groups. When the interlayer spacing is too large, resource
control between layers is weakened, resulting in unrecov-
ered reserves. Conversely, when the spacing is too small,
fracture communication between layers may cause over-
lapping drainage areas, leading to competitive production
and reduced ultimate recovery. Therefore, it is essential to
determine the optimal interlayer spacing, which can su-
perimpose interlayer pressure, suppress outward pressure
propagation, and fully utilize reservoir energy, thereby
enhancing ultimate recovery across different layers.

(3) Multi-layer stimulation and development involve multiple

types of wells, including producing wells, fractured wells
awaiting production, drilled wells awaiting fracturing, wells
under drilling, and planned wells. Multi-layer development
involves different production sequencing strategies, which
are typically categorized into horizontal-then-vertical and
vertical-then-horizontal “Tank” operating modes. In this
study, the model in Section 5 was used to simulate top-
down and bottom-up production scenarios (Fig. 26). The
results indicate that when interlayer fracture communica-
tion occurs, different production sequences can induce
0-4 MPa of interlayer stress interference, and the range of
pore pressure depletion varies at the end of the third year.
Future studies should evaluate the impact of these produc-
tion sequence strategies on interlayer and interwell stress
interference, and explore their effects on reservoir recovery
efficiency.

(1) The distribution of microseismic events near the wellbore of

the H platform shows limited vertical extension, with a
narrow spatial range and high spatial density. The recon-
structed average fracture length and height of the nine wells
are 230 and 75 m, respectively. Under zipper fracturing-
induced stress disturbance from neighboring wells, the
fracture length tends to extend 20 m from the fracturing
side, whereas in high-pore-pressure shale reservoirs, the
fracture height preferentially propagates upward toward
lower-pore-pressure zones.

(2) The intersection lengths between fractures in Layer H-2 and

the toe of Layer H-1 and the heel of Layer H-3 are approxi-
mately 2-4 and 3-7 m, respectively. Different production
sequences between layers induce pore pressure variations
of approximately 3 MPa in the interlayer connected fracture
zones. Therefore, stereoscopic fracturing well pattern design
should consider not only the favorable vertical distribution
of sweet spots to minimize interlayer interference and
maximize reservoir recovery, but also fracture geometry,
orientation, complexity, and stimulated reservoir volume
(SRV) to optimize well spacing and interlayer spacing for
effective volumetric control.

(3) Because sandstone layers have higher porosity and perme-

ability than shale layers, during three-layer development,
the horizontal stress difference in high-permeability sand-
stone layers increases significantly by 2.61 MPa, whereas in
low-permeability shale layers the increase is less than
0.5 MPa. The stress rotation angle in sandstone is also
greater than in shale. To reduce stress interference from
existing wells during infill fracturing, the well spacing in
sandstone layers should be larger than that in shale layers,

7. Summaries and conclusions and shale layers are more suitable for infill well deployment.
(4) Compared with single-layer, three-well production, three-
layer, nine-well development induces more pronounced

pore pressure changes, effectively improving shale oil

This study focuses on continental shale oil reservoirs with
vertically interbedded sandstone and shale, clarifying the
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Fig. 26. Pore pressure variation contour maps induced by bottom-up and top-down production sequences.

recovery. To achieve efficient development of continental
shale oil, stereoscopic fracturing must be employed to break
the tight shale reservoir and establish high-conductivity
flow channels between shale pore throats and the well-
bore, enabling efficient hydrocarbon flow and improved
recovery.
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