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a b s t r a c t

Multi-stage fracturing with horizontal wells is a pivotal technique for developing the unconventional 
reservoirs. Owing to complex geological conditions coupled with inherent limitations in existing drilling 
technologies, a significant proportion of horizontal wellbores deviate from the target reservoir, instead 
inadvertently penetrating adjacent upper and lower interlayers. These misplaced sections are termed 
the non-reservoir horizontal wellbore intervals (NRHWI). In this scenario, the cross-layer fracturing 
with directional perforation (CLFDP) is introduced as an effective stimulation method. Despite its po
tential, the mechanisms governing fracture initiation and propagation in CLFDP operations remain 
poorly understood. This study, therefore, develops a three-dimensional (3D) numerical model of CLFDP 
for Well H in the Changqing Oilfield,  China. The model specifically considers a horizontal wellbore 
positioned within the mudstone interlayer overlying the target sandstone reservoir and incorporates 
realistic perforation geometry. We systematically investigate fracture morphological characteristics, 
injection pressure dynamics, and fracture area evolution. The goal is to examine how these parameters 
are influenced by variations in wellbore location, perforation depth, and perforation spacing. The results 
demonstrate that a distinctive gourd-shaped fracture yields in the CLFDP case. The horizontal wellbore 
trajectory should be optimally steered to maximize reservoir contact, leveraging advanced technologies 
such as rotary steering systems—a critical factor in enhancing stimulation efficiency. In scenarios where 
the horizontal wellbore deviates from the target reservoir, we recommend employing deep-penetration 
perforation (with large perforation depth) combined with high-density perforation (reduced perforation 
spacing) to effectively develop the NRHWI. These outcomes provide essential theoretical underpinnings 
and technical support to maximally harness the unconventional resources.
© 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

Against the backdrop of escalating global energy demands and 
the accelerated depletion of conventional hydrocarbon reserves, 
the exploitation of unconventional oil and gas resources, including 
tight sandstone and shale, has emerged as a critical component in 

maintaining energy security (Blunt et al., 2025; Wang et al., 2026; 
Yin et al., 2025a, 2025b; Liu et al., 2023). The unconventional re
sources have the geological characteristics of low permeability 
(usually less than 0.1 mD) and low porosity (usually less than 10%) 
(Huang et al., 2019, 2022, 2025b; Wang et al., 2022b; Zhao et al., 
2023). The multi-stage fracturing with horizontal well is the key 
technology to attain economically viable production for these re
sources (Tang et al., 2024; Wang et al., 2025; You et al., 2025; 
Zhang F. et al., 2025; Zhou et al., 2025). However, engineering 
practice demonstrates that due to complex underground condi
tions and inherent limitations in existing drilling techniques, a 
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significant  portion of horizontal wellbore trajectories frequently 
deviate from the target reservoir. The wellbore mistakenly pene
trates non-reservoir formations such as adjacent upper and lower 
interlayers (Luo et al., 2016). This errant section is termed the non- 
reservoir horizontal well interval (NRHWI). In early development, 
the NRHWI is excluded from fracturing operations, rendering a 
substantial portion of the wellbore being abandoned, and it obvi
ously leads to considerable resource wastage. Unlocking the pro
ductivity potential of NRHWI through technological innovation 
has emerged as a critical challenge in achieving efficient  devel
opment of unconventional reservoirs.

Therefore, the cross-layer fracturing with directional perfora
tion (CLFDP) is introduced in an attempt to effectively stimulate 
the NRHWI (Bai et al., 2021; Li et al., 2023; Pidho et al., 2022; Xi 
et al., 2022). This approach leverages the steering capability of 
perforation tunnels to guide the propagation of hydraulic fractures 
initiated from interlayers. This guidance enables them to promptly 
propagate toward the target reservoirs and ultimately facilitating 
efficient  stimulation. Currently, scholars have systematically 
investigated the propagation mechanisms of hydraulic fractures 
induced by directional perforation through multidisciplinary ap
proaches encompassing theoretical analysis, laboratory experi
ments, and numerical simulations (Dong and Li, 2025). In the 
realm of theoretical research, a study was conducted to explore the 
impact of wellbore deformation, which resulted in the introduc
tion of a novel approach for calculating fracture pressure within 
perforated elliptical wellbores (Ren et al., 2022). Their findings 
underscored an optimal perforation depth ranging from roughly 
1.5 to 2 times the wellbore's dimensions. To address the prediction 
of initiation parameters, a semi-empirical method was introduced 
for assessing both the pressure and orientation of fractures in 
directional perforations (Michael and Gupta, 2021). This approach 
is formulated based on fracture initiation data collected from 
seven high-yield shale gas production blocks. They emphasized 
that directional perforation strategy holds significant potential for 
optimizing fracturing treatment by promoting lateral fracture 
initiation or suppressing treatment pressure. Research into direc
tional perforation design led to the development of a computa
tional framework for determining the associated breakdown 
pressure and optimal orientation (Xia et al., 2025). Their model 
incorporates casing-cement interaction effects and perforation 
quality. Furthermore, they proposed a novel perforation cluster 
layout designed to optimize fracture initiation.

In laboratory experiments, large-scale fracturing experiments 
to investigate the fracture propagation in vertical wells with 
directional perforation were conducted (Chen et al., 2010). They 
revealed that the directional perforation generates complex 
curved fractures, with the curvature being influenced  by the 
perforation angle and the horizontal stress differential. Using 
concrete casting, specimens with oriented perforations were 
fabricated and subsequently subjected to fracturing experiments 
(Shi et al., 2021). They revealed that a transverse fan-shaped 
fractures is created for oriented perforation, whereas the 
branched and tortuous fractures are formed for spiral perforation.

In numerical simulations, a fluid-solid  coupling stress model 
specific to directional perforation was developed (Liu et al., 2015). 
Their work provided an initiation pressure determination method 
and analyzed fracture characteristics under various in-situ stress 
states, including the normal and reverse fault types. To predict the 
initiation pressure in directional perforation, a stress distribution 
model was derived that incorporated the effects of casing, perfo
ration, and fluid (Zeng et al., 2019). Their results demonstrated that 
while in-situ stress significantly influences initiation pressure, its 
effect on optimal perforation orientation is relatively minor. The 
two-dimensional deflection of symmetrically distributed fractures 

in directional perforation has been systematically investigated in 
previous studies (He et al., 2021; Lu et al., 2022; Wang et al., 2024; 
Zhang et al., 2020). The extended finite element method is 
employed to model the fracture propagation for directional 
perforation, taking into account the effects of perforation azimuth 
and confining pressure (Liu et al., 2020). Their findings indicated 
that the challenges associated with fracture initiation and deflec
tion became more pronounced as the azimuth angle increased, 
while they diminished with a rise in the confining pressure ratio 
coefficient. Additionally, recent studies applying the continuous- 
discontinuous element method has shown that specific  perfora
tion patterns, including spiral, linear, and symmetrical, are critical 
factors influencing  fracture geometry and initiation pressure (Li 
et al., 2024; Zhang et al., 2024).

The aforementioned studies elucidate the propagation dy
namics of hydraulic fractures in the context of directional perfo
ration. Nevertheless, there remains a notable scarcity of numerical 
simulations that explicitly incorporate the geometry of actual 
perforation tunnels. In current research, perforation clusters con
taining multiple tunnels are commonly simplified as line segments 
(in 2D models) or planar fractures (in 3D models). Such simplifi
cations inherently preclude the consideration of how perforation 
parameters, including perforation depth and perforation spacing, 
influence  fracture propagation. Moreover, the effect of varying 
horizontal wellbore positions within interlayers relative to the 
target reservoir is still poorly understood, which limits the optimal 
selection of fracturing intervals. Consequently, this study employs 
the development of tight oil reservoirs in Well H, located within 
China's Changqing Oilfield, as the engineering context. Leveraging 
the discrete lattice method, we construct a three-dimensional 
numerical model for CLFDP that uniquely accounts for the actual 
distribution of perforation tunnels. This approach enables a 
detailed investigation into the effects of horizontal wellbore po
sition, perforation depth, and perforation spacing on fracture 
behavior. The findings  provide a theoretical foundation for 
improving the effectiveness of unconventional hydrocarbon re
covery through NRHWI, thereby enhancing overall recovery 
efficiency.

2. Background and method

2.1. Engineering background

The Well H, situated in the Yishan slope of the Ordos Basin in 
China's Changqing Oilfield. The target reservoir is the tight sand
stone reservoir with an average buried depth of − 2023.47 m and a 
pore pressure of 19.91 MPa. The vertical, maximum horizontal and 
minimum horizontal stresses of the reservoir are 46.13, 35.58, and 
30.37 MPa, respectively, resulting in a horizontal stress difference 
of 5.21 MPa. The mudstone layers are present in both the upper 
and lower parts of the sandstone reservoir. The vertical, maximum 
horizontal and minimum horizontal stresses of the mudstone 
layers measure 46.68, 42.16, and 37.26 MPa, respectively. The Well 
H is developed utilizing the multi-stage fracturing with horizontal 
well, featuring a horizontal wellbore length of 2068.43 m. During 
the drilling of horizontal wellbores, a significant proportion fail to 
pass through the target reservoir. Instead, they mistakenly pene
trate adjacent upper and lower interlayers. This occurs due to 
complex underground conditions and the inherent limitations of 
existing drilling technologies. For example, the length of the hor
izontal wellbore in Well H encountering the sandstone reservoir 
constitutes approximately 64.7% of the entire horizontal wellbore 
length, as shown in Fig. 1. Therefore, on-site engineers propose the 
CLFDP, aiming to effectively stimulate the NRHWI. The Well H 
serves as a pioneering test well for CLFDP operations in the 
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Changqing Oilfield. Therefore, this paper investigates the fracture 
propagation in CLFDP through numerical simulation, aiming to 
provide theoretical insights for the design optimization of such 
structures.

2.2. Research method

In the lattice method, the contacts between the nodes are 
represented by springs (Fig. 2). The fluid elements are situated at 

the mid-points of the springs. The interconnections between 
these fluid elements are termed flow pipes, and they correspond 
to permeable contacts (such as fractures generation) between the 
nodes (Huang et al., 2024, 2023; Tang et al., 2023; Wang et al., 
2023b; Wu et al., 2021; Zhang et al., 2021; Zhang et al., 2024). 
When multiple pipes are interconnected, they collectively form a 
fluid  pipe network. Within this network, both pore pressure 
diffusion and fluid flow take place. The pipe network undergoes 
evolution in tandem with the progression of damage in the me
chanical model. As new fluid  elements emerge at the sites of 
newly formed microfractures, they integrate with pre-existing 
fluid  elements, thereby forging new conduits and dynamically 
updating the pipe network (Huang et al., 2025a; Wang et al., 
2023a).

The discrete lattice method utilizes an explicit solution scheme, 
with the translational degrees of freedom at each node being 
discretized using the central difference formula (Damjanac et al., 
2011, 2016; Damjanac and Cundall, 2016): 
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where _u(t)
i and _u(t+Δt=2)

i represent the velocity components in the i 
direction (i = 1;3) at time t and t + Δt=2 respectively, 

∑
Fi denotes 

the resultant force in all i directions (i = 1;3), m is the node mass, 
and Δt indicates the time increment.
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At time t, the component of angular velocity (wi) in the i di
rection (i = 1; 3) is (Damjanac et al., 2011, 2016; Damjanac and 
Cundall, 2016): 

w

(

t+Δt
2

)

i = w

(

t− Δt
2

)

i +

∑
M(t)

i
I

Δt
(2) 

where 
∑

M(t)
i is the sum of the moments acting on all i compo

nents (i = 1;3) of the node at time t, and I is the moment of inertia 
of the node.

The spring's normal (FN) and tangential (FS) forces are 
(Damjanac et al., 2011, 2016; Damjanac and Cundall, 2016): 
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where KN is the normal stiffness, and KS is the tangential stiffness.
Then the new spring forces are added into the sum of the forces 

at the relevant nodes (Damjanac et al., 2011, 2016; Damjanac and 
Cundall, 2016): 
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where ni is the unit normal vector from node A to node B.
Once the spring sustains damage, microcracks will emerge, 

causing the spring force to revert to zero, as indicated by FN = 0 
and FS = 0. In addition, the tensile and shear strengths of micro 
springs correspond to these of macro rock masses as follows 
(Damjanac and Cundall, 2016): 
⎧
⎨

⎩

FN max = αtTR2

FS max = μfF
N max + αsCR2

(5) 

where FN max is the tensile strength of the spring, FS max is the 
shear strength of the spring, αt is the calibration coefficient  for 
tensile strength, αs is the calibration coefficient for shear strength, 
T is the tensile strength of the macroscopic rock mass, C is the 
shear strength of the macroscopic rock mass, R is the resolution, 
and μf is the friction coefficient.

Assuming the pipe's width is equivalent to its length, the flow 
rate from fluid  elements A to B along the pipeline is (Damjanac 
et al., 2011, 2016): 

q = βkr
a3

12μ

[
pA − pB + ρwg

(
zA − zB

)]
(6) 

where a is the fracture width, μ is the fluid  viscosity, pA and pB 

represent the fluid pressure of fluid elements A and B, zA and zB are 
the water head of fluid elements A and B, ρw is the fluid density, β is 
the calibration parameter.

The relative permeability kr is a function of saturation s 
(Damjanac et al., 2011, 2016; Damjanac and Cundall, 2016): 

kr = s2(3 − 2s) (7) 

Obviously, when the pipe is saturated (i.e. s = 1), and the 
relative permeability is 1. Explicit numerical methods are adopted 
to solve the temporal evolution of fluid  flow. The fluid  pressure 
increment Δp (Damjanac et al., 2011, 2016; Damjanac and Cundall, 
2016) is: 

Δp =

∑
qi

V
KFΔtf (8) 

where KF represents the apparent fluid bulk modulus, V denotes 
the element volume, qi is the injection rate of the pipe connected 
to element i, and Δtf indicates the flow time step.

The rock mechanics model and fluid  flow  model are fully 
coupled to achieve an integrated fluid-solid  interaction process 
(Damjanac et al., 2011, 2016; Damjanac and Cundall, 2016; Wang 
et al., 2022a). Fluid flow dynamics are primarily governed by the 
system's permeability characteristics. When fluids  propagate 
through either stress-induced fractures or pre-existing fracture 
networks, the resulting fluid  pressure exerts normal and shear 
stresses on fracture surfaces, consequently influencing  rock 
deformation and mechanical strength. Conversely, rock deforma
tion induces dynamic variations in both fluid pressure and fracture 
aperture, leading to permeability evolution within the fracture 
system. It is noted that unlike the particle flow  code (PFC), the 
discrete lattice model requires input parameters that are macro
scopic mechanical and physical properties of the rock, such as the 
elastic modulus, Poisson's ratio, and compressive strength, rather 
than the microscopic properties of the micro-scale particle or 
contact. These input macroscopic parameters are directly con
verted into corresponding micro-properties, which are then 
mapped and assigned to the masses and springs in the model. This 
method avoids the need for complex manual calibration of 
microscopic parameters (i.e., there is no calibration process for 
lattice strength mapping coefficients),  thereby eliminating 
subjectivity in parameter calibration at the source and ensuring 
consistency between the macroscopic mechanical behavior and 
the input parameters.

3. Numerical modelling

3.1. Model establishment

Fig. 3 displays a numerical model of CLFDP for a certain hori
zontal wellbore section deviating from the sandstone reservoir in 
Well H. The numerical model is constructed based on the actual 
wellbore dimension, perforation size and layout of Well H in the 
Changqing Oilfield.  However, due to the millimeter-scale perfo
rations, decimeter-scale wellbore, and meter-scale near-wellbore 
region, the minimum resolution (i.e., mesh size) in the numerical 
model is constrained by the perforation size. This leads to a sub
stantial number of nodes and a considerable reduction in 
computational efficiency, thereby limiting the model dimensions. 
In this situation, while striving to maintain acceptable computa
tional efficiency, we maximize the model size as much as possible. 
The final  model dimensions are determined to be 6.10 m 
(length) × 6.10 m (height) × 1.83 m (width), comprising approx
imately 1.56 million nodes. A single simulation typically requires 
about 45 h to complete on an Intel® Core(TM) i9-14900K 3.20 GHz 
workstation. Therefore, the current model size represents a 
compromise between computational resources and simulation 
accuracy, and serves as the principal basis for model size selection. 
Moreover, both the overlying mudstone and underlying sandstone 
layers exhibit a thickness of 3.05 m, respectively. The mechanical 
properties, physical characteristics, and in-situ stresses of the two 
layers are summarized in Table 1. It is noted that the vertical stress 
of the mudstone layer is even greater than that of the sandstone 
layer. The reason is: The study area is located in the Ordos Basin, 
China, and is influenced by tectonic compression. As a result, the 
vertical stress is not solely governed by the overlying strata, but is 
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also affected by horizontal tectonic forces. As shown in Table 1, the 
maximum and minimum horizontal stresses in the mudstone 
layer are higher than those in the sandstone layer, indicating that 
the mudstone is generally under a higher stress state. This may be 
attributed to structural compression or lithological densification. 
In such a tectonic setting, vertical stress can be increased through 
the Poisson effect, which helps explain the observed phenomenon 
of slightly higher vertical stress in the mudstone layer.

The injection rate of the fracturing fluid is maintained at 0.1 m3/ 
min with a viscosity of 2.5 mPa⋅s, and the fluid leak-off is neglec
ted. The horizontal wellbore, featuring a radius of 106.35 mm, is 
positioned 1.0 m above the stratigraphic interface. Six perforation 
tunnels are arranged in a helical configuration along the wellbore, 
each with a radius of 7.50 mm and a length of 0.5 m. The perfo
ration pattern begins (i.e. the first  perforation tunnel) with an 
initial inclination of 25◦ relative to the horizontal plane, with 
subsequent tunnels spaced at 26◦ phase angle intervals around the 
wellbore. Furthermore, the constant stress boundary conditions, 
including the vertical stress, the maximum and the minimum 
horizontal stresses (Table 1), are applied. These conditions are 
chosen to realistically represent the constant far-field stresses in 
actual geological settings. A no-flow boundary condition is applied 
to the boundary of the model. Notably, in the current numerical 
model, we adopt a simplified approach by assuming uniform fluid 
pressure at each perforation tunnel, without accounting for fric
tional losses of the fracturing fluid  when flowing  through the 
wellbore and perforation channels. In fact, frictional losses during 
fluid  flow  can result in pressure variations among perforations, 
which in turn influence  fracture initiation at individual tunnels 
and ultimately affect the overall fracture propagation. Therefore, in 
our subsequent work, we will incorporate fluid  frictional losses 

into an extended version of the model. This may involve inte
grating computational fluid dynamics modules to enable a more 
comprehensive evaluation of fracture initiation and propagation 
during perforated fracturing. These improvements are expected to 
enhance both the practical applicability and predictive accuracy of 
the model.

3.2. Model validation

Firstly, we conduct numerical simulations of a penny-shaped 
fracture and compare the geometric solution obtained from the 
simulations with the theoretical solution proposed by Dontsov 
(2016). The mechanics parameters and physical properties used 
in the simulation are listed in Table 1. The injection rate is 0.1 m3/ 
min, the fluid viscosity is 2.5 mPa⋅s, and the injection duration is 
1680 ms. Fig. 4(a) displays the simulated fracture morphology, 
which resembles the shape of a coin. In Fig. 4(b), the numerical 
solution is depicted by black dots, its fitting outcome is illustrated 
by the solid black line, and the theoretical solution is signified by 
the red solid line. Results indicate the numerical solution forms a 
discrete distribution closely approximating the theoretical solu
tion, and the excellent agreement between the fitted results and 
theoretical predictions occurs. This confirms  that the discrete 
lattice method effectively simulates fracture propagation under 
the geological parameters and engineering conditions specified in 
Section 3.1.

Moreover, we discuss the effects of three different mesh sizes 
(i.e., resolutions), such as the coarse resolution of 8.22 mm, the 
medium resolution of 5.87 mm, and the fine resolution of 4.19 mm. 
It is found that, compared with the theoretical solution, the rela
tive errors of the maximum fracture length and width for the fine- 
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Fig. 3. Numerical model of cross-layer fracturing with directional perforation.

Table 1 
Mechanical properties, physical parameters, and in-situ stresses of mudstone and sandstone layers.

Parameters Mudstone layer Sandstone reservoir

Elastic modulus, GPa 31.29 23.15
Poisson's ratio 0.32 0.26
Uniaxial compressive strength, MPa 109.52 84.97
Density, kg/m3 2634.16 2448.27
Tensile strength, MPa 4.45 2.03
Vertical stress, MPa 46.68 46.13
Maximum horizontal principal stress, MPa 42.16 35.58
Minimum horizontal principal stress, MPa 37.26 30.37
Porosity, % 3.09 6.71
Permeability, mD 0.02 0.08
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resolution case are − 1.01% and 4.82%, respectively; for the 
medium-resolution case, they are 5.4% and 2.95%, respectively; 
and for the coarse-resolution case, they are 16.46% and − 4.54%, 
respectively (Fig. 4(b)). It is observed that the simulation results 
under fine resolution are closer to the theoretical solution. How
ever, when the resolution is improved from 4.19 to 5.87 mm, the 
deviation of the numerical results remains relatively small, indi
cating that under the studied conditions, the fracture propagation 
simulation using the discrete lattice method exhibits mesh inde
pendence. Considering the trade-off between computational cost 
and accuracy, this study selects the medium resolution (5.87 mm) 
for subsequent simulations.

Fig. 5 presents a comparative analysis of the injection pressures 
between on-site CLFDP of Well H and the numerical results. The 
simulated pressure trend aligns closely with the field-observed 
pressure data. Notably, the measured on-site breakdown pres
sure is 48.44 MPa, while the numerical modeling predicts a 
breakdown pressure of 50.89 MPa, yielding a deviation of 5.06% 
(2.45 MPa). Similarly, the field-measured average extension pres
sure of 36.44 MPa closely matched the simulated value of 
36.74 MPa, with a negligible discrepancy of 0.82%. These findings 
validate the reliability of the CLFDP model developed in this study.

3.3. Simulation results

Fig. 6 displays the fracture morphologies of CLFDP evolving 
with varying injection durations. Hydraulic fractures firstly initiate 
from each perforation tunnel (30 ms) and subsequently extend 
radially, resulting in the formation of planar fractures that are 
perpendicular to the direction of the minimum horizontal stress 
along the entire tunnels. These planar fractures propagate inde
pendently (60 ms). Following this, the fractures from adjacent 
tunnels begin to partially coalesce, gradually giving rise to a 
transverse main fracture perpendicular to the horizontal wellbore 
(120 ms). Once hydraulic fractures propagate into the lower 
sandstone layer (after 300 ms), they exhibit rapid and preferential 
extension in the sandstone layer, while their growth in the upper 
mudstone layer is significantly  inhibited, progressing at a much 
slower rate. Ultimately, this results in the formation of a gourd- 
shaped hydraulic fracture (1680 ms), characterized by a limited 
propagation in the mudstone layer and an extensive propagation 
within the sandstone layer. In addition, hydraulic fractures in the 
mudstone layer exhibit gaps in the upper half of the wellbore. This 
phenomenon is attributed to the directional perforation wherein 
the perforation tunnels are predominantly clustered towards the 
lower part of the wellbore, instead of being evenly distributed 
around it. In addition, we can observe that during the initial stage 
of hydraulic fracture propagation (at 30 ms), the fracture opening 
is very small. As the hydraulic fracture continues to extend, the 
crack width increases significantly. Interestingly, when the frac
tures propagate from the mudstone layer into the sandstone layer 
(at 300 ms), the fracture width within the sandstone becomes 
markedly larger than that within the mudstone, resulting in a 
noticeable contrast in width between the two layers. This differ
ence is primarily attributed to the higher elastic modulus of the 
mudstone compared to the sandstone.

Fig. 7 illustrates the evolution of injection pressure and fracture 
area, as derived from quantitative statistics of CLFDP simulation. 
The total fracture area is defined  as the sum of fracture areas 
within the mudstone and sandstone layers. The effective fracture 
area refers to fracture area contained within the sandstone layer. 
The effective fracture area ratio is then calculated as the propor
tion of the effective fracture area relative to the total fracture area. 
Fig. 7(a) shows that the CLFDP reaches a breakdown pressure of 
50.89 MPa, with extension pressures remaining stable at an 
average of 36.74 MPa. From Fig. 7(b), there is a clear upward trend 
in the total fracture area over time. Especially, during the period of 
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0–220.80 ms, the effective fracture area remains at zero, suggest
ing the absence of any effective fractures. This phenomenon occurs 
because fracture growth remains confined to the mudstone layer, 
and have not yet broken through into the sandstone reservoir. 

After 220.80 ms, the effective fracture area begins to rise over time, 
exhibiting a growth slope nearly equal to that of the total fracture 
area and the increase magnitude between the two is almost the 
same. It indicates that during this stage, hydraulic fractures 
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propagate almost exclusively in the sandstone layer, and this 
observation aligns well with the phenomenon illustrated in Fig. 6. 
Additionally, the effective fracture area grows faster initially but 
slows considerably in later stages. During the initial stage 
(0–220.80 ms), multiple fractures initiate simultaneously from 
perforation tunnels in the mudstone layer, but the propagation 
degrees vary as evidenced by differences in their corresponding 
fracture areas (Fig. 7(c) and (d)). Upon penetrating the lower 
sandstone layer at 220.80 ms, hydraulic fractures exhibit a pref
erential propagation in this layer. Consequently, tunnels 3 and 4, 
closer to the lower sandstone layer, emerge as the dominant 
pathways.

4. Parameter analysis

Building upon the numerical model for CLFDP delineated in 
Section 3.1, an investigation is conducted to assess the impact of 
various factors—including the horizontal wellbore position, 
perforation depth, and perforation spacing—on fracture propaga
tion. This is achieved by systematically altering each factor in 
isolation. The objective is to furnish theoretical insights that can 
inform the optimal design of CLFDP.

4.1. Effect of horizontal wellbore position

The horizontal wellbore position denotes the vertical distance 
of the horizontal wellbore in relation to the stratigraphic interface. 
To elaborate, when the horizontal wellbore is situated beneath the 
stratigraphic interface—that is, within the confines  of the lower 

sandstone layer—its position is assigned a negative value. When 
the horizontal wellbore is positioned at the formation interface, its 
location is defined as 0.0 m. If the wellbore is located above the 
formation interface (i.e., within the upper mudstone layer), its 
position is assigned a positive value. The horizontal wellbore po
sition is set within the range of − 1.0 to 2.5 m. This selection is 
based on consideration of research objectives and preliminary 
simulation results. The lower limit of − 1.0 m is chosen to ensure 
that the wellbore remains entirely within the sandstone layer, 
while also allowing investigation of fracture cross-layer behavior 
as hydraulic fractures extend from sandstone into mudstone. 
Preliminary studies indicate that when the wellbore is positioned 
at or below − 1.0 m, hydraulic fractures primarily propagate within 
the sandstone layer, exhibiting a relatively consistent, approxi
mately rectangular geometry. Under these conditions, the well
bore position has relatively little influence  on the outcome. In 
addition, when the wellbore position is positive (i.e., within the 
mudstone layer), its position significantly affects the stimulation 
results. To investigate this phenomenon, we aim to include as 
many relevant case scenarios as possible. Therefore, the upper 
limit is set to the maximum value (2.5 m). Noted that 3.0 m is 
excluded from the analysis as the wellbore is at the model 
boundary.

Fig. 8 illustrates that the fracture geometry exhibits diverse 
forms with various horizontal wellbore position. Specifically, 
when the wellbore position is at − 1.0 m, the fracture manifests a 
rectangular shape; at − 0.5 m, it transitions to a semi-circular; at 
0.5 m, it appears a pitcher with a pointed base; and at 1.0 m, it 
forms a gourd-like shape. It is observed that when the wellbore 
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position is at or below 0.0 m, the perforation tunnels are all situ
ated in the sandstone layer. Consequently, hydraulic fractures 
initiate and propagate predominantly within the sandstone layer 
from the outset, with negligible penetration into the mudstone 
layer. As a result, the effective fracture areas for the three scenarios 
(− 1.0, − 0.5 and 0.0 m) depicted in Fig. 9 exhibit remarkable 

similarity. When the horizontal wellbore is positioned at offsets of 
0.5 and 1.0 m from the interface, hydraulic fractures initially 
originate from perforation tunnels located within the mudstone 
layer. However, owing to the close proximity of tunnels 3 and 4 to 
the lower sandstone reservoir, the fractures rapidly propagate into 
the sandstone layer. Subsequently, fracture propagation becomes 
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predominantly confined to the sandstone layer. Moreover, as the 
wellbore is progressively positioned higher, ascending from 1.5 to 
2.5 m—moving it farther from the sandstone layer—hydraulic 
fractures are compelled to propagate extensively in the mudstone 
before they can breach the layer and extend into the lower sand
stone layer. Consequently, it leads to a diminished efficacy of hy
draulic fracturing treatment in the sandstone layer.

In addition, regarding the concern that fracture extension to the 
boundary may affect the validity of the results, we conduct an 
analysis and believe that this phenomenon does not compromise 
the validity of the study's conclusions. The reasons are as follows: 
(a) The purpose of this section is to examine how the horizontal 
wellbore position relative to the mudstone-sandstone interface 
affects the fracture propagation across layers. As illustrated in 

Fig. 8, when the wellbore is located within the mudstone layer 
(i.e., horizontal well position ≥ 0 m), fracture growth is con
strained in the mudstone but extends widely within the sand
stone, forming a characteristic “gourd-shaped” structure, a key 
observation of this study. When the wellbore is situated in the 
sandstone layer, fractures tend to remain confined  within the 
sandstone and rarely penetrate into the upper mudstone, even 
when some fractures reach the model boundary. The above be
haviors and their qualitative trends are governed primarily by in- 
situ stresses and lithological contrasts, and the underlying physical 
mechanisms are established before fractures reach the boundary. 
(b) From the injection pressure curve shown in Fig. 9(a), even in 
cases where fractures extend to the boundary, the pressure curve 
remains smooth and continuous in the later stages, with no 
pressure anomalies or abrupt changes caused by boundary effects. 
This indicates that the fracture propagation is generally stable, and 
that boundary conditions have limited influence on the qualitative 
judgment of the simulation results, thereby supporting the validity 
of simulation results. Of course, we fully acknowledge that fracture 
extension to the model boundary may indeed influence  quanti
tative analysis. Therefore, we plan to further increase the model 
size in future studies, and explore the advanced techniques such as 
GPU parallel computing to enhance computational efficiency. This 
endeavor aims to more accurately capture the dynamic propaga
tion of fractures in the CLFDP.

There is, on the whole, a noticeable trend where the breakdown 
pressure exhibits an increase in tandem with the rising wellbore 
position (Fig. 9(a) and (c)). In all cases where the wellbore position 
is ≤ 0.0 m, the breakdown pressure remains consistently around 
41.0 MPa—significantly lower than that observed in cases where 
the wellbore position is ≥ 0.5 m (approximately 51.0 MPa). This 
discrepancy arises from the differing lithologies at the perforation 
sites. In the former scenario, perforations are situated within the 
sandstone layer, where hydraulic fractures initiate at a relatively 
low breakdown pressure. Conversely, in the latter scenario, per
forations were placed in the mudstone layer, requiring greater 
breakdown pressure for fracture propagation. Similarly, the 
extension pressure exhibits a comparable trend of change. 
Concurrently, the correlations between the breakdown pressure Pf 
and the average extension pressure Pp with respect to the wellbore 
position Lw are mathematically fitted. The breakdown pressure is 
represented by Pf = − 1:13Lw

2 + 5:13Lw + 45:67
(

R2 = 0:81
)

, 
while the average extension pressure follows the equation Pp =

1:40Lw + 35:76
(

R2 = 0:93
)

. One of the core tasks in on-site 
fracturing design is to predict the construction pressure window 
(including breakdown pressure and extension pressure), based on 
geological and engineering conditions. Our fitting  model effec
tively establishes a predictive tool with wellbore position as input 
and key injection pressure as output. In practical applications, 
once the wellbore position is determined through downhole 
measurements, the model can estimate the required injection 
pressure for the operation. This provides a basis for setting frac
turing pump units, optimizing pump schedules, and mitigating 
operational risks. Therefore, the established mathematical corre
lations align closely with on-site engineering requirements and 
hold strong potential for on-site operations.

Furthermore, Fig. 9(b) demonstrates that both the effective 
fracture area and its ratio decrease monotonically as the wellbore 
position increases. Notably, when the wellbore position rises 
from − 1.0 to 0.0 m, the reduction in the above parameters is 
marginal. Specifically, the effective fracture area exhibits a decline, 
dropping from 53.27 to 51.71 m2, and the effective fracture area 
ratio follows suit, decreasing from 99.61% to 97.62%. However, a 
more pronounced reduction is observed when the wellbore posi
tion is adjusted from 1.0 to 1.5 m. In this scenario, the effective 
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fracture area plummets from 48.64 to a mere 14.27 m2, while the 
effective fracture area ratio experiences a substantial drop, from 
75.89% down to 29.36%. This finding demonstrates that the well
bore position of 1.0 m represents a critical threshold. It is noted 
that deriving a threshold solely from these eight discrete cases is 
not entirely rigorous, since the value of 1.0 m represents the op
timum only within the above scenarios. If additional simulations 
are performed with finer intervals, such as at 0.9, and 1.1 m, the 
optimal position might deviate slightly. Furthermore, when the 
horizontal wellbore exceeds this value, a significant deterioration 
in fracturing performance is observed. It is therefore imperative to 
account for this factor in the selection of optimal wellbore sections 
for fracturing. The aforementioned analysis underscores that 
horizontal wellbore should be optimally steered to ensure 
maximum penetration through the target reservoir, such as using 
the rotary steering technology (Andrade et al., 2021; Chen et al., 
2023, 2024; Gao, 2022; Zafarian et al., 2021). By doing so, it 
yields a substantial reduction in injection pressure during hy
draulic fracturing and an increase of both the effective fracture 
area and its ratio, ultimately culminating in superior stimulation 
effects. Moreover, we derived quantitative fitting  formulas 
describing the relationship between both the effective crack area 
Ae and its ratio Re with respect to wellbore position Lw as follows: 
Ae = − 6:24Lw

2 − 7:89Lw + 52:05
(

R2 = 0:91
)

, and Re = −

8:92Lw
2 − 18:93Lw + 92:95

(
R2 = 0:95

)
.

4.2. Effect of perforation depth

Fig. 10 illustrates fracture morphologies for CLFDP under 
various perforation depths. Obviously, as the perforation depth 
escalates, fracture propagation in the upper mudstone layer ex
hibits a progressively diminishing range. Conversely, fracture 
propagation in the lower sandstone layer attains a continuous 
increment. Specifically, when perforation depth is 0.5 or 1.0 m, 
perforation tunnels are confined  to the mudstone layer, and hy
draulic fractures must firstly  initiate and propagate in the 
mudstone layer before extending into the adjacent sandstone 
reservoir. Consequently, a significant portion of hydraulic fractures 
remains in the mudstone layer. When perforation depth ranges 
from 1.50 to 2.50 m, certain perforation tunnels are situated in the 
sandstone layer, resulting in hydraulic fractures almost only 
starting and expanding from the segments of perforation tunnels 
located in the sandstone reservoir. In contrast, the segments of 
perforation tunnels located in mudstone layer encounter chal
lenges in effectively initiating fractures. As a result, transverse 
main fractures that efficiently  transform sandstone reservoir are 
formed.

Both the breakdown pressure and average extension pressure 
decrease with the increase of perforation depth (Fig. 11(a) and (c)). 
Specifically, when perforation depth increases from 0.5 to 2.5 m, 
the breakdown pressure abates from 50.89 to 43.71 MPa, with a 
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decrease of 14.11%. The average extension pressure reduces from 
36.74 to 34.18 MPa, corresponding to a 6.97% reduction. Further
more, a quantitative analysis is conducted to establish the re
lationships between the breakdown pressure Pf and the average 
extension pressure Pp with the variation of perforation depth Lt. 
The resulting fitted equations are as follows: Pf = − 3:80Lt +

52:61
(

R2 = 0:97
)

, and Pp = − 1:23Lt + 36:83
(

R2 = 0:81
)

. The 
effective fracture area ratio displays a significant  growth from 
75.89% to 96.13% with increasing perforation depth (Fig. 11(b)). The 
relationships between the perforation depth Lt and both the 
effective fracture area Ae and its ratio Re are derived through linear 
regression. The fitted equations are as follows: Ae = − 3:89Lt +

52:01
(

R2 = 0:81
)

, and Re = 10:89Lt + 71:03
(

R2 = 0:95
)

.

Drawing from the preceding analysis, it becomes evident that 
when horizontal wellbores stray from the target sandstone 
reservoir, the deep-penetration perforation technology (Cai et al., 
2024; Fu et al., 2025; Gensheng et al., 2007) should be deployed. 
This technology can promote extensive propagation of hydraulic 
fractures within the target reservoir. It also significantly reduces 
the injection pressure, including the breakdown pressure and 
extension pressure. Together, these effects achieve effective 
stimulation of NRHWI. This method shatters the long-standing 
constraint in traditional fracturing design that NRHWI is discour
aged as the fracturing interval candidates.

4.3. Effect of perforation spacing

The perforation spacing denotes the distance separating two 
adjoining perforation tunnels. Fig. 12 proves that rising the 
perforation spacing inhibits multiple-tunnel fractures communi
cation and coalescence after initiation. The propagation of 
individual-tunnel fracture becomes more independent, eventually 
leading to the development of branching fractures near the well
bore and, in some cases, the formation of multiple primary frac
tures (Fig. 12(g)). Specifically, when perforation spacing is 
30.48–76.20 mm, hydraulic fractures initiating from multiple 
tunnels merge and develop into continuous, smooth main frac
tures in the vicinity of the wellbore. As perforation spacing raises 
from 91.44 to 182.88 mm, fractures starting from certain tunnels 
gradually lost connectivity with adjacent fractures. This is partic
ularly evident for fractures originating from the outermost two 
tunnels, which develop into independent branching fractures. 
When perforation spacing widens to 243.84 mm, there is no 
interconnection observed between all fractures initiating from 
tunnels, and instead these fractures propagate autonomously. 
Notably, during this independent propagation, a fierce competitive 
dynamic emerges, resulting in only a limited number of fractures 
becoming the predominant main fractures, as exemplified  by 
fractures initiating from tunnels 3 and 5.

From Fig. 13(a) and (c), the perforation spacing has minimal 
influence  on injection pressure. With rising perforation spacing, 
the breakdown pressure fluctuates  within a narrow range of 
50.89–51.50 MPa, confirming  a variation amplitude of merely 
0.61 MPa. Similarly, the average extension pressure varies slightly 
from 36.42 to 37.90 MPa, with a limited fluctuation range of only 
1.48 MPa. More importantly, an observed phenomenon is that 
increasing perforation spacing prolongs the time required for in
jection pressure to reach breakdown pressure. This occurs because, 
at smaller perforation spacings, fractures initiating from adjacent 
tunnels tend to propagate and coalesce earlier, facilitating the 
rapid creation of a dominant fracture and thus an earlier attain
ment of breakdown pressure. Conversely, when perforation 
spacing is excessively large, fractures emanating from tunnels 
exhibit delayed or insufficient  communication, impeding their 
coalescence. Under such conditions, the development of a domi
nant fracture relies primarily on the extensive propagation of 
fracture from an isolated tunnel, necessitating a longer duration to 
achieve breakdown pressure.

As depicted in Fig. 13(b), both the effective fracture area Ae and 
its ratio Re show a pattern of initial decline followed by a subse
quent rise as perforation spacing Dt increases. The corresponding 
fitting formulas are: Ae = 0:0009Dt

2 − 0:2644Dt + 58:9050
(

R2 =

0:78
)

, and Re = 0:0010Dt
2 − 0:3464Dt + 92:1080

(
R2 = 0:91

)
. 

More precisely, as perforation spacing expands from 30.84 to 
182.88 mm, the effective fracture area diminishes from 50.40 to 
36.07 m2, marking a reduction of 28.43% (equivalent to 14.33 m2). 
Concurrently, the effective fracture area ratio declines from 80.29% 
to 57.91%. Additionally, reducing perforation spacing from 243.84 

0 420 840 1260 1680
30

35

40

45

50

55

0.5 m
1.0 m
1.5 m
2.0 m
2.5 m

In
je

ct
io

n 
pr

es
su

re
, M

Pa

Time, ms

0 1 2 3
0

20

40

60

80

100

Fracture area
Effective ratio

Ef
fe

ct
iv

e 
fra

ct
ur

e 
ar

ea
, m

2

Ef
fe

ct
iv

e 
fra

ct
ur

e 
ar

ea
 ra

tio
, %

Tunnel length, m

Fitting curve

0 1 2 3
0

15

30

45

60

Breakdown pressure
Extension pressure

Pr
es

su
re

, M
Pa

Tunnel length, m

Fitting curve

(a)

(b)

(c)

Ae = -3.89Lt + 52.01 (R 2 = 0.81)

Re = 10.89Lt + 71.03 (R 2 = 0.95)

Pf = -3.80Lt + 52.61 (R 2 = 0.97)

Pp = -1.23Lt + 36.83 (R 2 = 0.81)

Fig. 11. Evolution of (a) injection pressure, (b) effective fracture area and its ratio, and 
(c) breakdown pressure and average extension pressure under various perforation 
depths.

X.-H. Wang, L.-K. Huang, C.-H. Li et al. Petroleum Science 23 (2026) 2622–2638

2633



to 182.88 mm enhances stimulation effectiveness, as evidenced by 
the decrease in effective fracture area (46.55–36.07 m2) and frac
ture area ratio (65.74%–57.91%). In conclusion, higher perforation 
density is the primary determinant for superior stimulation re
sults. Consequently, field  operations should prioritize configura
tions with minimized perforation spacing.

5. Discussion

This paper develops a three-dimensional numerical model for 
CLFDP, explicitly accounting for the presence of actual perforation 
tunnels. This work offers a research method for further system
atically investigating the effects of perforation parameter
s—including perforation diameter, phase angle, and perforation 

number—on hydraulic fracture propagation in the future. In this 
study, we did not explore the effect of phase angle, primarily 
because its influence is also related to the in-situ stresses, which is 
a complex coupling effect. Specifically, when the phase angle 
changes, the orientation of each perforation tunnel relative to the 
principal stress directions also varies, which significantly affects 
the fracture initiation and propagation behavior of each perfora
tion tunnel. And this interaction may not exhibit a regular trend 
with varying phase angles. Therefore, the role of phase angle 
constitutes a more complex and nuanced topic, warranting 
extensive analysis and discussion in future work. Building on the 
current study, we plan to systematically investigate the influence 
of phase angle under various configurations, such as single and 
multiple perforation tunnels. We consider this a highly promising 
direction for future research.
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(1) Discussion on stress shadow effect and influence of in-situ 
stress

Stress shadow effect: In our simulation results, the stress 
shadow effect is primarily manifested in the interaction among 
multiple fractures. When the perforation spacing is small (e.g., 
30.48–76.20 mm), fractures originating from adjacent perforation 
tunnels rapidly propagate and interfere with one another. The 
resulting stress shadow effect inhibits the further extension of 
certain fractures, particularly those initiating in mudstone layers. 
This phenomenon promotes energy and fluid toward more favor
able fractures leading into sandstone layers. It accelerates the 
formation of a dominant fracture and enhances its propagation 
within sandstone reservoirs. Conversely, with larger perforation 
spacing (e.g., 243.84 mm), the stress shadow effect diminishes, 
allowing fractures originating from adjacent tunnels to propagate 
more independently. This leads to intensified competition among 
multiple fractures, with only a few overcoming the constraints 
imposed by the stress field  and rock mechanical properties to 
become dominant fractures (as illustrated in Fig. 12). These ob
servations explain why high-density perforation (i.e., small 
spacing) tends to form more continuous and effective main frac
tures, whereas larger spacing is more likely to result in branching 
or multiple competing fractures, thereby reducing stimulation 
efficiency.

Influence of in-situ stress: The simulation results indicate that, 
regardless of the wellbore's position within the mudstone layer, 
hydraulic fractures exhibit a strong tendency to deflect and extend 

toward the underlying sandstone reservoir after initiation. This 
behavior is largely governed by the in-situ stress field, which di
rects fracture propagation. In the present cases, the lower sand
stone reservoir offers a more mechanically favorable environment 
for fracture growth compared to the upper mudstone layer, 
exemplified  by a lower minimum horizontal principal stress. 
Consequently, whenever conditions permit (e.g., through suffi
ciently deep perforations or proximity to the lithological inter
face), fractures preferentially and extensively propagate within the 
sandstone layers.

(2) Discussion on the threshold of critical wellbore position

Our analysis reveals that, as the wellbore position is increased 
from 0.0 to 1.0 m, the effective fracture area ratio begins to decline 
significantly and monotonically (Fig. 9). When the wellbore posi
tion is > 1.0 m, stimulation performance in the sandstone reservoir 
deteriorates sharply, as fractures must traverse a greater distance 
through the overlying mudstone, leading to higher energy dissi
pation before reaching the target zone. Therefore, a critical 
threshold of 1.0 m is identified  for achieving effective enhance
ment. In fact, this critical threshold is not only influenced signifi
cantly by perforation parameters but is also closely tied to the in- 
situ stress. On one hand, as displayed in Fig. 10, increasing the 
perforation depth can effectively compensate for the unfavorable 
wellbore position. For instance, even when the wellbore position 
lies above the threshold (i.e., at 1.0 m), deep-penetration perfo
rations (e.g., with a perforation depth of 1.5–2.5 m) can extend the 

0 420 840 1260 1680
30

35

40

45

50

55

30.48 mm
45.72 mm
76.20 mm
91.44 mm
121.92 mm
182.88 mm
243.84 mm

In
je

ct
io

n 
pr

es
su

re
, M

Pa

Time, ms

Re = 0.0010Dt
2 - 0.3464Dt + 92.1080 (R 2 = 0.91)

Pp = 1.59Dt + 36.57 (R 2 = 0.87)

Ae = 0.0009Dt
2 - 0.2644Dt + 58.9050 (R 2 = 0.78)

Pf = 0.48Dt + 50.97 (R 2 = 0.92)

Time, ms

(a)

(b) (c)

Partial enlargement

0 50 100 150 200 250
0

15

30

45

60

Breakdown pressure
Extension pressure

Pr
es

su
re

, M
Pa

Tunnel spacing, mmTunnel spacing, mm

Fitting curve

0 50 100 150 200 250
0

20

40

60

80

100

Fracture area
Effective ratio

Ef
fe

ct
iv

e 
fra

ct
ur

e 
ar

ea
, m

2

Ef
fe

ct
iv

e 
fra

ct
ur

e 
ar

ea
 ra

tio
, %

Fitting curve

0 70 140 210 280

30

35

40

45

50

55

In
je

ct
io

n 
pr

es
su

re
, M

Pa

30.48 mm
45.72 mm
76.20 mm
91.44 mm
121.92 mm
182.88 mm
243.84 mm

Fig. 13. Evolution of (a) injection pressure, (b) effective fracture area and its ratio, and (c) breakdown pressure and average extension pressure under various perforation spacings.

X.-H. Wang, L.-K. Huang, C.-H. Li et al. Petroleum Science 23 (2026) 2622–2638

2635



perforation tunnel into or near the sandstone reservoir. This by
passes the unfavorable mudstone interval, either enabling direct 
fracture initiation in the sandstone or significantly shortening the 
fracture path to the target layer. This mechanism allows the 
operable “critical wellbore position threshold” to be effectively 
raised through optimized perforation design, offering a practical 
remedial strategy for cases where wellbore trajectory control is 
less than ideal. On the other hand, the critical wellbore position 
threshold arises from the interplay between perforation geometry, 
and the in-situ stress. It marks the point beyond which the natural 
turning capacity of hydraulic fractures driven solely by in-situ 
stresses becomes inadequate to overcome the barrier effect of 
the mudstone layer. Beyond this threshold, proactive intervention, 
such as deep-penetration perforation, becomes necessary.

The current numerical modeling still presents certain limita
tions that warrant further refinement. Firstly, an important factor, 
the influence of proppants, is overlooked. During hydraulic frac
turing, fracturing fluid  contains a substantial number of solid 
particles (i.e., proppants). These particles serve a critical purpose: 
they are deposited within the fractures to prop them open, thereby 
preventing full closure. Consequently, fluid flow in the fracturing 
system constitutes a solid-liquid two-phase flow, as evidenced by 
several researches (Dontsov, 2023; Patel et al., 2024; Wang J. et al., 
2023; Zhang B. et al., 2025a; Zhang et al., 2023; Zhou et al., 2025; 
Gu et al., 2025). This stands in contrast to the single-phase flow 
assumption made in this paper. The propagation of hydraulic 
fractures, propelled by a two-phase fluid,  displays a far more 
intricate behavior. However, this complexity brings it closer to 
real-world scenarios. For this reason, we are attempting to simu
late hydraulic fracturing driven by multiphase fluids.  In these 
simulations, the fluid  flow  is computed utilizing OpenFoam, a 
pivotal task of significant value.

Furthermore, this study does not account for the presence of 
compacted damage zones surrounding perforation tunnels. In re
ality, perforation process—particularly when employing shaped- 
charge perforating guns (also referred to as explosive perfo
ration)—induces significant  rock deformation, breakage, and 
compaction in the vicinity of the tunnels. This results in the 
occurrence of a compacted damage zone, which typically com
prises a crushing region and a low-permeability region (Arora and 
Sharma, 2000; Craddock et al., 2018; Liang et al., 2023; Pucknell 
and Behrmann, 1991; Yan et al., 2020). The existence of com
pacted damage zones significantly  affects the flow  dynamics of 
fracturing fluid and the initiation behaviors of fractures. To date, 
relatively few studies have succeeded in incorporating the effects 
of these compaction damage zones, with the predominant meth
odology being confined  to indoor experiments. There is still a 
significant gap in numerical simulation, primarily stemming from 
the challenges associated with incorporating the presence of 
perforation tunnels in the existing numerical methods. The 
modeling method proposed in this study consider the presence of 
perforation tunnels, thereby offering a viable approach to explore 
the impact of compacted damage zones on fracture initiation and 
propagation. Therefore, we will define  the surrounding strata of 
perforation tunnels as the compaction damage zone locally in the 
next step on basis of the numerical model in this paper. The 
relevant parameters of this zone will be calibrated based on lab
oratory test results to systematically examine the influence of the 
compaction damage zone. This direction of research holds signif
icant promise for further exploration.

Thirdly, field  observations demonstrate that non-uniform di
mensions of perforation tunnels even in the same cluster occur, 
due to the eccentricity and gravity effects of perforation gun 
(Almaguer et al., 2002). This study, however, assumes an idealized 
scenario with identical tunnel sizes, which represents a 

simplification of real-world conditions. Given that the dimensions 
of each tunnel vary, the resulting perforation friction differs. This 
discrepancy subsequently influences the fluid distribution among 
these tunnels, and consequently impacts the propagation of hy
draulic fractures. Accounting for the non-uniform tunnel sizes will 
facilitate the optimization of both perforation dimensions and 
spatial configuration under varying operational scenarios. This 
includes scenarios where horizontal wellbores are positioned in 
either the upper or lower interlayers. Such optimization is crucial 
for achieving optimal stimulation outcomes.

Fourthly, in the current model, the leak-off effect (such as 
Carter leak-off) and non-Newtonian fluid behavior have not been 
incorporated, mainly for the following reasons: (i) The research 
focus lies in providing an option for simulating the CLFDP and 
offering practical engineering recommendations. Therefore, we 
adopt a simplified  modeling framework that avoids interference 
from multiple complex parameters including the filtration  and 
fluid  mechanics behavior. (ii) Incorporating the leak-off effect, 
particularly pressure-dependent dynamic leak-off, along with the 
power-law fluid  constitutive model would significantly  increase 
the nonlinearity of the governing equations and the difficulty of 
obtaining solutions. Moreover, it also leads to a substantial rise in 
computational cost. For instance, the current model, which as
sumes constant fluid viscosity and no leak-off, contains approxi
mately 1.56 million nodes. When simulated on a workstation 
equipped with an Intel(R) Core(TM) i9-14900K 3.20 GHz proces
sor, a single model requires about 45 h to complete. Therefore, 
incorporating the aforementioned fluid  features into the model 
would further escalate the computational demands, potentially to 
an unbearable extent. In summary, considering the above factors, 
we have consciously chosen not to include the leak-off model and 
non-Newtonian fluid relationship in the current model, which is a 
necessary compromise under the present conditions. Of course, 
we also acknowledge the significance  of studying the effects of 
fluid  leak-off and non-Newtonian behavior on fracture propaga
tion (Moukhtari and Lecampion, 2018; Pereira and Lecampion, 
2021). This is a highly valuable and necessary direction for our 
subsequent research and also serves as a natural extension of the 
current work.

6. Conclusions

This study develops a 3D numerical model for CLFDP, system
atically discussing the impact of horizontal wellbore position, 
perforation depth, and perforation spacing. The primary findings 
are outlined as follows:

(1) In the case study where the horizontal wellbore is situated 
within the upper mudstone layer overlying the sandstone 
reservoir, a distinctive gourd-shaped fracture emerges. This 
fracture exhibits limited propagation in the mudstone layer 
but extends extensively into the underlying sandstone 
reservoir. Besides, the breakdown pressure and average 
extension pressure are measured at 50.89 and 36.74 MPa, 
respectively, while the effective fracture area ratio reaches 
an impressive 75.89%.

(2) When the wellbore position transitions from the sandstone 
layer to the upper mudstone layer, both the breakdown 
pressure and extension pressure generally exhibit a gradual 
escalation. Conversely, the effective fracture area and its 
corresponding ratio show a monotonic decline. The study 
identifies  a critical wellbore position threshold to achieve 
the optimal stimulation. Therefore, the horizontal wellbore 
should be precisely steered to ensure maximum penetration 
through the target reservoir, such as using the rotary 
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steering technology, which serves as a key measure for 
enhancing stimulation efficiency.

(3) As the perforation depth lengthens, hydraulic fracture 
propagation exhibits contrasting trends between geological 
layers: while it progressively decreases in the upper 
mudstone formation, it shows significant  enhancement in 
the lower sandstone reservoir. This differential propagation 
behavior results in a remarkable improvement in the 
effective fracture area ratio, which increases substantially 
from 75.89% to 96.13%. Concurrently, both the breakdown 
pressure and average extension pressure demonstrate a 
decreasing trend with greater perforation depth. These 
findings  suggest that for horizontal wellbores deviating 
from the target sandstone reservoir, deep-penetration 
perforation represents an optimal strategy for effectively 
stimulating the NRHWI.

(4) Rising perforation spacing promotes the independent 
propagation of fractures emanating from individual perfo
ration tunnels while inhibits fracture coalescence. This 
mechanism ultimately results in branched fractures near 
the wellbore and, in certain instances, the emergence of 
multiple primary fractures. Notably, observations reveal 
that the perforation spacing exhibits negligible impact on 
both breakdown pressure and extension pressure. The 
effective fracture area and its corresponding ratio initially 
decrease before increasing as perforation spacing expands. 
These findings  collectively suggest that optimal operation 
strategies should employ reduced perforation spacing con
figurations  (i.e., higher perforation density) to maximize 
stimulation effectiveness.
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