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ABSTRACT

High-strength interlayers and lithological interfaces limit vertical fracture height and stimulation effi-
ciency in the thin interbedded reservoir. This paper proposes a novel radial borehole fracturing
approach to enhance hydraulic fracture cross-layer ability. A multilayered model was developed to
simulate radial borehole fracturing based on the discrete lattice method. Under different geological
features, the mechanism of hydraulic fracture cross-layer propagation was determined by analyzing the
evolution of in-situ stress and rock displacement around radial boreholes. Research indicates that the
radial borehole effectively reduces the effect of the minimum principal stress around the near-wellbore
zone, thereby decreasing the interlayered stress difference and promoting hydraulic fractures to
propagate in straight paths across interlayers. When the radial borehole penetrates across lithological
interfaces, rock displacement readily facilitates cross-layer propagation, thereby significantly alleviating
constraints on the vertical fracture height. Furthermore, multiple pay zones could achieve effective skip-
layer stimulation when radial boreholes connect multiple interlayers. The ability of hydraulic fractures
to propagate across interlayers increases significantly with higher interlayered horizontal stress dif-
ference, interlayered fracture toughness difference, interlayered elastic modulus difference, interlayered
tensile strength difference, and natural fracture density, or with reduced interfacial shear strength.
Among these, the interlayered tensile strength difference predominantly controls the vertical fracture
height based on the Spearman correlation algorithm. A propagation criterion was established for
identifying a hydraulic fracture crossing a lithological interface in radial borehole fracturing under
various geological factors. If the thin interbedded reservoir exhibits interlayered horizontal stress dif-
ferences exceeding 10 MPa, interfacial shear strengths below 4 MPa, or natural fracture densities greater
than 1 fractures/m, radial boreholes should be extended into adjacent barrier layers to stimulate outer
pay layers. When radial boreholes interconnect multiple pay layers, hydraulic fracture skip-layer
initiation could achieve overall reservoir stimulation and mitigate the constraints of formation condi-
tions. This study provides theoretical foundations and engineering implementation guidelines for radial
borehole fracturing in thin interbedded reservoirs.
© 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/).
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1. Introduction

Vertically superimposed multiple pay zones in thin inter-
bedded reservoirs serve as the primary hosts for unconventional
hydrocarbon resources (Zhao et al., 2015; Zou et al., 2015). Reser-
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these reservoirs often contain multiple high-strength barrier
layers and lithological interfaces among pay layers (Wang et al.,
2025). These geological structures constrain the hydraulic frac-
ture height in conventional horizontal well fracturing, thereby
impeding the effective interconnection of multiple production
zones for commingled development (Lei et al., 2022; Li et al,
2020). To enhance vertical connectivity in thin interbedded res-
ervoirs, a novel method of radial borehole-guided hydraulic frac-
ture cross-layer growth has been proposed. This approach begins
with the drilling of radial branch boreholes that extend vertically
for tens of meters from the main horizontal wellbore, thereby
enabling precise, targeted connectivity among multiple produc-
tion zones. Subsequently, hydraulic fracturing is performed to
promote fracture initiation and propagation preferentially along
the radial borehole direction. They tend to penetrate barrier layers
and lithological interfaces, and ultimately achieve vertical effec-
tive coverage efficiency in thin interbedded reservoirs (Long et al.,
20264, 2024; Wu X. et al., 2025; Xie et al., 2025).

Previous studies have determined that hydraulic fractures pri-
marily exhibit four propagation patterns: arrest, deflection,
penetration, and composite during conventional hydraulic frac-
turing in thin interbedded formations (Zhang et al., 2023b). The
interlayer stress difference is the dominant factor controlling
fracture height growth (Lyu et al., 2024; Xie et al., 2024). Hydraulic
fractures tend to propagate within lower stress interlayers, while
higher stress differences restrict hydraulic fracture penetration
(Guo et al.,, 2025). Additionally, geological parameters such as
elastic modulus, rock brittleness, interlayer thickness, interlayer
dip angle, and vertical stress difference significantly impact hy-
draulic fracture vertical propagation behavior (Cong et al., 2024;
Huang et al., 2025; Zhang et al., 2023a). In actual operation,
higher injection rate and higher fluid viscosity can enhance hy-
draulic fracture extension height but reduce fracture network
complexity (He et al., 2022; Kong et al., 2023; Liu et al., 2025; Tan
et al., 2019). Furthermore, alternating injections of higher and
lower viscosity fluids can effectively improve reservoir stimulation
performance (Cong et al., 2024). Weak planes like lithological in-
terfaces and natural fractures constitute another critical barrier to
hydraulic fracture cross-layer growth in the thin interbedded
reservoir (Wang et al., 2021). When hydraulic fractures intersect
weak planes, generated pressure pulses can induce interfacial
shear slip, thereby leading to interaction modes dominated by
penetration, deflection, or arrest (Dahi Taleghani et al., 2016;
Huang et al., 2024; Wang et al., 2025; Xi et al., 2022; Zhao et al.,,
2022). Weak plane strength, in-situ stress, and approach angle
are key parameters that govern these interactions (Liao et al.,
2024; Long et al., 2026b; Zheng et al., 2020). Under conditions of
larger approach angles, higher horizontal stress differences, and
increased injection rates, hydraulic fractures tend to penetrate
weak planes. Conversely, they more readily activate weak planes
and deflection (Wang et al., 2021). The above research systemati-
cally analyzes the mechanisms of hydraulic fracture cross-layer
propagation in conventional hydraulic fracturing. However,
when radial boreholes connect multiple interlayers, the initiation
and extension behavior of hydraulic fracture becomes more
complex. In thin interbedded reservoirs under radial borehole
fracturing conditions, the hydraulic fracture growth is jointly
affected by the stress reconstruction from the radial borehole,
lithological interface disturbance, and interlayered stress differ-
ence. The presence of radial boreholes shifts the core science of
fracture-interface interactions to competitive initiation across
multiple interlayers and radial borehole-guided hydraulic fracture
cross-layer propagation (Long et al., 2024; Wu X. et al., 2025; Xie
et al., 2025).
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The development of numerical methodologies has provided
diverse approaches for investigating the mechanisms governing
hydraulic fracture propagation within multilayered reservoirs.
Continuum methods treat rock as an equivalent continuum,
commonly employing the finite element method (FEM) and
extended finite element method (XFEM) to simulate the fracture
growth behaviors. The FEM excels in linear elastic problems but
struggles to accurately model complex fracture paths and in-
teractions with lithological interfaces (Guo et al., 2025; Liao et al,,
2024; Lyu et al., 2024). XFEM can handle discontinuous propaga-
tion, yet it incurs high computational costs and exhibits strong
mesh dependency (Lecampion, 2009). Among discontinuous
methods, the discrete element method (DEM) represents the
medium as independent particles or blocks, naturally simulating
fracture initiation, deflection, and branching without predefined
paths (Zheng et al., 2022). However, full 3D simulations demand
substantial computational resources. The  continuum-
discontinuum element method (CDEM) couples continuous and
discrete approaches, enabling dynamic simulation of fracture
cross-layer propagation, though it suffers from mesh sensitivity
(Huang et al., 2025; Wang et al., 2025). In contrast, the discrete
lattice method (DLM) is based on the simplified cohesive particle
model from the synthetic rock mass (SRM) approach and discrete
lattice theory (Shen et al., 2020). This method directly character-
izes heterogeneous structures like multi-lithological layers and
weak planes (i.e. bedding plane, natural fracture, and lithological
interface) at the multi-scale (Bakhshi et al., 2019; Zhang et al.,
2023a). It can accurately perform 3D non-plane fracture simula-
tions with low computational cost, thereby modeling the
competitive initiation and cross-layer propagation of hydraulic
fractures guided by radial boreholes (Gu et al., 2024).

This study develops a multilayered model based on the DLM to
simulate the fracture growth guided by the radial borehole. The
typical fracture initiation and propagation patterns are revealed by
performing hydraulic fracturing simulations with different inter-
layer sequences and radial borehole lengths. The rock displace-
ment and in-situ stress evolution are analyzed to determine the
mechanisms of hydraulic fracture growth by radial borehole
guidance. Reservoir stimulation performance is evaluated by
quantifying vertical fracture height (VFH) and stimulated reservoir
area (SRA). Key geological parameters are systematically investi-
gated for their influence on radial borehole-guided hydraulic
fracture extension, while dominant controlling factors affecting
VFH are identified. A propagation criterion was established to
determine whether a hydraulic fracture would cross a lithological
interface during radial borehole fracturing, accounting for various
geological factors. These findings provide theoretical foundations
and engineering guidance for radial borehole fracturing in thin
interbedded reservoirs.

2. Numerical modeling approaches
2.1. Discrete lattice method

The DLM demonstrates significant advantages in simulating
radial borehole-guided hydraulic fracture cross-layer propagation,
as it directly captures complex non-planar fracture networks
without requiring predefined fracture paths. Within the SRM
framework (Fig. 1(a)), the DLM models hydraulic fracture dynamic
growth in naturally fractured reservoirs: the bonded particle
model (BPM) characterizes heterogeneous rock matrices, while
the discrete fracture network (DFN) explicitly represents pre-
existing lithological interfaces and natural fractures (Pierce et al.,
2007; Potyondy and Cundall, 2004). Through the evolution of
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Fig. 1. Schematic diagram of the DLM. (a) Application of SRM in multilayered modeling; (b) mechanical model; (c) spring-node network within the discrete lattice; (d) hydro-

mechanical coupling (Haryono et al., 2023).

nodal forces and displacements within discrete lattices, it quan-
tifies the interaction mechanisms between hydraulic fractures and
lithological interfaces induced by radial boreholes. This system
supports fluid injection simulations for arbitrary wellbore geom-
etries. Furthermore, it allows presetting of radial boreholes with
varying dimensions and spatial orientations. Leveraging these
capabilities, this study investigates the effect of key geological
parameters on the cross-layer growth of hydraulic fractures
guided by the radial borehole.

The DLM employs a spring-node network to simulate coupled
processes of fluid flow, fracture evolution, and fluid leak-off.
Microscopic-scale spring stiffness and strength parameters
govern macroscopic rock mechanical behavior. Discrete lattices
enhance computational efficiency while preserving DLM'’s
bonding principles. Nodal displacements and forces continuously
characterize rock mechanical responses based on Newton’s second
law (Fig. 1(b)), with the smooth joint model (SJM) simulating
lithological interface activation behaviors (i.e. joint sliding, open-
ing, and closure). Hydro-mechanical coupling interactions mani-
fest through three mechanisms (Fig. 1(d)): fluid pressure drives
fracture opening/sliding; fracture deformation alters joint pres-
sure fields; joint aperture variations regulate rock mass perme-
ability. Hydraulic fracturing follows a sequential evolution
(Fig. 1(c)): @ springs between nodes withstand tensile/shear
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stresses; @ fractures initiate upon reaching strength limits; ®
fluid-driven damage accumulation forms micro-cracks that coa-
lesce; @ fluid elements generate at fractured spring centers; ®
dynamically constructed interconnected channel networks simu-
late fracturing fluid flow (Shen et al., 2020).

2.2. Numerical model

Multi-lithology thin interbedded reservoirs refer to complex
heterogeneous formations formed by the vertical superimposi-
tion of pay layers and barrier layers, separated by lithological
interfaces (Huang et al., 2025). The thickness of a single litho-
logical layer does not exceed 10 m, with the majority distributed
within 2 m (Jiang et al., 2025; Li et al., 2024; Wu G. et al., 2025).
The engineering challenge for conventional horizontal well
fracturing lies in the limitation of hydraulic fracture cross-layer
propagation by high-strength barrier layers. Furthermore, hy-
draulic fractures tend to deflect along prevalent weak litholog-
ical interfaces and natural fractures within the reservoir (Wu X.
et al., 2025).

Aiming at the geological characteristics of thin interbedded
reservoirs where individual layer thickness is generally less than
2 m, this study established a five-layer geological model composed
of alternating barrier and pay layers, with a single layer thickness
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Fig. 2. The multilayered numerical model. (a) Model dimension and radial borehole configuration scheme; (b) in-situ stress state during the hydraulic fracturing with radial
boreholes. oy, oy, and o, represent vertical stress, maximum horizontal principal stress, and minimum horizontal principal stress, respectively.

of 1 m. Finally, a numerical model measuring 5 m x 5 m x 5 mwas
constructed (Fig. 2). A horizontal wellbore with a diameter of
127 mm is positioned at the center of the intermediate interlayer,
oriented along the direction of minimum principal stress. At the
midpoint of the main wellbore’s major axis, radial boreholes with a
diameter of 114 mm are pre-set along the vertical stress direction.
The junction between radial boreholes and the main wellbore is
defined as the root end, while the farthest location is termed the
toe end. It is imperative to highlight that this research establishes a
conceptual model, simplifying practical engineering issues by
assuming radial boreholes are perpendicular to the horizontal
wellbore and neglecting the build rate radius during radial drilling
operations.

In this work, a total of eight numerical models are defined
based on different radial borehole lengths and interlayer se-
quences. Model H and Model H" represent conventional horizontal

Table 1

well fracturing, while Models R and Models R represent radial
borehole fracturing. Specific configurations are detailed in Table 1
and Fig. 2(a). To simulate actual formation boundary conditions,
displacement constraints are applied at model boundaries. The
fracturing fluid flows into the formation from the radial boreholes
through the surface injection approach. All models employed a
constant injection rate of 0.02 m>/s with a viscosity of 20 mPa-s,
sustained for 0.4 s. To ensure computational accuracy, the lattice
size is set at 20 mm (less than 1/5 of the radial borehole diameter).
The hydraulic fracturing simulation procedure comprises the
following steps: @ activate different in-situ stress between in-
terlayers in the initial model; @ drill the horizontal wellbore, main
wellbore cementing, and drill radial boreholes; ® reactivate in-
situ stress to form induced stress around radial boreholes; @
inject fracturing fluid and simulate hydraulic fracture growth
(Fig. 2(b)).

The spatial relationship between radial borehole and interlayer in different numerical models.

Model Fracturing approach The location of the borehole root end The location of the borehole toe end
Model H Horizontal well Pay layer Pay layer

Model H" Horizontal well Barrier layer Barrier layer

Model R, Radial borehole Pay layer Pay layer

Model R} Radial borehole Barrier layer Barrier layer

Model R, Radial borehole Pay layer Pay layer

Model Ry, Radial borehole Barrier layer Barrier layer

Model R. Radial borehole Pay layer Pay layer

Model R; Radial borehole Barrier layer Barrier layer

4037
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This study conducted 44 sets of numerical simulations for hy-
draulic fracturing. Among them, models H #1, H #2 and R-B #1-6
compared the hydraulic fracture initiation and propagation char-
acteristics between horizontal well fracturing and radial borehole
fracturing. The remaining models investigated the effect of
geological parameters on the hydraulic fracture cross-layer
extension performance in the radial borehole fracturing. In each
parameter study, a total of 9 numerical simulations were estab-
lished. This scheme is based on an orthogonal design combining
three models (Model R, ) with three gradient values of the
geological parameters. The suffix numbers 1 to 3 in the model
identifiers correspond sequentially to Model R,., with all pa-
rameters set to lower gradient values; similarly, suffix numbers 4
to 6 correspond to Model R, ., but with parameters at higher
gradient values. Subsequently, these simulations are combined
with model R-B #1-3, together constituting the complete set of 9
hydraulic fracturing simulations. It should be noted that interlay-
ered stress differences and rock parameter variations were
calculated by subtracting the parameters of pay layers from those
of barrier layers. Detailed simulation schemes are presented in
Table 2. To quantitatively analyze the fracturing performance, we
computed the VFH, tensile failure area (TFA), shear failure area
(SFA), and stimulated reservoir area (SRA) for each model. Herein,
the VFH is calculated by measuring the vertical propagation dis-
tance of macroscopic fractures. The TFA and the SFA are derived by
tracking the total area of microcracks generated during tensile and
shear failure processes, respectively. Meanwhile, the SRA is the
sum of the TFA and the SFA, representing the overall reservoir
stimulation efficiency.

2.3. Model validation

To validate the theoretical feasibility and model accuracy, nu-
merical and analytical solutions for penny-shaped fractures were
compared. Hydraulic fracture propagation is primarily controlled
by two competing mechanisms: the viscosity of the fracturing
fluid and the toughness of the rock formation. A dimensionless
toughness parameter (x) is employed to distinguish between the
viscosity-dominated (M) and toughness-dominated (K) propaga-
tion regimes. According to the established criterion, fracture
propagation is viscosity-dominated when x < 1, and toughness-
dominated when x > 3.5. The « is defined by the following
expression (Detournay, 2016; Dontsov, 2016; Dontsov and Suarez-
Rivera, 2020):

=K (2 /(®03E)) """ (1)

Table 2
Radial borehole cross-layer fracturing simulation scheme.
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K =(32/m)°Kic.u' =12u,E =E [ (1-17) (2)
where t is the injection time, s; Qq is the injection rate, m3/s; Kic is
the fracture toughness, Pa-m®>; 4 is the fracturing fluid viscosity,
Pa-s; E is the elastic modulus, Pa; v is Poisson’s ratio.

The analytical solution governing viscosity-dominated fracture
propagation in the penny-shaped model is defined by the
following set of equations (Dontsov, 2016):

w(p, t) =1.1901 (;4’2Q3t/52)1/9(1 +0)0%87(1 = )23 (3)
p(p,t) :2.4019(ﬂ’52/t)1/3F(p,0.487,2 /3) (4)
Re(0) :O.6944(Q3Et4/;/)1/9 (5)

The analytical solution governing toughness-dominated frac-
ture propagation in the penny-shaped model is defined by the
following set of equations (Dontsov, 2016):

1/2

wip, t) :0.6537(1<’4Q0t/54)”5(1 —pZ) (6)
p(p,t) :0.3004(1(6/15“@0t)”5 (7)
Re(t) = 0.8546(E Qqt/K)?/> (8)

where w is the fracture width, m; p is the fluid pressure within the
fracture, Pa; Rg is the fracture radius, m; p = r/Rg is the dimen-
sionless radius (0 < p < 1); r is the distance between the calcula-
tion point and the injection point (center point of the penny-
shaped fracture), m.

Table 3

The input parameters of the theoretical validation models.
Input parameters Case A Case B
Elastic modulus, GPa 30 30
Poisson’s ratio 0.2 0.2
Tensile strength, MPa 5 5
Compressive strength, MPa 80 80
Fracture toughness, MPa-m®"> 0.77 50
Maximum horizontal principal stress, MPa 3 3
Minimum horizontal principal stress, MPa 1 1
Vertical stress, MPa 3 3
Injection rate, m>/min 0.006 0.03
Injection time, s 0.1 1
Viscosity of fracturing fluid, mPa-s 10 1

Number Model Sp, MPa Fp, MPa-m Ep, GPa Tp, MPa Iss, MPa Nr, fractures/m
H #1 Model H 5 0.5 5 2 8 0

H #2 Model H* 5 0.5 5 2 8 0
R-B #1-3 Model R, 5 0.5 5 2 8 0
R-B #4-6 Model R} . 5 0.5 5 2 8 0
R-S #1-6 Model R, 0,10 0.5 5 2 8 0
R-F #1-6 Model R, ¢ 5 0,1 5 2 8 0
R-E #1-6 Model R, ¢ 5 0.5 0, 10 2 8 0
R-T #1-6 Model R, ¢ 5 0.5 5 0,4 8 0
R-1 #1-6 Model R, 5 0.5 5 2 4,16 0
R-N #1-6 Model R, ¢ 5 0.5 5 2 8 1,2

Notes: Sp, interlayered horizontal stress difference; Fp, interlayered fracture toughness difference; Ep, interlayered elastic modulus difference; Tp, interlayered tensile

strength difference; Iss, interfacial shear strength; Nr, natural fracture density.
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A viscosity-dominated fracture (Case A, x = 0.42 < 1) and a
toughness-dominated fracture (Case B, x = 50.9 > 3.5) were
established, with their input parameters summarized in Table 3.
These cases serve to benchmark the numerical simulation results
against analytical solutions. Based on the analytical solution for
fracture radius, the Rg values for Case A and Case B after fluid in-
jection cessation are 0.22 and 0.34 m, respectively. To accommo-
date this, we established a 0.8 m x 0.8 m x 0.8 m numerical model
to ensure complete hydraulic fracture extension. A vertical well-
bore with a radius of 0.005 m is located at the center of the model,
containing a perforation cluster (equivalent radius = 0.015 m)
embedded in its mid-section. Under hydro-mechanical coupling
conditions, fracturing fluid is injected at a constant rate from the
perforation cluster to simulate penny-shaped fracture propaga-
tion. It is worth emphasizing that upon concluding the simulation,
we gathered data on hydraulic fracture width and fluid pressure at
11 equidistant points corresponding to p-values of 0, 0.1, 0.2, ..., up
to 1. These values were then compared with the analytical solution
curve, while the detailed spatial distribution of each calculation
point is illustrated in Fig. 3. Under both viscosity-dominated and
toughness-dominated regimes, the hydraulic fracture propagation
exhibited penny-shaped patterns in the numerical simulations.
The relative errors between the numerical simulations and the
analytical solutions were 7.9% for fracture width in Case A and
17.2% in Case B. The corresponding errors for fluid pressure were
5.5% and 17.6%, respectively. The close agreement between nu-
merical and analytical results validates the accuracy of the hy-
draulic fracture propagation model proposed in this work.

To further validate the radial borehole fracturing model,
simulation results were compared against experimental observa-
tions from Wu X. et al. (2025). Their experiment employed a cubic
rock sample measuring 200 x 200 x 200 mm, consisting of five
alternating sandstone and shale interlayers. A central borehole
was drilled along the side face of the central shale interlayer to
simulate the horizontal main wellbore, with a diameter of 16 mm
and a length of 120 mm. At the mid-section of this open hole, two

Petroleum Science 23 (2026) 4034-4052

lateral boreholes were drilled perpendicular to the main wellbore,
spaced 180 degrees apart, to simulate radial boreholes intersecting
the lithological interfaces vertically. Accordingly, the multi-
lithology formation, horizontal main wellbore, and radial bore-
holes were modeled using the DLM for hydraulic fracturing
simulation (models V #1-4). The simulation conditions and ma-
terial parameters of the numerical model are meticulously aligned
with the experimental conditions, with the specific input param-
eters detailed in Table 4. As shown in Fig. 4, fracture network ge-
ometries obtained from CT scans of experimental samples H #1, R-
S #5, R-M #7, and R-L #5 were compared with those simulated by
the corresponding numerical models V #1-4 under identical
conditions. The numerical models successfully reproduced key
hydraulic fracture propagation behaviors, including fracture
passivation, cross-layer propagation, and skip-layer growth guided
by radial boreholes in the multilayered formation. These results
further demonstrate the reliability of the numerical model.

3. Results and analysis
3.1. Fracture morphology characteristics

3.1.1. Fracture initiation and propagation behaviors

When the horizontal wellbore is deployed in the pay layer, the
propagation of hydraulic fractures across layers is suppressed by
high-strength barrier layers (Fig. 5). Moreover, the opening of
hydraulic fractures increases the minimum principal stress in the
intermediate interlayer, further restricting the VFH growth (Model
H). Compared to conventional horizontal well fracturing, radial
borehole fracturing achieves a greater VFH and a wider range of
rock displacement. As radial borehole length increases, more pay
layers are activated. When radial boreholes are confined to the
intermediate interlayers, hydraulic fractures initiate from the
borehole root end. Subsequently, hydraulic fracture penetrates
lithological interfaces and terminates in the barrier layer (Model
R,). If radial boreholes extend into barrier layers, the hydraulic
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Table 4

The input parameters of the experimental validation models (Wu X. et al., 2025).
Fluid parameters Model V #1 Model V #2 Model V #3 Model V #4
Injection rate of fracturing fluid, m®/min 0.00002 0.00002 0.00002 0.00002
Injection time of fracturing fluid, s 600 600 600 600
Viscosity of fracturing fluid, mPa-s 30 50 30 30

Rock parameters

Shale interlayer

Sandstone interlayer

Elastic modulus, GPa 18.43
Poisson’s ratio 0.22
Tensile strength, MPa 4.71
Compressive strength, MPa 111.33
Maximum horizontal principal stress, MPa 14
Minimum horizontal principal stress, MPa 12
Vertical stress, MPa 24

27.18
0.23
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Fig. 4. The comparison of fracture morphology between simulation results and experimental observation of Wu X. et al. (2025).

fracture will penetrate the barrier layers and activate outer pay
layers in straight paths (Model Rp). Radial boreholes connecting
outer pay layers enable comprehensive skip-layer cracking across
all pay layers. Rock displacement evolution reveals competitive
fracture initiation at radial borehole roots and toes in the Model R...
Notably, radial borehole redistributes the near-wellbore in-situ
stress, resulting in a significant reduction in the minimum prin-
cipal stress. When radial boreholes connect multiple interlayers,
fractures cross-layer propagate along low-stress paths. Addition-
ally, after radial boreholes penetrate lithological interfaces, rock
displacement tends to propagate across interlayers, substantially
reducing the VFH limitation. Crucially, by distributing fluid pres-
sure across multiple pay zones, radial boreholes achieve effective
skip-layer cracking while avoiding barrier layer activation.

When the horizontal wellbore is set within the barrier layer,
hydraulic fractures in all models can cross-layer propagation
(Fig. 6). However, conventional horizontal well fracturing still
yields limited SRA in pay layers and generates narrower hydraulic
fracture widths (Model H"). If radial boreholes are confined within
intermediate interlayers, hydraulic fractures will initiate from the
borehole roots, penetrate through lithological interfaces, and
extend into adjacent pay layers on both sides (Model R;). When
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radial boreholes simultaneously connect multiple low-strength
pay layers, hydraulic fractures competitively initiate across these
interlayers (Model Ry, ;). Optimal reservoir stimulation occurs
when radial boreholes extend within outer pay layers (Model R}).
In this scenario, concentrating fluid stress creates wider fractures
in the pay layers and only activates the intermediate barrier layer.
However, when radial boreholes connect all interlayers, hydraulic
fractures propagate along low-stress zones around the borehole
and activate barrier layers, significantly diminishing pay zone
stimulation effectiveness.

3.1.2. Typical fracture growth patterns

Based on the evolution of rock displacement and fracture
morphology characteristics, the hydraulic fracture initiation and
propagation modes in radial borehole fracturing can be analyzed
(Fig. 7). In conventional horizontal well fracturing, hydraulic
fractures typically initiate from the open hole of the horizontal
wellbore and exhibit penetration or capture behaviors upon
reaching lithological interfaces. In contrast, radial borehole frac-
turing tends to form more complex and variable fracture growth
patterns in different models. When radial boreholes are confined
within the intermediate interlayer, hydraulic fractures initiate at
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Fig. 7. Fracture initiation and propagation pattern under horizontal well fracturing and radial borehole fracturing.

the borehole root ends and propagate into outer interlayers.
However, the VFH and SRA are limited in this condition. If radial
boreholes connect multiple interlayers, fractures initiate selec-
tively across multiple low-strength interlayers (skip-layer
cracking). In such models, initiation points may occur at various
locations, including the root end, toe end, or mid-section of the
radial borehole. Ultimately, the cross-layer, skip-layer, and hybrid
pattern hydraulic fracture networks are formed.

Compared to conventional horizontal well fracturing, radial
borehole fracturing enables effective guide fracture cross-layer
propagation, increasing the VFH by 110% and the number of acti-
vated pay layers by 33% (Fig. 8). When radial boreholes are
confined within the intermediate interlayer, placing the horizontal
wellbore within the barrier layer generates greater VFH, thereby
activating more pay zones. If radial boreholes connect multiple

(@) 8 12
Fracture height
Y Model H and Model R, 5
54 Y% Model H* and Model R*, . pig I 10
Activated layer
I Model H and Model R, . 4
E 4 * K
N 7 Model H* and Model R*,_ 3.6
= *
2
°
< 3 28 * Fe
o e 32
2 2.2
5 :
£ | w L4
w 16
1
14 k2
Bl Rcl:
2 2 2 2 2
Cn (o
0 T T T T 0
HIH* RJR. RJRs RIR
Model type

Number of activated pay layers

interlayers, positioning horizontal wellbores within pay layers
maximizes pay zone activation and achieves optimal fracturing
efficiency. Furthermore, radial borehole fracturing increases the
TFA by 31%, while reducing the SFA by 21% compared with hori-
zontal well fracturing in the thin interbedded reservoir. This
phenomenon indicates radial boreholes guide hydraulic fractures
to penetrate interlayer propagation dominated by rock tensile
failure. In contrast, hydraulic fractures from horizontal well frac-
turing are captured at lithological interfaces, triggering large-
range shear slippage along lithological interfaces.

3.2. Interlayered horizontal stress difference

As the Sp increases, the hydraulic fracture cross-layer propa-

gation guided by radial boreholes becomes increasingly
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Fig. 8. Reservoir stimulation performance under horizontal well fracturing and radial borehole fracturing.
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evolution.

challenging (Fig. 9). When radial boreholes are confined to the
intermediate interlayer (Model R,), with the Sp rising from 0 to
10 MPa, the fracture morphology transitions sequentially from
double-wing cross-layer fractures to single-wing cross-layer
fractures, ultimately exhibiting passivation. When radial borehole
toe ends extend into outer barrier layers, the SRA and VFH slightly
improve, but the stimulation effectiveness in outer pay layers re-
mains limited. In contrast, when radial boreholes connect outer
pay layers, comprehensive stimulation across all target layers can
be achieved. Under these conditions, increasing the Sp transforms
fracture morphology from double-wing cross-layer fractures to
hybrid fracture networks, eventually evolving into skip-layer
fractures. At 10 MPa of the Sp, hydraulic fractures become
entirely confined within pay layers, achieving the maximum SRA
and fracture width for target zones. In-situ stress field analysis
reveals that radial boreholes can reconstruct the near-wellbore in-
situ stress. When radial boreholes penetrate lithological interfaces
and connect adjacent interlayers, the minimum horizontal prin-
cipal stress decreases significantly, thereby promoting hydraulic
fracture cross-layer propagation along low-stress pathways.
However, as the Sp increases, the range of stress distribution in
high-stress barrier layers decreases, leading to a reduced capa-
bility of radial boreholes to guide fracture cross-layer propagation.

3.3. Interlayered rock property differences

3.3.1. Fracture toughness

As shown in Fig. 10, increasing the Fp inhibits VFH in the thin
interbedded reservoir. When the Fp is 0 MPa-m%>, the model R, .
forms double-winged cross-layer fractures guided by radial bore-
holes. Increasing the Fp limits the vertical propagation of rock
displacement and prevents hydraulic fracture penetration into
barrier layers. For models R, and Ry, the Fp thresholds for unilateral
fracture passivation are 0.5 and 1 MPa-m®> respectively.
Conversely, increasing the Fp has a beneficial effect on the model
Rc. The hydraulic fracture transitions from double-winged cross-
layer fractures to hybrid fracture networks. Rock displacement is
effectively confined to the pay zones by the lower barrier layer,
thereby optimizing reservoir stimulation efficiency
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(Fp > 0.5 MPa-m®>). The hydraulic fracture opening and propa-
gation need to consume fluid energy to overcome the rock’s frac-
ture toughness, while the barrier layers with higher fracture
toughness can absorb more energy before failure occurs, thereby
significantly reducing the propagation efficiency of rock
displacement along radial boreholes.

3.3.2. Elastic modulus

The Ep is a key factor controlling hydraulic fracture cross-layer
propagation in the thin interbedded reservoir. An increase in the
Ep significantly inhibits the propagation of rock displacement
across lithological interfaces. Concurrently, it results in a sub-
stantial attenuation or even complete elimination of the
displacement amplitude within the barrier layer. In Model R,, as
the Ep increases from 0 to 10 GPa, the fracture morphology evolves
from a single-wing cross-layer fracture to a passivated fracture
(Fig. 11). Model Ry, forms double-wing cross-layer fractures under
Ep = 0 GPa conditions, effectively stimulating both adjacent pay
layers. When Ep reaches 5 GPa, the double-wing fracture can only
stimulate the intermediate and the lower pay layers. Increasing
the Ep to 10 GPa, the hydraulic fracture degenerates into a single-
wing cross-layer pattern, further reducing the VFH and SRA. Model
R. exhibits a positive trend in stimulated area with increasing the
Ep for pay layers. When the Ep reaches 5-10 GPa, the hydraulic
fracture pattern transforms from a cross-layer fracture to a hybrid
fracture network, and fracture width significantly increases in all
pay layers.

3.3.3. Tensile strength

As shown in Fig. 12, with the increase of the Tp, the VFH and SRA
decrease in the radial borehole cross-layer fracturing. In Model R,,
as the Tp rises from O to 4 MPa, hydraulic fracture morphology
transitions from double-wing cross-layer fractures to single-wing
cross-layer fractures. For Model Ry, although double-wing cross-
layer fractures form when the Tp is below 2 MPa, only the inter-
mediate and the lower pay layers are activated. At 4 MPa of the Tp,
hydraulic fractures achieve unilateral cross-layer propagation
exclusively, with rock displacement strictly confined to the mid-
lower reservoir. Model R. meets activation across all pay layers



X.-G. Wu, T-D. Long, Z.-X. Xie et al.

Fp =0 MPa-m°5 Fp = 0.5 MPa-m®® Fo =1 MPa-m°5

o
3 | & S
[}
=
I |
g .
: .
[e]
5 R
= |
@ |
g | \
o
=
\ \

Fracture width, 10~ m

0 0.5 1.0 15

Petroleum Science 23 (2026) 4034-4052

Fp =0 MPa-m°5
(b)

Fp = 0.5 MPa-m®®

Fo =1.0 MPa-m°%

Model R, Model R,

Model R,

Displacement, 10-* m

-0.5 0 0.5
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under the Tp range of 04 MPa. Notably, as the Tp increases, hy-
draulic fracture morphology transitions from cross-layer fractures
to hybrid fractures and ultimately to the skip-layer pattern.
Analysis of rock displacement evolution reveals that when Tp falls
below 0 MPa, the toe end of the lower radial borehole loses
cracking capability. The hydraulic fractures only initiate in the
upper and intermediate pay layer, and ultimately connect into a
main fracture plane. The limited SRA and VFH were formed in the
lower pay layer. It is noteworthy that this study involves modu-
lating the tensile strength of pay layers to alter the Tp. When the
tensile strength of pay layers is high (indicating a significant Tp),
the hydraulic fracture breakdown pressure increases accordingly,
and the fluid pressure distribution within the fracture and radial
boreholes becomes more concentrated, thereby promoting hy-
draulic fracture cross-layer extension. However, pay layers with
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higher tensile strength can exacerbate the hydraulic fracture’s
competitive initiation behavior, making it difficult to achieve
effective cracking and activation in localized pay zones. To
simultaneously optimize hydraulic fracture width and stimulation
effectiveness across all pay layers, thin interbedded reservoirs
with Tp exceeding 2 MPa demonstrate superior performance in the
Model R..

3.4. Effect of weak planes

3.4.1. Shear strength of lithological interface

With the I increases , the vertical propagation range of hy-
draulic fractures significantly expands, but the activated litholog-
ical interface area gradually decreases (Fig. 13). For Model R,, as the
Iss increases from 4 to 16 MPa, hydraulic fracture morphology
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Fig. 13. Fracture morphology under different shear strengths of the lithological interface.

transitions sequentially from passivated fractures to single-wing
cross-layer fractures, ultimately evolving into double-wing cross-
layer fractures. In Model Ry, when the Ig is below 4 MPa, the hy-
draulic fracture activates the lithological interfaces and deflects
along them. At 8 MPa of the I, hydraulic fractures penetrate
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barrier layers and activate the lower pay layer. Further increasing
the strength to 16 MPa enables hydraulic fractures to penetrate
both adjacent barrier layers and activate all pay layers. Model R
effectively stimulates all pay layers under all Iss conditions.
Increasing the Iss drives hydraulic fracture evolution from skip-



X.-G. Wu, T.-D. Long, Z.-X. Xie et al.

Iss =4 MPa

Iss =8 MPa

Iss =16 MPa

Model R, Model R,

Model R,

Displacement, 10-* m

-1.0 -0.5 0 0.5

Fig. 14. Rock displacement evolution characteristics under different shear strengths
of the lithological interface.

layer fractures to hybrid fractures, culminating in double-wing
cross-layer fractures. Shear sliding of lithological interfaces
significantly dissipates the fluid energy that drives fracture
growth, thereby severely impeding or even limiting the
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propagation of rock displacement into adjacent barrier layers. As
shown in Fig. 14, radial borehole cross-layer fracturing can effec-
tively suppress interfacial shear slippage, facilitating the vertical
propagation of rock displacement. When the I falls below 4 MPa,
rock displacement struggles to propagate along the radial bore-
holes to adjacent barrier layers. Under such geological conditions,
connecting multiple pay zones via radial boreholes represents the
optimal approach for reservoir stimulation. This approach confines
rock displacement within multiple pay zones, facilitating higher
SRA and fracture widths for production zones.

3.4.2. Natural fracture density

When natural fractures exist within interlayers, the VFH will be
significantly constrained (Fig. 15). Conversely, in the thin inter-
bedded reservoir devoid of natural fractures, radial boreholes can
effectively guide hydraulic fractures to penetrate across the lith-
ological interfaces, forming a double-wing cross-layer pattern. In
these models, the rock displacement distribution exhibits excel-
lent continuity (Fig. 16). However, when the Nt reaches 1-2 frac-
tures/m, the vertical propagation range of hydraulic fractures
decreases substantially while the laterally SRA increases. The
combined effect of natural fractures and lithological interfaces
obstructs the vertical propagation of rock displacement, resulting
in diminished vertical displacement continuity and consequently
promoting the development of tortuous fracture growth paths.
Research indicates that increasing radial borehole length can
effectively mitigate the constraining effects of natural fractures
and lithological interfaces on rock displacement. Therefore, it is
recommended to maximize radial borehole length to guide
effective hydraulic fracture cross-layer propagation while
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suppressing deflection upon encountering natural fractures.
Moreover, extended radial boreholes can connect and activate
more natural fractures, thereby substantially enlarging the later-
ally SRA in the thin interbedded reservoir.

3.5. Quantitative analysis of fracture networks

3.5.1. Vertical fracture height

As illustrated in Fig. 17, the Sp, Fp, Ep, Tp, and Nt exhibit negative
correlations with the VFH, whereas the Iss shows a positive cor-
relation. Among these, the Sp and Iss demonstrate the most
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pronounced inhibitory effects on fracture height. When the Sp
increases from 0 to 10 MPa, or the Iss decreases from 16 to 4 MPa,
the VFH decreases by 56.1% and 55.8%, respectively. In contrast, the
Nr exerts a relatively minor impact on radial borehole-guided
fracture height growth, with the VFH consistently exceeding
2 m. The VFH in Model R, significantly surpasses that of Models R,
and Ry by 125% and 46%, respectively. By drilling radial boreholes
across multiple pay zones, hydraulic fractures can be induced to
initiate in multiple interlayers, thereby achieving cross-layer
extension and effectively enhancing the VFH.

3.5.2. Stimulated reservoir area

The variation trends of the TFA with geological parameters
align with the VFH, indicating that radial borehole-guided hy-
draulic fractures primarily induce tensile failure during propaga-
tion (Fig. 18). The Sp emerges as the dominant factor affecting the
TFA. When it increases from 0 to 10 MPa, the TFA decreases by 42%.
The SFA predominantly originates from shear slip along litholog-
ical interfaces and natural fractures. Under radial borehole frac-
turing, the TFA and SFA demonstrate an inversely proportional
relationship. During hydraulic fracture propagation by radial
borehole guidance, weak plane activation remains lower.
Conversely, restricted VFH induces greater shear slip along weak
planes. The Iss and Nt constitute key factors governing the SFA. In
naturally fractured reservoirs, increasing the Ny enhances the SFA,
thereby expanding SRA. Moreover, the enhanced Nt exerts mini-
mal effect on the TFA without compromising hydraulic fracture
propagation efficiency. It demonstrates radial boreholes’ capability
to activate natural fractures while guiding fracture cross-layer
growth effectively. Crucially, radial borehole length correlates
positively with the TFA and guided fracture cross-layer propaga-
tion capability. Provided that drilling conditions permit, per-
forming long-distance radial borehole fracturing can effectively
enhance the multiple pay zone connectivity and the SRA in the
thin interbedded reservoir.

VFH, m

Ry &
& Y \‘{Q
R. @0

Fig. 17. The VFH under different geological parameters. (a) Interlayered stress difference; (b) interlayered fracture toughness difference; (c) interlayered elastic modulus dif-
ference; (d) interlayered tensile strength difference; (e) shear strength of lithological interface; (f) natural fracture density.
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3.5.3. Parameter sensitivity

The effect of geological parameters on VFH, TFA, and SFA ex-
hibits a nonlinear monotonic relationship. Therefore, the
Spearman correlation algorithm was employed for parameter
sensitivity analysis (Asuero et al., 2006). In this analysis, the cor-
relation coefficient (CC) value ranges from —1 to 1, where positive
values indicate positive correlations (marked with red ellipses)
and negative values signify negative correlations (marked with
blue ellipses). Parameter sensitivity increases with the absolute
value of CC. Results demonstrate that the Iss and Sp most signifi-
cantly affect the VFH in radial borehole fracturing, with CC values
of 0.66 (positive) and —0.61 (negative), respectively (Fig. 19).
Additionally, the Sp shows a strong negative correlation
(CC = —0.9) with TFA. This indicates that the Iss and Sp are
dominant factors controlling hydraulic fracture cross-layer prop-
agation in radial borehole fracturing. To enhance vertical stimu-
lation performance, the thin interbedded reservoir with lower Isg
and Sp is recommended for radial borehole fracturing. Meanwhile,
the Iss and Nt exhibit strong correlations with SFA (CC = —0.9 and
0.95, respectively). For achieving broader lateral stimulation, res-
ervoirs with high Nt and low Iss are preferable for radial borehole
fracturing. In contrast, parameters such as the Fp, Ep, and Tp show
weaker sensitivity to the VFH, TFA, and SFA. It indicates they are
not critical factors determining the reservoir stimulation in radial
borehole fracturing.
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3.5.4. Fracture propagation criteria

A propagation criterion was established for identifying a hy-
draulic fracture crossing a lithological interface in radial borehole
fracturing under various geological factors. The simulation results
within geological parameter spaces are compiled into fracture
pattern charts as shown in Fig. 20. Radial borehole fracturing
predominantly generates cross-layer fractures, but may also pro-
duce passivated fractures, skip-layer fractures, and hybrid fracture
networks. Notably, passivated fractures only occur when radial
boreholes fail to penetrate across lithological interfaces. When
radial boreholes connect multiple pay layers, some simulation
cases yield unique hybrid fractures and skip-layer fractures. This
phenomenon is consistent with the experimental results of Wu X.
et al. (2025). Furthermore, skip-layer fractures effectively prevent
barrier layer activation while maximizing the SRA and fracture
width in pay zones. When radial boreholes are confined within the
intermediate pay layer, even cross-layer fractures struggle to
activate outer pay zones. However, radial boreholes extending into
barrier layers can activate outer pay layers on one or both sides.
Radial boreholes connecting multiple pay layers fully stimulate
outer and intermediate pay zones. Under conditions where the
reservoir exhibits an Sp greater than 10 MPa, an Iss lower than
4 MPa, or an Nt greater than 1 fractures/m, the radial boreholes
need to extend into the barrier layers. This configuration enables
effective stimulation of the outer pay layer on at least one side.
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Fig. 19. The VFH, TFA, and SFA sensitivity under different geological parameters. (a) Interlayered stress difference; (b) interlayered fracture toughness difference; (c) interlayered
elastic modulus difference; (d) interlayered tensile strength difference; (e) shear strength of lithological interface; (f) natural fracture density.
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Moreover, when radial boreholes connect multiple pay layers, the
skip-layer cracking enables the successful stimulation of all target
zones and mitigates the constraints of formation conditions.

4. Discussion

Studying the effect of geological parameters on cross-layer
fracture behavior is crucial for optimizing radial borehole frac-
turing designs in thin interbedded reservoirs. Previous research
has predominantly focused on hydraulic fracture growth charac-
teristics in conventional hydraulic fracturing, whereas this paper
emphasizes the mechanisms by which geological parameters
affect the VHF by radial borehole guidance (Cong et al., 2024;
Huang et al, 2025; Kong et al.,, 2023; Liao et al.,, 2024). Our
research team has conducted extensive radial borehole fracturing
experiments on multilayered samples and determined the propa-
gation characteristics of hydraulic fractures guided by radial
boreholes. We have also performed in-depth investigations into
the effect of parameters such as the vertical stress difference,
fracturing fluid injection rate, and viscosity on the controlled hy-
draulic fracture growth (Wu X. et al.,, 2025; Zou et al., 2025).
However, due to the inherent randomness and variability in the
mechanical and physical properties of the experimental samples, it
is challenging to conduct quantitative studies on geological pa-
rameters based solely on experimental approaches. As an exten-
sion of prior research, this study develops a DLM model to
systematically analyze the initiation and propagation behaviors of
hydraulic fractures in radial borehole fracturing under different
geological conditions. Compared to conventional horizontal well
fracturing, radial borehole fracturing significantly alleviates the
constraints of formation heterogeneity and interlayered stress
differences on hydraulic fracture cross-layer propagation. It is
mainly attributed to its two major advantages: skip-layer initiation
and cross-layer propagation. When radial boreholes penetrate
lithological interfaces, high-pressure fluid can act simultaneously
on multiple interlayers via these boreholes, achieving multiple pay
zone cracking and stimulation. Furthermore, during radial bore-
hole hydraulic fracturing, the interaction mechanism between
hydraulic fractures and lithological interfaces undergoes funda-
mental changes. Under conventional fracturing conditions, hy-
draulic fractures are prone to deflection upon contacting weak
planes due to shear slip of the interface, formation heterogeneity,
and interlayered stress differences. In radial borehole fracturing, a
tensile stress concentration zone develops, which traverses mul-
tiple interlayers and substantially alters the near-wellbore in-situ
stress state, thereby mitigating the influence of interlayered stress
differences. Furthermore, fracturing fluid is continuously supplied
to the hydraulic fractures through the radial boreholes, enabling
sustained vertical propagation along the borehole trajectory. Crit-
ically, the incompressible nature of the fracturing fluid within the
radial boreholes enables it to act as a rigid medium, thereby
significantly enhancing the efficiency of rock displacement prop-
agation across lithological interfaces. This mechanism substan-
tially strengthens the cross-layer propagation capability of
hydraulic fractures.

Prior research has demonstrated that significant stress con-
centration occurred at radial borehole root ends within homoge-
neous formations, where the hydraulic fracture is prone to initiate
(Gu et al., 2024; Guo et al.,, 2017, 2022; Yong et al., 2024). Never-
theless, this study further demonstrates that the stress concen-
tration surrounding radial boreholes is not the sole determinant of
the location where hydraulic fractures initiate. Within the thin
interbedded reservoir, critical factors such as the interlayered
stress differences and rock properties exert a substantial influence
on hydraulic fracture initiation dynamics. Integrated analysis
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demonstrates that hydraulic fractures tend to competitively
initiate across multiple low-strength and low-stress interlayers,
rather than remaining confined to radial borehole root ends. It
should be noted that this study addresses single-cluster radial
borehole fracturing behavior, whereas field applications typically
employ stimulation with multi-cluster radial boreholes. Thus,
investigating the competitiveness of hydraulic fracture extension
and stress shadow effects under multi-cluster radial borehole
fracturing in thin interbedded reservoirs emerges as a critical
research frontier. Furthermore, this study still has several limita-
tions. First, the curvature of radial borehole trajectories in field
drilling operations was not considered during modeling. Second,
radial boreholes were assumed to extend perpendicular to the
main horizontal wellbore. Additionally, due to model scale con-
straints, the effects of fracturing fluid loss were not considered.
Subsequent research will focus on field-scale numerical simula-
tions to accurately reproduce the curvature radius and inclination
angle characteristics of radial borehole trajectories, coupled with
seepage effects, to systematically analyze the vertical reservoir
stimulation effectiveness of radial borehole fracturing.

5. Conclusions

Based on the DLM, this study simulates hydraulic fracturing of
thin interbedded reservoirs assisted with radial boreholes under
different geological conditions. It analyzes the evolution of
induced stress to determine the mechanisms of hydraulic fracture
skip-layer initiation and cross-layer propagation by radial bore-
hole guidance. The effect of key geological parameters on hy-
draulic fracture height was systematically investigated, identifying
dominant controlling factors for the VFH. Furthermore, a propa-
gation criterion was established for identifying a hydraulic fracture
crossing a lithological interface in radial borehole fracturing under
various geological factors. Main conclusions are as follows:

(1) Radial borehole effectively reduces the near-wellbore min-
imum principal stress and prompts hydraulic fractures to
cross-layer propagation in straight paths. When the radial
borehole penetrates across lithological interfaces, rock
displacement propagates vertically across lithological in-
terfaces and activates adjacent interlayers. Furthermore,
multiple pay zones achieve effective skip-layer stimulation
when radial boreholes connect multiple interlayers.

(2) With the increase in Sp, the range of stress redistribution
around radial boreholes progressively narrows, thereby
limiting the hydraulic fracture cross-layer propagation.
Furthermore, increasing the Fp, Ep, and Tp inhibits the ver-
tical propagation of rock displacement and the radial bore-
hole guidance. When radial boreholes connect multiple pay
layers, a decrease in Tp exacerbates the competitive effect of
skip-layer initiation, resulting in difficulties for outer pay
layers to achieve effective stimulation.

(3) The lithological interfaces and natural fractures induce a
significant discontinuity in rock displacement along radial
boreholes, thereby limiting the VFH in the thin interbedded
reservoir. Among these geological factors, the Iss serves as
the most dominant factor controlling the VFH. When the
formation contains multiple low-strength weak planes, the
implementation of long-distance radial borehole fracturing
can effectively enhance VFH and facilitate the activation of
more weak planes.

(4) If the reservoir exhibits an Sp exceeding 10 MPa, an Isg falls
below 4 MPa, or an Nt is greater than 1 fractures/m, radial
boreholes should be extended to the barrier layers to effec-
tively stimulate the outer pay layers. When radial boreholes
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interconnect multiple pay layers, hydraulic fracture skip-
layer initiation could achieve overall reservoir stimulation
and mitigate the constraints of formation conditions.
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