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Mechanism of hydraulic fracture
propagation and fracturing
process optimization in
thin-interbedded
sandstone-shale reservoirs based
on 3D discrete lattice method

Dongzheng Sun, Fabin Xu*, Lei Ma, Long Li and Cheng Han

Zhanjiang Branch of CNOOC (China) Co., LTD., Zhanjiang, Guangdong, China

In this study, a mechanical model of reservoir and interlayer structure is
constructed based on three-dimensional discrete lattice method, and the
fracture propagation rule and control factors of hydraulic fracturing in sand-
mudstone thin interlayer reservoir are systematically discussed. The results show
that: 1) the ratio of elastic modulus of the reservoir significantly affects the
vertical propagation of fractures. When the ratio is <0.5, the fracture propagation
is suppressed, while when the ratio is >1, the fracture propagation is promoted;
2) The minimum horizontal ground stress difference between layers is more
than 7 MPa, which can effectively inhibit the propagation of cracks through
layers; 3) The combination of a high-viscosity fracturing fluid (≥40 mPa·s) and a
high injection rate (≥8 m3/min) enhances fracture penetration, while the “high-
low viscosity” combined injection strategy collaboratively optimizes primary
fracture expansion and weak interzonal surface opening. Therefore, the process
optimization scheme is proposed: 60 mPa·s high viscous surface is used when
the barrier modulus is <6,000 MPa, 10 mPa·s low viscous activated weak surface
is selected when the reservoir-interlayer stress difference is <5 MPa, multi-
stage proppant combination and 8–10 m3/min injection displacement control
are used to achieve the optimal configuration of technical and economic
parameters. This study provides theoretical basis and engineering guidance for
fracturing reconstruction of thin interlayer reservoir.

KEYWORDS

thin-interbedded sandstone-shale, hydraulic fracturing, fracture propagation, 3D
discrete lattice method, fracturing process optimization

1 Introduction

Hydraulic fracturing is a pivotal technique for hydrocarbon extraction in thin-
interbedded sandstone-shale reservoirs (Zhou et al., 2015; Cheng et al., 2022; Cundall,
2011; Qin and Yang, 2023). These reservoirs exhibit strong heterogeneity, ultra-low
permeability, and significant lithological variations (Pan, 2021), leading to complex fracture
behaviors, poor interlayer connectivity (Li et al., 2025), and suboptimal stimulation
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outcomes (Lu et al., 2023; Fan et al., 2023). Understanding fracture
propagation mechanisms and optimizing operational protocols are
thus critical for field applications.

Prior studies combining laboratory experiments and numerical
simulations have revealed that fracture morphology results from
coupled geological and engineering factors (Huang et al., 2022;
Xu et al., 2022; Zhang and Dontsov, 2018). Multi-physics coupling
models demonstrate interactions among thermal, seepage, stress,
and damage fields (Zhu et al., 2009; Guo et al., 2020; Zhang et al.,
2023; Liu et al., 2022), while field data indicate that weak interlayer
interfaces and stress barriers restrict fracture height growth (Pan
and Zhang, 2018; Zhang et al., 2017). Research on operational
parameters—including perforation strategies (Yin et al., 2012), fluid
viscosity (Fan and Zhang, 2014), and injection rates (Liu et al.,
2014)—has provided foundational insights for fracturing design.

Important progress has been made in the research of shale gas
fracturing technology (Lu et al., 2022; Zhang et al., 2021), but critical
knowledge gaps persist: 1) the quantitative relationship between
lithological contrasts and fracture propagation remains unclear; 2)
critical conditions for fracture penetration lack systematic study; 3)
fluid parameter effects require deeper analysis. This study employs
the 3D Discrete Lattice Method to model reservoir-interlayer
systems, elucidating fracture propagation mechanisms and guiding
process optimization.

2 Research methodology and
numerical model

2.1 Theoretical basis of the 3D discrete
lattice method

XSite, a hydraulic fracturing simulation software developed
based on discrete lattice theory and synthetic rock mass technology,
has gained widespread academic recognition for its precision
and adaptability in simulating fracture propagation (Zhao et al.,
2021; Bakhshi et al., 2019). The 3D discrete lattice method
integrates synthetic rockmass (SRM) technology and discrete lattice
theory, utilizing a simplified bonded particle model (BPM) to
accurately and intuitively describe the initiation, propagation, and
evolution of hydraulic fractures in rock masses (Zhao et al., 2021),
as shown in Figure 1.

Within this theoretical framework, the rock medium is
discretized into a system of interacting particles, where mechanical
responses between particles are simulated via a spring-mass system.
The tensile and shear failure of springs correspond to the tensile
and shear failure mechanisms of rock materials. Fluid units are
located at the centers of springs, forming a fluid transport network
that enables fluid flow between discrete units. Additionally, to
accurately characterize pre-existing discontinuities in geological
structures, XSite adopts the smooth joint model (SJM) to simulate
the mechanical behaviors of faults, joints, and other geological
weak planes, including complex responses such as sliding, opening,
and closing.

The core advantage of XSite lies in its ability to directly simulate
highly nonlinear mechanical behaviors during rock deformation,
such as fracturing, sliding, and joint opening/closing. The dynamic
evolution of these behaviors is solved using a central difference

FIGURE 1
Schematic diagram of grid network. Quote from Zhu et al. (2009).

algorithm at each node. The translational motion of nodes is
governed by Equations 1, 2:
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2
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Where u̇(t)i and u(t)i represent the velocity and position of component
i (i = 1,3) at time t, ∑Fi denotes the sum of all forces acting on the
node of mass m, and Δt is the time step. This explicit integration
scheme ensures computational efficiency and numerical stability.

Rock deformation and fracture are simulated through the
relative displacements between lattice nodes, with mechanical
responses following the incremental relationship calculated by
Equations 3, 4:

FN← FN + u̇NkNΔt (3)

FSi ← FSi + u̇
SkSΔt (4)

Where kN, kS are the normal and shear stiffness of the spring; FN

and FSi are the normal and shear forces; u̇N and u̇S are the normal
and shear relative displacements.

XSite employs a coupled hydro-mechanical model to simulate
fluid flow within fractures and the matrix. Fracture flow, based
on Darcy’s law, is solved through a network of fluid nodes and
pipes constructed dynamically during simulation. Matrix flow
represents permeability, storage, and leakage in porous media,
characterized by pore pressure fields stored in spring elements. Fluid
exchange between thesemechanisms is driven by pressure gradients,
achieving fully coupled simulations of fracture-matrix systems.

This methodology excels in capturing complex physical
phenomena during hydraulic fracturing, including fracture
initiation, propagation, branching, and interactions with natural
fractures, providing a reliable theoretical foundation and numerical
tool for designing and optimizing hydraulic fracturing in
unconventional reservoirs.
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FIGURE 2
Schematic diagram of longitudinal fracture propagation in thin
interbedded rock mass.

2.2 Parameterization of thin-interbedded
reservoir model

A numerical simulation method for hydraulic fracture
propagation in continental shale was established using the 3D
discrete lattice algorithm. By constructing a 3D mechanical model
that incorporates reservoir-interlayer structural characteristics, we
systematically studied the control mechanisms of in-situ stress
differences and rock mechanical parameters on hydraulic fracture
height extension.

A 3D discrete lattice method is used to construct a hydraulic
fracturing model for interlayer interstibed shale, which can
accurately simulate the complex mechanical behavior of fracture
propagation in heterogeneous layers. The model dimensions are
25 m × 25 m × 5 m, comprising a central reservoir layer and
upper/lower interlayers. A horizontal wellbore is positioned at the
model center, aligned parallel to theminimum horizontal stress (σh)
direction to simulate field conditions. Boundary conditions apply
triaxial in-situ stresses: minimum horizontal stress (σh), maximum
horizontal stress (σH), and vertical stress (σv), reflecting realistic
subsurface stress environments, as shown in Figure 2.

The key parameters required for model calculation
are shown in Table 1. In order to study the influence of mechanical
properties of interlayer on fracture height extension, the elastic
modulus of upper interlayer was set in a range of 6000–30000 MPa
and Poisson’s ratio was set to 0.1–0.3 to reflect the mechanical
properties of different lithologic interlayer. The elastic modulus
of the reservoir and the lower interlayer is fixed at 12,000 MPa and
Poisson’s ratio is 0.2. In the model, the same strength parameters
were used for both reservoir and interlayer: uniaxial compressive
strength of 65 MPa, tensile strength of 4 MPa and fracture toughness
of 4 MPa·m0.5 to highlight the influence of elastic parameters and
stress differences. In the setting of ground stress conditions, the
foundation stress state of reservoir and interlayer is the same: the
minimum horizontal principal stress is 10 MPa, the maximum

horizontal principal stress is 20 MPa, and the vertical ground stress
is 20 MPa. On this basis, by adjusting the minimum horizontal
principal stress value of the interlayer, the effect of stress difference
between reservoir and interlayer on fracture height extension
is studied. In terms of fracturing construction parameters, the
injection displacement was set at 0.05 m3/s and the fracturing
fluid viscosity was set at 10 mPa·s to simulate the actual hydraulic
fracturing conditions.

2.3 Model verification and comparison

Based on the 3D discrete lattice theory mentioned above and
the numerical simulation framework of XSite software, the accuracy
of the model is verified in this section, which provides a reliable
theoretical basis for the subsequent research on hydraulic fracturing
simulation of laminated shale. By comparing the numerical
simulation results with the classical theoretical analytical solutions,
the accuracy and reliability of the model in predicting hydraulic
fracture propagation are evaluated.

Under ideal conditions (no fracturing fluid loss, homogeneous
isotropic medium, constant injection rate), the expansion of
circular hydraulic fracture meets the GeerSMA -de Klerk model,
and the theoretical analytical solution of its radius can be
expressed as Equation 5:

R(t) = 0.52[
EQ3

c t
4

μ(1− v2)
]
1/9

(5)

Where, R(t) is the radius of hydraulic fracture, m; E is the elastic
modulus, Pa; Qc is Fluid injection rate, m/s; t is the injection time,
s; v is Poisson’s ratio, dimensionless; μ is the fluid viscosity, Pa·s.
The analytical solution is based on the theory of linear elastic
fracture mechanics, assuming that the fracture remains circular
during expansion and the fluid flow satisfies laminar flow conditions.

In order to verify the calculation accuracy of XSite software
based on 3D discrete latticemethod, a standard verificationmodel is
constructed. The model adopts the same discrete lattice theoretical
framework as Section 2.1, and the rock medium is discretized into
a particle system, and the interaction between particles is simulated
by a spring-particle system. The size of the verified model is 25 m
× 25 m × 5 m, and the uniform mesh is used to ensure sufficient
calculation accuracy.

Thematerial parameter Settings of themodel are consistent with
the basic parameters in Table 1. The initial fracture is placed in the
center of the model to ensure effective injection of fracturing fluid.
The simulation process uses the explicit time integration algorithm
described in Section 2.1, and the time step is automatically adjusted
according to the computational stability conditions to ensure the
convergence and accuracy of the numerical solution. The coupling
of fluid flow and rock deformation is realized by iterative solution in
each time step to ensure the coupling accuracy.

Figure 3 shows the comparison between XSite numerical
simulation results and theoretical analytical solutions under
different injection times. The abscissa represents the injection time
(s) and the ordinate represents the fracture radius (m). It can be
clearly seen from the figure that in the whole simulation process,
the numerical solution is in good agreement with the theoretical
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TABLE 1 Parameters required for calculation of thin interlayer crack propagation.

position Parameter name and unit Numerical value

interlayer

Elastic modulus/MPa 6000∼30000

Poisson's ratio/dimensionle 0.1–0.3

Uniaxial compressive strength/MPa 65

Tensile strength/MPa 4

Fracture toughness/MPa·m0.5 4

Minimum horizontal principal stress/MPa 10

Maximum horizontal principal stress/MPa 20

Vertical ground stress/MPa 20

reservoir

Elastic modulus/MPa
Poisson's ratio/dimensionless

Uniaxial compressive strength/MPa
Tensile strength/MPa

Fracture toughness/MPa·m0.5
Minimum horizontal principal stress/MPa
Maximum horizontal principal stress/MPa

Vertical ground stress /MPa

12000

0.2

65

4

4

10

20

20

Construction parameter
Injection capacity/m3/s 0.05

Fracturing fluid viscosity/mPa·s 10

solution, which verifies the accuracy of XSite software in simulating
hydraulic fracture propagation.

It is worth noting that the numerical simulation results were
able to capture some small fluctuations that were not reflected in the
theoretical solution, mainly due to the fact that the discrete lattice
method can more accurately simulate the stress concentration and
energy release process near the crack tip. In addition, the simulation
results also show that the distribution of crack opening width is
basically consistent with the theoretical prediction, which further
confirms the reliability of the model.

3 Analysis of fracture propagation
mechanism and influencing factors

3.1 Influence of elastic modulus difference
of different interlayer on joint height

In this study, the influence mechanism of elastic modulus of
different interlayer on the height growth of hydraulic fracturing was

FIGURE 3
Comparison between numerical solutions and theoretical solutions.
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quantitatively analyzed.The unified initial geostress field conditions
are set up in the experiment: the maximum horizontal principal
stress is 20 MPa, the vertical geostress is 20 MPa, and the minimum
horizontal principal stress is 10 MPa. The elastic modulus of the
reservoir and the lower interlayer is maintained at a constant value
of 12,000 MPa, while the elastic modulus of the upper interlayer
is controlled as a variable, which is set at 6000, 9000, 12,000,
20,000 and 30,000 MPa respectively. The fracture longitudinal
propagation characteristics obtained through numerical simulation
are shown in Figure 4.

The results show that the elastic modulus of the upper interlayer
is positively correlated with the longitudinal propagation of cracks.
When the overlying elastic modulus is low (6000 MPa), vertical
fracture propagation is significantly inhibited. With the gradual
increase of elastic modulus, the height expansion of fractures is
gradually enhanced, and the volume of fractures in overlying strata
is also increased.

Specifically, when the elastic modulus of the upper interlayer
is 6 GPa, the fracture height expansion is strictly limited and the
permeability volume is very small, which is mainly concentrated in
the reservoir area. When the elastic modulus of the upper interlayer
increases to 9 GPa, the fracture height propagation increases slightly,
but it still shows obvious limitation.When the elastic modulus of the
upper interlayer reaches 12 GPa (the same as that of the reservoir),
the fracture height increases significantly, and the volume in the
overlying layer expands obviously, showing uniform expansion.
When the elastic modulus of the upper interlayer further increases
to 20 GPa and 30 GPa, the fracture height extension continues to
increase, and gradually shows a trend of preferential expansion of the
overlying strata, and reaches the maximum expansion degree when
the elastic modulus is 30 GPa.

This phenomenon can be explained by the principle of elastic
mechanics: strata with higher elastic modulus have smaller strain
when subjected to the same stress, so they have weaker resistance
to fracture propagation. However, the formation with lower elastic
modulus is more prone to deformation, which is a strong obstacle
to fracture propagation. This is consistent with previous studies
on the control effect of rock mechanical properties on fracture
propagation (Bakhshi et al., 2019), and this influence relationship
is further quantified.

The comprehensive analysis shows that under the same in-
situ stress conditions and injection parameters, the ratio of
elastic modulus between upper interlayer and reservoir is the key
parameter to control vertical fracture propagation: when the ratio
<1, vertical fracture propagation is inhibited; When the ratio is
greater than 1, vertical fracture propagation is promoted. When the
ratio is 1, the fracture spreads uniformly.

3.2 In-situ stress difference and lamination
threshold

Stress barriers are a key factor in controlling the height
propagation of hydraulic fractures, especially in the stiff layer
under compression. In order to quantify the effect of the
difference of ground stress on the fracture penetration behavior, a
systematic numerical simulation experiment scheme is designed.
The maximum horizontal principal stress is 20MPa, the vertical

ground stress is 20 MPa, and the elastic modulus of the reservoir
and the upper and lower interlayers are 12000 MPa. The horizontal
minimum principal stress of the reservoir is fixed at 10 MPa, while
the horizontal minimum principal stress of the upper interlayer is
set at 8, 10, 12, and 15 MPa, respectively, to study the longitudinal
propagation characteristics of the fractures under different stress
difference conditions.

Figure 5 shows the simulation results of longitudinal crack
propagation under different stress difference conditions. It is found
that the difference of horizontal minimum principal stress between
reservoir and interlayer has a significant control effect on fracture
height propagation. When the minimum horizontal geostress
difference between reservoir and interlayer is less than 5MPa, the
stress barrier has a weak sealing effect on the fracture, and the
fracture can penetrate the upper interlayer relatively easily, forming a
larger volume fracture network in the overlying formation.With the
increase of the horizontal ground stress difference between reservoir
and interlayer, the fracture height growth is gradually inhibited, and
the fracture volume in the overlying strata is obviously reduced, and
finally the fracture height growth stops.

Through quantitative analysis of the crack propagation
morphology under different stress difference conditions, the control
mechanism of stress difference on the crack penetration behavior
can be obtained: When the crack spreads from the low stress area
to the high stress area, additional stress resistance needs to be
overcome, and this process requires more energy consumption.
With the increase of stress difference between reservoir and
interlayer, the pressure required to overcome this energy barrier
also increases. When a certain threshold is reached, the fracture
cannot continue to expand upward.

Through the parameter sensitivity analysis of the system,
the critical conditions for fracture penetration are quantified,
as shown in Figure 6: When the minimum horizontal ground
stress difference between layers is greater than 7 MPa, vertical
fracture propagation will be effectively inhibited. When the ratio of
elastic modulus between layers is less than 0.5, the fracture height
propagation is also significantly limited.

3.3 Effect of elastic modulus difference
between interlayer and reservoir on
fracture height

The impact of the elastic modulus difference between the
mudstone interlayer and the sandstone reservoir on fracture height
was investigated through numerical simulation. The results show
that the difference of elastic modulus between mudstone interlayer
and sandstone reservoir has significant influence on the hydraulic
fracture height. The experimental results show that the mudstone
interlayer has obvious limiting effect on fracture height. With the
decrease of the elastic modulus of mudstone interlayer, the width
of hydraulic fracture increases, and the fracture height decreases
under the same fluid injection condition. In addition, the toughness
characteristics of mudstone make it difficult to form a high stress
concentration area at the tip of hydraulic fracture, which increases
the difficulty of fracture initiation and extension.

Figure 7 quantitatively shows the mechanism of sandstone-
mudstone modulus difference affecting fracture height. When
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FIGURE 4
Characteristics of longitudinal crack propagation under different elastic modulus differences. (a) The elastic modulus of the upper compartment is
6 GPa. (b) The elastic modulus of the upper compartment is 9 GPa. (c) The elastic modulus of the upper compartment is 12 GPa. (d) The elastic
modulus of the upper compartment is 20 GPa. (e) The elastic modulus of the upper compartment is 30 GPa.
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FIGURE 5
Influence of minimum horizontal ground stress difference of different reservoirs on joint height expansion. (a) The minimum horizontal ground stress
of the upper compartment is 8 MPa. (b) The minimum horizontal ground stress of the upper compartment is 10 MPa. (c) The minimum horizontal
ground stress of the upper compartment is 12 MPa. (d) The minimum horizontal ground stress of the upper compartment is 15 MPa.

FIGURE 6
The impact relationship between the minimum horizontal stress
difference and elastic modulus difference of the separator layer and
reservoir layer on the critical conditions for crack penetration.

the elastic modulus of the mudstone interlayer is 11 GPa lower
than that of the sandstone reservoir (Figure 7a), the hydraulic
fracture propagates vertically in the sandstone reservoir, but
after entering the mudstone interlayer, the propagation is
significantly inhibited, showing the characteristics of increasing
width and limiting height. When the difference of elastic modulus
decreases to 6 GPa (Figure 7b), the crack height increases
correspondingly, indicating that the difference of elastic modulus is
negatively correlated with the crack height.

In addition, the difference of minimum horizontal principal
stress betweenmudstone interlayer and sandstone reservoir also has
a key influence on fracture height. Figure 8 shows this regulatory
effect: When the minimum horizontal principal stress of the
mudstone interlayer is 4 MPa lower than that of the sandstone
reservoir (Figure 8a), the fracture propagation resistance in the
mudstone interlayer is small and the fracture height is larger.
However, when the stress difference is reversed to a higher
value of 4 MPa (Figure 8b), the crack height decreases significantly.
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FIGURE 7
Influence of sandstone-mudstone modulus difference on fracture height. (a) The elastic modulus of mudstone interlayer is 11GPa lower than that of
sandstone reservoir. (b) The elastic modulus of mudstone interlayer is 6 GPa lower than that of sandstone reservoir.

FIGURE 8
Influence of difference of ground stress between sandstone and mudstone on joint height. (a) The minimum horizontal principal stress of the
mudstone interval is 4 MPa lower than that of the sandstone reservoir. (b) The minimum horizontal principal stress of the mudstone interlayer is 4 MPa
higher than that of the sandstone reservoir.

This reveals the positive correlation between the difference of
ground stress and fracture height, and provides an important
theoretical basis for reservoir reconstruction design.

3.4 Fracturing fluid parameters
optimization

To explore the effects of fracturing fluid parameters on fracture
penetration, numerical simulations were conducted based on the
model parameters described in the preceding sections to investigate
the influence of different fracturing fluid parameters on fracture
penetration. The results show that the viscosity of fracturing fluid
and the flow rate are the key parameters that affect the penetration
ability of fractures. The high viscosity fracturing fluid significantly
enhances the ability to penetrate the interlayer interface, and the
injection strategy of “high viscosity leading and low viscosity
following” can effectively achieve the dual goals of main fracture
expansion and weak interlayer opening.

Figure 9 shows the mechanism by which fracturing fluid
viscosity affects fracture penetration. When the viscosity is 5 mPa·s,
the low-viscosity fracturing fluid promotes the expansion of the
main fracture, but the opening effect of the weak surface between
layers is not good. When the viscosity increased to 20 mPa·s, the
ability of high-viscosity fracturing fluid to penetrate the interlayer
interface was significantly improved, and both the main fracture
and the weak interlayer were well opened. By using the compound
injection scheme of 20 mPa·s followed by 5 mPa·s, the cooperative
optimization of the expansion of the main seam and the opening of
the weak surface between the layers was realized.

At the same time, fracturing fluid injection rate plays a
significant role in regulating fracture height extension distance.
The experimental results show that with the injection displacement
increasing from 3.0 mL/min to 7.0 mL/min, the longitudinal
penetration height of hydraulic fracture shows an obvious
increasing trend. Figure 10 quantitatively describes the variation
law of crack height expansion distance under different displacement:
When the displacement is 3.0 mL/min, crack longitudinal expansion
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FIGURE 9
Influence of viscosity on fracture penetration. (a) The viscosity is
5 mPa∙s. (b) The viscosity is 20 mPa∙s. (c) The viscosity is 20 mPa∙s +
5 mPa∙s.

is significantly inhibited. When the displacement was increased to
5.0 mL/min, the expansion of seam height was improved. When
the displacement reaches 7.0 mL/min, the fracture longitudinal
extension effect is most significant. It is worth noting that with the
increase of injection displacement, the fracture extension pressure
gradually increases, especially when the artificial fracture extends
to the upper and lower mudstone layers, the extension pressure
increases sharply. When the injection displacement increases from

FIGURE 10
Expansion distance of fracture height under different fracturing fluid
displacement.

3.0 mL/min to 7.0 mL/min, the fracture extension pressure in the
interlayer increases by about 10 MPa.

Under the condition of displacement of 6 m3/min, the
longitudinal penetration of seam height is significantly
inhibited. Figure 11 shows the fracture propagation patterns at
different times under this displacement: fractures start in the
sandstone layer and begin to spread to the mudstone layer in 30 s;
The fracture propagation height in mudstone layer is limited at
110 s. At 180 s, the fracture propagation in the mudstone layer
is completely blocked, and the fracture height propagation stops.
This is mainly due to the fact that when hydraulic fractures spread
from sandstone to mudstone reservoir, the lower elastic modulus
of mudstone leads to the increase of fracture width, reduces the
stress concentration of crack tip, and hinders the further extension
of fractures.

Figure 12 Systematically compares the fracture propagation
patterns under different discharge rates: when the discharge rate is
6 m3/min, fracture propagation is blocked inmudstone layer;When
the displacement increased to 8 m3/min and 9 m3/min, the seam
height expansion gradually increased but did not fully penetrate
the layer. When the displacement reaches 10 m3/min, the fracture
can completely penetrate the layer, but the fracture length decreases
significantly, indicating that there is a critical relationship between
the displacement and the penetration ability.

In summary, high viscosity fracturing fluid and high injection
rate are conducive to hydraulic fracture penetration of the interlayer
interface.The compound injection strategy of “high viscosity leading
and low viscosity following” can take into account the dual needs
of main seam expansion and weak surface opening between layers.
With the increase of injection displacement, the fracture extension
pressure and longitudinal expansion height both increase, but the
tradeoff between displacement and fracture length should be paid
attention to.
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FIGURE 11
Fracture growth morphology at different time conditions with a displacement of 6 m3/min. (a) Fracture expansion pattern in 30 s. (b) Fracture
expansion pattern in 110 s. (c) Fracture expansion pattern in 180 s.

4 Fracturing process optimization and
reservoir expansion process
recommendation

Based on the results of 3D discrete lattice numerical simulation
and mechanism research, this study systematically constructs the
hydraulic fracturing process optimization scheme according to the
characteristics of sand and mudstone thin interlayer reservoir.

(1) According to the criteria for effective fracture penetration,
the minimum horizontal stress difference between layers
should be greater than 7 MPa and the elastic modulus
ratio (interlayer/reservoir) should be less than 0.5. The
corresponding optimized construction parameters suggest that
the injection rate should not be lower than 8 m3/min and the
fracturing fluid viscosity should not be lower than 20 mPa·s to
enhance the fracture penetration capability.

(2) The fluid system design employs a composite injection strategy
of “high-viscosity leading and low-viscosity following,” which
means using high-viscosity fluid to initiate the fracture and
then switching to low-viscosity fluid to activate the weak
interlayer interfaces.

(3) The proppant combination is optimized to 30% ceramic
powder (70–140 mesh), 60% medium-grain ceramic
beads (40–70 mesh), and 10% large-grain ceramic
beads (30–50 mesh) to achieve multi-scale fracture
saturation packing.

(4) In response to varying geological conditions, this study has
further analyzed the adaptability of the fracturing process.
When the interlayer elastic modulus is lower than 6000 MPa,
it is recommended to employ high-viscosity fracturing
fluid (>20 mPa·s) to compensate for the loss of fracture
width and suppress the phenomenon of limited fracture
height. Conversely, when the stress difference between the
reservoir and the interlayer is less than 5 MPa, low-viscosity
fluid (10 mPa·s) should be prioritized to activate the weak
interfaces between layers and construct a complex fracture
network system.

(5) The economic analysis indicates that although the fracture
penetration effect is most pronounced when the injection

rate exceeds 10 m3/min, it is necessary to balance the
construction costs with the limitations of fracture length.
After comprehensive consideration, it is recommended to
control the injection rate within the range of 8–10 m3/min to
achieve the optimal balance between technical effectiveness
and economic benefits.The optimal balance between technical
effect and economic benefit can be achieved by controlling the
displacement, thus reducing the cost in the case of enhanced
oil recovery

5 Conclusion

(1) The three-dimensional discrete lattice method demonstrates
high precision and reliability in simulating the extension
of hydraulic fractures in thin interbedded sandstone
and mudstone reservoirs, accurately capturing the stress
concentration and energy release processes near the
fracture tips, providing a reliable numerical tool for
fracturing design.

(2) The ratio of elastic modulus between the storage layer and the
interlayer is a key parameter controlling the vertical extension
of fractures. When the elastic modulus ratio of the upper
interlayer to the storage layer is less than 0.5, the vertical
extension of fractures is significantly inhibited; when the
ratio is greater than 1, the vertical extension of fractures
is promoted.

(3) The minimum horizontal stress difference between layers
is a decisive factor for fracture penetration. When
the minimum horizontal stress difference between the
storage layer and the interlayer is greater than 7 MPa,
the vertical extension of fractures will be effectively
inhibited.

(4) High-viscosity fracturing fluid (≥20 mPa·s) and high injection
rate (≥8 m3/min) significantly enhance the ability of
fractures to penetrate interlayer interfaces. The composite
injection strategy of “high-viscosity leading and low-viscosity
following” can achieve the synergistic optimization of main
fracture extension and the initiation of weak interlayer
interfaces.
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FIGURE 12
Fracture propagation patterns under different displacement. (a) The displacement is 6 m3/min. (b) The displacement is 8 m3/min. (c) The displacement
is 9 m3/min. (d) The displacement is 10 m3/min.

Although this study has made some achievements, there are
still many problems worth further research in the field of hydraulic
fracturing of sand-mudstone thin interbedded reservoirs:

(1) Combining microseismic monitoring with discrete fracture
network (DFN) models to quantify the guiding effect of
natural fractures on the hydraulic fracture propagation path

Frontiers in Earth Science 11 frontiersin.org

https://doi.org/10.3389/feart.2025.1602646
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Sun et al. 10.3389/feart.2025.1602646

(e.g., construction parameters need to be adjusted when the
fracture deflection Angle is > 30°), a multi-field coupling
prediction model is established to optimize the complex
fracture network design.

(2) For heterogeneous reservoir characteristics, develop viscosity
adaptive adjustment fracturing fluid (such as pH response
type), whose energy storage modulus should dynamically
match the mechanical differences between layers to enhance
the efficiency of penetration and reduce the risk of filtration.

(3) Deploy distributed optical fiber sensing (DAS/DTS) and
dynamic productivity inversion in the target block,
build a frake-productivity mapping database, and drive
parameter iterative optimization to reduce the target single
well production error rate.
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