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Abstract: Hydraulic fracturing is a key technology to build productivity in shale reservoirs;
however, the evolution mechanism of fractures is extremely complex, especially in reser-
voirs with natural weak-planes development. There is an urgent need to conduct systematic
research on the influence of natural weak planes on the vertical propagation of hydraulic
fractures. This article takes the deep shale gas block of Luzhou in Southern Sichuan as the
research basis and conducts different conditions of true triaxial large-scale hydraulic frac-
turing physical simulation experiments as well as the characteristics of natural weak-plane
reservoir development and reservoir geological characteristics. This study clarifies the
interaction mechanism between hydraulic fractures and natural weak planes and identifies
the influence of parameters such as vertical stress difference, natural fracture strength, and
approach angle on the propagation path of hydraulic fractures in reservoirs with developed
natural weak planes, which help us gain a deeper insight into the interaction mechanism
between fracture and weak plane. This study indicates that the widely developed natural
weak planes in shale reservoirs significantly affect the initiation, propagation, and final
distribution of hydraulic fractures. Based on pressure response characteristics, the fracture
initiation types can be categorized into two scenarios: initiation along the direction of
the maximum principal stress and initiation along natural weak planes. The propagation
modes of fractures can be divided into three types: propagation perpendicular to natural
weak planes, propagation parallel to natural weak planes, and multi-fracture propaga-
tion. The post-pressure fracture distribution patterns can be classified into four types:
through-going fractures, T-shaped fractures, compound fractures, and complex fracture
networks. The absence of developed natural weak planes, high vertical stress differences,
high natural weak-plane cementation strength, and large intersection angles are favorable
conditions for the vertical propagation of hydraulic fractures. The research findings enrich
the fundamental theory of vertical propagation of hydraulic fractures in shale reservoirs
with developed natural weak planes and provide a scientific basis for the formulation
and optimization of stimulation schemes for deep shale reservoirs, contributing to better
stimulation effects in the Southern Sichuan shale gas block.

Keywords: shale reservoirs; hydraulic fracturing; natural weak planes; influencing factors;
experimental study
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1. Introduction
In recent years, with the rapid development of the economy, the contradiction in the

supply structure of oil and gas resources (Table 1) has become apparent. As of 2023, China’s
dependence on foreign oil and natural gas is about 72% and 42%, respectively [1–3]. The
demand for energy and the degree of dependence on foreign energy have been increasing
year by year. Improving the energy supply structure and promoting the diversified devel-
opment of energy supply are of great strategic significance in relieving the contradiction
between energy supply and demand [4–7]. Shale gas, as an important clean energy source,
increasingly plays a key role in the structural transformation of the world’s energy. There
is a world-leading amount of proven shale gas reserves in China, especially in the Sichuan
Basin and its surrounding areas, which are rich in shale gas resources. Their good explo-
ration value and development potential make them the focus of unconventional oil and
gas resources exploration [8–18].

Table 1. China’s energy structure in recent years.

Energy Type Proportion of Energy Consumption

oil 31.60%
coal 26.40%

natural gas 23.70%
renewable resources 7.30%

hydropower 6.70%
nuclear energy 4.30%

Compared with conventional reservoir properties, shale reservoirs exhibit extremely
low matrix porosity and permeability, and multi-stage hydraulic fracturing is commonly
used to effectively enhance the production capacity of shale reservoirs [19–23]. Previous
studies have shown that the fracture network formed after large-scale hydraulic fracturing
is significantly different from the traditional dual-wing planar fractures, exhibiting a
markedly complex reticulated structure [24–28]. Influenced by the widely developed
natural weak planes (naturally occurring structural planes or interfaces that exist in the
reservoir), shale reservoirs exhibit strong anisotropy, and the complexity of the hydraulic
fracture evolution process and fracture propagation paths increases significantly [29–35].
During the hydraulic fracturing process, there are still challenges, such as insufficient
understanding of fracture propagation patterns, limited actual reservoir modification range,
and actual stimulation effects after fracturing that do not match expectations. Therefore,
conducting in-depth research on the impact of rock properties and natural weak planes
on the vertical propagation patterns of hydraulic fractures is essential for providing the
scientific basis and technical support to predict fracture propagation behavior accurately
and formulate effective fracturing design plans to improve the production efficiency of
shale reservoirs in Southern Sichuan.

This study conducts true triaxial large-scale hydraulic fracturing physical simulation
experiments with natural shale rock sample in Luzhou block under different conditions for
reservoirs with developed natural weak planes and geological characteristics to discuss the
height propagation law and fracture distribution shapes under different states of natural
weak-plane development and various geological parameter conditions. This study clarifies
the extent of the impact of parameters such as vertical stress differences, natural fracture
strength, and approach angles on the propagation path of hydraulic fractures in reservoirs
with developed natural weak planes, which provides a reference for further understanding
the interaction mechanism of fracture and weak plane intersections.
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2. Reservoir Characteristics and Physical Model Similarity Design
2.1. Development Characteristics of Natural Weak Planes in Shale Reservoirs

The widespread development of natural weak planes is a significant characteristic of
shale reservoirs, mainly manifested as bedding planes, fracture systems, and faults, which
form a complex fracture network in shale reservoirs from micro to macro scales. Based
on the analysis of seismic data, outcrop observations, core samples, and experimental
results, the scale of natural weak planes varies significantly, with a wide distribution
range. Faults (Figure 1a) can reach scales of up to kilometers, whereas micro-fractures are
typically only on the micrometer to millimeter scale. Natural fractures (Figure 1b) include
sealed fractures, open fractures, and micro-fractures. Sealed fractures are filled or partially
filled with minerals and have relatively high fracture strength, while open fractures are
not filled and allow fluid passage, with a development scale similar to that of sealed
fractures. Typically, open fractures can be connected to form fracture networks that extend
over considerable distances. Bedding planes (Figure 1c) are horizontal interfaces formed
during the sedimentation process, with thicknesses ranging from a few microns to a few
millimeters, and are continuously distributed in the reservoir, with lengths that can reach
hundreds or even thousands of meters. When intersecting with hydraulic fractures, bedding
planes, natural fractures, and faults do not show significant differences in their mechanisms
of action, mainly reflecting their characteristics and differences through development scale
and the strength of the weak planes.
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Figure 1. Natural weak plane system in Shale Reservoir.

2.2. Physical Model Similarity Design

Similarity theory is the foundation for conducting physical simulations of hydraulic
fracturing fracture propagation. According to the full three-dimensional hydraulic fractur-
ing models by Cleary et al. and Clifton et al. [36–39], the similarity criteria to be followed
when establishing indoor physical experiments are as follows:
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The main parameter for the similarity criteria between physical model experiments
and field hydraulic fracturing is the dimensionless fracture toughness k, which is calculated
as follows:

k = K′
IC

(
t2
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In which E′, µ′, and K′
IC are combined parameters, and the calculation formula is

as follows:

E′ =
E

1 − v2 (3)

µ′ = 12µ (4)

K′
IC = 4

(
2
π

)1/2
KIC (5)

In the formula:
Nσc —dimensionless effective stress, dimensionless;
σc—effective stress, MPa;
E—plane strain Young’s modulus, MPa;
Nt—dimensionless time factor, dimensionless;
q—velocity, m3/s;
rw—wellbore radius, m;
NKI —dimensionless stress intensity factor, dimensionless;
NE—dimensionless elastic modulus factor, dimensionless;
k—dimensionless fracture toughness, dimensionless;
Q—flow rate, m3/s;
µ— fracturing fluid viscosity, mPa·s;
E—plane strain Young’s modulus, MPa;
v—Poisson’s ratio, dimensionless;
KIC —fracture toughness, MPa·m1/2;
T—time, s.
The propagation of hydraulic fractures is almost entirely within the viscous prop-

agation regime, where the corresponding dimensionless fracture toughness k needs to
be significantly less than 1 [40]. The dimensionless fracture toughness calculated from
experimental parameters should be close to the actual field construction conditions. In the
calculation formula, the plane strain Young’s modulus, Poisson’s ratio, and rock fracture
toughness are inherent properties of the rock. Increasing the viscosity of the fracturing
fluid is the best way to obtain a lower dimensionless fracture toughness. Combining the
rock mechanical parameters measured in the experiment and the pump injection rate of
the true triaxial large-scale hydraulic fracturing experimental system, a fracturing fluid
with a viscosity of 1.5 Pa·s glycerin is selected. At laboratory temperature, its density
is 1.261 g/cm3, and its viscosity is 1500 mPa·s. The fracturing fluid is dyed blue with
methylene blue as a tracer. The distribution range of the dyed fracturing fluid, combined
with the results of acoustic emission monitoring, is used to determine the morphology of
the hydraulic fractures after fracturing.

3. Experimental Plan Design
3.1. Model Design and Fabrication

Based on the development characteristics of natural weak planes in the target reservoir,
the experiment designed shale samples with undeveloped natural weak planes (Figure 2),
shale samples with developed orthogonal natural weak planes (Figure 3), and shale samples
with developed non-orthogonal natural weak planes (Figure 4). The dimensions of the
samples are 300 mm × 300 mm × 300 mm. A metal casing with a diameter of 20 mm and a
length of 150 mm pre-exists in the middle of the samples. The casing end is horizontally
cut to create a pre-existing fracture for the initiation of hydraulic fracturing. The annular
space between the metal casing and the rock sample is consolidated with a high-strength
epoxy resin to ensure that the fluid pumped during the fracturing experiment does not
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break through from the annulus. The stress loading during the experiment is shown in
Figure 5.
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3.2. Experimental Equipment and Procedure

The experimental setup, as shown in Figure 6, consists of four parts: the rock sample
triaxial gripping system, the displacement system, the pneumatic control system, and the
data acquisition system. The system is capable of gripping rock samples with dimensions
of 100 mm, 300 mm, and 500 mm. The pump injection rate ranges from 1 mL/min to
120 mL/min, the pump injection pressure ranges from 0 MPa to 100 MPa, the temperature
control range is from room temperature to 100 ◦C, and the maximum loading stress is
80 MPa. Acoustic emission devices are used to monitor the fracture evolution process
throughout the experiment, and the three-dimensional reconstruction of the fractures is
performed in conjunction with the sectioning results of the rock samples. The experimental
procedure is depicted in Figure 7.
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3.3. Experimental Plan

This experiment conducts vertical propagation experiments of hydraulic fractures un-
der different rock and natural weak-plane properties to study the evolution characteristics
of fractures as well as the intersection rules of fractures and weak planes under conditions
such as the presence or absence of natural weak planes, different vertical stress differences,
different consolidation strengths of natural weak planes, and different approaching an-
gles. The average Young’s modulus, the average Poisson’s ratio, the average compressive
strength, and the average tensile strength are 30 GPa, 0.25, 145 MPa, and 4 MPa, respec-
tively. The Young’s modulus and Poisson’s ratio of naturally developed weak face samples
have no significant difference from those of undeveloped weak face samples, the average
compressive strength is significantly reduced to 69 MPa, and the average tensile strength is
1 MPa. The minimum principal stress in the experiment is set to 10 MPa, with the vertical
stress difference being the difference between the vertical stress and the minimum principal
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stress. The experimental pump injection rate is 20 mL/min. The experimental numbers
and plans are shown in Table 2.

Table 2. Experimental scheme.

No. Reservoir Type Influence Factor Value

1
Without Natural Weak

Planes
Vertical Stress

Difference

2 MPa
2 5 MPa
3 8 MPa

4

With Natural Weak
Planes

Vertical Stress
Difference

2 MPa
5 5 MPa
6 8 MPa

7

Natural Weakness
Cementation Strength

Weak
(about 0.5 MPa)

8 Moderate
(about 1 MPa)

9 Strong
(about 2 MPa)

10
Intersection Angle

(2 MPa)

45◦

11 60◦

12 90◦

13
Intersection Angle

(8 MPa)

45◦

14 60◦

15 90◦

4. Experimental Results Analysis
Based on the acoustic emission monitoring results and the sectioning results of rock

samples after the experiment, this study achieves a three-dimensional reconstruction of
the hydraulic fractures. The fractured rock samples, acoustic emission monitoring results,
three-dimensional reconstruction diagrams of the hydraulic fractures, and the hydraulic
fracturing pressure curves for each rock sample are shown in Figure 8.
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4.1. Analysis of Fracture Evolution Characteristics

(1) Initiation Characteristics of Hydraulic Fractures

The fracture evolution process includes three stages: fracture initiation, fracture prop-
agation, and fracture closure. There is a clear fracture indication between the first and
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second stages of the pressure curves for rock samples numbered 2, 3, 4, 5, 6, 8, 9, 11, and 14.
The pump pressure peaks and then rapidly decreases, with significant pressure fluctuations
(Figure 9a). The distribution range of the fracture initiation pressure for the rock samples is
from 20.2 MPa to 26.7 MPa, with an average fracture initiation pressure of 23.25 MPa. The
initiation mode is perpendicular to the bedding plane. When the cementation degree of the
rock layer near the perforated casing is strong or the stress difference is large, hydraulic
fractures initiate in this manner. Rock samples numbered 1, 10, and 13 do not show a clear
fracture indication between the first and second stages of their pressure curves (Figure 9b).
The pump pressure changes caused by the fracture initiation are not significant, and the
initiation mode is along natural weak planes. After the casing pressure reaches a certain
level, the micro-fractures near the casing open and continue to extend. In reservoirs with
developed bedding planes, faults, and natural weak planes, hydraulic fractures may initiate
in this manner during hydraulic fracturing. Generally, the number of fracture strips is
positively correlated with the fracture indication. Rock sample number 2 has two fractures
that correspond to the number of its fracture indications, and its initiation mode should be
perpendicular to the bedding plane.
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(2) Hydraulic Fracture Propagation and Distribution Characteristics

As shown in Figures 10 and 11, based on the path of fracture propagation during
the hydraulic fracturing process and the pattern of pressure changes, hydraulic fracture
propagation types can be categorized into three types: propagation perpendicular to natural
weak planes, propagation parallel to natural weak planes, and propagation along multiple
fractures. As shown in Figure 11, the pressure curve exhibits characteristics of increase
or relative stability. After the fracture initiates, it extends in a direction perpendicular
to the natural weak planes. During the propagation process, the fracture must open the
reservoir rocks, which requires overcoming significant resistance. If natural weak planes
are not developed in a reservoir, a transverse fracture (Table 3a) will form after fracturing;
otherwise, it will form either a transverse fracture (Table 3b) or a composite fracture
(Table 3d) depending on whether the hydraulic fracture activates the natural weak planes.
The direction of the maximum principal stress in the reservoir is the main controlling factor
for the propagation direction of this type of hydraulic fracture.
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As shown in Figure 12, the pressure curves exhibit varying degrees of pressure drops
(0.7 MPa to 7 MPa). When the direction of hydraulic fracture propagation is influenced by
the developed natural weak planes (bedding planes, natural fractures) in the reservoir and
becomes the main controlling factor for the direction of fracture propagation, the hydraulic
fracture will activate the natural fracture and turn along the natural weak plane upon
encountering it. The hydraulic fracturing ultimately forms an I-shape fracture (or T-shaped
fracture) (Table 3c). When the hydraulic fracture initiates and extends along multiple
fractures, the hydraulic fractures ultimately form a complex fracture network (Table 3e).
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Table 3. Hydraulic fracture propagation and distribution characteristics.

No. Type Simplified Diagram
Extended Mode

(Relationship with Natural
Weak Plane)

Pressure Change

a Transverse fracture
(without natural weak planes)
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4.2. Analysis of Influencing Factors

(1) Development of Natural Weaknesses

Figure 9 shows two sets of experiments simulating the hydraulic fracture propagation
under conditions with developed and undeveloped natural weaknesses in the reservoir. The
experimental results indicate that in the samples without pre-existing natural weaknesses
(1#, 2#, and 3#), except for sample 1#, where the hydraulic fracturing activated the shale
bedding plane and fracture propagated along the bedding plane (Figure 12a), samples 2#
and 3# both penetrated the entire rock sample perpendicular to the natural weak planes,
forming a transverse fracture (Figure 12b,c), while in the samples with pre-existing natural
weaknesses (4#, 5#, and 6#), the vertical propagation distance of the fracture was limited by
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the pre-existing natural weaknesses, with at least one direction of vertical propagation being
hindered. Among them, sample 4# had both upward and downward fracture propagations
limited, and the post-fracturing fracture distribution exhibited characteristics of an I-shaped
fracture (Figure 12d). Samples 5# and 6# had their upper hydraulic fractures breaking
through the limitations of the natural weaknesses, while the lower fracture propagations
were obstructed, resulting in a post-fracturing fracture distribution exhibiting characteristics
of a T-shaped fracture (Figure 12e,f). The fracture height was generally lower than that of
the corresponding samples without pre-existing weaknesses. The widespread development
of natural weaknesses in the reservoir is an unfavorable factor for the interlayer propagation
of hydraulic fractures, limiting the vertical propagation height of the hydraulic fractures.
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(2) Vertical Stress Difference

The vertical stress difference refers to the difference between the vertical geostress
and the minimum horizontal principal stress. In this experiment, three levels of stress
differences were set: low stress differences (2 MPa), medium stress differences (5 MPa), and
high stress differences (8 MPa). Samples 1#, 2#, and 3#, as well as 4#, 5#, and 6#, represent
the fracturing experimental results of rock samples with undeveloped and developed
natural weakness planes under different stress difference conditions, respectively. As the
vertical stress difference increases from 2 MPa to 8 MPa, the final distribution patterns of
fractures in samples 1#, 2#, and 3# gradually change from T-shaped fractures to transverse
fractures, while those in samples 4#, 5#, and 6# gradually change from I-shaped fractures
to T-shaped fractures. When the vertical stress difference is small, the geostress has less
constraint on the fracture propagation direction, and hydraulic fractures are more likely to
activate natural weaknesses and turn along them. At this time, the anisotropy of the rock
(bedding, faults, etc.,) becomes the main controlling factor for the vertical propagation of
fractures. As the vertical stress difference increases, the control of stress on the propagation
of hydraulic fractures gradually strengthens, and the directionality of fracture propagation
becomes more pronounced, with the vertical stress difference becoming the main controlling
factor for vertical propagation.
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Figure 13 shows the number of post-fracturing fracture strips under vertical stress
differences of 2 MPa and 8 MPa. Under the 2 MPa stress condition, the post-fracturing
fracture strips for natural weak planes of 45◦, 60◦, and 90◦are 4, 3, and 3, respectively. Under
the 8MPa stress condition, the post-fracturing fracture strips for natural weak planes of
45◦, 60◦, and 90◦ are 5, 6, and 5, respectively. There are more post-fracturing fracture strips
under the 8 MPa condition, and the fracture distribution pattern is more complex. Under
high-stress conditions, the internal damage in shale reservoirs is intensified. Although
hydraulic fractures are constrained by the maximum principal stress and extend along the
direction of the maximum principal stress, the natural weak planes produced by stress
damage under high-stress conditions have a significant impact on the propagation of
hydraulic fractures, resulting in a more complex final distribution pattern of post-fracturing
fractures compared to low-stress conditions.
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(3) Natural Weak-Plane Cementation Strength

In this experiment, three levels of cementation strength for natural weak planes were
set: weak (sample 7), moderate (sample 8), and strong (sample 9). After the experiment,
their respective tensile strengths were measured to be 0.511 MPa, 0.991 MPa, and 2.1 MPa.
As shown in Figure 14, natural weak planes with lower strength tend to cause hydraulic
fractures to turn along the natural weak planes, limiting the vertical propagation height of
the fractures and resulting in the formation of I-shaped fractures after fracturing; natural
weak planes with moderate and strong cementation strengths have higher tensile and
shear strengths and are less likely to be activated by hydraulic fractures after intersection,
typically showing an intersection result that crosses but does not activate the natural
weak planes, leading to the formation of transverse fractures after fracturing. The greater
the cementation strength of natural weak planes, the more conducive it is to the vertical
propagation of hydraulic fractures.
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(4) Intersection Angle

Figure 15 shows the results of the interaction between hydraulic fractures and natural
weak planes at intersection angles of 45◦, 60◦, and 90◦ under vertical stress differences
of 2 MPa and 8 MPa. Under the 2 MPa condition, all three groups of experiments with
intersection angles of 45◦, 60◦, and 90◦ demonstrated that the natural weak planes were
activated upon intersection with the hydraulic fractures. The hydraulic fractures followed
the natural weak planes and continued propagating, exhibiting characteristics of I-shaped
fractures. Under the 8 MPa condition, the two groups of experiments with intersection
angles of 45◦ and 60◦ showed consistent fracture propagation patterns, also forming I-
shaped fractures after fracturing. However, in the group with an intersection angle of
90◦, the hydraulic fracture activated the natural weak planes but maintained its original
direction of propagation, penetrating the natural weak planes to form a composite fracture.
The larger the intersection angle between the hydraulic fracture and the natural weak
planes, the more conducive it is to the vertical propagation of the hydraulic fracture.
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Figure 15. Fracture distribution patterns at different intersection angles.

In summary, the statistical results of all experiments are shown in Table 4. On the
one hand, experiments 2#, 3#, 5#, 6#, 8#, and 9# had hydraulic fractures that vertically
extended beyond the limitations of natural weak planes. The absence of developed natural
weak planes, high vertical stress differences, high cementation strength of natural weak
planes, and large intersection angles are favorable conditions for the vertical propagation
of hydraulic fractures. On the other hand, experiments 1#, 4#, 10#, 11#, 13#, and 14# had
hydraulic fractures that were captured by the widely developed natural weak planes in
the shale reservoir during their vertical propagation, with the vertical propagation of the
fractures being hindered. The presence of developed natural weak planes, low vertical
stress differences, low cementation strength of natural weak planes, and small intersection
angles can limit the vertical propagation of hydraulic fractures.
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Table 4. Statistics of experimental results.

No. Fracture Initiation Mode Fracture
Propagation Mode

Whether to Break
Through the Natural
Weak Planes Limit

1 B a ×
2 A a

√

3 A c
√

4/7/12 A b ×
5 A a

√

6/15 A a
√

8 A a
√

9 A a
√

10 B b ×
11 A b ×
13 B b ×
14 A b ×

A—perpendicular to natural weak planes; B—along natural weak planes; a—perpendicular to natural weak
planes; b—parallel to natural weak planes; c—along multiple fractures.

5. Conclusions
(1) A true triaxial large-scale hydraulic fracturing physical simulation device was uti-

lized to investigate the impact of natural weak planes in shale reservoirs on the propagation
of hydraulic fractures. This study elucidated the modes of fracture initiation, propaga-
tion characteristics, and post-fracturing fracture distribution under various influencing
factors. These findings enhance our understanding of the interaction mechanisms between
hydraulic fractures and natural weak planes.

(2) The types of fracture initiation can be divided into two types: initiation along
the direction of maximum principal stress and initiation along natural weak planes. The
modes of fracture propagation can be divided into three types: propagation perpendicular
to natural weak planes, propagation parallel to natural weak planes, and propagation
along multiple fractures. The post-fracturing fracture geometry can be categorized into
four types: transverse fractures, I-shaped fractures, composite fractures, and complex
fracture networks.

(3) The widely developed natural weak planes in shale reservoirs have a significant
impact on the vertical propagation of hydraulic fractures. The fracture evolution process is
complex and influenced by many factors, among which the absence of developed natural
weak planes, high vertical stress differences, high cementation strength of natural weak
planes, and large intersection angles are favorable conditions for the vertical propagation
of hydraulic fractures. Under conditions of high vertical stress differences, the fracture
distribution morphology becomes more complex.
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