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The study of fracture propagation in heterogeneous shale is a crucial prerequisite
for the investigation of heterogeneous cluster and perforation parameters
optimization. In this paper, we conduct a physical simulation fracturing
experiment on heterogeneous shale to investigate the effects of various
influencing factors, such as shale bedding, near-wellbore fractures, lithological
changes, and the presence of fractures surrounding the perforation hole, on
fracture propagation law and morphology. Our research demonstrates that during
shale fracturing, shear dislocation typically occurs between layers, resulting in the
separation of different layer planes. The main fracture primarily propagates
through layers in a stepped manner. The presence of sandstone in
heterogeneous shale significantly impedes fracturing fractures, causing
significant distortion and deviation. As the scale of natural fractures increases,
it tends to cause the fracturing fracture to twist and change direction. The natural
fractures network can also lead to the distortion of fracturing fractures, albeit to a
lesser extent than large-scale natural fractures. The presence of micro fractures
parallel to the perforation axis surrounding the perforation hole enhances the
ability of the main fracturing fractures to pass through natural fractures.

KEYWORDS

heterogeneous shale, fracturing experiment, hydraulic fracturing, propagation law,
propagation morphology

1 Introduction

In recent years, with the concepts of clean energy and low-carbon living becoming
increasingly popular worldwide, sustainable development of energy and economy is more
and more important. The more efficient development of fracturing in unconventional oil and
gas resources is one of the key technologies for achieving sustainable development in energy,
society, and economy.

In order to achieve the goal of more efficient fracturing in unconventional oil and gas
resources, studying the fracture propagation in heterogeneous shale is very important (YEW
and CHIOU, 1983; WANG and CLIFTON, 1991; Bunger et al., 2011; DONTSOV, 2022; MA
et al,, 2022). Conducting physical fracturing experiments is the most effective way to study
the mechanism and law of fracture propagation (XIAO et al., 2005; GE and GHASSEMI,
2008; HUANG et al., 2019; TAN et al., 2020). To date, scholars worldwide have conducted a
significant amount of research on the expansion of hydraulic fractures in the rational
medium of heterogeneous layers (WARPINSKI et al.,, 1982; CHUPRAKOV and PRIOUL,
2015; DONTSOV and PEIRCE, 2015; Liu and Valko, 2015). However, previous research
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FIGURE 1

Schematic diagram of heterogeneous shale preparation.
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FIGURE 2
Preparation process of heterogeneous shale fracturing experiment.

results revealed that the focus of these studies on studying fracture
expansion in heterogeneous shale is primarily on the establishing the
criteria of the fracture propagation through the shale layers and the
calculation of the corresponding fracture height and length
(SHAFFER et al., 1984; TAN et al.,, 2021; HUANG et al., 2023a;
HUANG et al,, 2023b), lacking studying the effect of the multiple
influencing factors of lithological changes, natural fractures and
existence of micro fractures around the perforation hole, etc., on the
propagation law and shape of fractures in shale rock (NIE et al,
2021; SHI et al., 2023; TAN et al., 2023).

To address the shortcomings of previous studies, this paper
presents a necessary heterogeneous shale physical simulation
fracturing experiment to explore the effect of influencing factors
of shale bedding, near well-bore fractures, lithological changes and
the existence of fractures around the perforation hole on the fracture
propagation law and morphology.

2 Experimental preparation

Before the physical simulation fracturing experiment, cement
mortar is used to simulate the heterogeneous bedding shale rock
sample. Each rock sample is composed of four layers, the physical
parameters of each layer can be adjusted according to the
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experiment purpose, so as to explore the effect of influencing
factors of shale bedding, near well-bore fractures, lithological
changes and the existence of fractures around the perforation
hole on the fracture propagation law and morphology. Each rock
sample features a central perforation hole. It is also worth noting
that, in order to minimize the influence of geostress differences on
fracture propagation, the geostress difference is set to 0.

2.1 Experimental preparation

The preparation process for the simulated heterogeneous shale
rock sample is illustrated in Figure 1. Each rock sample is cylindrical,
with a diameter of 180 mm. Each rock sample consists of four layers,
with each layer having a thickness of 30 mm and a total thickness of
120 mm. The cement mortar is poured in layers, starting from the
bottom and moving towards the top. After each layer is poured, it
would be stand for 4 h before pouring the next layer until all the four
layers are poured. The bottom layer serves as the first layer, while the
top layer represents the fourth layer, in accordance with the pouring
sequence. Due to the varying pouring times of each layer, a weak
cementation surface will occur between them. The ratio of water,
cement mortar, and cement sand in each layer of the rock samples is
0.5:1:2.5. The particle size of the cement sand ranges from 1 to 2 mm.
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TABLE 1 Summarization of the grouping of experiments.

Rock

sample no.

Characteristics

10.3389/fenrg.2023.1309591

Purpose

No bedding, no lithological changes, no fractures around the perforation hole,
and no natural fractures

Has four layers. No fractures around the perforation hole, and no natural
fractures

Has four layers. The second layer is gravel layer, located at the perforation
hole’s tip section

Has four layers. The third layer is gravel layer, located near the perforation
root section

Has four layers. The second layer is sandstone layer, located at the perforation
hole’s tip section

Has four layers. The third layer is sandstone layer, located near the perforation
root section

Has 4 layers. Natural fractures are presented in the second layer, with the angle
between the natural fractures and the layers of rock sample is 0°

10

Has four layers. Natural fractures are presented in the second layer, with the
angle between the natural fractures and the layers of rock sample is 20°

11

Has four layers. Natural fractures are presented in the second layer, with the
angle between the natural fractures and the layers of rock sample is 45°

12

13

Has four layers. Natural fractures are presented in the second layer

Has four layers. Natural fractures are presented in the second layer, with the
angle between the natural fractures and the layers of rock sample is 0°. Have
symmetrically developed fractures with a phase angle of 180" around the
perforation hole. The orientation of the horizontal projection of the fractures
around the perforation hole is parallel to the horizontal projection of the long
axis of the elliptical natural fracture

14

Has four layers. Natural fractures are presented in the second layer, with the
angle between the natural fractures and the layers of rock sample is 20°. Have
symmetrically developed fractures with a phase angle of 180° around the
perforation hole. The orientation of the horizontal projection of the fractures
around the perforation hole is parallel to the horizontal projection of the short
axis of the elliptical natural fracture

15

Has four layers. Natural fractures are presented in the second layer, has a
symmetrical fracture around the perforation hole with a phase angle of 180°

16

Has four layers. Natural fractures are presented in the second layer, with the
angle between the natural fractures and the layers of rock sample is 20°. Have
symmetrically developed fractures with a phase angle of 120° around the
perforation hole

Control group

To study the influence of shale lithology changes on fracture propagation

To investigate the effects of natural fractures/natural fracture networks
and fractures around the perforation hole on fracture propagation

Once the rock sample is completed, the uniaxial compressive
strength of each layer ranges from 35.2 to 37.6 MPa, the elastic
modulus is 39.5-41.7 GPa, and the Poisson’s ratio is 0.29-0.31.

2.2 Experimental parameters

Each rock sample features a perforation hole in its center,
created using a 5mm plastic pipe. The axis of the plastic pipe
(perforation axis) is perpendicular to the layer plane. The
perforation hole has a depth of 75 mm. If fractures occur around
the perforation hole, a I mm paper sheet is used to simulate them, as
demonstrated in Figure 2A. Once the rock sample is completed, the
plastic pipe should be removed.

Each rock sample undergoes lithological changes, including the
presence of sandstone and gravel layers. The ratio of water, cement
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mortar, and cement sand in the sandstone layer is 0.5:1:4, and the
grain size of sand ranges from 1 to 2 mm. The ratio of water, cement
mortar, cement sand, and gravel in the gravel layer is 0.5:1:2.5:2.5,
and the grain sizes of sand and gravel range from 1 to 2 mm and
6-10 mm, respectively.

Achieving natural fractures and natural fracture networks in
each rock sample involves placing paper pieces. When simulating
natural fractures, a large piece of paper is placed in the shale layer,
with the paper surface forming an elliptical plane to avoid the
influence of stress concentration at the geometric tip on fracture
propagation, as demonstrated in Figure 2C. The thickness of the
paper (corresponding to the thickness of the natural fracture) is
0.5 mm, and the angles between the natural fracture and the layer
plane are 0°, 20°, and 45°. When simulating a natural fracture
network, a large amount of small paper pieces is placed in the
shale layer, as demonstrated in Figure 2D.
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FIGURE 3
Fracture propagation diagram of No.1 shale rock sample.

FIGURE 4
Fracture propagation diagram of No.2 shale rock sample.

FIGURE 5
Fracture propagation diagram of No.5 shale rock sample.

During the fracturing process, the fracturing fluid is made of
clean water and a certain amount of silent breaking agent.

In this study, 14 sets of fracturing experiments were conducted,
with the experimental rock samples numbered 1, 2, 5-16. No.1 rock
sample serves as the control rock sample, with no bedding, no
lithological changes, no fractures around the perforation hole, and
no natural fractures (network). No.2 and 5-16 rock samples are all

Frontiers in Energy Research

shale rock samples with layers. No.5 and No.6 rock samples feature a
gravel layer: the No.5 gravel layer is located at the perforation hole’s
tip section (the second layer), while the No.6 gravel layer is near the
perforation root section (the third layer), and No.6 gravel layer is
close to the perforation root section (the third layer). No.7 and
No.8 rock samples feature a sandstone layer: the No.7 sandstone
layer is at the perforation hole’s tip section (the second layer), and
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FIGURE 6
Fracture propagation diagram of No.6 shale rock sample.

FIGURE 7
Fracture propagation diagram of No.7 shale rock sample.

the No.8 sandstone layer is near the perforation root section (the
third layer).

Natural fractures are presented in the second layer of No.9~11,
13,14, and 16 rock samples. The angles between the natural fractures
and the layers of rock samples No.9 and 13 are 0°, while the angles
between the natural fractures and the layers of rock samples No.10,
14, and 16 are 20°. The angle between the natural fractures and the
layer of rock sample No.11 is 45".

No0.9~11 rock samples do not have fractures around the
perforation hole. No.13 and 14 rock samples have symmetrically
developed fractures with a phase angle of 180° around the
perforation hole. The difference between No.13 and 14 rock
samples lies in the orientation of the horizontal projections of
the fractures around the perforation holes: in No.13 rock
sample, this projection is parallel to the horizontal projection
of the long axis of the elliptical natural fracture, while in
No.14 rock sample, it is parallel to the horizontal projection
of the short axis of the elliptical natural fracture. In the
No.16 rock sample, there are symmetrically developed
fractures with a phase angle of 120° around the perforation
hole, as shown in Figure 2B.

Natural fractures are presented in the second layer of No.12 and
No.15 rock samples. The key difference between the two rock
samples is that No.12 lacks fractures around the perforation hole,
whereas No.15 has a symmetrical fracture around the perforation
hole with a phase angle of 180°".

Frontiers in Energy Research

Fracturing the No.1, 2, and 5-16 rock samples to investigate the
impact of shale layers on fracture propagation. Fracturing the
No.5~8 rock samples to study the influence of shale lithology
changes on fracture propagation. Fracturing the No.9~16 rock
samples to investigate the effects of natural fractures/natural
fracture networks and fractures around the perforation hole on
fracture propagation.

The summarization of the grouping of experiments is shown in
Table 1. It should be noted that the main purpose of this article is to
explore the effects of various influencing factors, such as shale
bedding, near-wellbore fractures, lithological changes, and the
presence of fractures surrounding the perforation hole, on
fracture propagation law and morphology, therefore the in situ
stress has not been considered in the article. Also, because the rock
sample is small, in order to make the fracturing process more stable,
the fracturing injection rate is set to be 10 L/min.

3 Results and analysis
3.1 Experimental results

Figures 2-16 show the fracture propagation diagram of
No.1~14 rock samples. In all the figures, black represents

perforation, red represents fractures around the perforation, and
blue represents natural fractures.
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FIGURE 8
Fracture propagation diagram of No.8 shale rock sample.

FIGURE 9
Fracture propagation diagram of No.9 shale rock sample.
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FIGURE 10
Fracture propagation diagram of No.10 shale rock sample.

3.2 Evaluation index of fracture complexity

Prior to analyzing the experimental results, two evaluation
indicators must be introduced: the fracturing complexity index
(FCI) and the stimulated reservoir volume (SRV). Ideally, we
would like to observe a positive correlation between the
fracturing volume and fracture complexity at each stage, where a
larger fracturing volume (SRV) is preferable and more complex
fracturing complexity index (FCI) is better.

However, in real-world fracturing operations, SRV and FCI are often
contradictory, with most cases displaying negative correlation
characteristics. In other words, fracturing fractures tend to expand
mainly along the perforation axis, which is advantageous for SRV but
not for FCI, or they mainly involve turning twists and intersections along
the perforation axis, which is detrimental to SRV but beneficial to FCL.

Therefore, the following conclusions can be drawn from the analysis:
if a certain influencing factor promotes the expansion of fracturing
fractures along the perforation axis, it is positively correlated with SRV; if
a certain influencing factor facilitates the orthogonal perforation axis
expansion of the fracturing fracture, it is positively correlated with FCI.

3.3 Analysis of different influencing factors
1) The impact of delamination on fracture propagation

Rock sample No.1 serves as the control group. This rock sample
lacks layer development, alterations in physical parameters,

Frontiers in Energy Research

lithological changes, and the presence of natural fractures (nets),
thus qualifying as an ideal homogeneous rock. During fracturing, it
primarily forms a flat fracture surface parallel to the perforation axis
in the
advancement. It is challenging to create a twisted fracture surface
that intersects the perforation axis at an angle. Thus, rock
homogeneity has a positive correlation with SRV.

Rock sample No.2 and 5-16 all exhibit shale layer development. By
examining the relationship between fracturing fractures and layer planes,

and propagates forward direction of perforation

we can observe the following: 1) During fracturing, shear dislocation
typically occurs between shale layer planes, resulting in separation
between different layer planes. 2) The number and distribution of
perforation fractures formed during fracturing within a shale layer do
not have a consistent correspondence with those in adjacent shale layers,
particularly when the perforation channel remains intact and no peri-
hole fractures are present, making this phenomenon more evident.

These two phenomena suggest that as the main shale fracture
expands, the walls of each shale layer are continuously compressed. Due
to differences in the pressure magnitude and direction on the walls
between different shale layers, shear dislocation occurs, resulting in
fractures that intersect the main fracture at an angle relative to the
expansion direction of the main fracture. Clearly, this promotes an
increase in fracture complexity. Concurrently, as the main shale fracture
continuously traverses layer planes, it is influenced by the presence of
layers, propagating forward in a stepped fashion, as illustrated in
Figure 17. Comprehensive analysis indicates that shale layers have a
positive correlation with FCI, which promotes the development of a
hydraulic fracture network.
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FIGURE 11
Fracture propagation diagram of No.11 shale rock sample.

FIGURE 12
Fracture propagation diagram of No.12 shale rock sample.
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FIGURE 13
Fracture propagation diagram of No.13 shale rock sample.

FIGURE 14
Fracture propagation diagram of No.14 shale rock sample.

FIGURE 15
Fracture propagation diagram of No.15 shale rock sample.

2) The impact of shale lithology change on hydraulic fracture
propagation
A. The influence of gravel layer on fracture propagation

No.5 and 6 rock samples are employed to investigate the impact
of gravel layers on fracture propagation. In sample No.5, the gravel
layer is located near the perforation tip, while in sample No.6, it is
situated closer to the perforation root.

By examining fracture propagation, it is observed that
fractures can effectively traverse and propagate forward
regardless of whether the gravel layer is present at the

Frontiers in Energy Research

perforation tip or near the perforation root, with the fracture
surface remaining essentially flat and undistorted, as illustrated
in Figure 18. This indicates that the gravel layer (4~8 mm gravel)
does not exhibit an inhibitory effect on the expansion of shale
fractures along the wellbore axis, showing a positive correlation
with SRV.

B. Influence of sandstone layer on fracture propagation
No.7 and No.8 rock samples are used to study the influence of

sandstone layer existence on fracture propagation. The sandstone
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FIGURE 16
Fracture propagation diagram of No.16 shale rock sample.
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layer of No.7 rock sample appears near the perforation tip, and the
sandstone layer of No.8 rock sample is closer to the perforation root.

From the fracture propagation of rock samples No.7 and No.8 in
Figure 19, it can be observed that regardless of whether the
sandstone layer is present at the perforation tip or near the
perforation root, the fracture surface struggles to remain flat as
the fractures pass through, resulting in significant distortion.
Specifically, for rock sample No.7, the propagation mode of
fractures shifts from the interlayer propagation of shale to the
intralayer propagation of sandstone, leading to a significant
increase in the complexity of fractures, as illustrated in Figure 19.

Consequently, the sandstone layer demonstrates a pronounced
inhibitory effect on the forward expansion of shale fractures along

Frontiers in Energy Research

the perforation axis and exhibits a strong positive correlation
with FCL

3) Influence of shale natural fractures on fracture propagation
A. Influence of natural fractures on fracture propagation

No.9~11, 13, 14, and No.16 rock samples were selected to
of natural fractures on fracture
propagation. The natural fractures in samples No.9 and 13 are
parallel to the layer plane and perpendicular to the perforation

investigate the impact

axis. The angles between the natural fractures of samples No. 10,
14, and 16 and the layer plane approximate 20°, while the angle
between the natural fractures of sample No.11 and the layer plane is

frontiersin.org
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FIGURE 18
Diagram of hydraulic fracture propagation in gravel layer.
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FIGURE 19
Diagram of hydraulic fracture propagation in sandstone layer.
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FIGURE 20
Diagram of hydraulic fracture propagation encounter natural fracture.
approximately 45°. Samples No.9, 10, and 11 lack micro fractures It can be seen from the fracture propagation of the six rock

around the perforation hole, whereas micro fractures parallel to the ~ samples No.9~11, 13, 14 and 16 that for a single perforation, when the
perforation axis are prefabricated around the perforation hole in  scale of natural fractures is large and as the angle between the natural
samples No.13, 14, and 16. fracture surface and the layer plane varies from 0° to 20°-45’,
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regardless of whether there are micro fractures parallel to the
perforation axis around the perforation hole, the fractures struggle
to directly pass through the natural fractures, primarily bypassing
them instead. In this process, the fractures are distorted to a certain
extent, leading to an increase in complexity, as shown in Figure 20
Note: A large scale of natural fractures significantly impedes the
forward expansion of fractures and exhibits a strong positive
correlation with FCL.

B. Influence of natural fractures network on fracture propagation

No.12 and 15 rock samples were selected to investigate the
impact of natural fractures networks on fracture propagation.
Sample No.12 lacks micro fractures around the perforation hole,
whereas micro fractures parallel to the perforation axis are
prefabricated around the perforation hole in sample No.15.

It can be seen from the fracture propagation of No.12 and
No.15 rock samples that, for a single perforation, regardless of
whether there are micro fractures parallel to the perforation axis
around the perforation, the fractures can pass through the natural

Frontiers in Energy Research 12

fractures network. Although the fracture surface is distorted to some
extent and the complexity of the fractures increases, there is no detour
phenomenon. Note: In this experiment, the natural fractures network
exhibits a certain blocking effect on the forward expansion of the
fractures, which is smaller than that of the natural fractures, and its
positive correlation with FCI is weaker than that of the natural fractures.

4) Influence of fracture around the perforation hole on fracture
propagation

Through comparative analysis of the fracture propagation of
samples No.9 and 13, 10 and 14, it can be seen that when there are
micro fractures parallel to the perforation axis around the perforation
hole (No.13 and 14 rock samples), the generation and propagation of
fracturing fractures are significantly affected by micro fractures, and the
coincidence of the two fracture surfaces is quite high, as shown in
Figure 21A. At the same time, when the fracturing fractures expand
forward and encounter natural fractures, the distortion is also
significantly reduced, and the step-like expansion of the interlayer
fracture surface is obviously weakened, as shown in Figure 21B.
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Through analysis of sample No.16, it is further verified that
microfractures around the perforation hole have significant control
over the generation and expansion of fracturing fractures, and partially
inhibit the detour phenomenon when fracturing fractures encounter
natural fractures, as shown in Figure 21C. All the above demonstrates
that when there are micro fractures around the perforation hole parallel
to the perforation axis, it will help to enhance the ability of the main
fractures to pass through the natural fractures, which is positively
related to SRV.

A comparative analysis of the fracture expansion of samples
No.12 and 15 (Figure 22) reveals that when micro fractures parallel
to the perforation axis surround the perforation hole, when the
fracturing fractures expand forward and encounter the natural
fractures network, the distortion of the fracture surface is significantly
reduced, and the stepped expansion of the interlayer fracture surface is
also significantly reduced. This indicates that the presence of micro
fractures around the perforation hole parallel to the perforation axis
enhances the ability of the main fractures to pass through the natural
fractures network, and is positively correlated with SRV.

4 Conclusion

1) In shale fracturing, shear dislocation typically occurs between
layers, resulting in separation between distinct layer planes. The
main fracture primarily propagates through layers in a stepped
configuration.

The presence of sandstone in heterogeneous shale significantly
impedes fracturing fractures, causing severe distortion and
deflection.

3) When the scale of natural fractures is large, it induces twisting and
directional changes in the fracturing fracture. The natural fractures
network also contributes to the distortion of fracturing fractures,
albeit to a lesser extent than large-scale natural fractures.

The presence of micro fractures parallel to the perforation axis
around the perforation hole augments the ability of the main
fracturing fractures to traverse the natural fractures.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding author.
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