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Fracture propagation modes in shale formations exhibit significant variations
across different lithofacies during tectonic deformation and hydraulic fracturing.
Understanding how the mechanical properties of these lithofacies influence
fracture network development is crucial for effective shale reservoir stimulation.
This study investigates the organic-rich Wufeng–Longmaxi Formation
shale in the southern Sichuan Basin. Lithofacies were classified, and their
mechanical properties analyzed, focusing on stress–strain behavior and
energy accumulation/release characteristics under varying stress conditions.
The study also examines the fracturing behavior of single and stacked
lithofacies combinations. The findings reveal five primary lithofacies in the
Lower Longmaxi (Long-1) submember of the study area. Under uniaxial
compression, samples from different lithofacies predominantly fail through
tensile splitting, exhibiting linear elastic energy accumulation and vertical
splitting fractures. Under triaxial compression, the elastic deformation phase
shortens, with increased energy dissipation during plastic deformation; shear
fractures become the dominant failure mode. Among the lithofacies, siliceous
shale exhibits the largest stress drop and highest ratio of released elastic
energy, leading to the most intense failure. Due to its brittleness, siliceous
shale undergoes planar fracture propagation in stress-unloading zones.
Laminated calcareous–siliceous shale demonstrates fracture propagation
capacity second only to siliceous shale, while clay-rich siliceous shale
shows the weakest fracture development. Hydraulic fracturing in a stacked
sequence of thinly laminated siliceous shale and clay-rich siliceous shale is
significantly influenced by bedding planes acting as “stress barriers.” Fractures
propagating upward exhibit stepped, staircase-like growth and branching,
forming a complex fracture network characterized by short fracture segments,
numerous branches, complex morphologies, and strong lateral connectivity.
In contrast, combinations of massive siliceous shale and massive clay-rich
siliceous shale (with minimal bedding) facilitate vertical stress transmission,
resulting in simpler fractures that are fewer in number, longer, and more
planar. These insights provide valuable guidance for identifying sweet spots and

Frontiers in Earth Science 01 frontiersin.org

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2025.1594244
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2025.1594244&domain=pdf&date_stamp=2025-05-26
mailto:161972010013@nepu.edu.cn
mailto:161972010013@nepu.edu.cn
https://doi.org/10.3389/feart.2025.1594244
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/feart.2025.1594244/full
https://www.frontiersin.org/articles/10.3389/feart.2025.1594244/full
https://www.frontiersin.org/articles/10.3389/feart.2025.1594244/full
https://www.frontiersin.org/articles/10.3389/feart.2025.1594244/full
https://www.frontiersin.org/articles/10.3389/feart.2025.1594244/full
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Yang et al. 10.3389/feart.2025.1594244

optimizing stimulation strategies in shale formations with varying lithofacies
combinations.

KEYWORDS

fracture network propagation, lithofacies combination, hydraulic fracturing,
mechanical properties, organic-rich shale, Wufeng-Longmaxi formation

1 Introduction

Fault and fracture characteristics within shale layers vary with
lithofacies (Wang R. et al., 2023). During tectonic deformation,
siliceous shale tends to develop steeply dipping, densely spaced faults
and fractures, whereas more ductile clay-rich shale develops faults
at lower dips and absorbs stress, resulting in fewer and smaller
fractures (Fan et al., 2020; 2024; Zhao et al., 2023; Liu et al.,
2024b). These mechanical-property-driven differences are likewise
evident during artificial reservoir stimulation (hydraulic fracturing)
of shale reservoirs. Due to their low porosity, low permeability,
and poor pore connectivity, shale reservoirs require large-scale
hydraulic fracturing (typically via horizontal wells with multistage
fracturing) for effective development (Zheng et al., 2020; Wu et al.,
2022; Sun et al., 2023). The success of shale gas development
hinges on creating extensive fracture networks through high-
volume, high-sand hydraulic fracturing. In China’s marine shales,
the target intervals are often organic-rich siliceous shale, primarily
because hydraulic fracturing in these brittle, silica-rich shales
can generate a more complex fracture network that connects
more isolated matrix pores (Li H. et al., 2024; Wang Y. Y. et al.,
2024). In deep-water sedimentary shales, higher brittleness often
correlates with better gas content, and correspondingly these
intervals yield superior fracturing results in production. In recent
years, studies have underscored that lithofacies composition and
mechanical properties significantly influence fracture development
and complexity. However, the integrated influence of tectonic
stress history and diagenetic alteration on lithofacies-specific
mechanical traits and fracture propagation is not fully understood
(Zhang et al., 2022; Li Y. et al., 2024). We quantify how variations in
diagenetic mineralogy and tectonic deformation across lithofacies
translate into differences in rock strength and brittleness, and how
these differences control hydraulic fracture networkmorphology. By
establishing this linkage between geological evolution and fracturing
behavior, our work advances theoretical understanding of fracture
mechanics in heterogeneous reservoirs and offers practical guidance
for optimizing hydraulic fracturing in complex shale formations.

In shale volumetric fracturing engineering, the complexity
of fracture development is influenced by both geological and
engineering factors, with geological factors serving as the
fundamental determinants of fracturing effectiveness. Existing
studies have confirmed that during the fracturing transformation
of shale reservoirs, as the horizontal maximum principal stress
difference increases, fractures tend to propagate in a specific
direction, forming longer fractures that are relatively simple and
have a smaller transformed volume. Simultaneously, the fracture
propagation during hydraulic fracturing generally exhibits a
“soft-to-hard” avoidance pattern (Li et al., 2025).

The greater the brittleness of the rock, the more fractures
tend to propagate in a “planar” manner, resulting in shorter

fractures but with more diverse propagation directions, leading
to a larger transformed reservoir volume. Hou et al. (2023)
utilized hydraulic fracturing simulation to indicate that fracture
propagation morphology is influenced by net pressure, horizontal
maximum principal stress difference, and the orientation of
natural fractures. When the relative net pressure exceeds 2 MPa
and the horizontal maximum principal stress difference is
less than 4 MPa, under the influence of the local stress field
near the tip of natural fractures, fracture connectivity becomes
increasingly complex, with greater propagation distances and larger
scales of communication with natural fractures. Additionally,
they noted that shales with high brittleness are more prone to
fracture formation, and the simulated fracture morphology is also
more complex.

Shale lithofacies reflect differences in diagenetic minerals,
organicmatter content, bedding, fossils, and other features. Previous
studies on marine shales indicate that different lithofacies show
distinct rock mechanical properties and gas-bearing characteristics
(Chen et al., 2023; El-Sayed et al., 2024; Jiang et al., 2025).
These mechanical differences lead to variations in fracture
propagation modes and extents under stress (Yu et al., 2024b).
During reservoir stimulation, the initiation and propagation of
hydraulic fractures differ markedly among lithofacies. Additionally,
variations in bedding and natural fracture density between
lithofacies create natural discontinuities that make the rock
mechanically heterogeneous. As a propagating fracture crosses
such discontinuities, the weak cementation of bedding planes
exhibits varying resistance to crack propagation. In the direction
parallel to the bedding, the resistance to crack extension is
relatively weak, whereas in the direction perpendicular to the
bedding, the resistance is stronger. Consequently, the stress may
dissipate, deflect, or bifurcate. In fracturing operations, these natural
planes can divert fluid flow, alter fracture orientation and length,
and result in more complex fracture network systems (Zhou,
2023). At the same time, shale lithofacies are closely linked to
shale’s hydrocarbon generation, reservoir quality, and gas content.
Essentially, hydraulic fracturing creates artificial fractures to connect
isolated pores and enhance shale gas flow. Therefore, researching
the mechanical properties of different lithofacies and their
fracturing responses is of practical significance for efficient shale
reservoir stimulation.

In this paper, the Wufeng–Longmaxi Formation shale of the
southern Sichuan Basin is selected as the study subject. Based
on lithofacies classification from a geological and development
perspective, we establish a lithofacies classification scheme and
conduct rock mechanics experiments to evaluate brittleness
and stress–strain/energy evolution for each lithofacies. We then
summarize the fracturing responses of different single-facies
and multi-facies combinations. Considering the actual vertical
stacking of lithofacies in the formation, we analyze how lithofacies

Frontiers in Earth Science 02 frontiersin.org

https://doi.org/10.3389/feart.2025.1594244
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Yang et al. 10.3389/feart.2025.1594244

differences affect hydraulic fracture network propagation. The
specific objectives of this study are: (1) to systematically classify the
shale lithofacies in the Wufeng–Longmaxi Formation considering
their tectonic anddiagenetic histories; (2) to quantify themechanical
differences (strength, brittleness, energy release) among these
lithofacies through laboratory testing; and (3) to investigate how
these differences affect hydraulic fracture propagation patterns using
sequential fracturing experiments. By achieving these objectives,
the research not only advances fundamental understanding of
how geological history shapes fracture mechanics, but also has
practical significance for unconventional oil and gas development
both in China and internationally. In particular, our findings
provide guidance for identifying sweet spots and optimizing
hydraulic fracturing designs in heterogeneous shale reservoirs,
thereby supporting the efficient exploitation of unconventional
resources globally.

2 Geological setting

The study area is located in southern Sichuan Basin, on the
northwestern margin of the Upper Yangtze Platform. Tectonically,
it lies in the gently folded southern Sichuan region at the
southern end of the Yongchuan broom-shaped structure, near
the junction of the central Sichuan paleo-uplift gentle slope,
southwestern Sichuan low-fold zone, and southern Sichuan paleo-
depression (Figure 1) (Feng et al., 2020; Xiong et al., 2025).
Influenced by the Huayingshan strike-slip fault and Qijiang
fault, the study area exhibits pronounced wrench-fault structural
characteristics. The structural axes trend NE–NNE, showing a
“converging in the north, diverging in the south” pattern, with
well-developed NE and NNE fault systems (He X. Y. et al., 2025;
He S.et al., 2025).

During the Late Ordovician, following the end of the
glaciation, global climate warmed and sea level rose, leading to a
widespread transgression in southern Sichuan. The depositional
water depth increased, and, constrained by surrounding paleo-
uplifts (Qianzhong, central Sichuan, and Jiangnan–Xuefeng uplifts),
seawater circulation became restricted. This resulted in large,
laterally continuous stratified anoxic water bodies and deposition of
a regionally extensive organic-rich shale. The shale thins gradually
toward the central Sichuan Basin. Due to fluctuating sediment
supply and water conditions during the Wufeng–Longmaxi
deposition, the lithofacies show clear lateral zonation and vertical
differentiation, with various lithofacies stacking vertically.

The Wufeng–Longmaxi Formation is the main target for
shale gas exploration and development in the Sichuan Basin. It
conformably overlies the Ordovician Baota Formation limestone
and is conformably overlain by the Silurian Hanjiadian/Shiniulan
Formation (He et al., 2022; Sun, 2023). Based on well log responses,
lithology, and depositional cycles, the Longmaxi shale can be
divided into two submembers (Liu et al., 2025b).  Based on the
development patterns of conodonts, the Longmaxi Formation
can be divided into nine distinct conodont zones (LM1–LM9),
while the Wufeng Formation is divided into four conodont zones
(WF1–WF4). The lower submember (Long-1) is dominated by
black shale, grading upward into silty/sandy shale; this lower
interval is the primary exploration and development target,

characterized by high organic content and gas content, diverse
lithofacies types, and complex vertical variation and stacking
relationships.

3 Lithofacies classification and types

Shale lithofacies can be classified using various schemes
depending on research needs. Factors such as mineral composition
and content, organic matter, bedding (lamination) development,
paleontology, texture, grain size, and depositional features can
all be considered for lithofacies division. In practice, selecting a
classification scheme that highlights relevant rock characteristics is
fundamental to the study.

3.1 Sample selection and preparation

The shale samples used in this study were all sourced from the
drill cores ofWell A in the southern Sichuan Basin, specifically from
the Silurian Wufeng–Longmaxi Formation. To analyze the fracture
propagation modes of different lithofacies, targeted sampling was
conducted based on the core’s lithological characteristics. The
samples were primarily used for uniaxial and triaxial compression
experiments. Cylindrical specimens were drilled from the cores
using a core sampler to dimensions of 2.5 cm × 7.5 cm. Specimens
without visible fractures were then cut to 2.5 cm × 5 cm and both
ends were polished to ensure flatness.

3.2 Experimental methods

Uniaxial and triaxial compression tests were conducted using
the RTR-1000 Rock Triaxial Testing System manufactured by
Geotechnical Consulting and Testing Systems (GCTS), USA. The
rock core specimens were encapsulated with polyolefin heat-shrink
tubing and copper end caps. For samples with well-developed
bedding, the bedding planes were oriented parallel to the loading
direction (0°) during testing.

After placing the specimen in the pressure vessel, hydraulic
oil was introduced as the pressure transmission medium. During
the triaxial compression tests, the confining pressure was gradually
increased at a rate of 0.05 MPa/s until reaching 50 MPa, and then
maintained for 30 min to ensure stress equilibrium. Subsequently,
axial displacement was applied at a constant rate of 0.001 mm/s
using closed-loop servo control, while maintaining a constant
confining pressure (Wang R. et al., 2024; Liu et al., 2024). Axial
stress, radial strain, and volumetric strain were recorded by sensors.
The stress application was terminated when the axial strain reached
8%. All experimental procedures adhered to ASTM D7012-14
standards.

3.3 Lithofacies classification scheme

Drawing on previous principles for shale petrofacies
classification, this study established a “mineral composition
+ bedding” lithofacies scheme based on whole-rock mineral
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FIGURE 1
Geological setting and stratigraphic development characteristics of the southern Sichuan Basin.

TABLE 1 Shale lithofacies types, minerals and shale development characteristics.

Lithofacies Mineral characteristics Structural type

Siliceous minerals (%) Clay minerals (%) Calcareous minerals
(%)

Laminated siliceous shale

50∼75 <50 <50

Well-developed bedding,
laminated structure

Massive siliceous shale Poorly developed bedding,
massive structure

Laminated clay-rich siliceous
shale

25∼50 25∼50 <37.5

Well-developed bedding,
laminated structure

Massive clay-rich siliceous shale Poorly developed bedding,
massive structure

Massive calcareous–siliceous
shale

25∼50 <37.5 25∼50 Poorly developed bedding,
massive structure

composition analysis (Shen et al., 2024; Mu et al., 2024; Xue et al.,
2024). First, the shale is divided into three broad categories by
inorganic mineral content: siliceous shale, calcareous–siliceous
mixed shale, and clay-rich siliceous mixed shale. Within each
category, lithofacies are further distinguished by the degree of
bedding development into laminated and massive types. Using
data from a type well on bedding and mineral composition, five
lithofacies were identified (Table 1): (i) laminated siliceous shale,
(ii) massive siliceous shale, (iii) laminated clay-rich siliceous
shale, (iv) massive clay-rich siliceous shale, and (v) massive
calcareous–siliceous shale.

3.4 Characteristics of different lithofacies

Different lithofacies have distinct mineral compositions and
natural fracture (bedding plane) development, which strongly
control reservoir fracturing behavior (Yang et al., 2022; Liu et al.,
2022a; Cheng et al., 2024). The key characteristics of each identified
lithofacies are as follows (Figure 2):

Laminated siliceous shale: Typically developed at the bottom of
the Longmaxi Formation. Bedding (lamination) is extremely well-
developed, causing the core to break into thin sheets along bedding.
Structural (tectonic) fractures are relatively common. Siliceous
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FIGURE 2
Typical core characteristics of the different shale lithofacies types.

mineral content exceeds 50%. Under the microscope, abundant
siliceous radiolarians are observed, and the silica often appears as
irregularly shaped crystals (indicative of biogenic origin).This facies
usually has high organic matter content and is overall black in color.

Massive siliceous shale: Concentrated in the upper part of the
Longmaxi Formation. It has a high siliceous mineral content, with
very few bedding planes observed in core (the rock is thick-bedded
and massive). Under the microscope, siliceous mineral grains have
regular shapes, indicating they were primarily deposited from distal
transport (rather than in-situ biogenic silica). This facies typically
has lower organic content than the laminated siliceous facies.

Laminated clay-rich siliceous shale: Distributed in the middle
of the Longmaxi Formation. Bedding and tectonic fractures are
moderately developed. Silica content is lower than in the siliceous
facies, due to higher clay mineral content. Cores are usually dark
gray-black. Under the microscope, distinct clay-rich laminae or
streaks are visible. This facies is usually rich in organic matter.

Massive clay-rich siliceous shale: Found in both the bottom
of the Wufeng Formation and the upper part of the Longmaxi
Formation. Cores appear blocky with little bedding development.
In the basal Wufeng portion, anomalously high-pressure fractures
are observed in core (indicating overpressure was present).
This facies has a higher clay content which imparts greater
ductility.

Massive calcareous–siliceous shale: Mainly present at the
top of the Wufeng Formation. It contains significant calcareous
components such as fossil shells (bioclasts). It often occurs in thin
layers within the sequence and lacks internal lamination. Bedding
planes are not developed in this facies.

4 Differences in rock mechanical
properties

Mechanical properties are a critical factor in shale reservoir
stimulation, as they determine the difficulty of fracturing and
strongly influence the geometry of the induced fracture network
within a layer (Li et al., 2021; Yang et al., 2023b). Brittleness is usually
the most important factor considered during hydraulic fracturing
design: under stress, a highly brittle rock is more prone to form
extensive fractures (Ren et al., 2023). Additionally, the stress–strain
behavior of the rock directly affects how fractures propagate.

4.1 Brittleness of different lithofacies

Owing to differences in mineral composition, each lithofacies
exhibits distinct brittleness. There are various methods to quantify
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TABLE 2 Elastic parameters of different minerals in shale.

Mineral type Elastic modulus (Mpa) Poisson’s ratio Brittleness coefficient (%) Normalized brittleness
coefficient

Quartz 94.6 0.17 566.47 0.30

Feldspar 69.0 0.28 246.43 0.12

Calcite 68.8 0.31 221.94 0.10

Dolomite 121.00 0.24 431.52 0.11

Pyrite 286.8 0.16 1792.50 1.00

Clay minerals 24.1 0.34 70.88 0.02

Organic matter 6.20 0.14 43.97 0.00

rock brittleness. Two widely used approaches in shale studies
are based on (a) mineral composition and (b) rock mechanical
parameters. The mineral-composition method defines brittleness
as the proportion of “brittle” minerals, but the selection of
which minerals are considered brittle can be subjective. The
mechanical-parameter method (using elastic modulus and Poisson’s
ratio, for example,) does not account for the rock’s mineralogical
makeup, and results can be influenced by specific experimental
conditions (e.g., confining pressure, temperature). To overcome
these limitations, our study combined both approaches by first
evaluating brittleness from mechanical parameters and then
incorporating the contributions of different diagenetic minerals
(Li, 2022; Liu et al., 2023; 2024). In this study, we first calculated
the brittleness coefficient of each individual mineral by combining
the brittleness indices of various diagenetic minerals with the
mechanical-parameter–derived brittleness. We then normalized
these coefficients and, employing the Voigt–Reuss–Hill averaging
theory, used the normalized mineral-specific brittleness indices
togetherwith their volume fractions to compute the upper threshold,
lower threshold, and average brittleness indices of the shale
reservoir. Finally, by incorporating the volume fractions of the
different diagenetic minerals, we established a composite brittleness
index (Bi) for comprehensive brittleness evaluation.

Using this normalized brittleness index, we evaluated the
brittleness of each lithofacies. The siliceous shale facies (high quartz
content) has a high elastic modulus and low Poisson’s ratio, yielding
a higher brittleness. The laminated siliceous shale has Bi ranging
from ∼51.4% to 73.2%, with an average of 58.7%. The massive
siliceous shale has Bi between ∼55.6% and 78.4%, averaging 61.2%.
In the calcareous–siliceous shale facies, the presence of carbonates
slightly reduces brittleness: Bi ranges ∼46.8%–68.4%, average 51.8%.
The clay-rich siliceous shale facies has much higher clay content,
which lowers the elastic modulus and increases the rock’s toughness
(ductility). Accordingly, this facies has the lowest brittleness of the
five: Bi ∼37.5%–48.4%, average 42.8% (Table 2).

When calculating the brittleness index based on the content of
brittle minerals, the normalized brittleness index closely aligns with
the quartz content in laminated siliceous shale facies and mixed
shale facies. However, in massive siliceous shale facies and their
mixed shale counterparts, the normalized brittleness index exhibits

a significant discrepancy compared to the total content of brittle
minerals such as quartz and feldspar.These differences in brittleness,
along with the vertical distribution of the facies, lead to different
modes of stress “unloading” in each lithofacies under stress. In
turn, the fracture modes differ, and the resulting fracture vertical
distribution, density, and geometry vary from facies to facies.

4.2 Stress–strain and energy evolution
characteristics

Due to differences in mineralogy and mechanical properties,
each lithofacies exhibits distinct behavior in terms of stress
concentration and release, stress–strain curve shape, and energy
absorption/release during deformation (Xuan and Li, 2023; Yu et al.,
2024a). Uniaxial and triaxial compression tests were conducted for
the five lithofacies, and the differences in their stress–strain curves
and energy evolution are evident.

Under uniaxial compression, all lithofacies show a qualitatively
similar stress–strain curve shape characterized by an initial linear
elastic stage followed by a rapid drop at failure (Yang et al.,
2023a; Wang B. et al., 2023). However, the duration of the elastic
stage varies: for example, the laminated clay-rich siliceous shale
has a noticeably shorter elastic stage compared to the others.
The laminated siliceous shale under uniaxial loading exhibits
a relatively long elastic deformation stage, indicating that most
of the applied energy is stored elastically with minimal plastic
deformation; once it reaches the strength limit, it transitions
abruptly into failure (Liu et al., 2025a). Under triaxial compression
(with confining pressure), all lithofacies display a clear plastic
deformation stage after the elastic stage, before final failure. The
nature of this plastic stage and the stress drop at failure differ by
lithofacies. The siliceous shale facies (both laminated and massive)
under triaxial conditions still maintain a long elastic stage and only
a short plastic stage; when failure occurs, the stress drops very
abruptly (a sharp “cliff-like” drop). In contrast, the laminated clay-
rich siliceous shale shows a shorter elastic stage and a prolonged
plastic deformation stage under triaxial loading, and when it fails
the stress declines more gradually. Overall, the higher the silica
content (brittleness), the longer the elastic deformation phase and
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the more sudden the stress drop at failure.The addition of confining
pressure increases the rock’s yield strength, reduces its brittleness,
and enhances ductile behavior in all facies.

During compression, the external work (input energy) is partly
stored as elastic strain energy in the rock and partly dissipated (for
example, as heat or creating new surfaces) (He et al., 2022). The
partitioning of energy into stored elastic energy versus dissipated
energy corresponds to different stages of the deformation and
cracking process. Based on the stress–strain curve and the energy
accumulation/release behavior, the deformation process can be
divided into three stages: an elastic stage, a plastic deformation
stage, and a failure stage (Schuster et al., 2024). Each stage shows
distinct energy accumulation and release characteristics, which vary
by lithofacies. Using representative stress–strain–energy curves for
each lithofacies (Figure 3), we observe the following: In the elastic
stage, the stress–strain curve is linear. Nearly all the input energy is
stored as elastic energy in the rock, withminimal energy dissipation.
The elastic energy curve rises almost linearly and overlaps the total
energy curve (nearly no energy loss). In the plastic deformation
stage, the stored elastic energy continues to increase but at a
decreasing rate (the elastic energy curve’s slope diminishes), while
the dissipated energy begins to rise. In this stage, micro-cracks start
to nucleate within the rock. As stress input continues and the rock
approaches its strength limit, these micro-cracks grow and coalesce.
Upon reaching the failure stage, the rock loses stability and fractures.
At this point, most of the newly input energy goes into creating
fracture surfaces, and the elastic energy that was stored during the
earlier stages is suddenly released. The elastic energy curve may
actually drop (negative slope) as stored energy is released, and the
dissipated energy curve shows a sharp increase due to the energy
consumed in generating new fracture surfaces (Zheng et al., 2022).

Comparing energy evolution among lithofacies, the siliceous
shale facies (both laminated and massive) have a longer elastic
deformation stage and correspondingly accumulate more elastic
energy before failure (Yang et al., 2025). Under triaxial conditions,
they still store significant elastic energy before a rapid release at
failure (indicated by a large stress drop, or “stress drop” magnitude).
The clay-rich siliceous shale, on the other hand, transitions to
plastic deformation sooner (shorter elastic stage) and exhibits a
longer period of plastic deformation. When it fails, the release of
energy is more prolonged and a greater proportion of energy is
dissipated in driving plastic deformation and crack growth rather
than being released suddenly. The calcareous–siliceous shale shows
intermediate behavior between the purely siliceous and clay-rich
end members.

5 Engineering fracturing response of
different lithofacies

During shale gas development, horizontal well targets are
typically chosen in intervals that are both “brittle and rich” –
specifically, layers with high brittleness, high organic content,
and high gas content–to maximize the chances of achieving
high production. Different shale lithofacies exhibit markedly
different responses to hydraulic fracturing, mainly reflected in
the ease of fracture initiation and the complexity of the induced
fracture network.

5.1 Fracturing differences among
lithofacies

The failure modes of different lithofacies under stress were
examined through laboratory compression tests. By comparing the
fracture patterns of samples under uniaxial and triaxial compression,
we can infer their fracturing behavior. Under uniaxial compression
(no confining pressure), all lithofacies samples failed primarily by
the development of vertical tensile splitting fractures (Figure 4).
Among these, the siliceous shale facies produced straighter and
more penetrating vertical splits, and they were more extensively
fractured, which corresponds to field observations where siliceous
shale outcrops often exhibit “straight and steep” fractures and faults
(Cao et al., 2022; Yan et al., 2024). The laminated siliceous shale in
particular showed a high degree of splitting fracture development,
reflecting its greater brittleness and tendency to form through-going
fractures under stress.This implies that thin siliceous layers can have
a higher density of natural faults and fractures. Our experimental
observations are consistent with and help validate several key
hypotheses from recent studies on shale fracture mechanics. For
example, Zhang et al. (2023) demonstrated that fractures in
laminated brittle shale tend to follow bedding planes and develop
into complex networks with high connectivity. This aligns with our
finding that laminated siliceous shale develops high-density, multi-
directional fractures under stress. Similarly, Zhang et al. (2022)
emphasized that mineralogical brittleness (e.g., quartz-rich facies)
correlates with increased fracture complexity and non-uniform
fracture widths—features that we also observed in both uniaxial and
triaxial tests. These consistencies not only support existing fracture
propagation models in heterogeneous media but also extend them
by providing empirical evidence of how tectonic–diagenetic history
influences lithofacies mechanical properties and thereby controls
fracture geometry.

Under triaxial compression (with confining pressure), all
lithofacies samples predominantly experienced shear failure
(Liu et al., 2024a). However, compared to the uniaxial case, the
appearance (orientation and shape) and extent of the fractures
differed significantly. In the siliceous shale (laminated and massive)
and the calcareous–siliceous shale facies, the fracture angle in
the core samples was lower than in the uniaxial case, and failure
was characterized by the development of high-angle to vertical
splitting fractures along with additional low-angle or horizontal
fractures that connected these high-angle fractures. The result
was a more complex fracture network within the sample, and
individual fracture paths became more tortuous. In contrast,
the clay-rich siliceous shale facies showed the most pronounced
change in fracture angle: the primary fractures under confinement
became much flatter (lower angle) compared to the uniaxial case.
Moreover, the overall degree of fracturing in the clay-rich facies
was reduced–the fractures were fewer and more planar, and the
cylindrical sample remained relatively intact (with much of its
original shape preserved).

Comparing the fracturing behavior under reservoir-like
confining pressure conditions: all five lithofacies release stored strain
energy mainly through shear fracture formation when confined.
However, the siliceous shale facies demonstrate a much stronger
capacity for fracture generation. Under the same stress conditions,
the siliceous facies tend to form shear fractures with higher vertical
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FIGURE 3
Representative stress–strain–energy curves for different lithofacies under uniaxial and triaxial compression. (a) Uniaxial compression stress-strain curve
of the samples; (b) Triaxial compression stress-strain curve of the samples; (c) Strain-energy relationship curve of uniaxial compression for laminated
siliceous shale; (d) Strain-energy relationship curve of uniaxial compression for massive siliceous shale; (e) Strain-energy relationship curve of uniaxial
compression for massive calcareous-siliceous mixed shale; (f) Strain-energy relationship curve of uniaxial compression for massive clayey shale; (g)
Strain-energy relationship curve of uniaxial compression for layered clayey shale; (h) Strain-energy relationship curve of uniaxial compression for
laminated clayey shale; (i) Strain-energy relationship curve of uniaxial compression for massive clayey shale; (j) Strain-energy relationship curve of
uniaxial compression for massive calcareous-siliceous mixed shale; (k) Strain-energy relationship curve of uniaxial compression for massive siliceous
shale; l. Strain-energy relationship curve of uniaxial compression for laminated siliceous shale.

FIGURE 4
Failure modes of different lithofacies samples under uniaxial (tensile splitting) and triaxial (shear) compression tests.
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penetration and longer extension, resulting in a greater number
of fractures and a more complex fracture network geometry. This
indicates that under in-situ conditions, siliceous-rich layers are likely
to fracturemore extensively and createmore complex networks than
clay-rich layers.

Overall, fractures developed more extensively under triaxial
compression conditions; however, their height was smaller
compared to those under uniaxial compression. In laminated
siliceous shale, fractures under triaxial compression exhibited a
rapid increase in density, with smaller scales and the development
of numerous fine, short fractures around the main fractures. These
fractures predominantly terminated at bedding planes. In clayey
siliceous shale, the fracture propagation orientation also changed
notably, with fractures in the core exhibiting smaller dip angles. 
In this study, we analyzed the post-compression core samples
by quantifying fracture density and propagation length. Under
uniaxial compression, fractures extended more longitudinally: both
laminated siliceous shale and massive siliceous shale developed
clear through-going fractures with maximum lengths exceeding
9 cm, corresponding to an equivalent fracture surface density of
4.8–14.6 m−2. By contrast, under triaxial compression only a few
specimens formed connected through-going fractures, and these
were generally shorter than 6 cm. Furthermore, fracture density
under triaxial conditions varied markedly, with laminated siliceous
shale reaching an equivalent maximum fracture density of 38 m−2.

Comparative analysis suggests that under triaxial compression,
the lateral deformation of the rock is constrained by confining
pressure, leading to a shift in stress release from large-scale shear
failure to “planar” stress release. This results in densely developed
but short fractures. Under both uniaxial and triaxial compression
conditions, laminated siliceous shale exhibited the highest fracture
propagation capacity.

Previous studies have shown that shale brittleness correlateswith
the morphology and width distribution of induced fractures (Shi
and Lin, 2021). Under the same confining pressure, as the brittleness
index increases, hydraulic fracture patterns transition from simple
straight fractures to complex network fractures. Additionally, high-
brittleness shales tend to develop fractures with non-uniform
widths, whereas low-brittleness shales more often have fractures
with relatively uniform width (Yang et al., 2021). In highly ductile
layers, stress is relieved in a more linear, penetrative fashion,
resulting in a single, simple fracture. In contrast, in highly brittle
layers, stress is relieved by “planar extension,” meaning the stress-
unloading region expands alongmultiple planes, producing a greater
number of fractures with more complex (Figure 5).

5.2 Stress response mechanism of
lithofacies stacking combinations

During deposition of the Wufeng–Longmaxi shale, frequent
changes in sediment supply and water conditions led to vertical
lithofacies heterogeneity, with multiple lithofacies stacked in
sequence. In the subsurface, the thickness of an individual lithofacies
layer is generally less than 10 m (often <5 m for the thin-bedded
facies in the study area). The contacts between different lithofacies,
as well as bedding planes within them, serve as natural mechanical

discontinuities and weak surfaces. When stress propagates across
these weak interfaces, the fracturing response can vary greatly.

Rocks on either side of a lithofacies contact or bedding plane often
have different mechanical parameters such as shear strength, elastic
modulus, and Poisson’s ratio (Yang et al., 2021; Liu et al., 2022b).
Based on mechanical property contrasts, we can conceptually classify
certain lithofacies layers as relatively “strong barriers” and others as
“weak barriers.” When a propagating fracture (stress) moves from a
strong, stiff layer into aweaker layer, the stronger layer acts as a barrier
that can impede fracture growth. This stress barrier effect can lead to
several outcomes at the interface: the fracture may penetrate through
the interface, arrest (stop) at the interface, generate multiple branch
fractures, openup the interface (delamination), or twist/turn along the
interface. Conversely, when stress propagates from a weak layer into
a stronger layer, the weak layer tends to absorb and dissipate some of
the stress (“stress absorption” effect), which limits the height growth
of fractures (Wang et al., 2021) and can even cause the fracture to
terminate at the contact.

Considering the vertical distribution of lithofacies in the
study area, three typical lithofacies stacking combinations can be
identified, as illustrated in Figure 6. Each combination exhibits a
distinct stress response mechanism during fracturing:

Laminated siliceous shale overlaid by laminated clay-rich
siliceous shale: These thinly layered facies commonly occur at the
bottom of the Longmaxi Formation. They feature well-developed
bedding and a certain amount of natural fractures.The contacts and
laminations act as pronounced stress barriers. As stress propagates
upward through these layers, the strong siliceous layer (high elastic
modulus) can be considered a “strong barrier layer” and the
overlying clay-rich siliceous layer a relatively “weak barrier layer.”
When the fracture-driving stress passes from the siliceous into the
clay-rich layer, the drop in elastic modulus causes a local change in
stress direction at the interface. The fracture propagation direction
changes, and in the clay-rich layer the fracture loses some of its
straightness. A single fracture may develop in a stepped, stair-case
fashion through successive layers, and at some bedding interfaces
the fracture may even bifurcate (split) into branches. The result is
a vertically stepping fracture with branch fractures at some layer
boundaries (Figure 6A).

Massive clay-rich siliceous shale beneath massive
calcareous–siliceous shale: In this combination, often found in the
middle of the sequence (e.g., upper Longmaxi and lower Wufeng),
the fracture propagation is relatively simple.The layer thicknesses are
larger andoverall brittleness is lower (due tomore clay and carbonate).
When fracturing, shear cracks can propagate a relatively long distance
in the stronger calcareous–siliceous layer, forming a dominant vertical
tensile fracture. Some fractures may even cross into adjacent layers
(cross-layer propagation). However, when the stress reaches the clay-
rich siliceous layer, which has a lower elastic modulus and may have
some bedding, the fracture tends to deflect or even terminate at the
bedding plane.The vertical extension of the fracture is thus limited in
the clay-rich layer (Figure 6B). Overall, fracturing in this combination
producesmostly planar, penetrating fractures with limited branching,
and the fracturesmaynot propagate far into theweaker clay-rich layer 

Massive siliceous shale adjacent to massive clay-rich siliceous
shale: In this scenario (commonly the uppermost part of the
sequence in the study area), the siliceous shale has very few bedding
planes and high strength, so fracturing within it is dominated
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FIGURE 5
Schematically illustrates the relationship between shale brittleness and the characteristics of the induced fracture network.

FIGURE 6
Schematic of fracture propagation behavior in different lithofacies stacking combinations. (a) laminated siliceous shale with laminated clay-rich
siliceous shale; (b) massive clay-rich siliceous shale with massive calcareous–siliceous shale; (c) massive siliceous shale with massive clay-rich
siliceous shale.
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by tensile splitting. The stress is largely released via shear failure,
resulting in a high density of fractures, with notable branching
and strong lateral connectivity within the siliceous layer . However,
when these fractures propagate into the massive clay-rich shale,
the mode of stress release changes. A portion of the stress is
consumed by plastic deformation of the clay minerals, which acts
to absorb energy. Consequently, fracture propagation in the clay-
rich layer is restricted, and fractures often terminate as the available
energy is dissipated (Figure 6C). The fractures that do enter the
clay-rich layer may become blunted or stop, preventing further
vertical growth.

6 Implications for hydraulic fracturing
operations

Successful shale gas production relies on volumetric fracturing
of organic-rich shale to create a complex fracture network that
connects isolated pores and increases reservoir permeability.
Reservoir stimulation designs aim to maximize the complexity of
the fracture system to contact as much high-quality reservoir rock
as possible (Su et al., 2015; Ferguson et al., 2021). Given that
sedimentary and diagenetic processes cause the vertical stacking of
multiple shale lithofacies with differing mechanical properties and
natural fracturing, hydraulic fracturing behavior (fracture geometry
and propagation) will vary throughout the sequence. Based on the
vertical lithofacies combinations in the study area and their stress
response characteristics, the following implications can be drawn for
fracturing design and execution:

Bottom interval (thin laminated siliceous shale + laminated
clay-rich shale combination): This interval, often the most
organic-rich, has well-developed bedding and natural fractures.
During hydraulic fracturing, these pre-existing fractures can
influence the propagation of new fractures on a local scale.
Fracturing this interval is likely to activate the natural fractures,
which provides some pressure relief and diversion. Meanwhile,
bedding planes and lithofacies contacts cause the fracture paths
to deflect, resulting in irregular fractures within each thin layer
and forming a three-dimensional mesh-like fracture network
(Cheng et al., 2022; Hu et al., 2024). This dense network of small
interconnected fractures can effectively connect a broad volume of
the reservoir in the horizontal plane. Operational recommendation:
Use slickwater (low-viscosity, friction-reduced fluid) and perform
multiple, closely spaced fracturing stages to promote the creation
of numerous fractures. The low viscosity fluid can slip through thin
natural fractures and generate complex new fractures. Repeating
injections in the same interval (re-fracturing stages) can help
activate more fractures. This strategy will enhance the complexity
and density of the fracture network and improve stimulation
effectiveness in this interval.

Middle interval (massive clay-rich siliceous shale + massive
calcareous–siliceous shale combination): In this combination, the
overall formation brittleness is reduced and bedding is less
developed,while individual layer thickness is greater.Thehigher clay
content increases the ductility of the formation, meaning much of
the fracturing energy can be absorbed (the “stress absorption” effect)
rather than creating fractures. Under the same treatment conditions,
this interval’s fracturing ability is weaker, tending to form fewer

fractures, though individual fractures may be larger. The lateral
(planar) connectivity of fractures is lower, and due to the increased
plasticity, the fractures that do form aremore prone to closure under
in-situ stress after pumping stops. Operational recommendation:
Use a higher pump rate and higher proppant concentration during
fracturing. A higher fluid injection rate delivers more energy to
drive fractures farther and counteracts the energy absorption by the
formation, while a greater volume of proppant helps prop fractures
open against the formation’s tendency to creep and close. This will
enhance the stress penetration capability, increase fracture height
penetration and lateral connectivity, and mitigate fracture closure
in this less brittle interval.

Top interval (massive siliceous shale + massive clay-rich
siliceous shale combination): Here, individual layers are thick and
bedding is relatively absent. In the siliceous layer, the lack of
bedding “barriers” means stress can propagate freely, resulting
in larger vertical fracture height growth. However, this strong
vertical penetration tends to produce a lower density of fractures
in the horizontal plane (i.e., fewer fracture branches). As a result,
the fracture network may have limited areal extent. Operational
recommendation: Use smaller fluid volumes per stage but increase
the number of stages (i.e., use small job sizes with more frequent
fracturing) and deploy temporary plugging agents during treatment.
The temporary plugging agents (diverters) can be injected to
temporarily block dominant fractures and force the fluid to initiate
new fractures in other directions. This helps alter the fracture
propagation directionwithin the layer and encourages the formation
of a more complex fracture network. By increasing the number of
fractures and their distribution, the lateral coverage of the fractures
is expanded. Such an approach can compensate for the natural
tendency of this interval to form simpler, planar fractures, ultimately
achieving a better stimulation result.

This research has several strengths. It provides a systematic
linkage between geological history (tectonic stress and diagenetic
alteration) and shale fracturing behavior, supported by controlled
laboratory experiments. The comprehensive mechanical and
fracturing data across multiple lithofacies give a robust
understanding of how rock heterogeneity shapes fracture networks.
These contributions deepen theoretical understanding and offer
practical guidance for field stimulation strategies. However, some
limitations should be noted. Our experiments are conducted on
core samples under idealized conditions, which may not capture
all complexities of in-situ reservoir environments (such as natural
fluid interactions, scale effects, and heterogeneity beyond our
sampling). The study focuses on a specific shale formation in the
Sichuan Basin, and while many findings are broadly applicable, local
geological variations could influence fracturing outcomes elsewhere.
Future work should include validation with field-scale data and
numerical modeling to account for larger-scale heterogeneity and
more complex stress states.

7 Conclusion

(1) In the Long-1 submember of the Wufeng–Longmaxi
shale (southern Sichuan Basin), five shale lithofacies are
developed: laminated siliceous shale, massive siliceous shale,
laminated clay-rich siliceous shale, massive clay-rich siliceous
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shale, and massive calcareous–siliceous shale. Of these,
the two siliceous shale facies are the most brittle, the
calcareous–siliceous shale facies has intermediate brittleness,
and the clay-rich siliceous shale facies are the least brittle.

(2) Under uniaxial stress, all lithofacies samples primarily develop
vertical tensile (splitting) fractures. Under confining pressure
conditions, the siliceous shale facies, due to a larger stress
drop and a higher elastic energy release ratio, exhibit the
most extensive failure, unloading stress by “planar extension”
of fractures. In these high-brittleness layers, fractures in the
stress-unloading zone propagate in a planar fashion. The
laminated calcareous–siliceous shale facies has the second
strongest fracture propagation capacity, while the laminated
clay-rich siliceous shale facies shows the weakest ability to
generate fractures.

(3) In a combination of laminated siliceous shale and clay-rich
siliceous shale layers, bedding planes create a significant
“stress barrier” effect. Vertical hydraulic fractures develop
branching in a stepped manner, forming a complex fracture
network with short segments but strong interconnectivity. In a
combination of thinly layered (laminated) calcareous–siliceous
shale and clay-rich siliceous shale, hydraulic fracturing tends
to produce mostly through-going fractures with moderate
interconnection between fractures. In a combination of
massive siliceous shale and massive clay-rich siliceous shale,
shear-dominated fracturing prevails with strong vertical stress
penetration, but the planar fracturing ability is weak–the
resulting fractures have low density and simple geometry. The
outcomes of this study provide a reference for optimizing
stimulation strategies and operational parameters for shale
formations with different lithofacies stacking configurations.

(4) The present findings offer a broad theoretical framework and
practical guidelines for hydraulic fracturing in shale reservoirs
globally. By linking lithofacies mechanical properties (shaped
by tectonic–diagenetic history) to fracture patterns, the
study contributes to global understanding of shale reservoir
mechanics. Practically, the results highlight how to target
brittle siliceous intervals and tailor fracturing parameters
(such as fluid viscosity or proppant volume) to the local
lithofacies architecture. Thus, our study offers guidance for
designingmore effective stimulation programs inmarine shale
formations worldwide, enhancing recovery while reducing
uncertainty.
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