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The presence of bedding planes imparts pronounced anisotropy to the mechanical behavior of shale, funda-
mentally influencing its response to external stress. This anisotropic behavior is critical in determining the
fracturing characteristics and overall mechanical performance of shale in engineering applications, particularly
in resource extraction and stability evaluations. In this study, fracture tests were conducted on shale specimens
with varying bedding angles (0°, 30°, 60°, and 90°) using the notched semi-circular bend (NSCB) method. The
influence of the bedding angle on fracture toughness and failure pattern was systematically investigated.
Additionally, multi-scale fracture surface morphology characteristics were analyzed through 3D optical scanning,
ultra-depth field microscopy, and scanning electron microscope (SEM), enabling a comprehensive evaluation of
the structural effects of bedding angles. The results indicate that fracture toughness decreases with increasing
bedding angle, crack propagation becomes more stable, and the dispersion of fracture toughness diminishes. The
failure pattern observed can be categorized as follows: tensile failure across the bedding plane (0°), shear failure
along the bedding plane with mixed failure across the bedding plane (30°), shear failure along the bedding plane
or tensile failure across the bedding plane (60°), and tensile failure along the bedding plane with mixed failure
across the bedding plane (90°). These distinct failure patterns underscore the critical influence of bedding angle
on fracture mechanisms. Moreover, the multi-scale failure characteristics exhibit significant correlation and
consistency. The fractal dimension and joint roughness coefficient (JRC) initially increase and decrease with
increasing bedding angle. Based on parameters such as asperity height, slope angle, and aspect direction,
quantitative morphology characterization confirms that 30° specimens exhibit the highest surface complexity. A
strong correlation is observed between the fractal dimension and the standard deviation of morphology de-
scriptors, indicating robust geometric consistency across scales. These findings provide compelling evidence for
the intrinsic link between macroscopic mechanical response and microscopic fracture surface morphology, of-
fering critical insights into the multi-scale evolution of shale failure mechanisms and furnishing a theoretical
foundation for designing and optimizing fracturing strategies in anisotropic shale formations.

1. Introduction

Shale is a fine-grained sedimentary rock widely distributed in un-
conventional oil and gas reservoirs, distinguished by its well-developed
layered structure, and pronounced anisotropic mechanical behavior. As
shale resource exploitation advances, understanding its fracture
behavior has become increasingly vital for achieving efficient hydraulic
fracturing. The formation of organic-rich bedding planes during sedi-
mentary diagenesis results in significant directional variability in shale’s
mechanical properties [1,2], exerting a strong influence on the
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initiation, propagation path, and fracture surface morphology [3][4]
[5]. Given these anisotropic characteristics, studying shale fracture
mechanics is essential for elucidating the underlying mechanisms of
fracture development and establishing a theoretical framework to
optimize fracturing parameters and design efficient reservoir stimula-
tion strategies [6][7]1[8]. Such research is instrumental in improving the
reliability and productivity of shale gas and oil extraction, contributing
to the advancement of unconventional hydrocarbon recovery
technologies.

Research on the influence of bedding angles on the mechanical
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properties of shale has predominantly focused on basic mechanical pa-
rameters such as compressive strength, tensile strength, and shear
strength [9-11]. However, Mode I fracture represents a primary failure
mode commonly encountered in underground engineering applications,
including hydraulic fracturing and borehole stability [12,13]. Lei et al.
[14] conducted experimental and numerical studies to investigate the
effects of bedding properties on the fracture behaviors of shale under
Mode I loading conditions. Chang et al. [15] studied the influence of
cyclic thermal shock and high-temperature acid etching on the Mode I
fracture properties of shale. Similarly, Vishal et al. [16] conducted a
systematic investigation into the effects of thermal treatment on the
fracture toughness and tensile strength of shale, aiming to enhance
understanding of its deformation behavior under elevated temperature
conditions. Additionally, the anisotropy of fracture toughness under
dynamic loading has been increasingly reported. For example, the co-
effects of bedding planes and loading conditions on Mode I fracture
toughness of anisotropic rocks (shale and coal) were investigated by Shi
et al. [17]. Yan et al. [18] comprehensively investigated the dynamic
fracture behavior of shale under impact loading, focusing on both Mode
I and Mode II fractures. These studies indicate that current research has
concentrated on the fracture toughness of isotropic shale under different
environmental and loading conditions (quasi-static and dynamic).
However, shale’s fracture toughness is not only dependent on its mineral
composition and pore structure but also significantly by the orientation
and configuration of bedding planes. As inherent planes of weakness,
bedding planes modulate the local stress field at the crack tip and alter
the energy release rate during crack propagation, resulting in pro-
nounced anisotropic fracture behavior [19,20]. Therefore, a systematic
investigation into the influence of bedding angle on the fracture me-
chanics of shale is crucial for advancing fracture prediction accuracy.

Due to the widespread development of bedding planes, joints, micro-
cracks, and mineral fabric within the shale, crack propagation can
involve complex phenomena such as bifurcation, deflection, interlayer
slip, and discontinuous growth during expansion [12,18]. These pro-
cesses directly influence the connectivity of the fracture network, the
stimulated reservoir volume, and the formation of fracture-induced fluid
flow pathways, thus profoundly affecting the efficiency of hydraulic
fracturing in unconventional oil and gas reservoirs. Liu et al. [21] used
numerical simulations to investigate fracture propagation paths in shale
containing multiple cemented veins and bedding planes. Heng et al. [22]
conducted Brazilian, direct shear, and three-point bending tests to
evaluate the influence of bedding angles on failure patterns, revealing
significant anisotropy in tensile strength, shear strength, and failure
mechanisms. Xiao et al. [23] investigated the deep shale’s fracture
mechanics and crack initiation and proposed a classification of four
typical initiation modes. Moreover, the fracture initiation angles and
failure modes of notched semi-circular bend (NSCB) and Brazilian disc
(BD) specimens in layered shales were discussed [20]. Notably, fracture
development in shale exhibits distinct multi-scale characteristics. It
spans from nanoscale inter-mineral microfractures and pores, mesoscale
bedding parallel and interlayer fractures, and macroscale fracture net-
works and fault structures. This hierarchical structure exerts a signifi-
cant influence on the evolution of fracture systems. While the
controlling role of bedding planes is well-recognized [12,14,20,23],
comprehensive research from a multi-scale perspective remains limited.
Most current studies are conducted under single-scale conditions,
making it difficult to fully capture the evolutionary mechanisms of
fracture development across scales, thereby constraining the deeper
understanding of the structural control exerted by bedding planes.

The fracture surface morphology of rock materials under different
loading conditions has garnered broad research interest [15,24-26]. The
fracture surface serves as a morphological “fingerprint” of the fracture
process, preserving critical information regarding crack propagation
paths, fracture mechanisms, and energy dissipation characteristics. For
instance, Zhou et al. [27] investigated the thermal-mechanical degra-
dation of granite under coupled loading, finding that elevated
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temperatures promote gouge formation and reduce the roughness of the
slip surface. Zhang et al. [28] utilized fractal dimension and morpho-
logical parameters to analyze the effect of confining pressure on the
shear fracture behavior and surface morphology of granite by the short
core in a compression test. Similarly, studies on sandstone subjected to
cyclic freeze-thaw treatments have utilized fractal dimension, asperity
height, slope angle, aspect direction, and joint roughness coefficient
(JRC) to characterize fracture surface morphology [29]. Meng et al. [30]
explored the role of bedding planes in the mixed-mode fracture behavior
of rock-like material, particularly emphasizing the evolution of asperity
height and JRC. Additionally, Ji et al. [31] analyzed the micromor-
phology of BD shale specimens using fracture mechanics and fractal
theory. Wu et al. [32] evaluated the impacts of bedding angle on fracture
characteristics and fractal dimension in NSCB shale specimens, while
Zheng et al. [13] investigated how different testing methods influence
the fractal dimension of fracture surfaces in Longmaxi shale under
Mode-I loading.

Most studies have focused on isotropic rocks such as granite and
sandstone. Shale displays markedly different crack evolution patterns
due to its inherent anisotropy, weak plane development, and complex
mechanical behavior. Although some studies have applied fractal
dimension as a quantitative index to characterize fracture morphology
[12,31,32], systematic studies on the fracture surface of shale, especially
under tensile loading, remain scarce. Furthermore, investigations
incorporating the multi-scale effects of bedding angle, crack path vari-
ability, and microstructure interference are still insufficient. Therefore,
there is a pressing need to conduct systematic and multi-scale research
on the fracture surface morphology characteristics of shale using high-
precision experimental techniques.

With the above considerations, the present study performs three-
point bending tests on shale specimens with different bedding angles
(0°, 30°, 60°, and 90°). The key innovation of this study lies in the
systematic investigation of the bedding angle’s influence on mode-I
fracture toughness and multiscale crack propagation characteristics,
which remain underexplored in previous studies. Additionally, ultra-
depth-of-field microscopic, three-dimensional optical scanning, and
scanning electron microscope (SEM) are employed to examine the
fracture surface. Fractal theory and statistical analysis are employed to
systematically characterizes the multiscale morphology evolution of
fracture surfaces under varying bedding angles. The results offer new
insights into the multi-scale failure mechanism of shale, contributing to
a more comprehensive understanding of its fracture behavior and
informing the design and stability assessment of shale gas exploitation
and other geoengineering applications.

2. Materials and test procedure
2.1. Specimen preparation

Due to its favorable reservoir characteristics and high gas content,
the Longmaxi shale is one of China’s most economically viable gas re-
sources. Obtaining intact shale specimens is challenging, as relatively
intact shale cores are prone to cracking along bedding planes when
unloading during drilling. The test specimens used in this study were
collected from an outcrop of the Longmaxi Formation in Chonggqing
Province, China. The lithology is relatively straightforward, primarily
consisting of fine-grained shale with distinct bedding, which is prone to
cracking from weathering. The shale specimen surface was scanned
using ultra-depth field microscopy, revealing obvious layered sedi-
mentary structures (x100), as indicated by the red arrows in Fig. 1.
These bedding planes are the main cause of the significant anisotropic
action on the mechanics and failure behavior of shale.

Additionally, during the sampling process, the weathered surface
layer of the outcrop was eliminated to obtain shale from the lower
section, which exhibited superior preservation conditions, limited nat-
ural fracturing, and minimal structural disturbance. To maintain the
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Fig. 1. Ultra-depth field microscopy image of the shale specimen sur-
face (x100).

integrity of the physical and mechanical characteristics during transit
and storage, the collected specimens were hermetically sealed to miti-
gate potential degradation caused by mechanical shock, moisture fluc-
tuations, and further weathering effects.

Shale exhibits remarkable anisotropy in strength, deformation, and
failure mechanisms. This study focuses primarily on the effects of
bedding angles on the fracture mechanical properties of shale. There-
fore, four bedding angles were considered: 0°, 30°, 60°, and 90°, as
shown in Fig. 2(a). Diamond cutting wires are capable of precisely
cutting shale specimens, the extent of specimen loss is minimized, and
the flatness of the specimen’s cut surface is maintained at a high level.
These wires can also accurately create a notch in rock specimens with
minimal vertical deviation. To a significant degree, they enable precise
guidance of crack tip propagation in the intended direction, thereby
reducing the likelihood of deviation during crack propagation and
enhancing the success rate of experiments. To avoid the discreteness of
test results, at least four specimens should be tested for each group, and
the typical Notched semi-circular bend (NSCB) specimens are shown in
Fig. 2(b).

To ensure the accuracy and comparability of test results, sample
processing precision was maintained within + 0.5 mm, with end-face
parallelism within + 0.02 mm. According to the recommendations of
the International Society for Rock Mechanics (ISRM), as shown in Fig. 2
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(c), the value of diameter (2R) was more significant than 10 times the
average mineral size [33]. The thickness (B) value was sure to be 0.8R.
The pre-notch depth (a) value was ensured to satisfy 0.4 < a/R £ 0.6,
and the supporting span (S) value should satisfy 0.5 < S/2R < 0.8 [33].
Hence, the diameter and thickness of NSCB specimens are 50 mm and
25 mm, respectively. The pre-notch depth and supporting span are 10
mm and 35 mm, respectively. The prefabricated notches had a 0.4 mm
width. The average geometric parameters for different bedding angles
are listed in Table 1.

2.2. Experimental system and experimental procedure

The entire test system was divided into two parts: the loading system
and a post-processing system, as shown in Fig. 3. The specific test system
and procedure are as follows:

(1) Loading system: The study utilized the RMT-150-B rock me-
chanics test system at Henan Polytechnic University. This advanced
system includes a support structure, hydraulic loading pump station,
standard indenter, static sensor, and auxiliary system components to
ensure precise control during testing. Key technical specifications
include a maximum axial loading capacity of 1000 kN and a maximum
axial displacement of 50 mm. Additionally, the system’s deformation
and stress measurement accuracy is maintained within + 1.0 %, and the
device exhibits a high stiffness level, exceeding 5.0 x 109N/Inm, to
minimize deformation under load. An axial LVDT measures axial
displacement accurately and promptly relays data to the computer-
controlled system for real-time analysis. Fig. 3 shows the NSCB speci-
mens placed on the two supporting rollers on the loading platform. The
specimens were then loaded to failure using axial displacement control
with an unchanged loading rate of 0.002 mm/s. The lower loading rate

Table 1

The geometry specifications for the NSCB shale specimen.
Bedding angles /° D /mm B /mm S /mm a /mm
0 49.94 25.34 35.0 9.99
30 49.95 25.43 10.06
60 49.93 24.99 9.94
90 49.91 25.14 9.87

(b) NSCB shale specimens

(c) Geometry size of the NSCB specimen

Fig. 2. Notched semi-circular bend (NSCB) shale specimens.
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Loading system

Post-processing system

>

Ultra-depth field
microscopy system

Fig. 3. Experimental system.

satisfies the requirement for static crack propagation, enabling the
nonlinear fracture process zone to develop fully while avoiding dynamic
fracture effects, thereby achieving more precise fracture toughness
measurements.

(2) Post-processing system: This system mainly includes the Crack
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3D optical scanning system (OptimScan 5 M), ultra-depth field micro-
scopy system (VHX-2000), and scanning electron microscope (SEM)
(Quanta FEG 250), as shown in Fig. 3. Crack 3D optical scanning system
is used to monitor the shale fracture surface after the test, which is
characterized by a measurement range of 200 x 100 mm?, average
precision of 0.01 mm, average point distance of 0.08 mm, and sensor
pixel of 5,000,000 x 2. The ultra-depth-of-field microscopy system’s
high-resolution image sensor enables up to 1,000x magnification with a
54-megapixel resolution, precisely capturing specimen details down to
the micron scale. A Quanta 250 FEG equipped with field emission gun
(FEG) capability, offering a resolution of ~ 1.0 nm, was utilized for
sample characterization. Before the examination, specimens were
sectioned, dehydrated, and affixed to stubs using a conductive adhesive,
followed by gold sputter-coating to enhance conductivity. Imaging was
conducted in both secondary electron (SE) and backscattered electron
(BSE) modes, complemented by energy-dispersive X-ray spectroscopy
(EDS) for compositional analysis. This approach enabled the identifi-
cation of microstructural features and fracture patterns on the shale
fracture surfaces. Then, the effects of bedding angles on the fracture
behavior of shale will be thoroughly analyzed using different testing
scales.

3. Mechanical properties and failure patterns
3.1. Load-displacement curve

The load-displacement of the NSCB tests with different bedding
angles are shown in Fig. 4. It is observed that the load-displacement
curves can be categorized into two types:

(1) The load-displacement curves consist of four stages: compaction
stage, linear elastic stage, yield stage, and post-peak decline stage.
During the compaction stage, the contact between the specimens and the
testing machine. Due to the strong heterogeneity of shale, micro-cracks
form in the fragile regions under the load. As the load increased, these

2.0 2.0
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—a— (°-2 H —a— 30°-2
1.51 0°-3 1.51 30%-3
—v— 0°-4 n —e— 30°-4 f‘
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2
0.51 0.51
0.0 T T 0.0 T T T
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4
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T —e—60°-1 S| —— 9001
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Fig. 4. Loading-displacement curves with different bedding angles.
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micro-cracks gradually expanded, resulting in a typical concave-
downward curve. However, it is important to note that this compac-
tion behavior differs from that in compression tests, which is cause by
micro-cracks closure. In contrast, the concave downward in the NSCB
testing is caused by the initiation and expansion of new micro-cracks
under tensile loading. Moreover, the load at this stage was insufficient
to produce visible macroscopic cracks. In the linear elastic stage, the
slope of the curve remains constant, and strain energy accumulates
continuously within the specimen, with microcracks continuing to
develop. The yield stage is brief, showing a concave curve. During this
stage, a large number of microcracks accumulate. As they evolve, the
material stiffness drops sharply, and even minor load disturbances can
trigger continuous deformation. the behavior in the post-peak decline
stage differs from that in compression tests, as the specimen exhibits
almost no residual strength. Following a short yield stage, it rapidly
declines, indicating sudden failure. Typical examples of this curve type
include the four specimens with 0° and 30°, as well as 60°-3 and 60°-4.
(2) The load-displacement curves consist of three stages: linear elastic
stage, yield stage, and the post-peak decline stage, with no obvious
compaction stage. Representative specimens include the four specimens
with 90°, 60°-1, and 60°-2.

The bedding angles not only cause pronounced anisotropy in the
mechanical parameters and significantly influence its deformation and
failure behavior. The differences in deformation mechanisms, especially
during the compaction stage, indicate that the two curve types are
closely related to the macro-meso-micro fracture characteristics of shale
specimens. The reason why this phenomenon occurred will be revealed
in Sections 3.3. This study will integrate multiple testing techniques to
systematically investigate the effect of bedding angle on the fracture
mechanics behavior of shale from a multi-scale perspective.

3.2. Mechanical parameters

Shale typically exhibits a dense bedding plane, as shown in Fig. 1 and
Fig. 2(b), and these bedding planes often serve as weak regions that lead
to reduce strength and have a pronounced effect on the anisotropic
fracture mechanical behavior of shale. Fracture toughness is a critical
parameter in rock mechanics, reflecting a material’s resistance to crack
propagation. The greater the fracture toughness, the higher the mate-
rial’s ability to resist cracking. According to the ISRM recommendations,
the Mode-I fracture toughness of NSCB specimens can be calculated
using the following equation [33]:

Kic = (€8]

YP max\/l?&

2RB
where Kj¢ is the Mode-I fracture toughness (MPa-m®®), Py is the peak
load (), R and B are the radius and thickness of the NSCB specimens
(mm), a is the depth of the pre-notch (mm), Y is the shape parameters of
the NSCB specimens, which can be calculated by Eq. (2) [33].

Y= -1279 +9.516%2 - (0.47 + 16.457%) %Jr (1.071 134.401 i) (7

2R

where S is the supporting span.

The Mode I fracture toughness of NSCB specimen with different
bedding angles was calculated according to Egs. (1) and (2), are illus-
trated in Table 2. It can be found that the peak load continuously
decreased with the increasing bedding angle. This indicated that the
bedding plane effect was strengthened with the increasing bedding
angle, which is also consistent with the previous studies. Moreover,
according to Egs. (1) and (2), the variation tendency of fracture
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Table 2

Fracture load under various bedding angles.
Specimens number Prax /KN Y Kic /MPa-m®®
0°-1 1.576 1.742 4.591 1.015 1.121
0°-2 1.796 4.603 1.154
0°-3 1.736 4.602 1.123
0°-4 1.861 - 4.599 1.193 -
30°-1 1.061 1.665 4.742 1.069 1.074
30°-2 1.539 4.618 0.994
30°-3 1.677 4.543 1.064
30°-4 1.825 4.595 1.167
60°-1 1.535 1.524 4.742 1.036 0.987
60°-2 1.463 4.618 0.947
60°-3 1.585 4.543 0.997
60°-4 1.511 4.595 0.966
90°-1 1.114 1.216 4.742 0.752 0.784
90°-2 1.267 4.618 0.819
90°-3 1.203 4.563 0.758
90°-4 1.262 4.595 0.807

toughness with bedding angles is like that of peak load, and peak load is
linearly related to the fracture toughness.

Fig. 5 shows the Box-whisker plots of fracture toughness. As shown in
Fig. 2(a) and Fig. 5(a), the fracture toughness of shale exhibit pro-
nounced anisotropy with various bedding angles. Specifically, when the
pre-notch is perpendicular to the bedding plane (0°), the fracture
toughness reaches a maximum average value of 1.1209 MPa-m®>. As the
bedding angle increases, fracture toughness gradually decreases,
reaching a minimum average value of 0.7838 MPa-m®®, where the pre-
notch is parallel to the bedding plane (90°). Specifically, compared to
the average fracture toughness at 0°, the average fracture toughness
decreased by 4.19 %, 7.76 %, and 18.11 %, respectively. This trend
highlights the dominant influence of bedding angle on crack propaga-
tion. For 90° specimens, the crack propagates along the weakest path
(bedding plane), encountering minimal resistance, thereby reducing the
overall fracture toughness. These results indicate that bedding planes
serve as either “crack-guiding” or “crack-blocking” structures, depend-
ing on their orientation, and play a critical role in controlling fracture
toughness.

From the perspective of micro-fracture mechanisms and energy
evolution, shale comprises brittle minerals such as quartz and feldspar,
interspersed with poorly cemented clay minerals, forming a distinct
layered structure, as shown in Fig. 1. For 0° specimens, cracks must
traverse the mineral matrix arranged perpendicular to the bedding
planes, resulting in transgranular microcracks. This process involves
energy dissipation through interfacial cracking, mineral grain breakage,
crack deflection, and branching, leading to a tortuous fracture path and
higher energy consumption. In contrast, for 90° specimens, cracks pre-
dominantly follow the mechanically weaker bedding planes, where
crack propagation is primarily interfacial. Here, energy is mostly
consumed by interfacial separation and frictional sliding, resulting in
lower fracture energy dissipation and, consequently, the lowest fracture

) @

toughness. This shift from “matrix-controlled” to “interface-controlled”
energy dissipation underlies the observed reduction in fracture
toughness.

Fig. 5 (b) illustrates a statistical analysis of fracture toughness under
different bedding angles. The results indicate that higher standard de-
viations and coefficients of variation at 0° and 30° (approximately 0.075
and 0.065, respectively), indicating significant variability in fracture
toughness. As the bedding angle increases to 60° and 90°, the standard
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Fig. 5. Fracture toughness under different bedding angles.

deviation drops below 0.035, and the coefficient of variation stabilizes
near 0.04. This trend is further supported by the box plots in Fig. 5 (a),
which reveal the widest distribution and the highest number of outliers
at 0°, indicating pronounced structural randomness and variability in
stress response. This variability arises from the need for cracks to
penetrate the heterogeneous shale matrix at low bedding angles, making
the crack propagation path highly sensitive to microstructural features
such as mineral grain size, pore distribution, and interlayer microcracks.
In contrast, at higher bedding angles (especially 90°), cracks propagate
more consistently along continuous weak planes, leading to simpler
failure patterns and reduced result dispersion.

The mechanical parameters indicate that the layered shale demon-
strates clear fracture anisotropy across different bedding angles. The
angle between the crack path and bedding planes significantly in-
fluences fracture toughness. As the bedding angle increases, the fracture
mode shifts from complex transgranular cracking through the matrix to
low-energy interfacial sliding and separation, resulting in reduced
fracture toughness and decreased variability in test results. These find-
ings also have important engineering implications for optimizing hy-
draulic fracturing strategies and selecting mechanical parameters in
shale reservoirs. For reservoirs with vertical bedding plane (90°), nat-
ural weak interfaces can be exploited for low-pressure fracture initia-
tion, allowing the main fracture to extend along the bedding plane and
maximize reservoir contact. In contrast, reservoirs with horizontal
bedding plane (0°) require higher injection pressures or viscosity-
enhanced fracturing fluids to penetrate the matrix. In formations with
intermediate bedding angles (30° or 60°), adjusting injection rates can
stimulate crack deflection, promoting complex fracture network

> ¥ 959V 5V R Y Y Y
oy Yy.-Y Ny yYy

(a) 0°

2 Y ¥ ¥ B Y Y Y

Table 3
Failure patterns under various bedding angles.

Specimen Failure patterns

numbers

0°-1 Tensile failure across the bedding plane

0°-2

0°-3

0°-4

30°-1 Shear failure along the bedding plane with mixed failure across
30°-2 the bedding plane

30°-3

30°-4

60°-1 Shear failure along the bedding plane

60°-2

60°-3 Tensile failure across the bedding plane

60°-4

90°-1 Tensile failure along the bedding plane

90°-2

90°-3 Tensile failure along the bedding plane with mixed failure across
90°-4 the bedding plane

formation through the competing matrix and interface energy dissipa-
tion mechanisms.

3.3. Failure patterns and failure mechanisms

The failure patterns with various bedding angles are presented in
Fig. 6 and Table 3. As illustrated in Fig. 6, all cracks initiate at the pre-
notch tips. Still, the crack patterns and propagation paths differ

(b) 30°

(c) 60°

(d) 90°

Fig. 6. Failure patterns under different bedding angles.
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significantly due to the competing effects of crack deflection along the
weak bedding plane and crack penetration driven by the principal stress,
as detailed below.

As shown in Fig. 6(a), for both front and back side of the specimen,
the crack preferentially grows in the direction perpendicular to the
bedding planes under far-field tensile stress. However, due to the low
cohesion and tensile strength between the bedding planes, the crack may
deflect or bifurcate along these interfaces, causing slight deviation from
the vertical plane of the pre-notch. Despite this, the overall crack
propagation path aligns with the loading direction, that is, the direction
of maximum principal stress, exhibiting typical tensile failure charac-
teristics. Moreover, as shown in Fig. 7(a), the crack penetrates the
bedding plane at 0°, requiring it to overcome frictional resistance, which
increases fracture energy and reflects the anisotropic fracture behavior
of layered rocks. Additionally, bedding distribution position and thick-
ness variations influence the degree and direction of crack propagation
path deflection.

As shown in Fig. 6(b) and Fig. 7(b), the crack exhibits a distinct
mixed failure characteristic. The angle between the pre-notch tip stress
field and the bedding plane creates competition between the direction of
the maximum tensile stress and the weak bedding plane. Initially, the
crack propagates along the direction of principal stress. Upon encoun-
tering the weak bedding region, a dual energy dissipation mechanism
emerges: (1) shear stress induces frictional sliding, forming a shear
failure along the bedding plane; (2) normal stress drives the crack to
penetrate the interface, resulting in localized mixed failure character-
istics. For both front and back side of specimen, experimental observa-
tions show that the crack deflects markedly along the bedding direction,
then exhibits periodic “Z”-shaped turns, ultimately tending toward the
loading direction. This indicates that the crack must simultaneously
overcome matrix fracture toughness and interfacial friction at 30°.

When the bedding angle increases to 60°, two typical crack propa-
gation patterns are observed, as shown in Fig. 6(c) and Table 3. 60°-1
and 60°-2 specimens exhibit shear failure along the bedding plane, as
shown in Fig. 7(c). In contrast, 60°-3 and 60°-4 specimens show tensile
cracks across the bedding plane, as also depicted in Fig. 7(d). These
differences are primarily attributed to variations in bedding distribution
position, thickness, and interfacial bond strength. For instance, when the
interfacial bonding weakens, higher bedding angles are more likely to
produce cracks along the bedding plane. Conversely, stronger interfacial
bonding favors cross-bedding crack formation. Additionally, compared
to the 0° case, cross-bedding cracks at 60° are more tortuous, with
increased surface roughness.

When the bedding angle reaches 90°, the bedding direction is par-
allel to the pre-notch and loading direction, and crack propagation is

Cross-bedding crack

Cross-bedding crack
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dominated by the weak bedding plane, as shown in Fig. 6(d). The stress
field at the pre-notch tip aligns with the bedding direction, facilitating
crack propagation along the weak plane with minimal resistance, oc-
casionally jumping between adjacent layers (the front side of the spec-
imen), as shown in Fig. 6(d) and Fig. 7(e). However, some specimens (e.
g., the back side of 90°-3 and 90°-4 specimens) exhibited asymmetry and
local deflections in the crack propagation path, as shown in Fig. 7(f).
This suggests that even under identical bedding angles, variations in
internal microstructure, local bedding bond strength, and small-scale
defects can introduce slight disturbances to crack propagation. Addi-
tionally, the energy required for crack propagation is significantly
reduced, and the tensile strength becomes direction-dependent. This
phenomenon reveals that the weak bedding planes guide crack propa-
gation paths, consistent with the principle that anisotropic cracks
propagate along the path of least energy dissipation.

NSCB testing primarily to measure Mode I fracture toughness. Pre-
vious studies suggest that if the crack deviates less than 0.05D from the
vertical plane of the pre-notch, the test remains valid. Significantly de-
viations caused by complex stress fields introduce shear components,
resulting in mixed Mode I-II fracture toughness or “apparent fracture
toughness”. Based on the NSCB results, fracture toughness values at
0° and 90° are considered “true fracture toughness”, while those at 30°
and 60° reflect “apparent fracture toughness”. Given the complex
bedding angles in unconventional reservoirs and the challenges in
accurately controlling perforation during hydraulic fracturing, NSCB
testing at various bedding angles is practically significant. It helps
elucidate the influence of the bedding plane on shale’s fracture
mechanism.

Moreover, the load-displacement curves under different bedding
angles exhibit two typical characteristics: one with an initial compaction
stage and one without, as shown in Fig. 4. Combined with the failure
patterns in Fig. 6 and Fig. 7, it is evident that shear failures or tensile
failures propagating along the bedding planes (e.g., 90°, 60°-1, and 60°-
2) lack a compaction stage. This is due to the relatively low strength of
bedding planes, allowing failure without microcracks accumulation.
However, tensile failures propagating across the bedding planes or
mixed failures (e.g., 0°, 30°, 60°-3, and 60°-4) typically exhibit a pro-
nounced compaction stage, indicating the simultaneous damage of both
bedding planes and matrix, with numerous microcracks formation.
These findings reveal shale’s deformation mechanism at initial loading
stages across different bedding angles, as interpreted from failure
patterns.
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Fig. 7. Sketches of failure patterns under different bedding angles.
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Fig. 8. Fracture surface morphology under different bedding angles.

4. Fracture surface morphology characteristics

Figs. 6 and 7 demonstrate that the bedding angles exert a significant
anisotropic influence on both the crack propagation path and failure
patterns. Beyond the macroscopic propagation path, a comprehensive
investigation of fracture surface morphology across multiple scales
(macro-meso-micro) is essential for understanding the complex fracture
mechanical response of shale. At a macroscopic scale, morphology pa-
rameters such as surface height, roughness, and fractal dimension
quantitatively reflect the energy released during fracture. These char-
acteristics offer insight into the role of anisotropy in controlling fracture
toughness and tensile strength, and they provide valuable guidance for
predicting the effectiveness of reservoir fracturing simulation at the
engineering scale. At the mesoscopic scale, attention is directed toward
mineral grain arrangement, bonding conditions along bedding in-
terfaces, and the spatial distribution of micro-crack networks. The in-
fluence of bedding angles on crack deflection, branching, and energy
dissipation mechanisms can be elucidated through ultra-depth field
microscopy technology, revealing the process of transition of failure
patterns governed by bedding planes. Scanning electron microscopy

Covering units, units number N,

Rough surface

Surface

Fig. 9. Differential cubic covering methods (DCCM) schematic diagram [34].

(SEM) is used at a microscopic scale to observe the micro-morphology of
fracture surfaces and analyze crack propagation paths between mineral
crystals. This enables the identification of the underlying fracture
mechanisms associated with different orientations. Consequently, multi-
scale coupling research supports the development of a framework link-
ing  “structural characteristics-fracture = mechanism-mechanical
response”. Such a model offers cross-scale scientific insight for opti-
mizing bedding configuration and refining fracturing parameters, ulti-
mately enhancing the efficiency of shale gas development.

4.1. Fractal dimension

The fracture surface roughness significantly influences fluid flow
behavior. In this section, the fracture surfaces were scanned using a 3D
optical scanning system (OptimScan 5 M). MATLAB R2023a processed
the resulting data, and the 3D surface morphology maps are presented in
Fig. 8. The fracture surfaces at various bedding angles exhibit different
roughness characteristics. For 30° specimens, the fracture surface dis-
plays pronounced undulations and notable height differences, indicating
that bedding-induced disturbances and bifurcation strongly influence
crack propagation. These suggest a coupled mechanism involving
bedding control and multi-surface crack interactions, contributing to a
more complex interface and increased instability in the crack propaga-
tion path. This surface morphology characteristic closely correlates with
the specimen’s macroscopic failure mode. As shown in Figs. 6 and 7, the
front part predominantly undergoes shear failure along the bedding
plane, resulting in relatively smooth surfaces. However, the rear part
exhibits intense mixed failure behavior, producing a distinct high-low
undulating structure and increased surface roughness. For 60°-1 and
60°-2 specimens, cracks propagate primarily along the bedding plane as
a shear failure, with relatively rough surfaces and height difference
generally within 1.0 mm. In contrast, the 0°, 60°-3, and 60°-4 specimens
display tensile cracks that cross the bedding plane, accompanied by
greater height difference. The 90°-1 and 90°-2 specimens also primarily
exhibit tensile failure along the bedding planes, with height differences
comparable to those of 60°-1 and 60°-2. However, bedding position,
thickness, and bonding strength variations result in deviations during
crack propagation, leading to larger height fluctuations. Direct visual
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comparison of fracture surface roughness based on 3D surface
morphology images is inherently subjective and limited. Therefore, it is
essential to conduct a quantitative analysis of roughness parameters to
accurately evaluate surface characteristics and fracture behavior under
different bedding angles.

In this study, the fractal dimension was used to analyze the fracture
surface roughness. The box-counting method is a multi-scale quantifi-
cation technique based on fractal theory, which is widely applied in the
roughness characterization of irregular geometric bodies (such as rock
fracture surfaces) [34]. Its core assumption is that the fracture surfaces
exhibit statistical self-similarity, meaning that the local roughness fea-
tures remain unchanged in the fractal dimension under different
observation scales. By using a grid system covering the two-dimensional
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where D is the fractal dimension, and previous studies indicate that the
larger the fractal dimension, the rougher the fracture surface.

In the box-counting method, determining the total number of boxes
N(§) is a critical step in evaluating the fractal dimension. The differential
cubic covering method (DCCM) is employed to calculate N(5) in this
study, as illustrated in Fig. 9 [34]. This method provides a very simple
way to calculate the fractal dimension of a fracture surface directly.
When a box with side length & is used to cover the irregular surface
projected onto a reference plane, the maximum and minimum heights
within each unit cell (i, j), determine the number of boxes required. This
process is quantified using Eq. (4), allowing for the assessment of the
three-dimensional coverage of the irregular surfaces within each region
[29,34].

N;; = INT gmax(hl‘l (0,J), -+, hgu(i,J), =+, hsssy 11,6/50+1 (1) )} 7INT{gmm(h1,1 (T,J)s s hgi(B, ), =+, Rs/so41.6/50+1 (laj)) +1 @

or three-dimensional point cloud data of the fracture surface (obtained
through laser scanning or optical profilometer), the scaling relationship
between the minimum number of boxes required for coverage (N(5)) and
the box size () is calculated by Eq. (3) [29,34].

where INT is the rounding function, Sy is the sampling interval. Then,
the total number of boxes N(6) needed to cover the whole fracture sur-
face is calculated by Eq. (5) [29,34].
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Fig. 10. Fitting results of logN(5) and log(s) with different bedding angles.
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For a specific fracture surface exhibits fractal behavior, its fractal
dimension can be calculated by Eq. (3). Taking logarithmic trans-
formation of this power law, a straight line with slope —D can be ob-
tained, which the fractal dimension can be determined, as illustrated in
Eq. (6) [29]. The fitting results of logN(5) and log(s) with different
bedding angles are presented in Fig. 10. The strong linearity of the fitted
curves indicates that the fracture surface exhibits obvious self-similarity
and fractal characteristics. Across all subplots, the data points align with
the fitted lines in the double logarithmic coordinate system, demon-
strating significant linear correlation. These results confirm that the
fracture surface morphology can be effectively quantified using the
fractal dimension. Moreover, the fractal dimension under different
bedding angles range from 2.107 to 2.465, consistent with the previous
studies that its values for the rough fracture surface are greater than 2.0
[28].

_ logIN(5)]
log(5)

The fracture surface morphology was statistically analyzed using the
fractal dimension, as shown in Fig. 11(a). The results reveal a nonlinear
relationship between the fractal dimension and the bedding angles. The
average fractal dimensions for 0°, 60°, and 90° specimens are 2.1406,
2.1615, and 2.1831, respectively, with relatively narrow value ranges.
These suggest consistent surface morphology and stable crack propa-
gation paths. In contrast, the average fractal dimension for 30° speci-
mens exhibits a significantly higher average fractal dimension of 2.3966,
along with the largest variation range, indicating that the crack propa-
gation path is most strongly influenced by the bedding plane. The
increased complexity and multi-path propagation lead to a markedly
rougher fracture surface. These confirm that cracks at 30° are more
susceptible to deflection and bifurcation, forming a typical multi-scale
rough surface.

To further characterize the variability in surface complexity, statis-
tical analysis was conducted for the fractal dimensions of each specimen,
including standard deviation (Std) and coefficient of variation (CV), as
shown in Fig. 11(b). The 0° specimens exhibited the lowest Std and CV
values, showing more stable fracture surface morphology. This stability
is attributed to Mode-I tensile failure predominance across the bedding
planes. The 30° specimens had the highest mean fractal dimension and
the largest Std (~ 0.09) and CV (~ 0.037), reflecting significant surface
morphology variability among specimens. This variability is primarily

(6)

due to the dominant mixed Mode I-II failure pattern and the increased
propagation complexity in the later stages.

The 60° specimens showed intermediate Std and CV values, which
were lower than the 30° but higher than 0°. These are due to the con-
trasting failure patterns observed: the 60°-1 and 60°-2 specimens formed
Mode II shear failure along the bedding plane, resulting in smoother
surfaces, while the 60°-3 and 60°-4 specimens underwent Mode I tensile
failure across the bedding plane, increasing roughness and contributing
to variability. For 90° specimens, the Std and CV values increased again,
primarily due to heterogeneities in bedding position, thickness, and
bonding strength. These factors introduced stronger anisotropy in crack
propagation paths, particularly in 90°-3 and 90°-4 specimens, resulting
in greater fluctuatio