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This contribution focuses on understanding the bedding effect of coal rocks
under the Brazilian splitting test. First, multiple Brazilian splitting tests were
performed on coal rocks with various bedding angles to systematically
investigate the influence of stratification. Subsequently, numerical models
with stratified structures were constructed, and a continuous—discontinuous
numerical analysis method based on the cohesive zone model (CZM) was
employed to conduct the corresponding numerical investigations. Results
indicate that the load—displacement curves of coal rock specimens with
different bedding angles can be classified into four stages: initial compaction
stage, elastic deformation stage, crack rapid coalescence stage, and final
destruction stage. With increase in the bedding angle, the failure patterns of
coal rock specimens can be categorized into three groups: 1) stretching damage
along bedding planes; 2) mixed tension and shear failure along the bedding
planes and the coal matrix; and 3) stretching failure passing through the coal
matrix. Furthermore, the tensile strength and cumulative acoustic emission (AE)
energy—displacement relations are significantly influenced by the bedding angle.
The numerical model can effectively predict the mechanical responses and
fracture behavior of coal rock specimens, providing empirical parameters for
the simulation of similar rock engineering.

KEYWORDS

coal rock, bedding effect, Brazilian splitting test, acoustic emission,
continuous—discontinuous, cohesive zone model

1 Introduction

Anisotropy is a considerable structural property for rocks with a wide distribution on
the planet, such as slates, sandstones, shales, mudstones, and gneiss (Brown et al., 1981;
Gao et al., 2015; Wu et al., 2016). It is also one of the most distinctive features that must
be taken into account in rock engineering, mining, tunneling, gas extraction, petroleum
engineering, and so on (Zhang, 2013; Hatzor et al., 2015; Nguyen and Le, 2015; Wang et al.,
2017; Qin et al., 2019). In addition, crude oil, natural gas, coal-bed methane, and other fossil
energy sources are generally stored in these rock masses with layer structure. Therefore,
increasing attention has been paid to the anisotropic properties of rocks with layer structure
in recent research (Tan et al., 2017; Park et al., 2018).

The tensile strength of rock-like materials is significantly lower than their
compressive strength. In practical engineering, rock failure is often encountered
due to tensile failure. Therefore, studying the tensile strength of rocks is
of great importance for engineering safety. Brazilian splitting tests are an
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established method and suggested by the International Society for
Rock Mechanics (ISRM) (Laboratory Tests, 1977) for indirectly
determining the tensile strength of rocks, which is a critical
parameter in geotechnical design and analysis. This test was
first proposed by Lobo Carneiro and Barcellos during the Fifth
Conference of the Brazilian Association for Standardization in
1943 (Rocco et al., 2001); therefore, it is named as the Brazilian
splitting test or Brazilian test. These tests are relatively simple and
economical compared to direct methods for determining tensile
strength. For example, Cho et al. (2012) investigated three laminated
rocks by Brazilian splitting tests. Their study showed that the
existence of the bedding planes plays an important role in the global
properties of rock specimens, especially when the orientation of
the bedding planes is parallel to the principal stress, and the shear
failure occurring along the bedding planes greatly affects the tensile
strength, as evidenced by the Brazilian tensile tests. Tavallali and
Vervoort (2010a) and Tavallali and Vervoort (2010b) also adopted
Brazilian splitting tests to investigate the tensile strength and tensile
fracture patterns of layered sandstone affected by layer orientation.
Moreover, Heng et al. (2015a) and Heng et al. (2015b) studied the
anisotropic properties of shale based on uniaxial and triaxial
compression tests. Significant anisotropy characteristics including
the compression strength, elastic modulus, and the final failure
modes were observed. The fracture characteristics and mechanical
behaviors of coal rocks and sandy mudstones subjected to uniaxial
compression, indirect tensile test, and the semicircular bend tests
were all discussed by Wu et al. (2016). The crack path and crack
deviation angle have also been discussed by them based on crack
propagation traces.

Moreover, with the great improvement in the computing
power of personal computers, the numerical simulation method
has become a powerful tool for systematically studying the
aforementioned problem. For example, Xu et al. (2019) adopted the
2D particle flow code to investigate the influence of bedding planes
on the global mechanical responses and local crack propagation of
rocks with the characteristics of the transversely isotropic structure
that is subjected to uniaxial compression. In their simulations, the
behavior of the matrix was characterized by the flat joint contact
model, and the bedding planes’ behavior was represented by a
set of parallel continuous smooth joint contacts between particles.
Accordingly, the effect of pre-existing cracks and strength, strength
ratio, and the stiffness of smooth joint contact are all discussed in
their previous study. Moreover, the extended finite element method
(XFEM) was adopted by Suo et al. (2020) to predict the fracture
process in cracked chevron notched Brazilian disc (CCNBD)
specimens with different bedding angles. It is generally accepted that
due to the shared nodes in the finite element mesh and adopting of
continuous shape function to describe the continuous displacement
field, the traditional finite element method (FEM) is not a useful
approach for the simulation of typical fracture problems, while the
discrete element method (DEM) always adopts rigid discs or spheres
to simulate the structure of specimens approximately, which may
lead to great differences with the real situation. The cohesive zone
model (CZM) is a suitable tool to study the crack propagation for
quasi-brittle materials, thus avoiding unrealistic stress singularities
at the crack tip. For example, Jiang and Meng (2018) used the
CZM to predict the mechanical characteristics and fracture process
of homogeneous rocks under uniaxial compression and Brazilian
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splitting tests. The continuous-discontinuous numerical simulation
method based on the CZM can simulate the elastic, damage, and
fracture processes of materials under complex loads. It can also
simulate the movement, collision, flow, and accumulation processes
of broken granular materials, making it especially suitable for the
whole process simulation of progressive instability and failure of
rock. Therefore, this technique was also adopted in this study.

In practical engineering scenarios, the direction of rock bedding
varies, leading to significant differences in the properties of rock
mass. Consequently, it becomes essential to comprehend the
mechanical properties and failure characteristics of rocks that
correspond to different bedding angles. In addition, coal rock is also
a typical layered rock, and it is widely used in all walks of life, not
only as a primary fossil fuel but also a chemical raw material. With
development of urbanization, the human society will consume more
energy and chemical products. Accordingly, the mining scale will
also increase, and hence rock bursts, roof falling, water gushing, gas
explosion, and other coal mine disasters will garner more attention
(Skoczylas and Wierzbicki, 2014; Guo et al., 2019; Ren et al., 2019;
Zhang et al., 2019; Wang et al., 2020). In order to explore the tension
behaviors of coal rocks and provide a reference for the engineering
practice, it is particularly important to carry out in-depth research
studies on coal rocks with different bedding angles.

In this study, coal rock was first collected from the working
face. After coring, cutting, and polishing, these coal samples are
processed into Brazilian disc specimens and divided into seven
groups based on different bedding angles («). The Brazilian splitting
tests were carried out to study the influence of bedding angles on
mechanical responses, failure process, and acoustic emission (AE)
characteristics of coal rocks. At the same time, the CZM was used
to describe the nonlinear mechanical behaviors and the fracture
problem of coal rocks with different bedding angles based on the
ABAQUS/Explicit platform. Finally, crack propagation paths, failure
process, tensile strength, and AE characteristics of coal rocks were all
investigated based on experiments and simulations.

2 Experimental study
2.1 Material source

The coal rock specimens used in the Brazilian splitting test
were obtained from Hongyang Third Mine in the Liaoning
Province, China. Raw coal was taken from the working face
No. 1213 approximately 780 m below ground level. The coal
sample has obvious bedding characteristics in the coal seam.
The X-ray diffraction of the coal sample indicated the content
of amorphous minerals (90.3%) and clay minerals (9.7%). In
addition, main mineral components of clay minerals are illite and
kaolinite.

2.2 Sample preparation

The disc-shaped specimen used in the Brazilian splitting test is
commonly referred to as the Brazilian disc. The most commonly
used dimensions for Brazilian disc specimens is diameter of 50 mm
and thickness of 25 mm. This study also used Brazilian disc
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Raw coal sample

FIGURE 1

Bedding plane

Coring direction

Preparation of Brazilian disc samples. (A) Directional coring diagram; (B) division into Brazilian discs.

Cylindrical coal sample

specimens of this size. The Brazilian disc sample is prepared as
follows: the bulk raw coal collected at the working face was sealed
to ensure that the coal rock remains in situ. First, wire cutting
with a diameter of 50 mm was used for directional coring, as
shown in Figure 1A. Then, the cylindrical coal samples were divided
into Brazilian disc samples with a thickness of slightly more than
25 mm, as shown in Figure 1B. Finally, the discs were processed
and polished into 25-mm-thick standard Brazilian disc samples.
To ensure the accuracy of the experiments, the parallelism of the
two end-faces was maintained within +0.05 mm and the flatness
within +0.03 mm.

In this paper, the bedding angle « is defined as the angle
included between the principal stress and bedding planes, as
illustrated in Figure 2A. To ensure the accuracy of the bedding
angles during the experiments, the bedding direction was first
marked on the specimen’s surface, passing through the center
of the disc. A protractor was then used to measure and draw
a straight line that intersected the center of the disc at an
angle « to the bedding direction. When conducting the Brazilian
splitting test, we must ensure that the straight line is consistent
with the direction of loading. The processed Brazilian disc
specimens were grouped according to the bedding angles (a =
0°, 15° 30° 45° 60° 75° and 90°), as presented in Figure 2B.
To ensure the reliability of the experimental results, at least
three samples were included in each group. The processed
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samples were sealed immediately, and the test was completed
within 1 week.

2.3 Experimental equipment

Brazilian splitting tests were conducted using the nonlinear
mechanical test system for deep soft rock and the special fixture
for Brazilian splitting tests (Figure 3A), with a loading rate of
0.1 mm/min. The maximum axial load of the system is 500 kN,
the measurement accuracy is less than 0.5%, and based on the
American NI servo controller, high precision stable load can be
applied. Moreover, a Micro-II system and the Nano-30 sensors
designed by the American Physical Acoustics Corporation (PAC)
were used for AE monitoring (Figure 3B). In this study, the threshold
and sampling frequency were set as 40 dB and 10 kHz, respectively.

2.4 Tensile strength

The tensile strength for the specimens with transversely isotropic
structure characteristics can be obtained by using the Brazilian
splitting test according to the expression by Claesson and Bohloli
(2002). Indirect tensile strength correction coeflicients for the
seven angles (o = 0°, 15° 30°, 45°, 60°, 75° and 90°) are 0.8907,
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a=30°  a=45°  a=60° @=75° a=90°

Brazilian splitting test samples. (A) Schematic of the Brazilian splitting tests; (B) Brazilian disc samples of coal rock under seven bedding angles.

Special fixture

FIGURE 3
Experimental equipment. (A) Loading equipment; (B) AE test equipment.

0.9166, 0.9763, 1.0317, 1.0570, 1.0566, and 1.0525, respectively.
In addition, the mean tensile strength values of coal rock with
seven bedding angles are 0.720, 0.656, 0.614, 0.787, 0.973, 0.987,
and 1.10 MPa, respectively, as illustrated in Figure 4. Due to the
influence of internal factors such as mineral composition, gradation,
porosity, and defects on the mechanical behavior and failure
behavior of rocks (Wu et al., 2020; Peng et al., 2021; Wu et al., 2022;
Wu et al., 2024; Zhao et al,, 2024), there is some variability within
each group.

Figure 4 demonstrates that the tensile strength of coal specimens
varies over a wide range for different angles, indicating that bedding
angles have a great effect on the tensile strength of coal rock
specimens. The tensile strength of coal specimens first decreased
(0°-30°) and then increased gradually (30°-90°). The minimum
tensile strength occurs at «

30°, while the maximum tensile

strength occurs at o = 90°.
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2.5 AE characteristics

For each bedding angle, the specimens whose ultimate load
is closest to the average value were adopted as the research
object. The curves for cumulative AE energy-displacement and
load-displacement curves with different bedding angles are plotted
together, as illustrated in Figure 5.

It is generally accepted that not only the dislocations, twinning,
and grain boundary movements but also the development of cracks
are all results in the occurrence of AE signals. The stored elastic
energy inside the specimen is released when new cracks are created
or existing cracks develop further. Subject to these above actions, an
elastic stress wave is generated, which propagates to the boundary
of the specimen and is observed by the AE sensors (He etal.,
2010). Under external loads, due to the anisotropic characteristics
of coal rock specimens, the stress concentration degree and stress
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concentration location inside the specimens were different. This
leads to differences in the initiation location, the propagation path
of the crack, and the final failure pattern. Therefore, the AE signals
observed also vary. However, the overall trends of the cumulative
AE energy-displacement curve for the specimens with different
bedding angles are similar. With increase in the displacement, the
cumulative AE energy increases by several orders of magnitude. It
can be divided into the following four stages: the compaction stage,
the deformation stage, the crack propagation stage, and the final
failure stage.

(1) In the compaction stage, with the increase in displacement,
the primary microcracks were closed. In addition, there
is a significant amount of AE energy generated in
this stage.

(2) In the elastic deformation stage, the microcracks inside

the specimens have been compacted. New cracks have not

yet occurred, and coal rocks are still in the elastic stage.

Therefore, the cumulative AE energy shows a quiet period in

this stage.

(3) In the crack propagation stage, with further increase in

displacement, new cracks occurred inside the coal rock. In

addition, with the expansion and coalescence of microcracks,
cumulative AE energy continues to increase.

(4) In the final failure stage, the internal cracks will further

develop, fuse, and expand rapidly, and the AE energy is released

dramatically. Failure occurs when the specimen reaches its
tensile strength, and the cumulative AE energy reaches the

ultimate value.
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The cumulative AE energy for the specimens with seven
different bedding angles at the final failure stage is shown
in Figure 6. As illustrated, the cumulative AE energy is strongly
affected by the orientation of the bedding angle. When
0° < a < 30° with the increase in «, the cumulative AE
energy decreases gradually. In addition, the cumulative AE
energy is the least when a = 30°. When 30° < a < 90° the
cumulative AE energy increased gradually with the increase in
a, and the cumulative AE energy reached the maximum level
when a = 90°.

3 Construction of the 3D numerical
model

Numerical investigation can help visualize and understand
the complex fracture mechanisms that are difficult to observe
in physical tests. In this study, the three-dimensional Brazilian
splitting numerical tests were conducted based on the CZM,
which combines both advantages of the DEM and FEM. This
method can simulate the whole crack evolution process of
specimens under complex stress states, including nucleation,
formation, and propagation of cracks for concrete-like and
rock-like materials (Jiang and Meng, 2018; Trawinskietal,
2018). Cracks are generated and developed according to the
actual internal stress of the specimen, and it is not defined in
advance. Therefore, the crack evolution process can be simulated
realistically.
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FIGURE 5

Association between force—displacement and cumulative AE energy—displacement in Brazilian splitting tests of coal rocks under different bedding
angles. (A) a = 0°; (B) a = 15°; (C) a = 30°; (D) a = 45°; (E) « = 60°; (F) a = 75°; and (G) a = 90°.

3.1 Cohesive zone model

The basic theory of this model was first proposed by
Dugdale (1960) and Barenblatt (1962). The constitute relation
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of the CZM has been comprehensively introduced in our
recent study for concrete (Zhangetal, 2022) and coal rock

06

(Xie et al., 2023). Therefore, only the core points are proposed in
this study.
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The core idea of this theory is to regard a crack as comprising
two parts, as shown in Figure 7: one part consists of two separated
free surfaces, and the other is the cohesive zone. There is a
crack opening displacement A, which is less than a critical
value A{; in the cohesive zone. The cohesive force f, acting
on the interface is defined as a function of the crack opening
displacement A. When the cohesive zone begins to bear loads,
the cohesive force f, increases with the increase in crack opening
displacement A. When the crack opening displacement reaches
A%, it means that the material begins to damage. Once the
displacement exceeds a certain critical value A{n, the cohesive
force will completely disappear. At this time, the cohesive element
is completely broken and removed, and cracks are formed in
the structure.

Interface elements without thickness are globally embedded
in the finite element mesh by a Python script written by
ourselves. Figure 8 shows an interface element embedded in
two adjacent solid elements, and the constitutive relation of
the interface element and solid element is independent of each
other. The constitutive relations of solid elements can be linear
elastic, elastoplastic, hyperelastic, and so on. In this study, the
nonlinear mechanical responses, complex fracture problems, and
the bedding planes of coal rock specimens are characterized
by the zero-thickness interface elements (cohesive elements).
The constitutive relation of these interface elements includes
three stages: elastic stage, damage initiation stage, and damage
evolution stage. In this numerical model, the maximum tensile
stress criterion was adopted as the damage initiation criterion.
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FIGURE 7
Schematic diagram of the cohesive zone model.

If the stress state of the interface element meets the damage
initiation criterion, then it will enter the damage evolution
stage. When the interface element is completely damaged, it will
be removed from the finite element mesh, and a microcrack
is formed in the model. Once internal cracks are formed,
elements in contact are rapidly identified to apply a penalty
function method (ABAQUS, 2014), which calculate the normal
contact force when two particles are in contact. For the general
contact algorithm, the “hard” contact is employed at the interface
elements along normal direction. In addition, the interface along
the tangential direction is described by the classical Coulomb
friction model.
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FIGURE 8
The cohesive element is compatible with the soil element.

Loading plate

4!
Y

Numerical model Matrix cohesive elements Bedding plane’s cohesive elements

FIGURE 9
Numerical model of coal rock with stratified structure (mm).

TABLE 1 Parameters of cohesive elements.

Normal Shear Normal Shear Normal Shear fracture
stiffness stiffness cohesive cohesive fracture energy G, _G,
K, (N-mm™) K, = K; strength strength energy (mJ-mm1)
(N-mm~3 t, (MPa) t, = t, (MPa) G,, (mJ-mm™™)
MCE 830 1,030 12 25 0.0035 0.035
BCE 630 830 0.8 13 0.0025 0.025
32 Veriﬁcation Of the numerical mOdel TABLE 2 Number of elements for different mesh sizes.

3.2.1 Calibration of the numerical model I

A 3D numerical model of Brazilian disc with a 50 mm diameter
and a 25 mm thickness was established based on ABAQUS.
After meshing, the interface elements (COH3D6) were embedded L5 11 3,656 223,649
into the mesh by our own program written in Python. The coal
matrix was simulated by tetrahedral element (C3D4), and cohesive
elements (COH3D6) were used to simulate the bedding planes, as 25
shown in Figure 9. Universal contact was set between all elements

(mm) elements cohesive
elements

2.0 51,720 101,315

24,876 46,086

Frontiers in Earth Science 08 frontiersin.org
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Mesh sensitivity analysis of the force—displacement responses. (A) a = 0°; (B) a = 45°; and (C) a = 90°.

to avoid mutual penetration. At the same time, explicit dynamic
and parallel solving were used to improve computational
efficiency. The ABAQUS/Explicit solver is of great significance
for efficiently simulating the full mechanical responses
(Renetal,, 2015). The bottom loading plate was fixed. After
several repeated calibrations, the top loading plate was set
at a constant rate of 1mm/s. The loading time is set as
0.5s (Wangetal, 2015), and the time increment At = 107°
(Trawinski et al., 2018), which are enough to ensure the quasi-static
condition.

It is widely accepted that the calibration of fracture parameters is
highly difficult. In this study, Poisson’s ratio and elastic modulus can
be easily obtained by experiments. Due to the complexity of fracture
problem and limitations of the current experimental conditions, the
fracture parameters of cohesive elements cannot be obtained directly
through experiments. Moreover, it is extremely difficult to get the
mechanical parameters of bedding planes and matrix. In order to
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obtain a group of suitable parameters for this numerical model, the
parameters are obtained preliminarily by referring to the previous
work by Jiang and Meng (2018), Xie et al. (2023), and Li et al. (2020).
Then, combined with the experimental results of Brazilian splitting
tests with bedding angles of 0°,45°, and 90°, the trial-and-error
method was employed to calibrate the model parameters. To ensure
that the failure patterns and force-displacement curves obtained by
numerical analysis agree with the experimental ones, the parameters
were calibrated through multiple iterations. Finally, the parameters
were determined when the simulation results agree well with the
experimental results. The parameters of cohesive elements are listed
in Table 1.

3.2.2 Mesh sensitivity analysis

For the simulation of Brazilian splitting tests, Jiang and Meng
(2018) adopted 61,987 interface elements embedded into 32,142
solid elements to predict the mechanical response and failure mode
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Mesh sensitivity analysis of the failure modes. (A) « = 0°; (B) a = 45°;

and (C) a = 90°.

of isotropic rock specimens. In this study, both the coal matrix
and bedding planes are considered in this 3D numerical model.
Therefore, the mesh sensitivity analyzed is an indispensable part of
this simulation. In this study, three different mesh sizes (L, = 1.5 mm,
2.0 mm, and 2.5 mm) have been designed. In addition, for each mesh
size, the specimens have three different inclination angles (« = 0°,
45° and 90°). The element numbers for the specimens with different
element sizes are presented in Table 2. The force-displacement
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curves and the failure process of the Brazilian disc tests for numerical
models with different mesh sizes (L, = 1.5mm, 2.0 mm, and
2.5mm) and different bedding angles (a = 0°, 45°, and 90°) are,
respectively, plotted in Figure 10 and Figure 11.

The damage evolution and crack development of numerical
models are illustrated by cohesive elements, and the increase in the
element number causes the model to have more uniform damage
and cracks. Therefore, the model with a higher mesh precision
can better reflect the real damage condition and fracture pattern.
Comparing the simulation results, it can be seen from Figure 10
that the numerical model with coarse mesh size (L, = 2.5 mm)
may underestimate the tensile strength of the model. However, the
failure patterns can be well-predicted by the three numerical models
with different mesh sizes. The calculation times of each specimen
with different mesh sizes (L, = 1.5 mm, 2.0 mm, and 2.5 mm)
are approximately 3 h, 8 h, and 12 h, respectively. To balance the
accuracy and calculation time, we assumed that the mesh size
(L. = 2.0 mm) is enough to simulate the coal specimens with
different bedding angles, and it is also applied to the following
numerical study.

4 Numerical study
4.1 Simulation results

The numerical analysis for the coal rock models with seven
different bedding angles is conducted. The fracture behavior of
the numerical models compared with the final failure pattern of
the experimental results is presented in Figure 12. Accordingly, the
number of cohesive elements removed from the numerical model
could characterize the fracture behavior of the numerical model
to some degree. By monitoring the number of cohesive cracks
formed in the numerical models, the displacement-cumulative
crack number curves for the specimens are plotted in Figure 13,
and the axial force-displacement curves obtained by experiments
and simulations are also plotted in Figure 13. Figure 14 shows the
tensile strength of coal rock as determined by both experimental and
simulation methods under Brazilian splitting tests.

As illustrated in these figures, the final fracture patterns of
the numerical model with seven different bedding angles are in
good agreement with the experimental results. In addition, the
simulations based on the CZM can effectively predict the whole
failure process and mechanical responses of coal rock specimens
under complex stress state. The discrepancies between numerical
simulations and experimental results can be attributed to the
following reasons: on one hand, the coal rock specimens contain a
large number of tiny pores and defects, which are not considered
in the numerical model. On the other hand, the bedding planes in
the coal rock are not flat and are not evenly spaced. To simplify the
calculations, the bedding planes are simplified as evenly spaced flat
planes in the numerical model, which can lead to certain errors.
However, overall, the numerical model is able to capture the essence
of this problem and effectively simulate the bedding effects of the
coal rock.

As we all know, coal rock is a typical quasi-brittle material.
There are many microcracks inside the coal rock specimens, and
under external loads, stress concentration always occurs at the tip
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Crack initiation and propagation of numerical models and the failure modes of the tests at seven bedding angles.

of the microcrack, and then microcracks begin to propagate and (1) Tensile splitting failure along the bedding planes. When «
penetrate, and finally, the specimen gets destroyed. According to < 45° the main crack propagates mainly along bedding
crack morphology, the specimens can be roughly divided into the planes. Due to the great difference between bedding
following three categories: planes and coal matrix, stress concentration occurs at the
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interface, and cracks are also initiated at the interface. As whole specimen. In this case, it is mainly the cohesion
the displacement further increases, the cracks propagate between the bedding planes that resists the tensile stress. In
further and finally form the main cracks through the addition, when the stress reaches the cohesion strength, the
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specimens present the tensile failure pattern along the bedding

planes.
(2) Shear and tensile mixed failure along matrix and bedding
planes. When a = 60° or 75°, the main crack passes through
both the matrix and the bedding planes, and it presents
a circular arc. Moreover, secondary cracks occur along the
bedding planes. Under external loads, when the shear force
on the bedding plane exceeds the shear strength, the crack
occurs along the bedding planes. On the one hand, the
compressive stress will restrain the sliding shear failure along
the bedding plane, and on the other hand, due to the Poisson
effect, the crack will propagate through the bedding plane
and matrix.
(3) Tensile splitting failure along the matrix. When the bedding
angle is 90°, the major crack cuts the bedding plane vertically
and propagates through the matrix. With the increase in the
loads, cracks propagate through the matrix perpendicular
to the bedding planes. Finally, the major crack path is
formed along the loading direction, and the major crack
is serrated.

In addition, it can be observed from the displacement-cumulative
crack number curves that the specimens with different bedding
angles subjected to Brazilian tensile tests have the following
characteristics:

(1) Although the specific trend for each curve varies, the
overall trend of the curves can still be roughly classified
into four stages: the elastic stage, the crack initiation
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stage, the crack rapid expansion stage, and the final
failure stage.

Attheinitial loading stage, the specimens are in the elastic stage
and there are no cracks in the models. As the displacement
increases, some of the cohesive elements satisfy the failure
criterion and are then deleted from the finite element mesh,
implying that crack formation will gradually initiate. With
the further increase in displacement, an increasing number of
cohesive elements are removed from the model, resulting in
the development of cracks. During the crack rapid expansion
stage, the crack growth rate gradually increases. As the main
crack penetrates the specimen, there is a turning point in the
displacement-cumulative crack number curve. Moreover, the
specimen reaches its ultimate tensile strength.

4.2 Failure mechanism analysis

For the Brazilian disc with any inclination angle, the stress at
the mid-point can be decomposed into a shear stress along the
bedding plane and a normal stress perpendicular to the bedding
plane direction, as described in Figure 15. In addition, o, is the
normal stress perpendicular to the bedding plane, 7 is the shear
stress parallel to the bedding plane, and o, is the compressive stress
at the center point.

When « = 0° there is no shear stress and only normal tensile
stress on the bedding plane. It is obvious that the normal tensile
stress leads to failure along the bedding plane. In addition, when a =
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90°, there is only normal compression stress and no shear stress on
the bedding planes. The specimens show a tensile failure when the
tensile stress is equal to the tensile strength of the coal matrix. The
strength for the bedding planes is generally lower than that of the
matrix. Consequently, the tensile strength of the coal rock specimen
(a = 0°) is lower than that of the specimen (& = 90°).

The inclination angle is within the range of 15° < a < 75°. Both
the normal stress and shear stress are obviously changed with the
variation in the bedding angle, and the failure patterns become more
complex. By analyzing the tensile strength and failure modes of the
specimens, it can be seen that the shear action is significant when
the inclination angle is in the range of 15° < & < 45°. Consequently,
subjected to the combined actions of normal tensile stress and shear
stress, the tensile strength is small and the main crack propagates
along the bedding plane. Additionally, with the increase in the
inclination angle, the normal stress perpendicular to the bedding
planes begins to restrain the tensile failure and shear slip. Thus,
the tensile strength of the specimen increases with increase in the
bedding angle from 30° to 75°. In addition, due to the Poisson effect,
the crack will propagate through the bedding plane and matrix.

5 Conclusion

In this paper, both the experimental and numerical Brazilian
splitting tests were conducted for investigating the effect of
bedding angles. The mechanical behaviors, fracture process,
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and AE characteristics were all investigated. Moreover, the
corresponding 3D numerical simulations were performed based on
the continuous-discontinuous simulation method on the platform
of ABAQUS/Explicit. Through comparative analyses, this study
concludes that

(1) The bedding angle has a great effect on the tensile strength of
the coal rock. As bedding angle increases from 0° to 90°, the
tensile strength first decreases (0° < « < 30°) and then increases
gradually (30° < « < 90°). When « = 30°, the tensile strength
reaches the minimum, and when « = 90°, it is the maximum.

(2) The final failure pattern is also greatly influenced by the
bedding angle. When « < 45°, the coal rock specimens are
mainly destroyed along bedding planes, and the main crack
deviates from the center of the disc, except « = 0°. When the
bedding angle is in the range of 60° < & < 90°, the main crack
passes through the center of the disc; moreover, the secondary
cracks may also develop along the bedding planes.
The cumulative AE energy-displacement curves for the coal
rock across seven different bedding angles show similar
evolutionary trends. The evolution process of cumulative AE
energy can be classified into four stages: initial compaction
stage, elastic deformation stage, crack propagation stage, and
destruction stage. As the bedding angle increases from 0° to
90°, the tensile strength decreases initially (0° < a < 30°) and
then gradually increases (30° < a < 90°).
The simulation results demonstrate strong concordance with
the experimental results, indicating that the numerical analysis
method based on CZM is effective in predicting the non-linear
mechanical responses, overall failure process, and fracture
behavior of coal rocks under complex stress states. As a result,
the 3D numerical model could be applied in the simulation of
rock engineering with bedding effects.
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