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Abstract: Layered rocks are widely distributed in mining and underground engineering. The evo-
lution processes, such as crack initiation, development and penetration, inevitably occur due to
stress changes. This study carried out an experiment and numerical simulation to explore the cor-
respondence between crack distribution and bedding dip, and to reveal the mechanical mechanism
of layered rock fracturing. The results show that the layered rock specimens with different bedding
dips obtained different stress combinations under the same uniaxial compression conditions. There
are a total of five types of stress combinations, including pure compression type, compression shear
type, pure shear type, tension shear type, and pure tension type. The Mohr circle is effective in
characterizing the relationship between the stress combinations and failure modes. The failure mode
of layered rocks in the range of 0° to 150° is presented the variation features of “tensile failure —
compression-shear failure — shear failure — tensile shear failure — tensile failure”. Furthermore,
the combined distributions of dominant and secondary cracks are summarized into the penetrating
mode, the exfoliation mode, the feather crack mode, and the associated mode in high-dip of layered
marbles. This paper provides research ideas for stability monitoring and crack tracking of layered
rock mass engineering.
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1. Introduction

Rock is one of the most widely used engineering materials in the field of engineering.
Layer weak surface is a common form of natural defect in rock materials, so its adverse
effects on rock engineering cannot be ignored [1]. The study of layered rock on different
dips is always a hot topic in the field of rock mechanics [2]. The mechanism of the influ-
ence of stress combinations generated by different bedding structures on the failure mode
of rock mass still needs to be further explored [3]. Previous studies have found that weak
interlayers can lead to changes in the overall damage form and failure mechanism in the
rock assemblage [4], and even affect the percolation characteristics of the coal and rock
combination [5,6]. Zhong et al. [7] conducted Brazilian splitting experiments using lay-
ered coal and observed that the stress state at the crack tip and the crack propagation path
are influenced by the bedding plane. The failure mode of the specimen is independent of
the loading rate and depends on the direction of the bedding plane. Zhang et al. [8] con-
ducted Brazilian splitting experiments on specimens containing cement interlayers and
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found that the thickness and strength of the interlayer affected the failure mode of the
specimens, and the inclination of the interlayer significantly affected the formation of pri-
mary and secondary cracks. Miao et al. [9] conducted uniaxial compression tests on sand-
stone samples with varying defect inclinations and filling materials, analyzing the influ-
ences of different filling materials and defect inclinations on crack propagation behavior
based on Coulomb friction theory.

The bedding orientation of the rock, interlayer bonding force and frictional contact
play a very important role in the anisotropy of the rock, and have a significant impact on
the failure strength, fracture pattern, and distribution of microcracks [10-13]. Shang et al.
[14] conducted uniaxial loading tests on double-fractured coal samples with different in-
clusion inclinations, analyzed the influence of inclusion inclination on the type and angle
of new cracks, and analyzed the evolution of the stress intensity factors at the tips of the
cracks. Song et al. [15] conducted triaxial compression tests on layered soft-hard rock-like
specimens with different inclinations and, using X-ray, CT technology, and numerical
simulation, analyzed the internal crack propagation processes, as well as the damage
modes and failure mechanisms of three-dimensional composite rock models with differ-
ent inclinations. Zhou et al. [16] conducted uniaxial compression experiments on coal
rocks with different bedding angles, establishing a microscopic analysis model to examine
the impact of bedding angle on the compressive strength, failure mode, and crack distri-
bution of the rock. Yuan et al. [11] used uniaxial compression tests and the Particle Flow
Code (PFC2D) to study the mechanical properties, crack propagation, failure modes, and
failure evolution characteristics of red sandstone with different pre-existing crack inclina-
tion angles. Chang et al. [17] developed a numerical model by inserting cohesive elements
(CE) to simulate the evolution of fracture paths in layered rocks, which was validated by
wedged splitting tests. The model revealed that the fracture penetration/deflection behav-
ior on the bedding plane is controlled by two thresholds. Yin et al. [18] established simu-
lation models of layered composite rocks using the BRM and SJM models for joint surface
treatment. The SJM model more effectively reflects the anisotropic characteristics of the
uniaxial compressive strength and elastic modulus of the sample and can independently
calculate tensile and shear cracks. The macroscopic fracture surface of rock sample with
the BRM model is more pronounced, and is also closer to the fracture surface of the phys-
ical sample than those with the SJM model.

The variation characteristics of rock mechanics and fracture properties under the in-
fluence of bedding angle have been studied. Jaeger [19] proposed the single plane hypoth-
esis of shear failure in anisotropic rocks, which states that the shear strength of layered
rocks varies with layer orientation. Changes in the angle of bedding can lead to differences
in the influence of factors, such as rock water absorption and confining pressure, on the
compressive strength of rock [20] . Some research results show that, under uniaxial com-
pression, the cracking stress [21], and peak strength of rock specimens exhibit a trend of
first decreasing and then increasing with the increase in bedding dip angle [22-24], with a
minimum occurring at a bedding dip angle of 60° [2,16]. Gao et al. [24] found that the
tensile strength, compressive and shear wave velocities of shale all exhibit strong anisot-
ropy. The tensile strength along the bedding plane is about 300-360 times that of the per-
pendicular to the bedding plane, and the compressive wave velocity perpendicular to the
bedding plane is the smallest, while the shear wave velocity parallel to the bedding plane
is the smallest. Chen et al. [25] evaluated the effectiveness of lateral isotropy in the Long
maxi shale formation and found that, under low confining pressure, even if both surfaces
are perpendicular to the beddings, there are more fractures on the surface perpendicular
to the maximum principal stress than on the surface perpendicular to the intermediate
principal stress. He et al. [26] performed uniaxial compression experiments at different
strain rates using shale samples with various bedding orientations and found that the
bedding orientation and strain rate significantly affect the failure mode of the specimens.
Moreover, by adjusting the strain rate, the failure mode of the rock can be altered under
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different bedding conditions [27]. Song et al. [28] investigated the stress—strain relation-
ship and the mechanical properties” anisotropy of hard sandstone under the influence of
bedding angle and summarized the variation of failure modes with the bedding angle.

The inclination of the internal layered structure in the rock also has an impact on the
microtopography of the crack surface. Under the combined action of compression and
shear, the fracture morphology of the wing cracks changes from complex to simple as the
angle of pre-existing fracture increases, while the fracture morphology of the anti-wing
cracks and secondary cracks becomes relatively rougher, with a higher number of trans-
granular and intergranular cracks [29]. Wang et al. [30] found that, when both defective
pores and prefabricated cracks with different angles are present, the prefabricated crack
angle outweighs the effect of pore location on the mechanical properties of the rock. The
greater the angle, the shorter the initial crack length, and the more cracks at final failure.
The perspective of bedding also affects the dynamic properties of rocks [31]. Under the
action of impact load, samples with high-angle and low-angle beddings primarily fail in
tension, while those with intermediate-angle beddings are more prone to shear and mixed
failures. Moreover, by changing the angle between the bedding plane and the direction of
stress wave propagation, one can alter the extent of rock failure and the size of fragments
[32]. The bedding orientation also affects the effect of confining pressure on the failure
mode in triaxial compression tests [33]. Wu et al. [34] tested shale samples under different
bedding orientations and confining pressure conditions, concluding that samples with a
45°inclination angle were the least sensitive to confining pressure, while those with a 60°
inclination angle were the most sensitive. In addition, there are also a large number of
research results on the direct impact of bedding angle on rock failure modes [35-38]. Over-
all, these results can be summarized as follows: at low bedding angles, rock mainly un-
dergoes trans-layer tensile fracture, at moderate bedding angles, it undergoes shear fail-
ure along layers or composite shear failure across layers and along layers and, at high
bedding angles, it undergoes shear failure along layers independent of bedding.

Despite the above research and results revealing the variation law of the failure mode
of layered rock under different bedding angles, the deep mechanical mechanism of bed-
ding angle affecting rock failure mode still needs to be supplemented. Therefore, the ob-
jective of this study is to enrich the research in this gap. In this study, different stress com-
binations were divided according to the different positions of the Mohr circle. The differ-
ences in crack modes and distribution of rocks under different stress combinations were
discussed. Numerical models of rocks with different bedding dips were established for
numerical experiments to achieve different stress combinations and reveal the influence
mechanism of stress combinations on crack modes. The uniaxial compression mechanics
experiment on rock was carried out, the image of the surface crack of the rock specimen
was monitored by a camera, and the difference in the crack distribution on the rock sur-
face at different bedding dips was analyzed, including the dip of the dominant crack, the
development of secondary cracks, and the spatial distribution of the two. Based on the
results of numerical simulation and mechanical experiments, the influence of stress com-
bination on the uniaxial compressive crack mode and crack distribution of rock was stud-
ied.

2. Materials and Methods
2.1. Numerical Experiments of Uniaxial Compressive on Layered Rock

The PFC2D 5.0 program is based on particle flow discrete elements and is widely
used to simulate the generation and propagation of cracks in media. Simulation is per-
formed by PFC (2D) 5.0, and the macroscopic mechanical parameters of the calculated
model can be simulated by simply setting the meso-mechanical parameters of the particles.
The PFC program provides two particle bonding models, contact bond (CB) junction and
parallel bond (PB), and the parallel bond model can be used to simulate the adhesion of
cementitious material between two adjacent particles; when the normal or tangential
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stress exceeds the corresponding parallel bond strength, tensile microcracks or shear mi-
crocracks and parallel bond failure will occur.

Figure 1 shows the loading conditions of the layered rock specimens. a is the bedding
dip. The numerical model with PFC2D setting different bedding inclination dips (0° to
180°, one every 30°) is used for numerical simulation, the model size is 50 mm x 100 mm,
and the displacement loading method is used for simulation (Figure 2).
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Figure 1. Numerical model loading conditions.

(@) (b) (©) (d) (e) ()

Figure 2. Numerical model of bedding rock. (a) The bedding dip is 0°; (b) the bedding dip is 30°; (c)
the bedding dip is 60°; (d) the bedding dip is 90°; (e) the bedding dip is120°; (f) the bedding dip is
150°.

In this paper, the axial displacement loading rate is set to 0.0005 m/s, and the
calculation termination condition is as follows: stop the calculation when the residual
strength of the model reaches 60% of the peak strength. In order to better reflect the
mechanical properties of rock, the parallel bond model is used as the contact model
between particles, and the smooth joint model is used between bedding planes. The initial
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parameters of the model are derived from the research results of Xia [39] and Yin [18], and
then adjusted according to the macroscopic mechanical parameters and failure modes.
The final meso-mechanical parameters of the numerical calculation model are shown in
Table 1.

Table 1. Numerical model mesoscopic parameters.

Parameter Category Specific Parameter Value
porosity of material 0.01
minimum radius/m 0.0002
maximum radius/m 0.0004
particle parameters density/kg/m? 2700
elastic modulus/GPa 6.9
stiffness ratio 0.86
coefficient of friction 0.5
elastic modulus/GPa 6.9
stiffness ratio 0.86
parallel bond normal strength/MPa 60
parameters tangential strength/MPa 6
dip of friction/° 30
normal stiffness/GPa/m 9000
tangential stiffness/GPa/m 9000
smooth joint parameters coefficient of friction 1.6
normal strength/MPa 15
tangential strength/MPa 8

Jaeger [19] proposed the single weak surface principle, which assumed that the
transversely isotropic rock material consists of a rock medium and a set of parallel
bedding weak surfaces. The failure of rock medium and weak bedding follows the Mohr—
Coulomb criterion [40], but the cohesion and internal friction dip of rock medium and
weak bedding are not equal. Therefore, the breaking criterion is formulated as follows:

For the destruction of rock materials,

r=c+otang (1)
For the destruction of bedding surfaces,

Ty =¢,t0,tang, (2)

where ¢ and ¢ are the cohesive force and internal friction dips of the rock medium,
respectively, and c» and @w are the cohesion and internal friction dips of the bedding
surface. T and o are tangential stress and normal stress, respectively. 7¢ and oe are the
tangential stress and normal stress when the dip of the bedding plane is 6, respectively.

As shown in Figure 3, there is a weak surface in the rock, and the dip between this
weak surface and the minimum principal stressis f. From the single weak surface theory,
it can be seen that the conditions for failure along the weak surface are

2(c,tostang,)
o, =03+ - 3)
(1-tang, cot B)sin2f

By taking the derivative of 8 so that the first derivative is zero, then we can find that
the condition satisfying the minimum o1 is,

T 9,
F=3"7 )
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When the rock sample does not fail along the weak surface, its strength is equal to
that of the rock, and the dip between the crack surface and o1 is

=21 %
Bo 4 + ) (5)
From a large number of laboratory test results, it can be concluded that, for layered
rock specimens, when the dip of the bedding plane is 60°, the uniaxial compressive
strength reached the minimum value, and the sample underwent slip failure along the
bedding plane.

lm

03

Figure 3. Schematic diagram of the theoretical prediction of failure stress by a single weak surface.

2.2. Failure Laboratory Test on Uniaxial Compression of High-Rise Polytechnic Marble

In the uniaxial compression test, a total of 4 marble specimens are loaded, and the
bedding dips of these 4 rock specimens are 90°, 100°, 105° and 110°, respectively. The rock
specimen is a 50 mm x 50 mm x 100 mm cuboid (Figure 4). The rock mechanics’ test system
of TAW-3000 is used for the test. The uniaxial compression test is performed with dis-
placement loading in the direction parallel to the longest size of the specimen and applied
at a loading rate of 0.002 mm/s. At the beginning of the experiment, the loading system
and the high-speed camera are running simultaneously. The loading system can record
the axial load, axial displacement and other parameters of the loading process. The high-
speed camera (Prosilica GX2750C) produced by the Allied Vision Technologies company
in Germany is used to record high-resolution images at a rate of 10 fps for analysis of the
development of surface cracks in rock specimens.

Figure 4. Rock specimens with different bedding dips.
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(a)

3. Results
3.1. Numerical Simulation Experiment Results

In the numerical models and the corresponding failure results, the models with dif-
ferent dip bedding show different crack distribution states (Figure 5). The bedding plane
is shown as a light blue dotted line, the tensile cracks are represented by TF(Tensile Fail-
ure), and the shear-slip along the bedding plane is represented by SP (Shear-Slip). The
model with a bedding dip of 0° almost only produces tensile cracks (TF-0A and TF-0B in
Figure 5a), which are distributed between the bedding planes and do not penetrate them.
When the bedding dip is 30°, the model mainly undergoes shear-slip along the bedding
plane (SP-30 in Figure 5b), and secondary tensile cracks (TF-30A and TF-30B in Figure 5b)
develop during the slip process. When the bedding inclination increases to 60°, the model
basically only generates two major cracks, and a slip occurs (SP-60 in Figure 5c). The
model with a bedding inclination dip of 90° produces tensile cracks along the vertical
bedding plane (TF-90A and TF-90B in Figure 5d). The cracks generated by the models
with bedding inclination dips of 120° and bedding inclination dips of 150° are symmetrical
with the models with bedding inclination dips of 60° and 30°, respectively, but basically
only the shear-slip surfaces SP-120 and SP-150 are generated, and there are almost no ob-
vious tensile cracks (Figure 5e,f).

(b) (c) (d) (e) ()
Figure 5. Numerical model of layered rock with different dip bedding. (a) The bedding dip is 0°; (b)
the bedding dip is 30°; (c) the bedding dip is 60°; (d) the bedding dip is 90°; (e) the bedding dip
is120°; (f) the bedding dip is 150°.

With the increase in the dip of the bedding, the failure mode of the numerical model
undergoes a process of “tensile failure — compression-shear failure — shear failure —
tensile shear failure — tensile failure”. The slip phenomenon along the bedding plane can
be observed in the numerical models with bedding inclination dips of 30°, 60°, 120°, and
150°, among which the slip phenomenon is most obvious in the models with bedding dips
of 60° and 120°, which is consistent with the results derived from the single weak surface
principle in Chapter 2.1.2. When the bedding plane is perpendicular or parallel to the
loading direction, the model is dominated by tensile failure, and the bedding plane is
obliquely intersected with the loading direction. The model is dominated by shear-slip
failure, which is consistent with the results of [12].

3.2. Uniaxial Compression Experiment Results
3.2.1. Mechanical Analysis of Rock Failure Process of Different Bedding Structures

The stress-strain curves of rock specimens with different dip bedding are shown in
Figure 6. There is no significant difference in the peak strength of rock specimens at dif-
ferent bedding dips, but the peak strain decreases with the increase in bedding dip. The
elastic modulus of the rock specimen increases with the increase in bedding dip. In addi-
tion, the increase in bedding inclination leads to the shortening of the compaction stage
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and elastic stage of the micro-cracks on the stress—strain curve, as well as the early appear-
ance of the peak stress. Compared with other specimens, the stress—strain curve of GUD-
90 specimen is different from that of typical rock stress—strain curves, but shows an obvi-
ous linear growth trend, and the specimen suddenly fails after reaching the peak strength,
showing obvious brittle features, which is consistent with the tensile failure mode of
GUD-90 specimens. Before the GUD-105 specimen reaches its peak strength, the stress on
the stress—strain curve drops sharply and then rises, which is caused by the slippage of
the internal bedding surface of the specimen, but does not cause the overall failure of the
specimen, and then the axial load continues to increase, the key parts of the bedding and
rock medium are damaged, the stress—strain curve reaches the peak point, and the overall
failure of the specimen occurs.

— GUD-90
—— GUD-100
60 - —— GUD-105
—— GUD-110

N
(=}

Axial stress/MPa

20

0 1 1 1 1 1 1 1 1

0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6
axial strain/%

Figure 6. Stress—strain curve of each rock specimen.

3.2.2. Crack Distribution in the Failure of Rocks with Different Bedding Structures

The failure of rock specimens is a complex process and, according to Griffith’s hy-
pothesis, crack begins due to pre-existing cracks and defects in brittle materials. Mi-
crocracks occurred when the local stress exceeds the local strength, and the merging of
multiple microcracks would lead to macroscopic cracks. Crack initiation, propagation,
and overall sample failure were different continuous processes. The failure of rock speci-
men began with the growth of microfracture and ended with the complete crack of the
specimen [3]. High-speed cameras record high-resolution images at a rate of 10 fps for
analysis of the development of surface cracks in rock specimens. Figure 7 shows the pho-
tos of each rock specimen after uniaxial compression failure collected by the high-speed
camera. From all the collected photos, those of cracks, crack propagation and final failure
on the surface of each rock specimen were screened out. The surface crack images of the
rock specimens in these photos were depicted to form a schematic diagram of the relative
position of the surface crack distribution of the rock specimens (Figure 8A-D).
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GUD-100 GUD-110

Figure 7. Photographs of each rock sample at its ultimate rupture.

At the beginning, a small part of the thin section peels off in the upper left corner of
the GUD-90 specimen, and the initial dominant crack Y-90a is formed on the left side of
the specimen. It is arranged in a continuous manner parallel to the bedding plane but does
not penetrate it. Subsequently, the opening of the crack Y-90a increases rapidly, resulting
in an I-type crack and detachment (S1). The dominant crack Y-90b originates from the
center of the top surface of the specimen and extends to the bottom right corner with an
inclination dip of 100°, and finally forms a type II crack and penetrates through the spec-
imen. The secondary cracks C-90a and C-90b originate from the center of the top of the
specimen, and they are distributed at equal intervals to form feathered cracks, with incli-
nation dips of 75° and 84°, respectively, and the edges of the two groups of cracks result
in surface flakes of debris peeling. The secondary crack C-90c is Y-shaped, and the sec-
ondary crack C-90d is combined into a continuous plume crack in the same direction, with
an inclination dip of about 87°.

The GUD-100 specimen produces the dominant crack group Y-100a from the center
of the apex, which is discontinuous, with an inclination dip between 90° and 99°, which is
basically parallel to the bedding plane. As the loading continues, the dominant crack Y-
100b is generated on the left side of the top of the specimen, which is distributed in a
goose-shaped crack with an inclination dip of about 83°, and the crack falls off along the
crack on the left side of the specimen. The discontinuous cracks of Y-100a in the dominant
crack group are gradually connected, and eventually penetrate the upper and lower sur-
faces of the specimens, forming I-type cracks. The initiation position of the secondary
crack C-100a is close to that of the crack group Y-100a, with a dip of 76°-84°. The crack
extends from the middle of the specimen to the lower left corner. After the left end of the
specimen peels, the spalling surface becomes a free surface, and the secondary crack C-
100b sprouts at the upper left end of the specimen, which is almost connected to the spall-
ing surface.

The initial crack of the GUD-105 specimen originates on the right side of the bottom
end, and the modified crack extends to the top of the specimen along the direction of the
bedding plane, with an inclination dip of about 90°-105°, then forming the dominant crack
Y-105a. The dominant crack Y-105b originates in the middle of the bottom end and ex-
pands rapidly in the direction parallel to the bedding plane, and penetrates the upper and
lower end faces of the specimen. As the loading continues, a vertical tensile dominant
crack Y-105c appears on the left side. It initially has an inclination dip of 102°, which is
parallel to the bedding plane, and rapidly expands when it extends to the middle, result-
ing in an I-type crack with an inclination dip of about 90°. Then, rock spalling appears on
the left side. The width of the dominant cracks Y-105a and Y105b continues to increase,
and both of them penetrate through the upper and lower surfaces, forming I-type cracks.
The secondary crack C-105a appears near the germination position of the dominant crack
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Y-105a at a dip of about 100°. The secondary crack C-105b parallel to the spalling surface
appeared at both ends of the left spalling surface, with a dip of 90°-98°, while C-105c dis-
played a dip of about 78°.

The primary crack of the GUD110 specimen is the dominant crack Y-110a, which
originates in the middle of the bottom end, and the inclination dip of the crack is 94°-102°,
which is roughly parallel to the bedding plane. A group of wing-shaped dominant cracks
Y-110b (dip 91°-114°) are generated in the middle of the top. Y-110a and Y-110b are con-
nected in the middle to form a wing-shaped crackY-110c. As the loading continued, the
crack at the formation of Y-110a expands, and a second dominant crack Y-110d parallel to
the bedding germinates on the right side of the bottom end, and Y-110d initially develops
along the bedding plane at a dip of about 104° and quickly extends vertically upward.
After continuous loading, the upper left corner of the specimen produced a thin section
peeling, the opening of Y-110a and Y-110d increases sharply, the specimen expands, and
the I-type crack occurs along the two dominant cracks. The secondary crack C-110a ger-
minates in the middle of the top, develops to the lower left and connects with the domi-
nant crack Y-110a. In the middle of the specimen, the shear crack C-110b is generated be-
tween the dominant crack Y-110a and Y-110d, which is arranged in a plume through the
bedding plane with an inclination dip of about 52°. Crack C-110b connects with two dom-
inant cracks, and the opening gradually increases, resulting in type II cracks.

3.2.3. The Distribution of Cracks in High-Rise Marble

According to the relationship between the initiation and development of cracks on
the surface of rock specimens and their relative positions, the crack distribution is divided
into the following four categories: penetrating type, shedding type, pinnae type, and as-
sociated type. The distribution of each type is as follows.

Penetrating type: Penetrating cracks are mainly dominant tensile cracks related to
bedding planes, and most of these types of cracks originate from the end face of the spec-
imen, gradually extend and expand to the middle of the specimen, and finally penetrate
the upper and lower ends of the specimen (Figure 8 A(c) Y-90b, Figure 8B(c) Y-100a, Figure
8C(c) Y-105a and Y-105b, Figure 8D(c) Y-110d).

Shedding type: Similar to through-type cracks, shedding cracks are also generated
from the end face of the specimen, but most of them extend vertically and expand rapidly
before the final crack occurs, resulting in the rock on the outside of the crack bending and
cracking, and finally falling off (Figure 8A(c) S1, Figure 8B(c) S2, Figure 8C(d) S3,).

Pinnae type: Most of this type are secondary cracks, which are formed during the
extension of dominant cracks, and appear as branches of dominant cracks, or appear
plume-like by themselves, at a certain dip with the dominant cracks, mainly as tensile
cracks (Figure 8A(c) C-90b, Figure 8B(c) C-100a, Figure 8C(c) C-105a, Figure 8D(c) C-110b).

Associated type: This mainly forms by the interaction due to spatial location during
the propagation of dominant cracks, or near the shedding surface, as secondary shear
cracks that penetrate between the dominant cracks (Figure 8A(c) C-90a, Figure 8D(c) C-
110b), or dominant tensile cracks roughly parallel to the shedding surface (Figure 8A(c)
C-90a and C-90b, Figure 8B(c) C-100b and C-100c, Figure 8C(c) C-105b).
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Figure 8. Schematic diagram of the relative location of the crack distribution of the rock specimens.
(A) GUD-90; (B) GUD-100; (C) GUD-105; (D) GUD-110.

4. Discussion
4.1. Relationship between Crack Distributions and Stress States
4.1.1. The Correlation between Dominant Cracks and Principal Stress Field

Under the same loading conditions, rock specimens with different bedding dips will
form different internal principal stress distribution states. Stress analysis is performed on
the bedding planes at different dips, and the results are shown in Figure 9. When the bed-
ding dip is 0°, the principal stress inclination dip will increase with the vertical direction
due to the vertical principal stress generated by the axial load and the bedding surface,
and the vertical tensile crack inclination dip will increase with the increase in the bedding
dip, and according to the crack distribution generated by the uniaxial compression exper-
iment of the rock specimen (Figure 9a—d). It can be seen that the dominant crack inclina-
tion dip increases with the principal stress inclination dip, and the dominant crack incli-
nation dip of the GUD-90 specimen is 90°-~100°. The dominant crack inclination dip of the
GUD-100 specimen is 90°-99°, the dominant crack inclination dip formed by the GUD-105
specimen is about 102°, and the dominant crack inclination dip of the GUD-110 specimen
is about 104°. From the perspective of fault type, with the increase in bedding dip, the
crack mode of rock specimens has formed a trend from I-II composite fault.
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Figure 9. Schematic diagram of stress decomposition on bedding plane. (a) The bedding dip is 0°;
(b) the bedding dip is 30°; (c) the bedding dip is 60°; (d) the bedding dip is 90°.
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Based on the stress decomposition of the bedding plane and the results of the uniaxial
compression experiment of the rock specimen, the distribution of the dominant cracks is
basically consistent with the direction of the principal stress as the bedding plane tends
from horizontal to vertical. According to the origin of cracks, the surface cracks of rock
specimens can be divided into two types, shear crack and tensile crack (Figure 10). From
the distribution of dominant cracks, the rock specimen with a bedding dip of 90° produces
tensile cracks under uniaxial compression, and the failure mode is also a typical tensile
failure. The dominant cracks penetrate the bedding plane and do not show a directional
correlation with the bedding plane, which indicates that the bedding has no effect on the
crack mode of the specimen at this time, the tensile cracks occur in the rock with the di-
rection of principal stress, and the bedding dip is 100°. The dominant cracks generated by
the rock specimens are parallel to the bedding plane at the initial initiation but, with the
continuous loading, the dominant cracks are separated from the bedding plane in the de-
velopment process, which also indicates that the strength of the rock specimen has noth-
ing to do with the bedding plane with an inclination dip of 100°, the “tension shear” com-
prehensive failure of the specimen occurs with the direction of the principal stress, and
the bedding inclination dip is 105°.
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Figure 10. Crack in rock specimen. (a) the bedding dip is 90°; (b) the bedding dip is 100°; (c) the
bedding dip is 105° (d) the bedding dip is 110°. The red letters ' S ' and black letters ' T ' represent
shear cracks and tensile cracks, respectively.

The failure mode and the feature of the dominant cracks show a strong correlation
with the bedding plane, and the whole process from the initiation to the gradual extension
and expansion of the dominant cracks basically coincides with the bedding plane, leading
to the formation of tension cracks. The failure of the bedding dip of 110° rock specimens
is basically dominated by the bedding plane, and the two main dominant cracks are
formed in the type I fault of the bedding plane, and new cracks evolve in the development
process. The above situation shows that when the bedding inclination dips are 105° and
110°, the bedding plane is basically the same as the principal stress direction, and the main
failure of the specimen is carried out along the bedding plane direction.

4.1.2. The Correlation of Secondary Cracks and Secondary Stress Field

a=0°, there are many secondary cracks in the model, which are mainly distributed
between the bedding planes. The number of microcracks is large, the correlation between
crack distribution and bedding is not large, and the difference with the dominant cracks
is mainly that the crack size is small. a is 30°, the secondary cracks generated in the model
show the branches of the dominant cracks, and the friction on the two sides of the domi-
nant shear cracks during the slip process of the dominant shear cracks produces frictional
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effect on the block, so that the block produces tensile stress and forms secondary tensile
cracks. at is 60°, the crack surface mainly develops along the bedding plane, and the crack
surface coincides with the bedding plane, indicating that the stress state on the bedding
at this dip is in the ultimate equilibrium state, and the number of secondary cracks is the
least, which is consistent with the genesis of the secondary cracks in the 30° model, and
the secondary stress field is also the tensile stress caused by the friction of the slip surface.
a is 90°, the secondary cracks, like the dominant cracks, are basically parallel to the bed-
ding plane, which is tensile cracks, and secondary cracks also appear at the loading ends,
indicating that the secondary stress field is the tensile stress inside the block between the
bedding planes.

The distribution of secondary cracks shows a pattern similar to that of dominant
cracks. When the bedding inclination dip is 90°, most of the secondary cracks do not show
the correlation with the bedding plane, or even the dominant cracks, and are vertically
arranged plume cracks. There are few secondary cracks in the rock specimens with a bed-
ding inclination dip of 100°, and the germination position is close to the dominant cracks,
but the extension direction is not consistent with the dominant cracks, and there is no
correlation with the bedding plane, and a few secondary cracks are formed due to the
expansion and extension of the dominant cracks, which are the branches of the dominant
cracks. Rock specimens with a bedding dip of 105°, the secondary cracks are all germi-
nated due to the expansion of the dominant cracks, and the number is very small, and the
crack length is short. When the bedding dip increases to 110°, most of the secondary cracks
generated in the early stage of failure are parallel to the bedding plane, some of the sec-
ondary cracks are generated when the dominant cracks expand and develop along the
bedding plane, and the remaining secondary cracks are generated between the two dom-
inant cracks and connect the two dominant cracks through the bedding plane.

4.2. Relationship between the Stress Combinations and the Failure Modes

Accordingly, different positions on Mohr circle, different stress states are shown in
Figure 11. In the model with a bedding inclination dip of 0° or 180°, the actual force in the
area near the bedding plane is in a pure compressive state at point A (Figure 11). And as
a whole the tensile crack mainly occurs in the model, and there are also intervened tensile
cracks along the bedding plane (Figure 12a). When the bedding inclination dip is 30°, the
actual force in the area near the bedding plane is at point B (Figure 11), which is a com-
pressive shear state. In addition to the slip dislocation along the bedding plane, the com-
pression-shear crack surface also appears in the model (Figure 12b). When the bedding
inclination dip is 60°, the actual force near the bedding plane is mainly shear force, which
is regarded as state C (Figure 11), and a shear crack surface appears (Figure 12c). It can be
seen from the crack distribution of the model (Figure 12d) that there is slip on each bed-
ding plane, and tensile cracks also appear on each slip surface, which indicating that when
the bedding inclination dip is 120°, the actual force near the bedding plane is state D (Fig-
ure 11). When the bedding inclination dip is 90°, the actual force in the area near the bed-
ding plane is state E, and the tensile cracks parallel to the bedding plane mainly appear in
the model (Figure 12e). Xu et al. [38] divided the failure modes of bedding rocks into three
categories, i.e., the cross-layer slip failure, the layer-slip failure, and the combination of
layer-slip failure and layer-based tensile crack.
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Figure 11. Schematic diagram of different stress combinations.
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Figure 12. Schematic diagram of failure modes corresponding to different stress combinations. (a)
Compression failure; (b) compression-shear failure; (c) shear failure; (d) tension shear failure; (e)
tension failure.

After testing the phyletic under directional loading, Duan et al. [37] divided the fail-
ure modes into tensile crack along or across layers, slip failures along layers, and compo-
site shear failures along layers. In this study, combined with the different stress states of
the bedding at different inclination dips, the crack genesis and the crack type, the failure
modes were summarized into five types: pure compression, compression shear, pure
shear, tension shear, and pure tension. Therefore, different positions of the Mohr circle
represent different stress combinations, the crack modes of bedding rocks under different
stress combinations are different, and the bedding dip of the rocks determines the crack
modes. The dips of 30° and 150° are exactly the opposite of the horizontal dips, but the
Mobhr circle clearly shows the difference in the stress states. This reflects the definite ani-
sotropy of the layered rocks.

5. Conclusions

In order to explore the correspondence between crack distribution and bedding dip,
and to reveal the mechanical mechanism of layered rock fracturing, uniaxial compression
mechanics experiments on rock were conducted in the laboratory, corresponding numer-
ical simulations were carried out using PFC2D numerical simulation software, a system-
atic study of failure modes of rocks with different bedding angles was carried out from
the stress combination and crack distribution perspectives, and the following conclusions
were obtained:
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(1) Bedding dips make an impact on the stress distributions of layered rock fracturing
under the same uniaxial loading condition. Through the different bedding dips of
layered rock specimen, it is possible to divide stress combination into the pure com-
pression type, the compression shear type, the pure shear type, the tension shear type,
and the pure tension type.

(2) The relationship between the stress combinations and the failure modes are charac-
terized by Mohr circles. The crack mode of layered rock specimen is controlled by
the bedding dip, and five failure modes exist in the bedding dip around the range of
0° to 150°, showing the change process of “tensile failure — compression-shear fail-
ure — shear failure — tension shear failure — tensile failure”.

(3) The combined distribution of dominant and secondary cracks is summarized into
four types: penetrating type, shedding type, pinnae type and associated type. Lay-
ered marbles with high bedding dips (90° to 110°) have different crack distribution
rules, the dominant crack shows an en echelon distribution and the secondary crack
a pinnae distribution.
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