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Understanding the deformation failure behavior of the composite rock strata has important implications for deep underground
engineering construction. Based on the uniaxial compression laboratory test of the specimens of composite rock strata
containing holes, the microscopic parameters in the particle discrete element simulation are firstly calibrated. Then, the
mechanical properties and failure characteristics of the composite rock strata with holes under different confining pressures are
studied. The results show that different dip angles and confining pressures have significant effects on the peak strength and
elastic modulus of the specimens. Under the same confining pressure, the peak strength and elastic modulus decrease first and
then increase with the increasing dip angle. As the dip angle is constant, both the peak strength and elastic modulus gradually
increase with the increase in confining pressure. It shows that the first area to be damaged in composite rock strata transfers
from soft rock to hard rock with the increase in dip angle. With the increase in confining pressure, the range of tensile stress
concentration area decreases substantially, while the range of compressive stress concentration area changes less.

1. Introduction

With the advancement of underground engineering technol-
ogy, more and more tunnels have been built in deep complex
rock strata [1–3]. In the process of deep tunneling, alternat-
ing soft and hard composite rock strata are often encoun-
tered. The mechanical properties and failure behavior of
composite rock strata were significantly different from those
of homogeneous rocks. Therefore, the study of composite
rock specimens containing holes has important engineering
guidance significance for the safety and stability of rock
engineering.

At the engineering scale, scholars have conducted vari-
ous studies on tunneling in composite rock strata. Zhang
et al. [4] conducted model tests of deeply buried tunnels in

complex rock strata, the results showed that there are signif-
icant differences in the evolution and distribution character-
istics of displacements and stresses in different rock
formations. Huang et al. [5] carried out physical model tests
to study the influence of weak interstates on the stability of
the surrounding rock of the chamber. Wu et al. [6, 7] studied
the characteristics of shotcrete and analyzed its influence on
the stability of tunnel surrounding rock, and the method of
yielding supports is proposed. Lin et al. [8] investigated the
failure behavior of the tunnel of Jinping II Hydropower
Station through geomechanical model tests, and the stress
and displacement change rules under high ground stress
are proposed. Liu et al. [9] conducted uniaxial compression
tests on hard rock specimens containing elliptical holes
and fissures, four failure modes of rock bridges have been

Hindawi
Geofluids
Volume 2021, Article ID 6229095, 12 pages
https://doi.org/10.1155/2021/6229095

https://orcid.org/0000-0002-3228-4621
https://orcid.org/0000-0002-7997-9594
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/6229095


determined. Wu et al. [10] employed an improved creep
mechanics model to predict the displacement of tunnel sur-
rounding rock.

Scholars have also conducted in-depth studies on the
mechanical properties and macroscopic failure behaviors of
specimens containing holes at the laboratory scale. Si et al.
[11] conducted a series of true triaxial tests with cubic spec-
imens containing circular holes, and the results showed that
the failure occurred first in the middle part on both sides of
the hole, then developed rapidly to the deep part, and finally
formed two symmetrical V-shaped cracks. Zhou et al. [12]
conducted uniaxial compression tests on hard rock with four
types of cavities, and the influence of the shape of the holes
on the rock mechanical properties and the evolution of frac-
ture failure are studied. Wu et al. [13] conducted a series of
uniaxial compression tests using digital image techniques
and acoustic emission to study the mechanical properties,
failure characteristics and fracture features of the specimens
with cross-excavation formed holes. Maji and Shah [14] car-
ried out a series of uniaxial compression tests on concrete
with two circular holes and prismatic concrete with fillings
were tested in compression; finally, it was found that the
cracking always starts at the interface of the fillings. Du
et al. [15] performed uniaxial compression tests on hard
rock and high-strength concrete with two holes, and then
the final failure modes of all specimens are categorized as a
tension-shear mixed failure and shear failure. Fakhimi
et al. [16] conducted out biaxial compression tests on hard
rocks containing prefabricated circular holes, and the acous-
tic emission characteristics during the failure process are
investigated. The deformation and failure laws of jointed
specimens with prefabricated circular holes under biaxial
compression were studied by Sagonget.al [17]. Cheng et al.
[18] investigated the influence of composite rock dip on
the mechanical properties and macro failure mode of the
specimen through compression test. Deng et al. [19] carried
out the loading tests of sandstone with different bedding dip
angles under uniaxial and triaxial conditions, the influence
of bedding plane on the mechanical properties and failure
mode of rock mass is researched.

Numerical simulation is an effective tool to study the
excavation of underground rock mass engineering. Many
scholars have obtained a large number of research results
through numerical simulation. Feng et al. [20] used the finite
difference software Fast Lagrangian Analysis of Continua in
3 Dimensions (FLAC3D) to analyze the evolution of princi-
pal stress when the Munigou tunnel crosses the soft and
hard contact zone during excavation. They find that the local
stress concentration effect controlled the large deformation
of the soft rock in the tunnel. Yang et al. [21] simulated tun-
nel excavation and support in an inclined upper soft and
lower hard rock strata with Universal Distinct Element Code
(UDEC), and the change laws of surrounding rock stress and
deformation are analyzed. Wang et al. [22] used Particle
Flow Code in 2 Dimensions (PFC2D) to study the stress
and displacement vector distribution characteristics of the
composite specimens with holes and double cracks. The
biaxial test was conducted on square specimens with a circu-
lar chamber with the Rock Failure Process Analysis (RFPA)

software, and the failure process and influencing factors of
this kind of rock were discussed by Zhu et.al [23]. Hou
et al. [24, 25] investigated the effects of fracture complexity,
air pressure, and other factors on shale gas flow; then, the
failure law of tight rock specimens is obtained through
numerical simulation. Liang [26] et al. proposed the initia-
tion and expansion law of rock fissures under the action of
water and nitrogen. Zhang et al. [27] discussed the stability
control method of roadway driving near the working face,
and the stress changes are obtained through numerical
modeling.

Although numerous previous studies have been con-
ducted on chambers and tunnels under composite rock con-
ditions, however, due to the complex occurrence of
surrounding rocks during the excavation of underground
engineering, the surrounding rocks of chambers and tunnels
are often composed of rock strata with very different lithol-
ogy. At the same time, due to the limitation of the laboratory
test conditions, the previous research mostly focused on the
uniaxial compression test, which is very different from the
high confining pressure environment of the rock mass in
deep engineering. In this paper, based on the uniaxial com-
pression test of the composite rock strata with holes in the
laboratory, the PFC2D software is used to conduct the biax-
ial compression test on the specimen of the composite rock
strata with holes at different dip angles, and the influence
of rock dip angle and confining pressure on the mechanical
characteristics and failure modes of the specimen is studied.

2. Numerical Modeling Establishment

2.1. Brief Introduction of the Laboratory Experiments. The
soft rock and hard rock materials are taken from Renshou
County, Sichuan Province, and their mineral composition
is mainly quartz and feldspar [28]. The physical and
mechanical parameters of the rock specimen are shown in

Table 1: Physical and mechanical parameters of soft rock and hard
rock.

Lithology σc (MPa) σt (MPa) C (MPa) Φ (°) E (GPa) υ

Soft rock 12.23 1.48 2.57 34 1.5 0.3

Hard rock 45.86 3.31 7.92 45 5.97 0.24

150 mm
(a) (b)

Hard rock

Soft rock

Hard rock

Soft rock

150 m
m

Figure 1: Schematic diagram of laboratory specimens and
numerical simulation.
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Table 1. The composite rock specimens were prepared by
gluing the soft rock and hard rock, and the size of the square
specimen was 150mm × 150mm × 45mm. Then drill a hole
in the center of the specimen with a diameter of 40mm, and
the final specimen is shown in Figure 1(a).

2.2. Calibration of Microparameters in Numerical Modeling.
The numerical model established by PFC2D is a collection of
rigid particles, which are bonded together by bonding. Dur-
ing the simulation, the motion of the particles follows New-
ton’s second law of motion. Previous researches have shown
that the parallel bonding model is more suitable for simulat-
ing rock-like materials [29], and the parallel bonding model
is adopted in this simulation. The bond in the contact bond-
ing model acts only on an infinitesimal contact point
between two particles and can only transfer forces, while
the bond in the parallel bonding model acts on a finite size
circular cross section between two particles and can transfer
both forces and moments [30, 31].Based on the laboratory
test, the numerical model of 150mm×150mm is established
in PFC2D, as shown in Figure 1(b). The uniaxial compres-
sion specimen model was first established, and the micro-
scopic parameters of soft rock and hard rock are calibrated
by the “trial and error” method based on the uniaxial com-
pression test data in Table 1. The final microscopic parame-
ters obtained are shown in Table 2.

3. Simulation Results under the
Uniaxial Compression

The stress-strain curves of the composite rock specimens
containing holes at different angles (α = 0°, 30°, 60°, and
90°) from the numerical simulations are given in Figure 2.
It can be known from Figure 2 that the curve of the stress-
strain curve obtained by the PFC2D simulation does not
have an initial compaction stage. This is due to the contact
between particles in the numerical model being relatively
uniform and dense, and there will be no closure of micro-
cracks or defects during the load. The comparison of peak
strength and elastic modulus of composite rock specimens
with different rock angles under uniaxial compression in
laboratory tests and PFC2D simulations is given in
Figure 3. It is revealed that both the peak strength and the
modulus obtained by experiment and simulation decreases
first and then increases with the increase of the dip angle
of the rock strata, and the difference between them is small.

The final failure mode simulation results of the compos-
ite rock specimens containing holes at different dip angles
are compared with the laboratory test results in Figure 4.

When the dip angle of the specimen is 0°, a large number
of microcracks are generated in the soft rock area. The fail-
ure degree of the soft rock area is greater than that of the
hard rock area, forming a V-shaped fracture zone. As the
dip angle increased to 30°, a large number of microcracks
were generated along the structural plane near the soft rock
side, the entire composite rock specimen is damaged by
shear slip along the structural plane. When the dip angle
of the specimen increases to 60°, the microcracks in the soft
rock area on the right side of the hole continue to gather,
connect, and penetrate to form a macroscopic fracture zone,
and the hard rock area on the left side forms a shear fracture
zone that penetrates the specimen. Analyzing the simulation
diagram of the final failure of the specimen with a 90° dip
angle, it can be seen that a large number of microcracks have
occurred in the soft rock area and the hard rock area, form-
ing an X-shaped shear fracture zone. By comparing, the sim-
ulation results of the specimens are consistent with the
laboratory test results, indicating that the calibrated micro-
scopic parameters are reasonable to simulate the composite
rock specimens with holes.

4. Simulation Results under
Biaxial Compression

4.1. Analysis of Mechanical Properties under the Biaxial Test.
To study the failure characteristics of composite rock

Table 2: Microparameters used in PFC for complicated rock strata.

Effective modulus
(GPa)

Bond effective modulus
(GPa)

Cohesion
(MPa)

Tensile strength
(MPa)

Friction angle
(°)

μ

Soft rock 0.8 0.9 4.7 6.1 34 0.5

Hard rock 3 4.4 20.3 23.3 45 0.5

Structural
plane

0.6 0.6 3 3.6 38 0.3
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Figure 2: Simulated stress-strain curves under uniaxial
compression.
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specimens with holes under different confining pressures,
the biaxial compression simulation test is carried out.
Figure 5 shows stress-strain curves and the number of cracks
of specimens with various dip angles under different confin-
ing pressure. Taking specimen with α = 0° as an example,
with the increase of the confining pressure, the peak strength
of the composite rock specimen with holes increased from
12.4MPa to 16.6MPa, an increase of 34%. When the dip
angle of the specimen is small (α = 0°, 15°, 30°, and 45°),
the stress-strain curve will fluctuate before the peak. How-
ever, for the specimens with large dip angles (α = 60°, 75°,
and 90°), the stress-strain curve does not fluctuate before
the peak strength. This is related to which rock area (soft
or hard rock) mainly bears the axial stress when the axial

load is applied. With the increase of the confining pressure,
the yield stage of the stress-strain curve becomes longer, and
the yield strength gradually increases, which shows that
under the effect of confining pressure, deformation charac-
teristics of specimens change from brittle failure to ductile
failure.

It can be seen from the trends in Figure 5 that the num-
ber of microcracks in the specimen also shows an increasing
trend with increased confining pressure. At the initial stage
of loading, there is no microcrack generated. When the axial
strain increased, microcracks begin to appear. When the
axial strain is close to the peak strain of the specimen, the
number of cracks produced by the specimen suddenly
increases. This is because when the axial loading pressure
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Figure 3: Comparison between the numerical results and experimental results.
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Figure 4: Comparison between simulation results and laboratory test results.
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is close to the peak strength, the specimen enters the plastic
stage, resulting in irreversible plastic deformation and a large
number of internal cracks. When the confining pressure
increases from 0.2MPa to 2.0MPa, the number of micro-
scopic cracks in the specimen at the same strain is reduced.
This reveals that the applied confining pressure limits the
lateral deformation of the specimen, thus it is more difficult
for the specimen to fail.

Figure 6 shows the variation of the compressive strength
and elastic modulus with various dip angles of composite
rock specimens with holes under different confining pres-
sure. It can be seen from Figure 6(a) that the peak intensity
decreases first and then increases as the dip angles increases
from 0° to 90°.The minimum and maximum peak strength
appear in the specimen with α = 45° and 90°, respectively.
Figure 6(b) shows the influence of confining pressure and
dip angle on the elastic modulus of the specimen. When
the dip angle of the specimen increases from 0° to 90°, the
elastic modulus first decreases and then gradually increases.

The minimum and maximum elastic modulus appears in the
specimens with a dip angle of 30° and 90°, respectively.

4.2. Analysis of Macroscopic Failure Mode in the Biaxial Test.
Figure 7 shows the final failure mode of the composite rock
specimen with holes under different dip angles and confin-
ing pressures. The red and black lines in the figure represent
tensile microcracks and shear microcracks, respectively.
When the dip angle of the composite rock specimen is small
(α = 0° to 30°), the microcracks are mainly concentrated in
the soft rock area and only a small number of microcracks
are generated in the hard rock area. When the dip angle
comes to 45°, the specimen also produces a large number
of microcracks in the soft rock area and a small number of
microcracks in the hard rock area. Due to the influence of
the dip angle, the bond between the specimen planes is first
broken, and a shear slip failure occurs along the structural
plane in the specimen. For the specimens with large dip
angle (α = 60°, 75°, and 90°), a large number of microscopic
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Figure 5: Stress and microcracks number versus axial strain curves under different confining pressures.
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cracks will be generated in the soft rock and hard rock areas.
However, there are more cracks on the side of the hard rock
area than that on the soft rock area, and the cracks first
occur in the hard rock area. This is due to the hard rock
bearing most of the axial load and having a certain support-
ing effect on the soft rock. Therefore, the composite rock
strata with hole show an obvious asymmetric fracture mode
with various dip angles, and attention needs to be paid in
excavation and support design of tunnels and chambers
under the condition of soft and hard alternate rock strata.

Under the effect of confining pressure, the failure modes
of composite rock strata with holes are also varied. As for the
specimens with a small dip angle (α = 0°~15°), the failure of
the specimen is caused by the combined action of tensile
cracks and shear cracks in low confining pressure. The V-
shaped shear failure occurred in the soft rock area, and ten-
sile failure occurred in the hard rock area. Part of the rock
mass inside the hole of the composite rock specimen began
to spall, and spalling mainly occurred in the soft rock area.
As the confining pressure gradually increased, the failure
mode did not change significantly, but the number of spal-
ling rock mass are increasing. The phenomenon indicates
that the confining pressure restricts the lateral deformation
of the specimen. When the dip angle comes to medium
(α = 30° and 45°), the tensile cracks and shear cracks in the
specimen gather along the dip direction of the rock struc-
tural plane, then the shear failure along the structural plane
mainly occurs. For the composite rock specimen with α =
30°, tensile failure and shear failure occurs on the side of
the soft rock with the increase of confining pressure. In the
composite rock specimen of α = 60° and 75°, the soft rock
area and hard rock area of the specimen changed from ten-
sile failure to shear failure with the increase of confining
pressure. As the dip angle reaches 90°, the specimen shows

obvious diagonal shear failure in the low confining pressure,
and the specimen undergoes X-shaped shear failure under
high confining pressure.

4.3. Analysis of the Stress Field in the Biaxial Test. Figure 8
shows the distribution of contact force around the hole in
the composite rock specimens with different dip angles
under different confining pressures when microcracks have
not occurred. The contact force distribution diagrams at
four dip angles of 0°, 30°, 60°, and 90° are selected as exam-
ples. The gray and red lines in the figure represent compres-
sive stress and tension stress, respectively, the thickness of
the line segment represents the size of the bonding force,
and the direction of the line segment represents the direction
of the bonding force. It can be seen from the results that the
parallel cohesive force between the particles in the specimen
is constantly evolving with the change of the rock dip angle
under different confining pressures.

When the confining pressure is low (0.2 MPa and 0.4
MPa), tensile stress concentration areas appear at the upper
and lower parts around the hole, while compressive stress
concentration areas appear on the left and right sides. As
the confining pressure increases, the range of the tensile
stress concentration area keeps shrinking for the specimens
with small dip angles (0° and 30°). When the confining pres-
sure increases to 2.0 MPa, the tensile stress concentration
area is no longer obvious and the range of the compressive
stress concentration area changes less. Therefore, tensile
cracks are not easy to appear on the upper and lower sides
of the hole under high confining pressure. As for the speci-
men with large dip angles (60° and 90°), the tensile stress
concentration area on the upper and lower sides of the hole
gradually shrinks until it disappears along the dip direction
with the confining pressure increases. The compressive
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Figure 6: Effects of different dip angles and confining pressures on mechanical parameters of composite rock strata specimens with holes; σs
and E stand for peak strength and elastic modulus.
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stress concentration area in the direction of perpendicular to
the rock strata dip increases on the hard rock side, and there
is no obvious change in the extent of the tensile stress con-
centration area on the soft rock side. In the case of the same
confining pressure, the tensile stress concentration area
shifts to the hard rock part as the dip angle of the specimen
increases. The range of compression stress concentration
area in the hard rock strata is larger than that in the soft rock
side which shows an asymmetry distribution. Therefore, ten-
sile cracks will first appear on the upper and lower sides of
the composite specimen when the confining pressure is
low. As the confining pressure increases, the tensile stress

concentration area gradually transfers and disappears, and
the compressive stress concentration areas on the left and
right sides of the specimen will lead to crack generation.

The continuous changes of the tensile stress and shear
stress concentration areas in the composite specimen are
accompanied by the generation of microcracks. The differ-
ence in generation, expansion, and coalescence of micro-
cracks leads to changes in the macroscopic failure model of
the specimen. Therefore, based on the analysis of the evolu-
tion process of the contact force between particles, the fail-
ure laws of composite rock specimens with different dip
angles under different confining pressures can be revealed.

0.2 MPa 0.4 MPa 0.8 MPa 1.6 MPa 2.0 MPa

0°

15°

30°

45°

60°

75°

90°

Figure 7: Failure mode of composite rock strata specimen with holes under different confining pressures and different dip angles.
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4.4. Displacement Field Analysis. Taking the particle dis-
placement vector distribution of the rock specimens with
holes at a dip angle of 60° for example, the influence of con-
fining pressure on the cracking characteristics analyzed, as
shown in Figure 9. The arrow in the figure represents the
displacement direction of the particles, and the length of
the arrow line segment represents the magnitude of the dis-
placement. To describe the movement trend of the particles
around the crack more vividly, the blue solid arrow in the
right larger version is used to describe the displacement
direction of the particles. According to the relative displace-
ment vector direction and size of adjacent particles on both
sides of the crack, this study simplified and classified the rel-
ative displacement between particles. Based on the previous
research results [32],the failure modes can be divided into
five simplified types according to the final relative displace-
ment field form, namely direct tensile and relative tensi-
le(RT), direct shear(DS), relative shear(RS) and mixed
failure(MF) modes.

Figure 9(a) shows the displacement field vector diagram
of the specimen with α = 60° under the confining pressure of
0.2MPa. The particles on both sides of the crack at position
1 of the specimen showed RT tensile failure. The particles at
position 2 move in different directions and finally present
the MF-2 mixed failure mode. The displacement of the par-
ticles at position 3 on the left side of the crack is smaller than
that on the right side, and eventually, DS-1 direct shear fail-
ure occurs. The particles on the sides of the crack move in
the same direction with different displacements, and the
specimen undergoes RT-type tensile failure at position 4
below the hole. When the confining pressure comes to

0.4MPa and 0.8MPa, the displacement field distribution of
the specimen is shown in Figures 9(b) and 9(c). The dis-
placement field distribution diagram of each position when
the specimen is broken has little change compared with the
case of 0.2 MPa. The particles at position 2 at the upper left
of the hole still undergo mixed failure, but the failure mode
has changed from MF-2 mixed failure to MF-1 mixed fail-
ure. As the confining pressure continues to increase, the dis-
placement field vector diagram of the specimen at 1.6MPa is
shown in Figure 9(d). At this time, the failure mode at posi-
tion 2 on the left side of the hole changes from MF-1 mixed
failure to DS-1 shear failure. There is no significant change
in failure mode at locations 1, 3 and 4.As the confining pres-
sure increases to 2.0MPa (Figure 9(e)), the microcracks at
position 1 at the lower left of the hole disappear, and DS-1
shear failure still occurs at position 2. The failure mode of
position 3 above the hole and position 4 below the right of
the hole has not changed significantly.

By analyzing the displacement field of the composite
rock specimen with holes at a dip angle of 60° under differ-
ent confining pressures, it can be concluded that the dis-
placement field at different positions of the specimen
shows different changing laws. As the confining pressure
increases from 0.2MPa to 1.6MPa, RT tensile failure occurs
at position 1 on the left side of the hole. When the confining
pressure increases to 2.0MPa, the tensile crack disappears
and no macro fracture zone is generated, this shows that
the tensile failure at position 1 is suppressed. With the
increase of the confining pressure, the failure mode at the
upper left position 2 of the specimen also changed signifi-
cantly. The failure mode at this position changed from the

0.2 MPa 0.4 MPa 0.8 MPa 1.6 MPa 2.0 MPa

0°

30°

60°

90°

Figure 8: Distribution of contact force around the hole before crack initiation under different confining pressures.
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mixed failure of MF-2 and MF-1 to the shear failure of DS-1.
This indicates that the tensile failure zone in the hard rock
strata is transformed into a shear failure zone.

5. Conclusion

(1) The mechanical behavior of specimens containing
the hole is significantly influenced by dip angle and
confining pressure. As the dip angle of the rock
strata increases, the peak strength and elastic modu-
lus show a trend of first decreasing and then increas-
ing, both of which achieve the maximum value at
90°. The peak strength achieves the minimum value

when the dip angle is 45°, and with a minimum value
at 30° for elastic modulus. As the dip angle is constant,
with the confining pressure increases both the peak
strength and elastic modulus gradually increase

(2) The macroscopic failure mode of the specimen is
affected by the confining pressure and the dip angle.
At low dip angles (α = 0°~15°), soft rock strata often
fail first, and the increase in confining pressure has
little effect on the failure mode. For the specimens
with medium dip angles (α = 30°~45°), the fracture
mode is controlled by the structural plane, and
shear-slip failure occurs along the structural plane.
As the confining pressure increases, the degree of

(a) 0.2MPa (b) 0.4MPa

(c) 0.8MPa (d) 1.6MPa
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1.0000E-04
5.8100E-05

(e) 2.0MPa

Figure 9: Displacement field vector diagram of 60° composite rock specimen under different confining pressures.
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specimen fragmentation gradually deepens. For the
specimens with large dip angles (α° = 60°~90°),
because the hard rock bears the main axial load,
the hard rock area is more prone to failure. As the
confining pressure increases, the shear failure gradu-
ally increases

(3) The distribution characteristics of the contact force
around the hole are as follows: When the confining
pressure is the same, as the dip angle increases, the
tensile stress concentration area shifts to the hard
rock side. The compressive stress concentration area
in the hard rock strata is larger than the soft rock
side, and the distribution of the compression stress
concentration area on the left and right sides of the
hole appears asymmetry. With the increase of the
confining pressure, the range of the tensile stress
concentration area is greatly reduced, while the
range of the compressive stress concentration area
changes less

(4) The displacement field analysis shows that the con-
fining pressure has a direct effect on the failure mode
of the specimen. With the increase of the confining
pressure, the tensile failure in the specimen is sup-
pressed, and the macroscopic failure zone changes
from tensile failure to shear failure
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