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To reveal the mechanical mechanisms and energy release characteristics underlying
progressive failure of columnar jointed basalts (CJBs) with various model boundaries
and confining pressures, by combining the meso-damage mechanics, statistical strength
theory, and continuum mechanics, inhomogeneous CJB models with different dip angles
to the column axis are constructed. In the cases of plane stress, plane strain, and between
plane stress and plane strain, the gradual fracture processes of CJBs are simulated under
different confining pressures and the acoustic emission (AE) rules are obtained. The results
show that: 1) in the case of plane stress, the fracture process of CJBs along direction I
orthogonal to the column axis: at the initial stage of loading, the vertical joints and the
transverse joints in the CJB specimen are damaged. Then, more columns in the upper
middle part are cracked; 2) in the case between plane stress and plane strain, the fracture
process of CJBs along the direction parallel to the column axis: at the initial stage of
loading, the columnar joints are damaged. Then, the area of the damaged and broken
columns at the top of the specimen increases and the crushing degree intensifies; 3) for the
case between plane stress and plane strain, the AE energy accumulation before the peak
stress is higher than the plane strain state along the direction orthogonal to the column
axis. Meanwhile, along the direction parallel to the column axis, this value becomes larger
when changing from the state between plane stress and plane strain to the plane strain
state. These achievements will certainly improve our understanding of the fracture
mechanism and energy evolution of CJBs and provide valuable insights into the
instability precursor of CJBs.
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1 INTRODUCTION

A columnar jointed structure is a kind of tensile fracture-
dominated structure with regular or irregular columns, which
is common in volcanic lava. It is mostly found in basalt, and
sometimes in intermediate acid lava, fused tuff, subvolcanic rock,
and basic dike. Columnar jointed rock masses (CJRMs) usually
present with the forms of quadrilateral prisms, pentagonal
prisms, hexagonal prisms, etc. Actually, columnar joint
structures are widely distributed in China, Australia, Israel,
Brazil, the United States, Scotland, Northern Ireland, India,
France, and Siberia, among other places (Huang et al., 2020).
Figure 1 displays some representative field photographs of
CJRMs (Gilman, 2009; Guy, 2010; Xu, 2010; Zavada et al.,
2015; Weinberger and Burg, 2019). In Southwest China, many
large-scale hydropower stations have been built in the areas filled
with columnar jointed basalts (CJBs), such as the Baihetan
Hydropower Station, Wudongde Hydropower Station,
Jin’anqiao Hydropower Station in Lijiang, Yunnan, and the
Xiluodu Hydropower Station in the canyon section of Jinsha
River. With CJRMs being a special type of rock mass, their
mechanical properties can be obtained from in situ tests,
laboratory tests, numerical simulation, and some other methods
(Min and Jing, 2003; Eshraghi and Zare, 2015; Liu and Shao, 2017;
Yu et al., 2017; Yu et al., 2018).

For in situ tests, one of the most important purposes is to
obtain the mechanical behaviors of CJBs (or CJRMs).
However, it is difficult to prepare large-scale prototype
specimens due to the disintegration of the rock mass under
unloading relaxation conditions. In addition, the mechanical
parameters obtained by in situ tests are generally discrete
because of the spatial variability of the structures of CJRMs
(Rajmeny et al., 2004). Xiao et al. (2017) monitored
microseisms induced by the excavation of CJBs at an
underground hydropower station. Hu et al. (2017) obtained
rock cores through on-site dam foundation drilling, carried
out uniaxial compression tests on basalt samples with primary
hidden fractures, synchronously collected acoustic emission
(AE) information during rock sample deformation and failure,
and systematically analyzed the test results in combination
with the structural characteristics of the samples. Xia et al.
(2020a) studied the structural characteristics of CJBs in the
drainage tunnel of the Baihetan Hydropower Station and their
influence on longitudinal wave anisotropy. The valuable
research data and results on the mechanical properties of
CJRMs in practical engineering were obtained through the
above field tests; however, the occurrence environment of
engineering rock mass is always complex, and the sampling
procedure might be affected by disturbance.

In laboratory tests, simplified small-scale structures have
been adopted to represent regular or irregular columns. For
example, Ji et al. (2017) used cement, fine sand, water, and a
water reducer to make CJRM specimens, carried out uniaxial
compression tests on them, and analyzed the strength changes
and failure characteristics of specimens with different column
dip angles. Ke et al. (2019) studied the effects of column dip
angles and transverse joints on the anisotropic mechanical

properties and failure mechanism of CJRM specimens through
uniaxial compression tests. Xiao et al. (2014) and Xiao et al.
(2015) obtained the deformation modulus and uniaxial
compressive strength (CS) of CJRMs with different column
dip angles through uniaxial and triaxial compression tests and
analyzed the anisotropic characteristics of the deformation
and strength of CJRMs. Huang et al. (2020), combined with
Voronoi diagram random simulation and 3D printing
technology to prepare irregular columnar joint network
models, poured model and removed formwork and then
used white latex and glue as the binder to bond the
columns in order to obtain irregular CJRM specimens.
Through uniaxial compression tests, the strength
characteristics and failure modes of irregular CJRMs were
studied. Xia et al. (2020b) proposed a suitable method to
accurately reconstruct the structure of irregular CJRMs
using three-dimensional printing (3DP) and similarity
constant. Uniaxial compression tests were carried out on
the reconstructed specimens, and the test results were
compared with the field test results. Through the previous
experimental tests, many useful research results were obtained
for understanding the mechanical behaviors of CJRMs.
However, the mechanical properties of rock matrix and
joints in experimental tests are different from those of in
situ rock mass. Meanwhile, issues of being time-consuming
and diseconomy will be encountered.

For numerical tests, the selection of material parameters and
constitutive relationships are important for the simulated results
(Gong et al., 2018). Cui et al. (2016) used the joint network finite
element as a tool to study the influence of various structural effect
characterization parameters on the equivalent deformation
modulus (EDM) of CJRMs. Zheng et al. (2010) established 3D
discrete element numerical models of CJRMs. Through
numerical simulations of bearing plate tests with different
sizes, the effects of size and anisotropy on the test results were
discussed. Ning et al. (2008) used the 3D distinct element code
(3DEC) method to carry out numerical tests in order to study the
random simulations of CJRMs and their characterization unit
scale. Yan et al. (2012) established 3D discrete element models of
CJRMs, carried out numerical simulations of triaxial compression
tests, and studied the size effect of the macro equivalent elastic
modulus of CJRMs. Through previous numerical simulations,
some valuable achievements regarding the size effect, anisotropy,
critical strength, etc., of CJRMs were obtained. However,
revealing the fracture mechanisms and mechanical responses
of CJBs suffering different model boundaries and confining
pressures is still a challenging topic because of the complex
structural characteristics. Meanwhile, energy release features
provide a useful perspective to capture the precursory law of
the fracture instability of CJBs.

Under different model boundaries and confining pressure
conditions, the local deformation and peak strength of CJBs
are different, and the fracture mechanisms and energy
evolution rules are also different. In this study, based on the
combination of meso-damage mechanics, statistical strength
theory, and continuum mechanics, the images of CJBs with
different dip angles along the directions orthogonal and
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parallel to the column axis are constructed and transformed into a
series of numerical models. The heterogeneity of rock mass is
taken into account by assigning the material mechanical
parameters according to the specific statistical function. In the
case of plane stress, the case between plane stress and plane strain,
and the case of plane strain, the mechanical behaviors and AE
released energy of CJBs in the directions orthogonal and parallel
to the column axis are numerically simulated under confining
pressure, and the progressive fracture process, failure mode,
energy release rule, and instability precursor information are
further analyzed.

2 NUMERICAL MODELING

2.1 Rationale of the DIC-Improved RFPA
The advantages of the rock failure process analysis (RFPA)
method lie in simulating the progressive failure process
without assuming when and where the new cracks will
generate and how they will propagate and connect with each
other (Tang 1997; Tang and Kou, 1998; Tang et al., 2000; Li et al.,
2011; Lang, 2018; Lang et al., 2019; Yu et al., 2015; Liang, 2005). In
addition, the validity and reliability of the RFPA code have been
assessed in a number of typical numerical tests (Tang and Kou,

FIGURE 1 | Field photographs of the columnar jointed rock masses (CJRMs). (A) The CJRMs in Shandong, China (Xu 2010). (B) The CJRMs in Israel (Weinberger
and Burg 2019). (C,D) The CJRMs of the Devils Tower in the United States (Zavada et al., 2015). (E) The CJRMs of the giant levee in Northern Ireland (Gilman 2009). (F)
The CJRMs in France (Guy 2010).
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1998; Tang et al., 2001; Xu et al., 2013). Also, RFPA has been
widely applied in the stability analysis (Liu et al., 2017; Li et al.,
2019), scale effect (Zhou et al., 2018), and anisotropy (Yang et al.,
2015a; Yang et al., 2015b) of jointed rock masses.

Digital image correlation (DIC) was combined with the RFPA
method to improve the model building capability. Clearly, the
image import, gray threshold segmentation, and pixel processing
were added into the RFPA method. In order to build a numerical

FIGURE 2 | The digital image (A), the finite element model after digital image transformation (B), the tensile state of an element under uniaxial stress (C), the
compressive state of an element under uniaxial stress (D), and the calculation flow diagram of the digital image correlation (DIC)-improved rock failure process analysis
(RFPA) method (E).
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model, it is necessary to transform the information of the image
into the vectorized data for modeling. The digital image is
composed of square pixels, as shown in Figure 2A. In the 3D
space, if the image is considered to have a certain thickness t, each
pixel can be regarded as a finite element mesh. The corner
coordinates of each pixel were transformed into the physical
positions of the corresponding element. According to the gray
value of each pixel, it can be classified into rock or joint material
and given corresponding material parameters. The transformed
finite element meshes are presented in Figure 2B. The elastic
moduli and strengths of the meso elements in the model were
non-uniformly distributed. Namely, the parameters between
adjacent elements were not necessarily equal. In this way, the
heterogeneity of rock mass is simulated. The DIC-improved
RFPA was based on the meso damage mechanics and the
statistical strength theory. The maximum tensile stress
criterion and the Mohr–Coulomb failure criterion were
adopted as the failure criteria. When the minimum principal
stress of a meso element exceeds its uniaxial tensile strength, the
element will produce tensile damage, as shown in Figure 2C. If
the stress state of the meso element satisfies the Mohr–Coulomb
failure criterion, the meso element will produce shear damage, as
shown in Figure 2D. Initially, the behavior of an element is linear
elastic. After reaching the failure criteria, its bearing capacity
remains a certain residual strength until completely damaged. As
shown in Figures 2C,D, the residual strength coefficient can be
0–1, in theory. If it is 1, the stress–strain curve will show the ideal
elastic–plastic characteristic.

2.2 Failure Criteria and Damage Behavior of
the Meso Element
In the DIC-improved RFPA code, when an element is under
uniaxial tension, the elastic–brittle damage constitutive relation
will be adopted. The tensile damage function can be described
using the following inequality:

σ3 ≤ft (1)

where ft is the uniaxial tensile strength. In this paper, the
compressive stresses and strains are taken as positive.

Simultaneously, the Mohr–Coulomb criterion was applied to
determine whether a meso element is damaged in the shear mode,
and it can be expressed as follows:

σ1 − 1 + sinφ
1 − sinφ

σ3 − fc ≥ 0 (2)

where σ1 and σ3 are the major and minor principal stresses of the
meso element, respectively, and φ and fc are the internal friction
angle and uniaxial CS, respectively.

In elastic damage mechanics, when the value of the stress
increases to a specific value leading to the failure of the element,
the elastic modulus of an element will degrade gradually as the
damage evolves. The elastic modulus of the damaged material can
be defined as follows:

E � (1 −D)E0 (3)

where D represents the damage variable, E represents the elastic
modulus of the damaged material element, and E0 represents the
elastic modulus of the undamaged material element.

Tensile damage will occur when the maximum tensile strain
criterion is satisfied. According to the constitutive law, the
damage variableD can be expressed as follows (Tang et al., 2015):

D �
⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

0 ε> εt0

1 − λεt0
ε

εtu < ε≤ εt0

1 ε≤ εtu

(4)

where λ is the coefficient of residual strength given by λ � ftr/ft, ft
is the uniaxial tensile strength, ftr is the residual tensile strength,
εt0 is the elastic limit strain (or tensile threshold strain) given by
εt0 � ft/E0, and εtu is the ultimate tensile strain describing the state
when an element is fully damaged. The ultimate tensile strain can
be defined as εtu � ηεt0, where η is termed the ultimate strain
coefficient.

Additionally, when a meso element is damaged in shear, the
variable D can be calculated as follows (Tang et al., 2015):

D �
⎧⎪⎨
⎪⎩

0 ε< εc0

1 − λεc0
ε

ε≥ εc0
(5)

where λ is also the coefficient of residual strength given by λ � fcr/
fc, fc is the uniaxial CS, fcr is the residual CS, and εc0 is the
compressive threshold strain given by εc0 � fc/E0.

The calculation flow diagram of the DIC-improved RFPA
method is shown in Figure 2E. In the DIC-improved RFPA code,
the AE count and AE energy are proportional to the number of
damaged elements.

2.3 Validation of the Numerical Modeling
In the validation of the numerical simulation, the laboratory
physical test of Ji et al. (2017) was used to verify the numerical test
in this paper. The specimens used for the numerical validation in
this paper included the directions orthogonal and parallel to the
column axis. The case of plane strain was adopted. The width of
the specimen was 50 mm, the height was 100 mm, and the
diameter of the regular hexagonal column was 10 mm. Based
on the DIC-improved RFPA method, the digital image was
transformed into a finite element calculation model. The
mechanical parameters of the finite element model were
determined as follows by referring to relevant literatures
(Zheng et al., 2010; Yan et al., 2012; Hu et al., 2017; Ji et al.,
2017; Xiao et al., 2017; Ke et al., 2019; Xia et al., 2020a): for the
material type of basalts, the values of the heterogeneity index,
elastic modulus, Poisson’s ratio, uniaxial CS, the ratio of CS to
tensile strength, and the friction angle were 5, 60 GPa, 120 MPa,
10, 0.2, and 56.15°, respectively; for the material type of joints, the
values of the above parameters were 5, 15 GPa, 30 MPa, 10, 0.25,
and 36°, respectively. The heterogeneity index was used to
characterize the heterogeneity degree of the mechanical
properties of rocks and joints. The smaller the heterogeneity
index, the more inhomogeneous is the material.
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The displacement-controlled loading was applied gradually in
the numerical test until the occurrence of a macro specimen
failure, and the ratio of the displacement loading amount in each
step to the initial height of the specimen was 0.000017. A
comparison of the obtained failure patterns by simulation and
experiment is shown in Figure 3.

2.4 Numerical Configuration
In this study, the settings of numerical specimens are referred to
the conditions of CJBs at the Baihetan Hydropower Station in
China. The column length of the CJBs in Baihetan Hydropower
Station is 0.5–3 m, and the column diameter is 13–25 cm. The
calculation condition settings of CJBs with different model
boundaries and confining pressures in numerical test are
shown as follows. For the slice conditions of the model, three
cases were considered: direction I, orthogonal to the column axis;
direction II, orthogonal to the column axis; and the direction
parallel to the column axis. For the boundary conditions of the
model, three cases were considered: the case of plane stress, the
case between plane stress and plane strain, and the case of plane
strain. In the case between plane stress and plane strain, there
were normal displacement constraints on one side of the model
plane, which corresponds to the boundary of rock mass with a
free surface, such as the underground cavern wall along the
direction perpendicular to the axial direction of the cavern; in
the case of plane strain, there were normal displacement

constraints on both sides of the model plane, which
correspond to the boundary of rock mass fixed along a
direction, such as the surrounding rock along the axial
direction of a cavern; in the case of plane stress, there are no
displacement constraints along the normal direction of the model
plane, which corresponds to the boundary of a thin rock slab.

The model size is 3 × 3 m, with confining pressures of 0, 4, and
8 MPa. The heterogeneity index of the column is 5 and the
column dip angles are 0°, 15°, 30°, 45°, 60°, 75°, and 90°. The
column is a regular hexagonal prism with a column diameter of
20 cm. The residual strength coefficients of the rocks and joints
were set as 0.1 and 1, respectively. Specifically, the
elastic–brittle–plastic constitutive relation is adopted for the
rocks and the elastic–plastic constitutive relation adopted for
joints.

In the numerical test, the element size of each model is the
same. Taking a 3 × 3-m specimen as an example, the number of
elements of the specimen is 608,400. Figure 4 shows the typical
settings and boundary conditions of the numerical test of CJBs
with different model boundaries and confining pressures. The
regular hexagons in Figure 4C show the cross-sectional shape of
the CJBs. In the numerical simulation, the local enlarged view in
Figure 4C is similar to that in Figure 2B.

The vertical displacement load was applied on the top of each
model. The ratio of the displacement applied in each step to the
initial lateral side length of the model is 0.000017, and the

FIGURE 3 |Comparison of the obtained failure patterns by simulation and experiment under uniaxial compression. (A) Physical test results of columnar jointed rock
mass (CJRM) in the direction orthogonal to the column axis (Ji et al., 2017). (B) Damage diagram of the numerical test of CJRM (in this study). (C) Displacement diagram
of the numerical test of CJRM (in this study). (D) Physical test results of CJRMwith β � 15° in the direction parallel to the column axis (Ji et al., 2017). (E) Damage diagram
of the numerical test of CJRM with β � 15° (in this study). (F) Displacement diagram of the numerical test of CJRM with β � 15° (in this study).
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FIGURE 4 | Typical settings and boundary conditions of the numerical test of columnar jointed basalts (CJBs) with different model boundaries and confining
pressures. (A) The case of plane stress, direction I orthogonal to the column axis. (B) The case between plane stress and plane strain, direction I. (C) Schematic diagram
of transforming the CJB images into the numerical model of CJBs. (D) The case of plane stress, direction II orthogonal to the column axis. (E) The case between plane
stress and plane strain, direction II. (F) The case of plane strain, direction II. (G) The case of plane stress, the direction parallel to the column axis. (H) The case
between plane stress and plane strain, the direction parallel to the column axis. (I) The case of plane strain, the direction parallel to the column axis.
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FIGURE 5 | (A,B) Strengths of columnar jointed basalts (CJBs) with different model boundaries and confining pressures in the direction orthogonal to the column
axis. (C,D) The equivalent deformation moduli of CJBs in the direction orthogonal to the column axis. (E,F) The strengths and equivalent deformation moduli of CJBs in
the direction parallel to the column axis (case I, case II, and case III correspond to the case of plane stress, the case between plane stress and plane strain, and the case of
plane strain, respectively).

Frontiers in Earth Science | www.frontiersin.org December 2021 | Volume 9 | Article 7638018

Wang et al. Columnar Jointed Basalt Fracture Mechanisms

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


displacement load was applied gradually until the failure of
specimen occurs. The criterion used to judge the failure of
specimen is: if the specimen reaches the residual strength stage
or the AE increases suddenly at a certain stage of loading, the
overall instability failure of the specimen is considered to have
occurred.

Generally, the mechanical parameters of the joint are lower
than those of intact rock (Gui and Zhao, 2015). The joint
parameters may influence the magnitude of the elastic
modulus and compression strength of the jointed rock
mass (Sun et al., 2012). However, the ratios of the
mechanical properties between joint and intact rock have
not been reported yet. Based on the above numerical
verification and related literatures on CJBs, the mechanical
parameters of rocks and joints are determined as described in
Section 2.3.

3 RESULTS AND ANALYSIS

3.1 Strength and Deformation
Characteristics of CJBs With Different
Model Boundaries and Confining Pressures
3.1.1 In the Direction Orthogonal to Column Axis:
Strength and Deformation Characteristics of CJBs
With Different Model Boundaries and Confining
Pressures
In Figure 5, case I, case II, and case III correspond to the cases of
plane stress, between plane stress and plane strain, and plane
strain, respectively. As can be seen from Figure 5A, in the
direction orthogonal to the column axis and with a confining
pressure of 0 MPa, from the perspective of the different model
boundaries, the CSs from small to large correspond to the case of
plane stress, the case between plane stress and plane strain, and
the case of plane strain, respectively. From the perspective of
directions I and II orthogonal to the column axis, the CSs from
small to large correspond to direction I and direction II,
respectively.

Figure 5B presents the CSs, from the perspective of the
different model boundaries, in the direction orthogonal to the
column axis, with confining pressures of 4 and 8 MPa. The CSs
from small to large correspond to the case between plane
stress and plane strain and the case of plane strain,
respectively. From the perspective of directions I and II
orthogonal to the column axis, the CSs from small to large
correspond to direction I and direction II, respectively. From
the perspective of confining pressure, in the case between
plane stress and plane strain, the increase of the CS was
relatively small with the growth of confining pressure (the
increase rates of CS were 7.67% and 0.95% in direction I and
direction II, respectively); in the case of plane strain, the CS
increased greatly with the growth of confining pressure (the
increase rates of CS were 35.07% and 38.94% in direction I and
direction II, respectively).

Figure 5C depicts the EDM, from the perspective of the
different model boundaries, in the direction orthogonal to the

column axis, with a confining pressure of 0 MPa. For direction
I orthogonal to the column axis, the EDMs from small to large
correspond to the case between plane stress and plane strain,
the case of plane stress, and the case of plane strain,
respectively; for direction II orthogonal to the column axis,
the EDMs from small to large correspond to the case of plane
stress, the case between plane stress and plane strain, and the
case of plane strain, respectively. From the perspective of
directions I and II, for the case of plane stress, the EDM in
direction I was larger than that in direction II; for the case
between plane stress and plane strain and the case of plane
strain, the EDM in direction I was smaller than that in
direction II. This phenomenon was mainly due to the case
of plane stress, along the normal direction of the model plane,
having free boundaries (without displacement constraints) on
both sides of the model that are composed of heterogeneous
elements. During the loading process, each element was
deformed to any side of the model. Thus, the EDM in
direction I is prone to be larger than that in direction II.
Simultaneously, for the case between plane stress and plane
strain and the case of plane strain, there was a normal
displacement constraint on at least one side of the model
plane. For direction II, oblique joints were damaged by shear
and each stacked column suffered loading. Hence, the related
EDM was larger.

Figure 5D shows the EDM, from the perspective of
different model boundaries, in the direction orthogonal to
the column axis, with confining pressures of 4 and 8 MPa. The
EDMs from small to large correspond to the case between
plane stress and plane strain and the case of plane strain,
respectively. From the perspective of directions I and II, the
EDMs from small to large correspond to direction I and
direction II, respectively. From the perspective of confining
pressure, in the case between plane stress and plane strain, the
EDM decreased with the increase of confining pressure (in
directions I and II, the reduction rates of EDM were −3.66%
and −0.91%, respectively); in the case of plane strain, the EDM
increased with the increase of confining pressure (in
directions I and II, the increase rates of EDM were 2.14%
and 1.53%, respectively).

In this study, the transverse anisotropy coefficient of
compressive strength (TACCS) is defined as the CS in
direction I divided by that in direction II. According to
Figures 5A,B, when the confining pressure was 0 MPa, the
TACCSs corresponding to the case of plane stress, the case
between plane stress and plane strain, and the case of plane
strain were 0.9440, 0.9394, and 0.9359, respectively; when the
confining pressure was 4 MPa, the TACCSs corresponding to the
case between plane stress and plane strain and the case of plane
strain were 0.9154 and 0.9875, respectively; when the confining
pressure was 8 MPa, the TACCSs corresponding to the case
between plane stress and plane strain and the case of plane
strain were 0.9764 and 0.9600, respectively. The above results
show that the CS of CJBs roughly tended to be transversely
isotropic with the increase of confining pressure.

The transverse anisotropy coefficient of equivalent
deformation modulus (TACEDM) is defined as the EDM in
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direction I divided by that in direction II. Combined with Figures
5C,D, when the confining pressure was 0 MPa, the TACEDMs
corresponding to the case of plane stress, the case between plane
stress and plane strain, and the case of plane strain were 1.0275,
0.9652, and 0.9876, respectively; when the confining pressure was
4 MPa, the TACEDMs corresponding to the case between plane
stress and plane strain and the case of plane strain were 0.9692
and 0.9542, respectively; when the confining pressure was 8 MPa,
the TACEDMs corresponding to the case between plane stress
and plane strain and the case of plane strain were 0.9423 and
0.9599, respectively. The above results show that the EDM of
CJBs is basically transversely isotropic with the growth of
confining pressure.

In Figure 6, case I, case II, and case III correspond to the case
of plane stress, the case between plane stress and plane strain, and
the case of plane strain, respectively. It can be seen from
Figure 6A that, in the direction orthogonal to the column axis
and with a confining pressure of 0 MPa, the stress–strain curves

of the three model boundary conditions showed obvious brittle
failure characteristics. As presented in Figure 6B, in the direction
orthogonal to the column axis and with confining pressures of 4
and 8 MPa, the ductile failure characteristics of the stress–strain
curves became more obvious with the increase of confining
pressure for the case between plane stress and plane strain; for
the case of plane strain, the brittle failure characteristics of the
stress–strain curves were still obvious with the increase of
confining pressure.

In direction I, when the confining pressures were 4 and 8 MPa,
the stress curves showed the characteristics of ductile failure for
the case between plane stress and plane strain, mainly because
there was a displacement constraint on only one side along the
normal direction of the model plane, and each element was
allowed to deform to a certain extent outward the other side
of the model during the failure process. For the case of plane
strain, the stress curves showed the characteristics of brittle
failure, mainly because there were displacement constraints on

FIGURE 6 | (A) The stress–strain curves of columnar jointed basalts (CJBs) with different model boundaries and a confining pressure of 0 MPa in the direction
orthogonal to the column axis. (B)Confining pressures of 4 and 8 MPa. (C,D) The stress–strain curves of CJBs with different model boundaries and a confining pressure
of 8 MPa in the direction parallel to the column axis (case I, case II, and case III correspond to the case of plane stress, the case between plane stress and plane strain,
and the case of plane strain, respectively).
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both sides along the normal direction of the model. Under
loading, each element was extruded and deformed, resulting in
the damage and fracture of the model. In practical engineering,
such as the walls of an underground cavern, for the situation of
large confining pressure and adverse geological structure,
corresponding monitoring and reinforcement measures should
be taken within a certain thickness range along the inner side of
the walls of the underground cavern.

3.1.2 In the Direction Parallel to the Column Axis:
Strength and Deformation Characteristics of CJBs
With Different Model Boundaries and Confining
Pressures
It can be seen from Figure 5E that, in the direction parallel
to the column axis and with a confining pressure of 0 MPa,
the CS of the three model boundary conditions changed in a
U-shaped trend with the increase of the column dip angle, in
which the CS reached the lowest value at β � 30° and changed
slowly at the angle range β � 60°–90°. Furthermore,
with confining pressures of 4 and 8 MPa, for the case
between plane stress and plane strain, the CS decreased
firstly and then changed slowly with the increase of the
column dip angle, wherein it changed slowly at β ≥ 30°.
With confining pressures of 4 and 8 MPa, for the case of
plane strain, the CS showed a V-shaped change trend with
the increase of the column dip angle, wherein it reached the
lowest value at β � 30°.

As presented in Figure 5F, in the direction parallel to the
column axis and with confining pressures of 0, 4, and 8 MPa,
the EDM of three kinds of model boundaries roughly
decreased firstly and then slightly increased (or changed)
with the growth of the column dip angle, wherein it
reached the lowest value at β � 60° (except for individual
cases). From the perspective of the different model
boundaries, the case of small EDM is the case between
plane stress and plane strain, with confining pressures of 4
and 8 MPa; the case of large EDM is the case of plane strain,
with confining pressures of 4 and 8 MPa.

According to Figures 6C,D, with a confining pressure of
8 MPa, the stress–strain curves of β � 75°–90° showed obvious
ductile failure characteristics for the case between plane stress
and plane strain, implying that, in these cases, the elements
can be deformed to a certain extent outward the free side of
the model boundary during the loading process. With a
confining pressure of 8 MPa, the residual stages of the
stress–strain curves did not exist for the case of plane
strain, indicating severe instability failure, implying that,
under the normal displacement constraints on both sides of
the model, the elements will get severely damaged and
fractured during the loading process. In practical projects,
such as the walls of an underground cavern, for the case of
large confining pressure and adverse geological structures, the
damage and fracture of rock mass may occur within a certain
thickness range along the inner side of the cavern wall, not just
on the surface. Therefore, attention should be paid to the
stress of rock mass within a certain thickness range along the

inner side of the cavern wall, and the corresponding
reinforcement measures should be taken when necessary.

3.2 In the direction orthogonal to the column
axis: the fracture process and energy
evolution of CJBs with different model
boundaries and confining pressures
3.2.1 Direction I Orthogonal to the Column Axis: The
Fracture Process and Energy Evolution of CJBs With
Different Model Boundaries and a Confining Pressure
of 0MPa
Fracture Process and Energy Evolution of CJBs In Direction I
Orthogonal to the Column Axis: The Case Between Plane
Stress and Plane Strain, With a Confining Pressure of 0 MPa
Combined with Figures 7A,E–H, in direction I orthogonal to the
column axis and with a confining pressure of 0 MPa, as the
loading increases, when the stress reached point A of the
stress–strain curve, the vertical joints in the specimen were
damaged and cracked for the case between plane stress and
plane strain. When the stress reached point B, the cracking of
the vertical joints was further obvious. In addition, the
transverse joints in the specimen were damaged, and
damages also developed in the centers of several columns
in the upper part of the specimen. When the stress reached the
peak point C of the stress–strain curve, damage and
fracture occurred in the centers of several columns in the
upper part of the specimen. When the stress dropped to point
D, the number of columns with damage and fracture increased
in the upper part of the specimen. When the stress dropped to
point E, the number of damaged and broken columns further
increased in the upper part of the specimen, and these
damaged and broken columns formed as strip areas. When
the stress continued to drop to point F, in the upper part of the
specimen, the fracture of the originally damaged and broken
columns intensified, and other columns also developed from
damage to fracture. It can be seen from Figure 7H that
sedimentation mainly occurred between the top of the
specimen and the fluctuating strip crushing area.

In this paper, firstly, the meso element strengths and elastic
moduli are non-uniformly distributed according to the
Weibull distribution function. Then, during the loading
process, some elements will be damaged, resulting in many
AE events. Hence, the AE number and energy can be obtained.
As depicted in Figures 7B,C, the AE rates of the CJBs showed a
distribution of double peaks in direction I for the case between
plane stress and plane strain, with a confining pressure of
0 MPa. The first peak of the AE rate appeared before the peak
stress of the stress–strain curve, and the second peak appeared
in the drop stage after the peak stress of the stress–strain curve.
The first peak of the AE rate was mainly controlled by the
cracking of the vertical joints and the second peak mainly
caused by the cracking of the columns in the upper part of the
specimen.

Figure 7D shows that, in direction I and with a confining
pressure of 0 MPa, for the case between plane stress and plane
strain, the AE energies of the CJBs roughly showed a single
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FIGURE 7 | (A,B) The stress–strain curves, acoustic emission (AE) accumulations, and AE energy accumulations of columnar jointed basalts (CJBs) in direction I
orthogonal to the column axis for the case between plane stress and plane strain, with a confining pressure of 0 MPa. (C, D) The stress–strain curve, AE rate, and AE
energy of CJBs. (E–H) Damage and displacement diagrams corresponding to points B, D, and F of the stress–strain curve.
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FIGURE 8 | (A,B) The the stress–strain curves, acoustic emission (AE) accumulations, and AE energy accumulations of columnar jointed basalts (CJBs) in direction
I orthogonal to the column axis for the case of plane stress and the case of plane strain, with a confining pressure of 0 MPa. (C,D) The stress–strain curves and AE
energies of CJBs for the case of plane stress and the case of plane strain. (E,F) Damage and displacement diagrams for the case of plane stress. (G,H) Damage and
displacement diagrams for the case of plane strain.
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peak distribution, in which the AE energy peak appeared in the
drop stage after the peak stress of the stress–strain curve. The
AE energy peak was mainly caused by the damage and fracture
of the columns in the upper part of the specimen. In addition,
combined with information on the AE rate and AE energy, it
can be seen that, before the peak stress, the AE energy
generated was relatively small because the cracking of
vertical joints is mainly a tensile fracture, and there was no
obvious peak of AE energy at this stage.

Fracture Process and Energy Evolution of CJBs In Direction I
Orthogonal to the Column Axis: The Case of Plane Stress and
the Case of Plane Strain, With a Confining Pressure of 0 MPa
Combined with Figures 8A,B, the stress–strain curves, the AE
accumulations, and the AE energy accumulations of the CJBs
were compared in direction I for the case of plane stress and the
case of plane strain, with a confining pressure of 0 MPa. The
stress–strain curves of the case of plane stress and that of the case
of plane strain showed similar brittle failure characteristics. The
AE accumulation of the case of plane stress was more than that of
the case of plane strain. In terms of AE energy accumulation, that
of the case of plane stress was also higher than that of the case of
plane strain.

Figures 8C,D show the comparison of the AE energies of the
CJBs in direction I for the case of plane stress and the case of plane
strain, with a confining pressure of 0 MPa. In the case of plane
stress, the peak value of AE energy was lower than that in the case
of plane strain, but the peak shape of AE energy in the case of
plane stress was wider, indicating that the time domain of
high-energy release was longer. This is mainly because, in the
case of plane stress, there were no displacement constraints on
both sides along the normal direction of the model. During the
process of vertical loading, the elements tend to tensile failure.
On one hand, the AE energy caused by tensile failure was
relatively small compared with compression-shear failure. On
the other hand, the element damage occurred in many parts of
the model.

Figures 8E,F present the analysis of the fracture process and
displacement of the CJBs in direction I for the case of plane
stress, with a confining pressure of 0 MPa. At the initial stage
of loading, the vertical joints were damaged and cracked, and
the transverse joints were damaged. At the middle stage of
loading, several columns were damaged and cracked in the
upper part of the specimen. At the late stage of loading, many
columns in the middle and upper parts of the specimen were
damaged and cracked. It can be seen from Figure 8F that the
sedimentation mainly occurred between the specimen top and
the fluctuating strip crushed area. Compared with that in the
case between plane stress and plane strain, the sedimentation
reached the lower part of the specimen in the case of plane
stress.

Figures 8G,H depict the analysis of the fracture process and
displacement of the CJBs in direction I for the case of plane strain,
with a confining pressure of 0 MPa. At the initial stage of loading,
the vertical joints were damaged and cracked, but the transverse
joints were not damaged. At the middle stage of loading, several
columns were damaged and cracked in the upper part of the

specimen. At the late stage of loading, many columns in the upper
part of the specimen were damaged and broken, and several
columns were also damaged and broken on the left and right sides
of the bottom of the specimen. It can be seen from Figure 8H that
the sedimentation also mainly occurred between the specimen
top and the fluctuating strip crushed area. Compared with that in
the case between plane stress and plane strain, the sedimentation
was located at a higher are of the specimen in the case of plane
strain.

3.2.2 Direction I Orthogonal to the Column Axis: The
Fracture Process and Energy Evolution of CJBs With
Different Model Boundaries and a Confining Pressure
of 8MPa
Fracture Process and Energy Evolution of CJBs in Direction I
Orthogonal to the Column Axis: The Case Between Plane
Stress and Plane Strain and the Case of Plane Strain, With a
Confining Pressure of 8 MPa
Combined with Figures 9A,B, the stress–strain curves, AE
accumulations, and AE energy accumulations of the CJBs were
compared in direction I for the case between plane stress and
plane strain and the case of plane strain, with a confining pressure
of 8 MPa. In the case between plane stress and plane strain, the
ductile failure characteristic of the stress–strain curve was
obvious; in the case of plane strain, the brittle failure
characteristic of the stress–strain curve was clear. The AE
accumulation in the case of plane strain was more than that in
the case between plane stress and plane strain. The AE energy
accumulation in the case of plane strain was higher than that in
the case between plane stress and plane strain. From the
perspective of the change trend of the AE energy
accumulation, with the progress of loading, the AE energy
accumulation in the case between plane stress and plane strain
changed slowly at first and then grew; the AE energy
accumulation in the case of plane strain changed slowly at
first, then grew, and then increased sharply.

Figures 9C,D show the comparison of the the AE energies
in direction I for the case between plane stress and plane strain
and the case of plane strain, with a confining pressure of
8 MPa. The peak value of AE energy in the case between plane
stress and plane strain was lower than that in the case of plane
strain. In the case between plane stress and plane strain, the
AE energy roughly showed a single peak distribution, and the
AE energy peak tended to be before the peak stress of the
stress–strain curve. In the case of plane strain, the AE energy
also showed a single peak distribution, and the AE energy
peak tended to be after the peak stress of the
stress–strain curve.

According to Figures 9E, F, the fracture process and
displacement of the CJBs were analyzed in direction I for the
case between plane stress and plane strain, with a confining
pressure of 8 MPa. At the initial stage of loading, damage of
the transverse joints was obvious. At the middle stage of loading,
the vertical joints were also damaged, and individual columns
were damaged and broken in the upper part of the specimen. At
the late stage of loading, the damaged and fractured columns
increased in the upper part of the specimen. It can be seen from
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FIGURE 9 | (A,B) The stress–strain curves, acoustic emission (AE) accumulations, and AE energy accumulations of columnar jointed basalts (CJBs) in direction I
orthogonal to the column axis for the case between plane stress and plane strain and the case of plane strain, with a confining pressure of 8 MPa. (C,D) The stress–strain
curves and AE energies of CJBs for the case between plane stress and plane strain and the case of plane strain. (E,F) Damage and displacement diagrams for the case
between plane stress and plane strain. (G,H) Damage and displacement diagrams for the case of plane strain.
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FIGURE 10 | (A,B) The stress–strain curves, acoustic emission (AE) accumulations, and AE energy accumulations of columnar jointed basalts (CJBs) in direction II
orthogonal to the column axis for the case between plane stress and plane strain and the case of plane strain, with a confining pressure of 8 MPa. (C,D) The stress–strain
curves and AE energies of CJBs for the case between plane stress and plane strain and the case of plane strain. (E,F) Damage and displacement diagrams for the case
between plane stress and plane strain. (G,H) Damage and displacement diagrams for the case of plane strain.
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Figure 9F that the sedimentation mainly occurred between the
specimen top and the strip crushed area.

Figures 9G,H present the analysis of the fracture process and
displacement of the CJBs in direction I for the case of plane strain,
with a confining pressure of 8 MPa. At the initial stage of loading,
the vertical joints in the specimen were damaged. At the middle
stage of loading, several columns in the upper part of the
specimen were damaged and fractured. At the late stage of
loading, the damaged and cracked columns increased in the
upper part of the specimen. It can be seen from Figure 9H
that the sedimentation mainly occurred between the top of the
specimen and the fluctuating strip crushing area. Compared with
that in the case between plane stress and plane strain, the
sedimentation reached the lower part of the specimen in the
case of plane strain.

3.2.3 Direction II Orthogonal to the Column Axis: The
Fracture Process and Energy Evolution of CJBs With
Different Model Boundaries and a Confining Pressure
of 8Mpa
Fracture Process and Energy Evolution of CJBs in Direction II
Orthogonal to the Column Axis: The Case Between Plane
Stress and Plane Strain and the Case of Plane Strain, With a
Confining Pressure of 8 MPa
Combined with Figures 10A,B, the stress–strain curves, AE
accumulations, and AE energy accumulations of the CJBs were
compared in direction II orthogonal to the column axis for the
case between plane stress and plane strain and the case of plane
strain, with a confining pressure of 8 MPa. In the case between
plane stress and plane strain, the ductile failure characteristic of
the stress-strain curve was obvious; in the case of plane strain, the
brittle failure characteristic of the stress–strain curve was clear.
The AE accumulation in the case of plane strain was more than
that in the case between plane stress and plane strain. The AE
energy accumulation in the case of plane strain was higher than
that in the case between plane stress and plane strain. From the
perspective of the change trend of the AE energy accumulation,
with the progress of loading, the AE energy accumulation in the
case between plane stress and plane strain showed a trend of
firstly slowly changing, then increasing, and then slowly growing;
the AE energy accumulation in the case of plane strain changed
slowly, then grew, and then increased sharply.

As depicted in Figures 10C,D, the AE energies of the CJBs
were compared in direction II for the case between plane stress
and plane strain and the case of plane strain, with a confining
pressure of 8 MPa. The peak value of AE energy in the case
between plane stress and plane strain was lower than that in the
case of plane strain. In the case between plane stress and plane
strain, the AE energy showed a single peak distribution, and the
AE energy peak tended to be before the peak stress of the
stress–strain curve. In the case of plane strain, the AE energy
also showed a single peak distribution, and the AE energy peak
tended to be after the peak stress of the stress–strain curve.

As shown in Figures 10E,F, the fracture process and
displacement of the CJBs were analyzed in direction II for the
case between plane stress and plane strain, with a confining
pressure of 8 MPa. At the initial stage of loading, the damage

of the transverse joints was obvious. At the middle stage of
loading, some vertical joints were damaged and fractured in
the upper part of the specimen. At the late stage of loading,
several columns were damaged and fractured at the top and in the
upper part of the specimen. It can be seen from Figure 10F that
the sedimentation mainly occurred near the top and in the middle
of the specimen.

According to Figures 10G,H, the fracture process and
displacement of the CJBs were analyzed in direction II for the
case of plane strain, with a confining pressure of 8 MPa. At the
initial stage of loading, the damage of the joints was relatively
weak. At the middle stage of loading, the damage and fracture of
joints in the upper part of the specimen were obvious, and some
vertical joints and their vicinity were damaged and fractured. At
the late stage of loading, the other columns in the upper part of
the specimen were also damaged and fractured, and the crushing
was intensified. It can be seen from Figure 10H that the
sedimentation mainly occurred between the specimen top and
the fluctuating strip crushed area. Compared with that in the case
between plane stress and plane strain, the range of sedimentation
transmitted in the specimen was relatively limited in the case of
plane strain.

3.3 In the Direction Parallel to the Column
Axis: The Fracture Process and Energy
Evolution of CJBs With Different Model
Boundaries and Confining Pressures
3.3.1 Direction Parallel to the Column Axis: The
Fracture Process and Energy Evolution of CJBs With
Different Model Boundaries and a Confining Pressure
of 0MPa
Fracture Process and Energy Evolution of CJBs in the
Direction Parallel to the Column Axis: The Case Between
Plane Stress and Plane Strain, With a Confining Pressure of
0 MPa
Combined with Figures 11A,E–H, in the direction parallel to the
column axis (β � 30°), for the case between plane stress and plane
strain and with a confining pressure of 0 MPa, with the progress
of loading, the columnar joints in the specimen were damaged
when the stress reached point A of the stress–strain curve. When
the stress reached point B near the peak point of the stress–strain
curve, the columnar joints in the specimen showed a certain
degree of damaged slip. When the stress dropped to point C, the
damage, sliding, and cracking of the columnar joints were further
obvious. When the stress continued to drop to point D, damages
developed at the top of the specimen and at the edges of the
columns near the middle of the specimen. When the stress
dropped to point E, the originally damaged areas were fractured
further. When the stress reached the point F, the originally fractured
areas developed further. In addition, damage and fracture also
developed in other areas of the specimen. It can be seen from
Figure 11H that the sedimentation mainly occurred in the middle
and upper parts of the specimen.

As presented in Figures 11B,C, the AE rates of the CJBs
showed a single peak distribution in the direction parallel to the
column axis (β � 30°) for the case between plane stress and plane
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strain, with a confining pressure of 0 MPa. The peak value of the
AE rate appeared in the drop stage after the peak stress of the
stress–strain curve, and it was mainly caused by the damage and
fracture of the column edges in the specimen.

It can be seen from Figure 11D that, in the direction parallel to
the column axis (β � 30°), for the case between plane stress and

plane strain and with a confining pressure of 0 MPa, the AE
energies of the CJBs roughly showed a single peak distribution, in
which the peak value of AE energy appeared in the drop stage
after the peak stress of the stress–strain curve and was mainly
caused by the damage, sliding, and cracking of the columnar
joints in the specimen.

FIGURE 11 | (A,B) The stress–strain curves, acoustic emission (AE) accumulations, and AE energy accumulations of columnar jointed basalts (CJBs) in the
direction parallel to the column axis, β � 30°, for the case between plane stress and plane strain, with a confining pressure of 0 MPa. (C,D) The stress–strain curve, AE
rate, and AE energy of CJBs, β � 30°, for the case between plane stress and plane strain. (E–H)Damage and displacement diagrams corresponding to points B, D, and F
of the stress–strain curve, β � 30°, for the case between plane stress and plane strain.
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FIGURE 12 | (A,B) The stress–strain curves, acoustic emission (AE) accumulations, and AE energy accumulations of columnar jointed basalts (CJBs) in the
direction parallel to the column axis, β � 30°, for the case of plane stress and the case of plane strain, with a confining pressure of 0 MPa. (C,D) The stress–strain curves
and AE energies of CJBs, β � 30°, for the case of plane stress and the case of plane strain. (E,F)Damage and displacement diagrams, β � 30°, for the case of plane stress.
(G,H) Damage and displacement diagrams, β � 30°, for the case of plane strain.
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FIGURE 13 | (A,B) The stress–strain curves, acoustic emission (AE) accumulations, and AE energy accumulations of columnar jointed basalts (CJBs) in the
direction parallel to the column axis, β � 30°, for the case between plane stress and plane strain and the case of plane strain, with a confining pressure of 8 MPa. (C,D) The
stress–strain curves and AE energies of CJBs, β � 30°, for the case between plane stress and plane strain and the case of plane strain. (E,F) Damage and displacement
diagrams, β � 30°, for the case between plane stress and plane strain. (G,H) Damage and displacement diagrams, β � 30°, for the case of plane strain.
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Fracture Process and Energy Evolution of CJBs in the
Direction Parallel to the Column Axis: The Case of Plane
Stress and the Case of Plane Strain, With a Confining
Pressure of 0 MPa
As depicted in Figures 12A,B, in the direction parallel to the
column axis (β � 30°), for the case of plane stress and the case of
plane strain, with a confining pressure of 0 MPa, the stress–strain
curves, the AE accumulations, and the AE energy accumulations
of the CJBs were compared. In terms of the stress–strain curve,
those in the case of plane stress and the case of plane strain
showed similar brittle failure characteristics. The AE
accumulation in the case of plane stress was more than that in
the case of plane strain. The AE energy accumulation in the case
of plane stress was also higher than that in the case of plane strain.

Figures 12C,D show the comparison of the AE energies of the
CJBs in the direction parallel to the column axis (β � 30°) for the case
of plane stress and the case of plane strain, with a confining pressure
of 0MPa. In the case of plane stress, although the peak value of AE
energy was lower than that in the case of plane strain, the AE energy
was still high near the peak value in the case of plane stress, indicating
that more energy was released in this stage.

Combined with Figures 12E,F, the fracture process and
displacement of the CJBs were analyzed in the direction parallel
to the column axis (β � 30°) for the case of plane stress, with a
confining pressure of 0MPa. At the initial stage of loading, the
columnar joints were damaged and slipped. At the middle stage of
loading, damage developed at the specimen top and at the edges of
several columns in themiddle and upper parts of the specimen. At the
late stage of loading, fractures developed in the originally damaged
areas. It can be seen from Figure 12F that the sedimentation mainly
occurred in the upper part of the specimen.

According toFigures 12G,H, the fracture process and displacement
of theCJBswere analyzed in the direction parallel to the column axis (β
� 30°) for the case of plane strain, with a confining pressure of 0MPa.
At the initial stage of loading, the columnar joints were damaged and
slipped. At the middle stage of loading, the slipped cracking of the
columnar joints was further obvious, and damages developed at the
specimen top and at the edges of several columns in the middle of the
specimen. At the late stage of loading, fractures developed in the areas
where the damages developed. It can be seen fromFigure 12H that the
sedimentation mainly occurred in the middle and upper parts of the
specimen. Compared with that in the case of plane stress, the
sedimentation reached the lower part of the specimen in the case
of plane strain.

3.3.2 Direction Parallel to the Column Axis: The
Fracture Process and Energy Evolution of CJBs With
Different Model Boundaries and a Confining Pressure
of 8MPa
Fracture Process and Energy Evolution of CJBs in the
Direction Parallel to the Column Axis: The Case Between
Plane Stress and Plane Strain and the Case of Plane Strain,
With a Confining Pressure Of 8 MPa
As presented in Figures 13A,B, the stress–strain curves, AE
accumulations, and AE energy accumulations of the CJBs were
compared in the direction parallel to the column axis (β � 30°) for

the case between plane stress and plane strain and the case of
plane strain, with a confining pressure of 8 MPa. For the case
between plane stress and plane strain and the case of plane strain,
the stress–strain curves showed certain ductile failure
characteristics. In terms of AE accumulation, that in the case
between plane stress and plane strain was slightly lower than that
in the case of plane strain. For AE energy accumulation, the
difference in the AE energy accumulations between the two kinds
of model boundaries was relatively small. In terms of the change
trend of the AE energy accumulation, with the progress of
loading, the AE energy accumulation firstly changed slowly,
then increased, and then again changed slowly in the case
between plane stress and plane strain; in the case of plane
strain, the AE energy accumulation changed slowly at first,
then grew, and then increased sharply.

Figures 13C,D show the comparison of the AE energies of the
CJBs in the direction parallel to the column axis (β � 30°) for the
case between plane stress and plane strain and the case of plane
strain, with a confining pressure of 8 MPa. In the case between
plane stress and plane strain, the peak value of AE energy was
lower than that in the case of plane strain. In the case between
plane stress and plane strain, the AE energy showed a multi-peak
distribution, in which the first peak value of AE energy tended to
be before the peak stress of the stress–strain curve and the second
and third peak values were in the drop stage after the peak stress
of the stress–strain curve. In the case of plane strain, the AE
energy showed a single peak distribution, and the peak value of
AE energy tended to be before the peak stress of the
stress–strain curve.

Combined with Figures 13E,F, the fracture process and
displacement of the CJBs were analyzed in the direction
parallel to the column axis (β � 30°) for the case between
plane stress and plane strain, with a confining pressure of
8 MPa. At the initial stage of loading, the columnar joints
were damaged. At the middle stage of loading, the columns at
the specimen top were damaged and broken. At the late stage of
loading, the damaged and broken columns at the top of the
specimen increased and the crushing intensified, and in the upper
part of the specimen, several column edges were damaged and
broken. It can be seen from Figure 13F that the sedimentation
mainly occurred in the middle and left of the upper part of the
specimen.

Figures 13G,H show the analysis of the fracture process
and displacement of the CJBs in the direction parallel to
the column axis (β � 30°) for the case of plane strain,
with a confining pressure of 8 MPa. At the initial stage of
loading, the columnar joints were damaged. At the middle
stage of loading, there were fractures in the columns on the left
side of the specimen top and damage and fractures of several
column edges on the left side of the upper part of the
specimen. At the late stage of loading, near the top and the
upper part of the specimen, two strip fractured zones were
formed, and the fracturing intensified. It can be seen from
Figure 13H that the sedimentation mainly occurred at the top
and the right side of the middle and upper parts of the
specimen.
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FIGURE 14 | (A, B) Acoustic emission (AE) accumulations before the peak stress of columnar jointed basalts (CJBs) with different model boundaries and confining
pressures in the direction orthogonal to the column axis. (C,D) The AE energy accumulations before the peak stress of CJBs. (E,F) The AE accumulations and AE energy
accumulations before the peak stress of CJBs in the direction parallel to the column axis (case I, case II, and case III correspond to the case of plane stress, the case
between plane stress and plane strain, and the case of plane strain, respectively).
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3.4 The AE Accumulation and AE Energy
Accumulation Before the Peak Stress of
CJBs With Different Model Boundaries and
Confining Pressures
3.4.1 In the Direction Orthogonal to the Column Axis:
The AE Accumulations and AE Energy Accumulations
Before the Peak Stress of CJBs With Different Model
Boundaries and Confining Pressures
In Figure 14, case I, case II, and case III correspond to the case of
plane stress, the case between plane stress and plane strain, and the
case of plane strain, respectively. Figure 14A shows the AE
accumulations before the peak stress in the direction orthogonal
to the column axis and with a confining pressure of 0MPa. For
direction I, the AE accumulations before the peak stress from small to
large correspond to the case of plane stress, the case of plane strain,
and the case of between plane stress and plane strain, respectively; for
direction II, the AE accumulations before the peak stress from small
to large correspond to the case of plane stress, the case of between
plane stress and plane strain, and the case of plane strain, respectively.

Figure 14B displays the AE accumulations before the peak stress
from the perspective of different model boundaries in the direction
orthogonal to the column axis, with confining pressures of 4 and
8MPa: in the case between plane stress and plane strain, the AE
accumulation before the peak stress wasmore than that in the case of
plane strain. The above result shows that, for the direction
orthogonal to the column axis, in the monitoring of practical
projects (such as underground caverns), the AE number near the
wall may be higher than that in the surrounding rock inside the wall.

From the perspective of directions I and II for the case between
plane stress and plane strain, with a confining pressure of 4MPa, the
AE accumulation before the peak stress in direction I was less than
that in direction II, and with a confining pressure of 8MPa, the AE
accumulation before the peak stress in direction I was more than that
in direction II. For the case of plane strain, with confining pressures of
4 and 8MPa, the AE accumulation before the peak stress in direction
Iwasmore than that in direction II. From the perspective of confining
pressure, except for individual cases, the AE accumulation before
peak stress decreased with the increase of the confining pressure.

Figure 14C presents the AE energy accumulation before the peak
stress in the direction orthogonal to the column axis and with a
confining pressure of 0MPa. For direction I, the AE energy
accumulations before the peak stress from small to large
correspond to the case of plane strain, the case of plane stress,
and the case between plane stress and plane strain, respectively; for
direction II, the AE energy accumulations before the peak stress from
small to large correspond to the case of plane stress, the case between
plane stress and plane strain, and the case of plane strain, respectively.

Figure 14D shows the AE energy accumulations before the peak
stress from the perspective of the different model boundaries in the
direction orthogonal to the column axis and with confining pressures
of 4 and 8MPa. In the case between plane stress and plane strain, the
AE energy accumulation before the peak stress was higher than that in
the case of plane strain. The above result shows that, for the direction
orthogonal to the column axis, in the monitoring of practical projects
(such as underground caverns), the AE energy near the wall may be
higher than that in the surrounding rock inside the wall.

From the perspective of directions I and II, with confining
pressures of 4 and 8 MPa, except for individual cases, the AE
energy accumulation before the peak stress in direction I was
lower than that in direction II. From the perspective of confining
pressure, the AE energy accumulation before the peak stress
increased with the growth of confining pressure.

3.4.2 In the Direction Parallel to the Column Axis: The
AE Accumulations and AE Energy Accumulations
Before the Peak Stress of CJBs With Different Model
Boundaries and Confining Pressures
It can be seen from Figure 14E the AE accumulations before peak
stress in the direction parallel to the column axis (β � 30°). With a
confining pressure of 0 MPa, the AE accumulations before peak
stress from small to large correspond to the case of plane stress,
the case between plane stress and plane strain, and the case of
plane strain, respectively; with a confining pressure of 4 MPa, the
AE accumulations before peak stress from small to large
correspond to the case between plane stress and plane strain
and the case of plane strain, respectively; with a confining
pressure of 8 MPa, the AE accumulations before peak stress
from small to large correspond to the case of plane strain and
the case between plane stress and plane strain, respectively.

Figure 14F depicts the AE energy accumulations before peak stress
in the direction parallel to the column axis (β � 30°). With a confining
pressure of 0MPa, the AE energy accumulations before peak stress
from small to large correspond to the case between plane stress and
plane strain, the case of plane stress, and the case of plane strain,
respectively. In the case of plane strain, the normal displacement
constraints were set on both sides of the model plane, which will
contribute to energy accumulation. Meanwhile, although there was
normal displacement constraint on one side of the model plane for the
case between plane stress and plane strain, the energy accumulation
was also influenced by the rock heterogeneity, brittleness, etc.,
compared with the case of plane stress. Under the applied material
properties and boundary conditions, the AE energy accumulations
before peak stress of the case between plane stress and plane strainwere
the smallest. With confining pressures of 4 and 8MPa, the AE energy
accumulations before peak stress from small to large correspond to the
case between plane stress and plane strain and the case of plane strain,
respectively. The above results show that, for the direction parallel to
the column axis, in the monitoring of practical projects (such as
underground caverns), the AE number near the wall may be lower or
higher than that in the surrounding rock inside the wall; however, the
AE energy near the wall may be lower than that in the surrounding
rock inside the wall.

4 DISCUSSION

4.1 Effects of Different Model Boundaries
and Confining Pressures on the Strength
and Deformation of Jointed Rock Mass
In terms of CS, in the direction orthogonal to the column axis,
with a confining pressure of 0 MPa and from the perspective of
different model boundaries, the CSs from small to large
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correspond to the case of plane stress, the case between plane
stress and plane strain, and the case of plane strain, respectively.
When the confining pressures were 4 and 8 MPa, the CSs from
small to large correspond to the case between plane stress and
plane strain and the case of plane strain, respectively.

In terms of EDM, in the direction orthogonal to the column
axis, with a confining pressure of 0 MPa and from the perspective
of different model boundaries, for direction I, the EDMs from
small to large correspond to the case between plane stress and
plane strain, the case of plane stress, and the case of plane strain,
respectively; for direction II, the EDMs from small to large
correspond to the case of plane stress, the case between plane
stress and plane strain, and the case of plane strain, respectively.
When the confining pressures were 4 and 8 MPa, the EDMs from
small to large correspond to the case between plane stress and
plane strain and the case of plane strain, respectively.

In the direction parallel to the column axis, with a confining
pressure of 0 MPa, the CS of the three model boundary conditions
changed in a U-shaped trend with the increase of the column dip
angle. Furthermore, with confining pressures of 4 and 8 MPa, the
CS decreased firstly and then changed slowly with the increase of
the column dip angle in the case between plane stress and plane
strain. In the case of plane strain, the CS showed a V-shaped
change trend with the increase of the column dip angle.

In the direction parallel to the column axis, with confining
pressures of 0, 4, and 8 MPa, the EDM of three kinds of model
boundaries roughly decreased firstly and then slightly increased
(or changed) with the increase of the column dip angle. From the
perspective of the different model boundaries, the case of small
EDM is the case between plane stress and plane strain with
confining pressures of 4 and 8 MPa, and the case of large EDM is
the case of plane strain with confining pressures of 4 and 8 MPa.

In Figure 15, cases II and III correspond to the case between
plane stress and plane strain and the case of plane strain,
respectively. In the case between plane stress and plane strain,

only one side along the thickness direction of the model was
subject to normal displacement constraints, while the other side
was free. In the case of plane strain, normal displacement
constraints were applied on both sides along the thickness
direction of the model. As shown in Figure 15, in the case
between plane strain and plane stress and the case of plane
strain, with a confining pressure of 4 MPa, the numerical test
results in this paper were compared with the laboratory physical
test results of Xiao et al. (2014) and Zhu et al. (2021). Xiao et al.
(2014) used a mixture of gypsum, cement, and water to make
columns according to a mass ratio of 3:1:3.2, then bonded them
with cement slurry, cut and polished to obtain cylindrical
specimens with a diameter of 50 mm and a height of 100 mm,
and carried out a uniaxial compression test. However, in their
research, the cement slurry was used to simulate joints. Cement
slurry may have a great constraint on the deformation of jointed
rock mass specimens, which may be quite different from the
actual mechanical properties of the joints. Zhu et al. (2021)
studied the mechanical properties and failure characteristics of
CJRM specimens under 3D stress through a physical model test.
The results showed that, under confining pressure, with the
increase of column dip angle, the CSs of the specimens
roughly decreased firstly and then changed slowly. However,
in their research, the column material was made of gypsum,
sand, and water in a certain proportion, and its mechanical
properties under confining pressure may be different from that
of the actual CJB material. Zhou et al. (2017) used an improved
equivalent continuum model method to carry out triaxial
compression numerical tests on cylindrical specimens of intact
layered rock mass and layered rock mass with a weak surface. The
results showed that the CSs of the two kinds of specimens
changed in different degrees of U-shaped trend with the
increase of the bedding dip angle. Hu et al. (2020) used the
FLAC3D (fast Lagrangian analysis of continua in three
dimensions) program to carry out triaxial compression

FIGURE 15 | Comparison between the numerical test results and laboratory physical test results of columnar jointed basalts (CJBs) (cases II and III correspond to
the case between plane stress and plane strain and the case of plane strain, respectively).
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numerical tests on cylindrical specimens of layered rock mass.
The results showed that with the increase of confining pressure,
the CS of the specimens increased significantly, but the change of
EDM was small. However, the case between plane stress and
plane strain has not been considered in their research. Feng et al.
(2020) comprehensively evaluated the effects of the intermediate
principal stress and the minimum principal stress on the failure
strength of granite, marble, and sandstone under true triaxial
conditions. The results showed that, when the intermediate
principal stress remained unchanged and the minimum
principal stress increased, the failure strength of the specimens
roughly increased; when the minimum principal stress remained
unchanged and the intermediate principal stress increased, the
failure strength of the specimens increased firstly and then
decreased. These results provide the references for the
numerical result analysis of the CJBs with different model
boundaries and confining pressures in this paper. Compared
with the case of plane stress, the CJBs in the case between
plane stress and plane strain were equivalent to the increase of
the intermediate principal stress; compared with the case between
plane stress and plane strain, the CJBs with confining pressure in
the case of plane strain were equivalent to the increase of the
minimum principal stress or the intermediate principal stress.
Makhnenko and Labuz (2014) analyzed the change of the
mechanical properties of limestone under plane strain
compression and triaxial compression. The results showed
that, with the increase of the minimum principal stress or the
intermediate principal stress, the strength of the specimen
roughly increased, which also provide the references for the
numerical result analysis of the CJBs with different model
boundaries and confining pressures in this paper. Tonon
(2004) analyzed the influence of anisotropic rock mass on the
tunnel in the case of plane strain, but in his research, the
heterogeneity of rock mass was not considered and the meso
damage was not further combined in the analysis.

The deformation and failure of CJBs are not only related to the
model boundaries and confining pressures but also influenced by
the model size, the change of rock and joint mechanical
properties, rock meso constitutive law, column diameter,
column irregularity, etc. Because of the topic limitation, the
relevant research has not been carried out in this work, but
needs to be conducted in the future.

4.2 Effects of Different Model Boundaries
and Confining Pressures on the Fracture
Mechanism of Jointed Rock Mass
For the fracture process of CJBs along the direction orthogonal to
the column axis with different model boundaries and confining
pressures: 1) when the confining pressure was 0MPa under the
plane stress state, at the initial stage of loading, the vertical joints
and transverse joints were damaged and cracked for the CJBs along
direction I. At the middle stage of loading, several columns in the
upper part of the specimen were also obviously damaged. At the
late stage of loading, many columns in the middle and upper parts
of the specimen failed and a final failure pattern occurred; 2) when
the confining pressure was 8MPa under the boundaries between

plane stress and plane strain, the damage of the transverse joints
was obvious for the CJBs along direction I. With the loading
increasing, the vertical joints were also damaged, and the damaged
and fractured columns continued to increase in the upper part of
the specimen; 3) when the confining pressure was 8MPa, for the
CJBs along direction II, the damage and fracture of the joints in the
upper part of the specimen became obvious with the loading
increasing, and the other columns in the upper part of the
specimen were also damaged and the crushing was intensified.

For the fracture process of the CJBs along the direction parallel
to the column axis with different model boundaries and confining
pressures: 1) when the confining pressure was 0 MPa, for the CJBs
with β � 30° under the plane stress state, at the initial stage of
loading, the columnar joints in the specimen were damaged and
slipped. In the middle stage of loading, damage developed at the
top of the specimen and at the edges of several columns in the
middle and upper parts of the specimen. At the late stage of
loading, new cracks appeared in the areas where the damage
developed; 2) when the confining pressure was 8 MPa, for the
CJBs with β � 30° under the state between plane stress and plane
strain, at the initial stage of loading, the columnar joints were
damaged, and then the damage of the columns at the top of the
specimen developed and the crushing intensified; 3) when the
confining pressure was 8 MPa, for the CJBs with β � 30° under the
plane strain state, there were fractured columns occurring on the
left side of the specimen top, and damage and fracture of several
column edges happened on the left side of the upper part of the
specimen, and then near the top and in the upper part of the
specimen, two strip fractured zones were formed and the
fracturing intensified.

Xiao et al. (2014) and Xiao et al. (2015) studied the
deformation and strength anisotropy of CJRMs under uniaxial
compression and conventional triaxial compression and analyzed
their failure patterns. However, in their research, cement slurry
was used to simulate joints, which may be quite different from the
mechanical properties of actual joints and affect the fracture
mechanism of CJRMs. Huang et al. (2020) used 3DP technology
to prepare the molds. They poured white cement slurry, removed
the molds, and then bonded the columns with white latex and
glue, then carried out the tests of mechanical properties of
irregular CJRMs. However, in their research, the bonding
effect of white latex or glue may also be quite different from
the mechanical properties of actual joints and affect the fracture
mechanism of CJRMs. Ji et al. (2017) used cement, fine sand,
water, and a water reducer to make regular hexagonal prisms and
then bonded the columns with white cement slurry to form CJRM
specimens. Uniaxial compression tests were carried out and the
failure patterns of CJRMs were analyzed. Zhu et al. (2021) studied
the mechanical properties and failure characteristics of CJRM
specimens under 3D stress through physical model tests. Xia et al.
(2020b) reconstructed irregular CJRMs using 3DP technology
and then carried out uniaxial compression tests to analyze the
fracture characteristics of irregular CJRMs. However, the above
physical tests cannot reflect the progressive fracture process of the
specimens. Hu et al. (2020) used the FLAC3D program to carry
out triaxial compression numerical tests on cylindrical specimens
of layered rock mass and analyzed the failure patterns of the
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specimens. However, the progressive fracture processes of the
specimens were not presented in their study. Zhou et al. (2017)
used an improved equivalent continuum model method to carry
out uniaxial and triaxial compression numerical tests on cylindrical
specimens of intact layered rockmass and layered rockmass with a
weak surface and analyzed the evolution of the failure patterns.
However, in their research, the factors such as rock heterogeneity
and meso damage were not comprehensively considered.

4.3 Effects of Different Model Boundaries
and Confining Pressures on the AE of
Jointed Rock Mass
For the energy release of CJBs along the direction orthogonal to
the column axis with different model boundaries and confining
pressures: 1) when the confining pressure was 0 MPa, in the case
of plane stress, the peak value of AE energy was lower than that in
the case of plane strain, but the area under the AE energy curve
was larger, indicating that more energy was released at this stage;
2) when the confining pressure was 8 MPa, the peak value of AE
energy in the case between plane stress and plane strain was lower
than that in the case of plane strain and showed a single peak
distribution. Simultaneously, its AE energy peak tended to be
before the peak stress of the stress–strain curve. In the case of
plane strain, the AE energy distribution showed a single peak
distribution as well, but the AE energy peak tended to be after the
peak stress of the stress–strain curve.

For the energy evolution of the CJBs along the direction parallel
to the column axis with different model boundaries and confining
pressures: 1) when the confining pressure was 0 MPa, for the AE
energies of CJBs with β � 30°, in the case of plane stress, although
the peak value of AE energy was lower than that in plane strain, the
accumulated AE energy was still high near the peak value, which
indicates that more energy was released at this stage; 2) when the
confining pressure was 8 MPa, for the AE energies of CJBs with β �
30°, when the boundaries are between plane stress and plane strain,
the peak value of AE energy was lower than that in plane strain and
the AE energy showed a multi-peak distribution. Furthermore, the
AE energy showed a single peak distribution under the plane strain
state, and the peak value of AE energy tended to be before the peak
stress of the stress–strain curve.

Zhu et al. (2021) studied the mechanical properties and failure
characteristics of CJRM specimens under 3D stress through
physical model tests. However, the evolution of the AE energy
in the progressive fractured process of CJRMs was not considered
in their research. Duan et al. (2018) used the discrete element
method to study the stress stability of boreholes in different
directions in anisotropic rock mass and analyzed the stress–strain
curves of specimens with different dip angles and the variation
trend of the number of different types of microcracks during
loading. The results showed that the number of microcracks
increased slowly before the peak stress and increased sharply near
the peak stress. To some extent, the change of the number of
microcracks represents the evolution process of AE energy.
Therefore, the research results showed certain similarity with
the numerical test results in this paper. The laboratory physical
test results of Feng et al. (2021), Song et al. (2020), Li S. et al.

(2019), and Li D. et al. (2019) and the PFC2D (particle flow code
in two dimensions) numerical test results ofWen et al. (2016) also
showed that, under uniaxial compression, the AE peak of a
single joint specimen with different joint dip angles roughly
appeared near the peak stress of the stress–strain curve.
However, when the joint dip angles were 30° and 45°, the
AE results of the numerical tests of Wen et al. (2016) did not
obviously show this characteristic, which may be related to the
numerical test method used. The laboratory physical test
results of Chen et al. (2020) showed that, under different
confining pressures, the AE peak of pre-cut cracked granite
specimens roughly appeared near the peak stress of the
stress–strain curve, which had certain similarity with the
numerical test results in this paper. The laboratory physical
test results of Wang et al. (2019) showed that, when the
confining pressure was small, the AE of the specimen
showed a multi-peak distribution; with the increase of the
confining pressure, the AE of the specimen concentrated in a
certain section of the stress–strain curve. However, the factor
of joint was not considered in their research, so there are
certain differences with the results in this paper.

5 CONCLUSION

By combining the meso-damage mechanics, statistical strength
theory, and continuum mechanics, a series of heterogeneous
numerical models of CJBs with different column dip angles
were established. In the cases of plane stress, plane strain and
between plane stress, and plane strain, the fracture process and
energy evolution of CJBs with joints orthogonal and parallel to
the column axis were numerically simulated under confining
pressure, and the AE events and energy accumulation before and
after the peak stress of CJBs were obtained. The main conclusions
can be summarized as follows:

For the fracture process of the CJBs along the direction
orthogonal to the column axis with different model boundaries
and confining pressures: 1) when the confining pressure was 0MPa
under the plane stress state, for the CJBs along direction I, the
vertical joints and transverse joints were damaged and cracked at
the initial stage of loading. At the middle stage of loading, several
columns in the upper part of the specimen were also obviously
damaged. At the late stage of loading, many columns in the middle
and upper parts of the specimen failed and a final failure pattern
occurred; 2) when the confining pressure was 8MPa under the
boundaries between plane stress and plane strain, for the CJBs
along direction I, the damage of the transverse joints was obvious.
With the loading increasing, the vertical joints were also damaged,
and the damaged and fractured columns continued to increase in
the upper part of the specimen; 3) when the confining pressure was
8MPa, for the CJBs along direction II, with the loading increasing,
the damage and fracture of the joints in the upper part of the
specimen became obvious; the other columns in the upper part of
the specimen were also damaged and the crushing was intensified.

For the fracture process of the CJBs along the direction parallel
to the column axis with different model boundaries and confining
pressures: 1) when the confining pressure was 0 MPa, for the CJBs
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with β � 30° under the plane stress state, the columnar joints in
the specimen were damaged and slipped at the initial stage of
loading. In the middle stage of loading, damage developed at the
top of the specimen and at the edges of several columns in the
middle and upper parts of the specimen. At the late stage of loading,
new cracks appeared in the areas where damage developed; 2) when
the confining pressure was 8MPa, for the CJBs with β � 30° under
the state between plane stress and plane strain, at the initial stage of
loading, the columnar joints were damaged and then damage of the
columns at the top of the specimen developed and the crushing
intensified; 3) when the confining pressure was 8MPa, for the CJBs
with β � 30° under the plane strain state, there were fractured
columns occurring on the left side of the specimen top. Damage and
fracture of several column edges happened on the left side of the
upper part of the specimen, and then near the top and in the upper
part of the specimen, two strip fractured zones were formed and the
fracturing intensified.

For the AE energy accumulation before the peak stress of
the CJBs with different model boundaries and confining
pressures: 1) when the confining pressures were 4 and
8 MPa, the AE energy accumulation of the CJBs along
the direction orthogonal to the column axis in the case
between plane stress and plane strain before the peak stress
was higher than that in the plane strain state; 2) when the
confining pressures were 4 and 8 MPa, the AE energy
accumulation of the CJBs along the direction parallel to the
column axis (β � 30°) under plane strain was higher than that

in the case between plane stress and plane strain. Therefore,
the released AE energy can provide valuable insights into the
instability precursor of CJBs.
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