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ABSTRACT
Considering that the mechanical mechanism and energy release
law of gradual failure of columnar jointed basalt (CJB) are affected
by lateral pressure, rock heterogeneity and column irregularity,
etc., the numerical CJB models with various column dip angles,
irregularity degrees of column and lateral pressures were estab-
lished through the digital image correlation. The progressive fail-
ure process and released energy of CJBs were simulated under
the loading rate of 0.05mm/step based the continuum mechanics
and statistical damage theory. The influences of rock inhomogen-
eity, column irregularity degree, and model boundary on the non-
linear deformation and failure of CJB were comprehensively
investigated. The results demonstrate that the effect of the
inhomogeneity index depends on column dip angle, and the
equivalent deformation modulus of CJBs is more sensitive to
the inhomogeneity index than the lateral pressure. Moreover, the
compressive strength along the direction perpendicular to the
column axis basically decreases with column irregularity degree
increasing when the meso strength of rock is 120MPa. Besides,
the mechanical properties and elastic energy of irregular CJBs are
greatly affected by the model boundaries. These achievements
will contribute to understanding the inner failure mechanism and
energy evolution of CJBs.
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1. Introduction

As a kind of columnar jointed rock mass (CJRM), columnar jointed basalt (CJB) is
often considered relevant to basalt eruption and overflow. They can be observed in
many places in the world including Europe, Asia, North America, etc. (Xiao et al.
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2014; Ni et al. 2015; Weinberger and Burg 2019; Chao et al. 2020; Shi et al. 2020;
Que et al. 2021). For example, the construction of large-scale hydropower stations
has been carried out in the southwestern area of China in recent decades, where CJBs
are encountered. Figure 1 shows the field photographs of CJRMs or CJBs (Phillips
et al. 2013).

Some researchers (Zhu et al. 2009; Zheng et al. 2010; Yan et al. 2012; Ni et al.
2015; Cui et al. 2016; Yan et al. 2018) have studied the anisotropy and lateral pressure
effect of CJRMs or CJBs. Clearly, Yan et al. (2012) investigated the size effect of
CJRM under triaxial compression state in terms of macroscopic equivalent elastic
modulus using the discrete element method. Yan et al. (2018) studied the anisotropic
of CJRM under triaxial compression by the finite difference method. Cui et al. (2016)
discussed the effect of joint surfaces on equivalent deformation modulus (EDM) of
CJRM using the jointed network finite element method. However, the progressive
fracture processes or acoustic emission (AE) energy evolutions of the specimens were
not fully analysed. Ni et al. (2015) investigated the size influence of equivalent elastic
modulus of CJRM by the discrete element method. Zhu et al. (2009) and Zheng et al.
(2010) also analysed the anisotropic features and size influence of CJRM using the
Voronoi algorithm and the three-dimensional (3D) discrete element method, respect-
ively. However, there are certain limitations for the traditional numerical approaches
when capturing the continuous fracture process of jointed rock mass (Haeri et al.
2018a, 2018b, 2018c, 2018d). They also have difficulties in fully considering inhomo-
geneity, discontinuity, nonlinearity, etc. (Feng et al. 2022; Wang et al. 2022). Besides,
the meso-damage model has been proven appropriate for simulating the failure mech-
anism of jointed rock specimen at the meso level (Zhou et al. 2020; Xu et al. 2021;
Yu et al. 2021; Yuan et al. 2021; Zhou et al. 2022).

Figure 1. Observed CJRMs or CJBs in the field: (a) CJRMs at Durham, UK; (b) CJRMs at Staffa, UK
(Phillips et al. 2013).
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In terms of laboratory physical experiments, it is difficult to produce CJB (or
CJRM) specimens with relatively actual mechanical parameters of joints. Nevertheless,
Que et al. (2021) carried out the uniaxial compression experiment using the artificial
CJRM samples containing quadrangular, pentagonal and hexagonal prisms. Jin et al.
(2018) also conducted physical and numerical tests to determine the anisotropic
parameters of CJBs. Ji et al. (2017) made small-scale samples containing geological
structures similar to the real CJRM. Furthermore, Chao et al. (2020) monitored the
permeability and porosity of self-prepared artificial samples with various columnar
dip angles under cyclic loading and unloading. Shi et al. (2020) presented a way to
determine the strengths using true triaxial experiment according to the
Mohr–Coulomb or Hoek–Brown criteria. Xia et al. (2020) proposed an effective
approach for constructing irregular CJRM samples by the 3D printing technology.
Liu et al. (2010) investigated the fracture mechanisms of CJRM affected by loading-
unloading path and stress-strain relationship under true triaxial stress environment.
However, the artificial structural surfaces of the test samples were relatively simple,
and hardly reflected the actual mechanical properties. Although Xiao et al. (2014,
2015) measured the deformation moduli and compressive strengths of CJRM samples
with various column dip angles. But, the effect of cement layer on the mechanical
parameters of CJRMs is significantly different from natural columnar joints. Ke et al.
(2019) analysed the effect of the dip angle of columns and transverse joints on the
anisotropy and fracture mechanisms of CJRMs under uniaxial loading. Generally, the
natural features of rock masses cannot be represented appropriately in the experimen-
tal studies, such as the rock inhomogeneity, column irregularity degree and disconti-
nuities. Simultaneously, the mesoscopic failure process can hardly be provided and
discussed deeply.

The mechanical behaviour of CJBs (or CJRMs) shows typical anisotropy, hetero-
geneity and column irregularity because of the existence of columnar joint surfaces.
For engineering projects, the rock masses generally suffer lateral pressures. Therefore,
to conduct the stability assessment of CJB, as well as put forward the corresponding
treatment measures of engineering rock masses, it will be of great value to understand
the fracture mechanism and energy evolution laws of CJBs with varying heterogeneity
and column irregularity under lateral pressure. In this article, the digital images of
CJB samples were transformed into the inhomogeneous models. Then, a group of
numerical tests were carried out. The modelled results were compared with the
related experiments to prove the validity and correctness. Then, the progressive frac-
ture process and AE energy release of CJB along the direction perpendicular or paral-
lel to the column axis were captured. Additionally, the influence of certain factors on
the mechanical properties and AE energy of CJB were further discussed.

2. Methodology

2.1. The RFPA method improved by DIC

The rock failure process analysis (RFPA) method has been developed for modelling
the gradual fracture process of rock mass (Tang and Kou 1998; Liang 2005; Li et al.
2011; Yu et al. 2015). The location where new cracks will initiate and the way how
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they will develop are unnecessarily assumed beforehand. Meanwhile, the correctness
and effectiveness of the RFPA method have been verified by many numerical bench-
marks (Tang et al. 2001; Xu et al. 2013; Gong et al. 2022). Besides, it has been widely
used in studying failure mode and stability of jointed rock masses (Li et al. 2009;
Yang et al. 2015; Liu et al. 2017; Zhou et al. 2018).

The digital image correlation (DIC) technology was applied to enhance the model
establishment ability of RFPA. Namely, the digital image consisting of many square
pixels was used to establish the numerical model through the grey threshold segmen-
tation. In the three-dimensional space, the pixels of the image can be transferred into
finite elements by extending them to a specific thickness t along the normal direction.
Then, the numerical model can be built up by determining the element coordinates
according to the spatial position of every pixel. The grey value of one pixel was used
to classify it into joint or rock materials and assign related material properties. After
that, the obtained inhomogeneous model can be seen in Figure 2(a).

Besides, the constitutive curve of an element under uniaxial stress state is depicted
in Figure 2(b). According to Mazars and Pijaudier-Cabot (1989), the constitutive
curve under complicated stress states can be therefore gained by extending the consti-
tutive curve under uniaxial state.

2.2. Strength criterion and mechanical damage

For the RFPA method, the stress/strain relationship of an element shown in the third
quadrant in Figure 2(b) will be applied under uniaxial tension. The related tensile
strength criterion can be expressed as follows:

r3 � ft (1)

where ft is the uniaxial tensile strength.
Meanwhile, the Mohr-Coulomb criterion is applied as the compression-shear

strength criterion shown as follows:

r1 � 1þ sinu
1� sinu

r3 � fc � 0 (2)

where r1 and r3 are the maximum principal stress and the minimum principal stress,
respectively. u and fc are the internal friction angle and the uniaxial compressive
strength, respectively.

For the elastic damage approach, if the stress state researches the strength criter-
ion, the elastic modulus of the element would be reduced continuously with the load
increasing. The degraded elastic modulus is described as follows:

E ¼ ð1� DÞE0 (3)

where D is termed the damage variable; E is the degraded elastic modulus of a failure
element; E0 is the original elastic modulus of an element before failure.
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When the tensile strength criterion is researched, the damage variable D will be
described using the Eq. (4) (Tang et al. 2015):

D ¼
0 e > et0

1�ket0=e etu < e � et0
1 e � etu

8<
: (4)

where k is termed the residual strength coefficient defined as k ¼ ftr/ft; ft and ftr are
the uniaxial tensile strength and the residual tensile strength, respectively; et0 is the
elastic limit strain under tension defined by et0 ¼ ft/E0; etu is the ultimate strain indi-
cating that the element is fully damaged, and it can be determined by etu ¼ get0,
where g represents the coefficient of ultimate strain.

Figure 2. (a) Digital image and inhomogeneous numerical model after transformation; (b) the con-
stitutive relation of an element under uniaxial stress state.
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Furthermore, if a meso element fails under the compression shear state, the dam-
age variable D will be determined using the Eq. (5) (Tang et al. 2015):

D ¼ 0 e < ec0
1�ket0=e e � ec0

�
(5)

where k is the residual strength coefficient defined as k ¼ fcr/fc; fc and fcr are the uni-
axial compressive strength and the residual compressive strength, respectively; ec0 is
the elastic limit strain under compression defined by ec0 ¼ fc/E0. In the RFPA
method, the AE event and related energy can be recorded. The picture import process
of the DIC-enhanced RFPA method is given in Figure 3.

2.3. Benchmark

The physical tests were used to prove the effectiveness of the numerical method. Ji
et al. (2017) produced the CJRM samples by bonding the regular hexagonal prisms
made of cement, fine sand, water and water reducer using a mass mixing ratio of
1:0.5:0.35:0.002. Then, the samples were compressed along the axis. Simultaneously,
Xiao et al. (2014) conducted a group of uniaxial compression experiments using
CJRM samples made of gypsum, cement and water with a mass mixing ratio
of 3:1:3.2.

The related numerical models with 50mm in width and 100mm in height were
established and tested under plane strain, and the diameter of the hexagonal prisms
in the models was 10mm. They were compressed along the direction I (II) perpen-
dicular to the column axis as well as the direction parallel to the column axis (b from
0� to 90� with the interval of 15�). A group of digital images were transferred into
the numerical samples, as displayed in Table 1. The material properties were

Figure 3. Picture import process of the DIC-enhanced RFPA method.
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presented in Table 2, which was referred to the related literature of CJB (Liu et al.
2010; Zheng et al. 2010; Yan et al. 2012; Ni et al. 2015; Ji et al. 2017; Ke et al. 2019;
Que et al. 2021). The displacement-controlled loading way was applied with a rate of
0.005mm/step until macroscopic instability.

Table 1. Schematic diagram of joint setting, geometry and load of the transformed finite element
models for numerical verification.

Table 2. Mechanical parameters of finite element models for numerical validation.

Material type
Heterogeneity

index

Elastic
modulus
(GPa)

Uniaxial
compressive
strength
(MPa) Poisson’s ratio

Friction
angle (�)

Residual
strength
coefficient

Basalt 5 60 120 0.2 56.15 0.1
Joint 5 15 30 0.25 36 1
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The normalized uniaxial compression strength coefficient between physical experi-
ments and simulated results were comprised as shown in Figure 4. We can see that
the main features of the simulated failure patterns almost coincide with the physical
experiments. Therefore, the DIC-enhanced RFPA provides a reliable approach to
study the mechanical behaviours of CJRM.

2.4. Numerical configuration

For the numerical models, the column length and diameter were 0.5–3m and
13–25 cm, respectively. The parameter values and calculation condition settings are
listed in Table 3. The influencing factors include lateral pressures, column dip angles,
rock inhomogeneity indexes, the irregularity degrees of columns, boundary condi-
tions, etc.

In the numerical tests of CJBs under lateral pressure, the size of each element
keeps same. Therefore, the element number varies, and for instance, it is 608,400 for

Figure 4. Comparison of failure modes between physical experiments and numerical tests: (a) the
direction I perpendicular to column axis in numerical test; (b) physical experiment (Ji et al. 2017);
(c) physical experiment (Xiao et al. 2014); (d) b¼ 15�, the direction parallel to column axis in
numerical test; (e) physical experiment (Ji et al. 2017); (f) physical experiment (Xiao et al. 2014).
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the 3-m sample. Meanwhile, according to Cui et al. (2016), four different columns
are used, i.e. completely regular column, approximately regular column, moderately
regular column and irregular column. Figure 5(a)–(j) show the diagram of typical
setup and boundary condition for the CJBs with the varying irregularity degree of
column. Furthermore, two kinds of boundary conditions are considered, i.e. the case
of plane strain and the case between plane stress and plane strain. For plane strain,
the displacement constraints are set on both sides along the normal direction of the
model plane. It corresponds to the situation that the deformation of rock masses is
fixed along one direction, like the surrounding rocks of a tunnel along its axis, as
depicted in Figure 5(e,i). In the case between plane stress and plane strain, the dis-
placement constraints are set on one side along the normal direction of the model
plane. It represents the rock mass with a fixed direction and a free surface, such as
tunnel wall along the direction towards free surface, as presented in Figure 5(f,g,j).
The displacement-controlled load way was applied on the top surface of the model
with the loading rate of 0.05mm/step.

In nature, the mechanical properties of joint are generally weaker than intact rocks
(Gui and Zhao 2015). Meanwhile, rhe selection of joint parameter could affect the
deformation and strength of jointed rock masses (Sun et al. 2012). But, the ratio of
parameter values between joints and intact rocks is not completely clear. According
to the above benchmarks and corresponding researches of CJBs (Liu et al. 2010;
Zheng et al. 2010; Yan et al. 2012; Ni et al. 2015; Ji et al. 2017; Ke et al. 2019; Que
et al. 2021), the parameter values of joints and rocks are shown in Table 4.

3. Result and analysis

3.1. Progressive failure process and AE energy evolution characteristics of
completely regular CJBs with lateral pressure along the direction I
perpendicular to column axis

Figure 6 displays the stress-strain relationship of 3-m sample with lateral pressure of
6MPa along the direction I perpendicular to the column axis, as well as the minor
principal stress diagrams describing the crack initiation and growth, where the red
areas represent the existence of the high stress concentrations.

As presented in Figure 6(a–f), the high stress concentrations occur in the vertical
joints of the sample in the beginning. But, they are not obvious. Then, the stress con-
centrations of vertical joints disappear. However, the top of the sample doesn’t

Table 3. Parameters and calculation conditions of CJB models under lateral pressure.
Parameter values and calculation condition settings

Lateral pressures (MPa) 0, 2, 4, 6, 8
Model size (m) 3� 3
Column dip angles b of model along the direction

parallel to column axis (�)
0, 15, 30, 45, 60, 75, 90

Rock heterogeneity indexes 5, 10
The irregularity degrees of columns Completely regular columns, approximately regular

columns, moderately regular columns, irregular columns
Model boundaries The case between plane stress and plane strain, the

case of plane strain
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damage obviously. After that, the high stress concentrate at the individual columns in
the top-left and top-right areas of the sample. When the stress value reaches its peak
of the stress-strain relationship, the stress concentrations of columns in the top-left

Figure 5. Model setup and boundary condition for the CJBs with different irregularity degrees of
columns: (a) completely regular columns; (b) approximately regular columns; (c) moderately regular
columns; (d) irregular columns; (e) the irregular CJBs in the case of plane strain; (f) the irregular
CJBs in the case between plane stress and plane strain; (g) the inhomogeneous model after digital
image transformation; (h) the model slices along the direction perpendicular and parallel to column
axis; (i) the irregular CJBs along the direction parallel to column axis in the case of plane strain; (j)
in the case between plane stress and plane strain.

Table 4. Mechanical parameters of rock and joint of CJBs.

Material type
Heterogeneity

index

Elastic
modulus
(GPa)

Uniaxial
compressive
strength
(MPa) Poisson’s ratio

Friction
angle (�)

Residual
strength
coefficient

Basalt 5, 10 60 120 0.2 56.15 0.1
Joint 5 15 30 0.25 36 1
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Figure 6. Gradual fracture process and failure mode of the completely regular CJBs along the dir-
ection I perpendicular to column axis: (a,b) the stress–strain curve and AE rate; (c–f) the minimum
principal stress diagrams at Points A, C, D, and E; (g) the damage diagram; (h) the displacement
diagram along the x axis; (i) the displacement diagram along the z axis; (j) the AE diagram (the
3-m specimen with column diameter of 20 cm, heterogeneity index of 5, lateral pressure of 6MPa).
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and top-right areas of the sample develop further, leading to new cracks. Meanwhile,
the stress concentrations appear at the columns in the upper-middle of the sample.
Then, the load grows continuously while the stress drops to Point D. It can be seen
that in the upper-left, upper-middle and upper-right areas of the sample, the fractures
of columns are obvious. Finally, with the stress dropping to Point E, the columns in
the upper area of the specimen get broken more severely. Under the role of lateral
pressure, the specimen is squeezed and deformed to a certain extent. In Figure 6(b),
the AE energy of the specimen shows single peak distribution. Simultaneously, it is
the fractures of columns at the upper area of the sample that result in the peak value
of AE energy. Then, a sudden increase occurs at the end of AE energy, which is
caused by the failure of the whole specimen during the loading process of numerical
test. One of the advantages of the DIC-enhanced RFPA in numerical test is also
shown. Namely, the whole process of AE energy evolution from initial loading to
instability under lateral pressure can be revealed.

As we can be seen from Figure 6(g), there is an M-shaped damage area at the
upper part of the sample, while in other areas of the specimen, the vertical joints are
damaged. The x-direction displacement diagram in Figure 6(h) shows that the x-dir-
ection extrusion of the upper area of the sample is distinct, which is mainly because
of the damage, fracture of elements and then the extrusion deformation of the upper
part of the specimen. As depicted in the z-direction displacement diagram in Figure
6(i), the sedimentation mainly occurs near the top area of the sample, and the main
sedimentation part is distributed in a fluctuating strip way. The AE diagram in
Figure 6(j) shows that the vertical joints of the specimen are subjected to compression
and shear, which is displayed by pink AE, while the columns at the upper area of the
sample are with both compressive failure AE and tensile failure AE (blue AE).

3.2. Progressive failure process and AE energy evolution characteristics of
irregular CJBs with lateral pressure along the direction I perpendicular to
column axis

Figure 7 indicates the stress–strain relationship of the 3-m irregular CJB sample with
lateral pressure of 6MPa along the direction I perpendicular to the column axis, as

Figure 6. Continued.
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Figure 7. Gradual fracture process and failure mode of the irregular CJBs along the direction I:
(a,b) the stress–strain curve and AE rate; (c–f) the minimum principal stress diagrams at Points B,
C, E and F; (g) the damage diagram; (h) the displacement diagram along the x direction; (i) the dis-
placement diagram along the z direction; (j) the AE diagram (the 3-m specimen with column diam-
eter of 20 cm, heterogeneity index of 5, lateral pressure of 6MPa).
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well as the minor principal stress diagrams. According to Figure 7(a–f), at Point A,
the weak compression-shear slip occurs at sporadic location of joints in the whole
sample. Meanwhile, there are high stress concentrations at a few local areas of the
sample. When the load is carried out to the peak Point B, the compression shear slip
of joints within the upper area of the specimen further develops, and the stress con-
centration at several columns is relatively clear. With the stress dropping to Point C,
some cracks initiates and propagates at a few columns at the upper-middle of the
sample. When the stress decreases to Point D, these cracks continue to develop and
the stresses at the crack tips are concentrated. At Point E, more columns get broken
in the upper are of the sample. Finally, the breakage of the columns in the upper
area of the sample intensifies at Point F. Figure 7(b) shows the whole process of AE
energy evolution of the CJBs specimen from loading to overall instability failure. In
Figure 7(b), the AE energy of the specimen is distributed with one single peak.
Simultaneously, the maximum value of the AE energy is mainly produced by the frac-
tures of columns at the upper area of the sample.

As presented in Figure 7(g), the columns within the upper area of the sample are
seriously damaged. The vertical joints and oblique joints in other areas of the speci-
men are damaged as well. The x-direction displacement diagram in Figure 7(h) shows
that the x-direction extrusion is obvious in the top-left side and the middle-right side
of the sample, which is mainly because of the asymmetric cracks and damage in the
irregular CJB specimen. Furthermore, the z-direction displacement diagram in Figure
7(i), the sedimentation occurs near the top of the sample, while the sedimentation is
transmitted to a deeper depth in the right side of the sample. The AE diagram in
Figure 7(j) shows that the columns in the upper area of the sample are with both
compressive failure AE (pink AE) and tensile failure AE (blue AE), while the vertical
and oblique joints of the specimen are with pink AE due to compression and shear.

3.3. Progressive failure process and AE energy evolution characteristics of
irregular CJBs with lateral pressure along the direction parallel to column axis

Figure 8 indicates the stress–strain relationship of the 3-m irregular CJBs sample with
lateral pressure of 6MPa and b¼ 30�, as well as the minor principal stress diagrams

Figure 7. Continued.
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Figure 8. Gradual fracture process and failure mode of the irregular CJBs with b¼ 30� along the
direction parallel to column axis: (a, b) the stress–strain curve and AE rate; (c–f) the minimum prin-
cipal stress diagrams at Points B, D, E and F; (g) the damage diagram; (h) the displacement dia-
gram along the x direction; (i) the displacement diagram along the z direction; (j) the AE diagram
(the 3-m specimen with column diameter of 20 cm, heterogeneity index of 5, lateral pressure
of 6MPa).
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describing the failure process of rock sample, where the red areas reflect the high
stress concentrations.

According to Figure 8(a–f), at Point A in the loading stage, the columnar joints
inside the sample have high stress concentrations. When the load reaches the peak
Point B, there is a tendency of compression-shear damage slip at some local locations
of the joints. With the stress dropping to Point C, the compression-shear slip appears
at the joints in the upper area of the sample. At the top of the sample, the stress con-
centration is obvious and the crack initiation occurs. When the stress drops to Point
D, new cracks further initiate and develop at the top of the specimen, and the stresses
are concentrated at the edges of some columns in the upper area of the sample. With
the stress further dropping to Point E, the cracks initiate and propagate at the edges
of several columns and at the original stress concentration areas. Furthermore, high
stress concentrations occur at the crack tips. Finally, when the stress decreases to
Point F, the breakage of the columns intensifies at the upper area of the sample. In
Figure 8(b), the AE energy of the specimen is distributed in a double-peaks way.
Clearly, the first AE energy peak is induced by the compression-shear slip and dam-
age of the columnar joints, and the second AE energy peak is because of the fractures
of the columns within the upper area of the sample. In the last stage of AE energy,
there is also a sudden increase of AE energy, indicating that the specimen is with
overall instability failure.

As depicted in Figure 8(g), the damage development of the columns in the upper
area of the sample are distinct, while in the other areas of the specimen, damage is
mainly distributed in the columnar joints. The x-direction displacement diagram in
Figure 8(h) shows that there is asymmetric extrusion deformation in the upper-left
and upper-right areas of the sample, which is mainly affected by the inclination of
the columns. Meanwhile, the z-direction displacement diagram in Figure 8(i), the
sedimentation mainly occurs near the top of the specimen. The AE diagram in Figure
8(j) shows that the pink AE appears at the columnar joints under compression and
shear, and there are both compressive failure AE and a few tensile failure AE (blue
AE) at the columns near the top of the specimen.

Figure 8. Continued.
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3.4. Effect of rock inhomogeneity index on mechanical properties and AE
energy of CJBs under lateral pressure

As presented in Figure 9(a,b), in terms of compressive strength (CS), for the cases of the
directions I/II perpendicular to the column axis, when the inhomogeneity index is 5 and 10,
the CS of sample grows up gradually with the lateral pressure increasing. In terms of EDM,
for the cases of the directions I/II perpendicular to the column axis, when the inhomogen-
eity index is 5 or 10, the EDM of specimen increases at first and then grows slowly with the
lateral pressure increasing. In addition, when the lateral pressure is large (for example,
the lateral pressure of 8MPa) and inhomogeneity index is 5 or 10, the EDM of sample along
the direction II perpendicular to the column axis is larger than the direction I.

As shown in Figure 9(c–f), for the cases of the direction parallel to the column
axis, when the inhomogeneity index is 5 or 10 and the lateral pressure is 2, 4, 6 or
8MPa, the trend of the sample CS is U-shaped with the dip angle of columns
increasing. When dip angle b¼ 15�–60�, the influence of the inhomogeneity index on
the CS of specimen is very small. When dip angle b¼ 0�, 75� and 90�, the influence
of inhomogeneity index on that is obvious. Clearly, at b¼ 0�, 75� and 90�, with the
growth of rock inhomogeneity index (i.e. the less rock inhomogeneity), the CS of spe-
cimen increases. In terms of EDM, when the inhomogeneity index is 5 or 10 and the
lateral pressure is 2, 4, 6 or 8MPa, the EDM of specimen decreases in the beginning,
then arises and then drops again with the dip angle increasing. Compared with the
two factors of rock inhomogeneity index and lateral pressure, EDM is more sensitive
to the inhomogeneity index and less sensitive to lateral pressure.

In Figure 9(g), the Points A–D correspond to the accumulated AE energy for the
stress peaks, respectively. According to Figure 9(g), under the lateral pressure of
6MPa, along the direction I (II), from the perspective of the sequence of the occur-
rence on the strain axis, the inhomogeneity indexes for accumulated AE energy corre-
sponding to the strength peak of specimens are 5, 10, respectively; in the aspect of
AE energy accumulation magnitude from little to large, the inhomogeneity indexes
for that are 5, 10, respectively. It can be concluded that along the direction perpen-
dicular to the column axis, when the rock is less inhomogeneity, the accumulated AE
energy corresponding to the stress peak lags in the loading stage, and the correspond-
ing quantity value increases.

It can be seen from Figure 9(h) that under the lateral pressures of 2 and 6MPa, for
the direction parallel to the column axis, from the perspective of the sequence of the
occurrence on the strain axis, the inhomogeneity indexes for accumulated AE energy
corresponding to the strength peaks of specimens are 10 and 5, respectively; that is, for
the direction parallel to the column axis and b¼ 30�, the less rock inhomogeneity, the
more forward the accumulated AE energy corresponding to the stress peak on the strain
axis. In the aspect of AE energy accumulation magnitude from little to large, the
inhomogeneity indexes for that are 5 and 10, respectively, but the difference is small.

3.5. Effect of irregularity degree of column on mechanical properties and AE
energy of CJBs under lateral pressure

It can be seen from Figure 10(a–d) that along the direction I perpendicular to the
column axis, when the lateral pressure of 6MPa, with the column irregularity degree
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Figure 9. (a,c,e) The compressive strengths of samples with different heterogeneity indexes; (b,d,f)
the equivalent deformation moduli; (g,h) the accumulated AE energy curves (the specimens with
column diameter of 20 cm) (the Points A–D correspond to the AE energy accumulations for the
peak stresses, respectively).
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increasing, the CS of specimen increases and then decreases. For the case of the dir-
ection II perpendicular to the column axis and the lateral pressure of 6MPa, with the
irregularity degree of columns growing, the CS of the specimen reduces.

Along the directions I/II perpendicular to the column axis, EDM grows with the
column diameter increasing. When the column diameter is 80 cm, EDM of com-
pletely regular columns is the smallest for the direction I perpendicular to the column
axis, while that of irregular columns is the smallest along the direction II.

Figure 10. (a,c,e) The compressive strengths of samples along the direction I, II and the direction
parallel to column axis; (b,d,f) the equivalent deformation moduli of samples along the direction I,
II and the direction parallel to column axis; (g–i) the accumulated AE energy curves along the dir-
ection I, II and the direction parallel to column axis (the specimens with heterogeneity index of 5)
(the Points A–D correspond to the AE energy accumulations for the peak stresses, respectively).
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As shown in Figure 10(e–f), for the case of the direction parallel to the column
axis, when the lateral pressure is 6MPa, the CS of the specimen with various irregu-
larity degrees of columns indicates a V-shaped trend with the dip angle of columns
increasing. When the dip angle of columns is b¼ 45�, the CSs of samples with vari-
ous irregularity degrees of columns are different obviously. In the aspect of EDM,
when the lateral pressure is 6MPa, the EDMs of samples with various irregularity
degrees of columns decrease at first, then increase, and then reduce or change slowly
with the growth of the column dip angle.

According to Figure 10(g,h), under the lateral pressure of 6MPa, along the dir-
ection I (II) perpendicular to the column axis, in terms of the sequence of the
occurrence on the strain axis, the irregularity degrees of columns for accumulated
AE energy corresponding to the strength peaks of specimens are irregular columns,
moderately regular columns, approximately regular columns, completely regular

Figure 10. Continued.
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columns, respectively; in terms of AE energy accumulation magnitude from little
to large, the irregularity degrees of columns for that are irregular columns (moder-
ately regular columns), approximately regular columns, completely regular col-
umns, respectively.

As depicted in Figure 10(i), when the lateral pressure is 6MPa, for the direc-
tion parallel to the column axis and b¼ 45�, in terms of the occurrence sequence
on the strain axis, the irregularity degrees of columns for accumulated AE energy
corresponding to the strength peaks of specimens are completely regular columns,
moderately regular columns, approximately regular columns, irregular columns,
respectively; in terms of AE energy accumulation magnitude from little to
large, the irregularity degree of column for that are completely regular columns,
irregular columns, moderately regular columns (approximately regular columns),
respectively.

Figure 11 displays the failure diagrams of the CJB samples with various regular
degrees along the direction II perpendicular to the column axis under the lateral
pressure of 6MPa (the completely regular CJBs, the approximately regular CJBs,
the moderately regular CJBs, the irregular CJBs). It can be seen from Figure 11(a)

Figure 11. Failure modes of samples with various irregularity degrees of columns along the direc-
tion II perpendicular to column axis: (a) the completely regular CJBs; (b) the approximately regular
CJBs; (c) the moderately regular CJBs; (d) the irregular CJBs (the 3-m specimens with column diam-
eter of 60 cm, heterogeneity index 5, lateral pressure of 6MPa).
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that for completely regular CJBs, damage develops along the vertical and oblique
joints. Near the joints, the damage develops, and the cracks initiate and propagate.
In Figure 11(b), for the approximately regular CJBs, the vertical and oblique joints
are damaged. In the upper area of the sample closing to the joints, the damage
development and crack growth at the columns are obvious. As presented in Figure
11(c), for the moderately regular CJBs, some vertical joints get cracked, and other
vertical and oblique joints are damaged. In the upper middle area of the sample,
near the column corners, the extrusion effect is obvious, and there are damage
development and crack growth. As shown in Figure 11(d), for the irregular CJBs, a
few vertical joints get cracked and oblique joints are damaged. Near the middle of
the specimen, due to the extrusion of the column corners and the compression-
shear slip of the joints, the strip zones of damage develop and the crack initiation
and propagation occur.

3.6. Effect of model boundaries on mechanical properties and AE energy of
irregular CJBs under lateral pressure

Figure 12 shows the effect of boundary conditions on mechanical properties and AE
energy of irregular CJBs. The case I corresponds to the case between plane stress and
plane strain, and the case II corresponds to plane strain. From Figure 12(a), it can be
seen that for the irregular CJBs along the direction I and the lateral pressure of
6MPa, when the boundary condition is changed from the case I to the case II, the
growth ratio of CS is 29.42%. For the irregular CJBs along the direction parallel to
the column axis and b¼ 30�, the increase ratio of CS is 8.30%. It can be seen that the
increase is smaller. This is mainly because at b¼ 30�, the CS of CJBs is obviously
affected by the compression-shear slip of columnar joints. As depicted in Figure
12(b), for the irregular CJBs along the direction I and the lateral pressure of 6MPa,
when the boundary condition is changed from the case I to the case II, the growth
ratio of EDM is 11.89%. For the irregular CJBs along the direction parallel to the col-
umn axis and b¼ 30�, the increase ratio of EDM is 5.84%. Clearly, the increase is
smaller. This is also because at b¼ 30�, the influence of the compression-shear slip of
columnar joints on EDM of CJBs is obvious.

Figure 12(c) shows the stress–strain relationship and AE energy of irregular CJBs
along the direction I and with lateral pressure of 6MPa, and with model boundary
between the plane stress and the plane strain. From Figure 12(c), we can see that the
AE energy indicates a less obvious distribution of double peaks. The first AE energy
peak occurs before the stress peak and the second one is in the falling section after
the stress peak. Figure 12(d) shows the stress–strain relationship and AE energy of
the irregular CJBs along the direction parallel to the column axis when b¼ 30�, and
with the boundary condition between the plane stress and the plane strain. As
depicted in Figure 12(d), the AE energy is distributed in a triple-peaks way. The first
peak is near the stress peak, and the second and third peaks are in the falling section
after the stress peak.

Figure 12(e) shows the effect of various model boundaries on the accumulated AE
energy before the stress peak of CJBs. It is clear from Figure 12(e) that for the
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Figure 12. Effect of boundary condition on mechanical parameters and AE energy of CJBs: (a)
compressive strengths; (b) equivalent deformation moduli; (c,d) stress–strain curves and AE energy;
(e) accumulated AE energy before the stress peaks (the cases I and II correspond to the case
between plane stress and plane strain, and the case of plane strain, respectively).
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irregular CJBs along the direction I and with lateral pressure of 6MPa, if the bound-
ary condition is transformed from the case I to the case II, the accumulated AE
energy before stress peak decreases from 112,317 to 78,364 J, with a decrease ratio of
�30.23%. For the irregular CJBs along the direction parallel to the column axis and
b¼ 30�, the accumulated AE energy before stress peak grows from 47,451 to 55,087 J,
with an increase ratio of 16.09%. It demonstrates that for an underground cavern, the
energy released by rock mass at a certain depth inside the walls is likely to be higher
than that released by rock mass near the walls. The monitoring and supporting meas-
ures should be conducted for the rock mass at a certain depth inside the under-
ground cavern walls.

4. Discussion

4.1. Fracture mechanism of CJBs under lateral pressure

Taking the irregular CJBs parallel to the column axis as an example, when b¼ 30�

and the lateral pressure is 6MPa, the failure mechanism can be summarized as fol-
lows: with the load growing, high stress concentrations appear at the columnar joints
inside the sample. There is a tendency of compression-shear damage at some local
locations of the joints. When the load grows, the compression-shear damage slip
appears at the joints in the upper area of the sample. At the top of the sample, high
stress concentration is obvious and the crack initiation occurs. The cracks further ini-
tiate and develop at the top of the specimen, and the stresses are concentrated at the
edges of a few columns within the upper part of the sample. With the load further
increasing, at the edges of some columns and at the original stress concentration
areas, the cracks initiate and propagate, and there are stress concentrations occurring
at the tips of the cracks. Eventually, the breakage of the columns intensifies at the
upper part of the specimen.

Zhou et al. (2018) applied PFC2D to investigate the mechanical properties of single
jointed specimens and double jointed specimens, but only considered the effect of lat-
eral pressure on the fracture mechanisms of single jointed specimens. Chen et al.
(2020) argued that the stress-strain curves of granite samples with open precut cracks
show the characteristics of stepped brittle drop under various lateral pressures. This
is related to the layout of precut cracks. Fan et al. (2015) used PFC3D to study the
physico-mechanical parameters of multi-non-persistent jointed specimens suffering
uniaxial compression. They analysed the variation of compressive strength of speci-
mens with the growth of joint dip angle and length. With the length of joints increas-
ing, the compressive strength of specimens was more sensitive to the joint dip angle.
However, the effect of lateral pressure on the fracture mechanisms of jointed rock
masses was not fully considered in their research. Xue et al. (2021) investigated time-
dependent/time-independent deformation and fracture of double-notched sandstone
samples by DIC to reveal the related crack paths and failure modes of sandstone.
Nevertheless, the energy evolutions during the fracturing processes of the samples
remain unclear. Wu et al. (2019) numerically investigated the anisotropy of jointed
rock mass under lateral pressure. However, in their study, the joint dip angle obeyed
the normal distribution, the joint trace length obeyed the lognormal distribution, and
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the joint space obeyed the negative exponential distribution or lognormal distribution.
Therefore, the fracture mechanisms of their specimens depends on the related statis-
tical distribution.

4.2. Effect of rock inhomogeneity on mechanical properties and AE energy of
jointed rock mass under lateral pressure

Along the direction parallel to the column axis, when the inhomogeneity index is 5
or 10 and the lateral pressure is 2, 4, 6 or 8MPa, there is a U-shaped trend of the CS
of the sample with the dip angle of columns increasing. When the dip angle
b¼ 15�–60�, the influence of the inhomogeneity index on the CS of specimen is very
small. When the dip angle b is 0�, 75� or 90�, the influence of inhomogeneity index
on that is obvious.

Under the lateral pressures of 2 and 6MPa, along the direction parallel to the col-
umn axis, in terms of the sequence of the occurrence on the strain axis, the inhomo-
geneity indexes for accumulated AE energy corresponding to the strength peaks of
specimens are 10 and 5, respectively; that is, for the direction parallel to the column
axis and b¼ 30�, the less rock inhomogeneity, the more forward the accumulated AE
energy corresponding to the stress peak on the strain axis. In the aspect of AE energy
accumulation magnitude from little to large, the inhomogeneity indexes for that are 5
and 10, respectively, but the difference is small.

Liu et al. (2018) investigated the mechanical parameters of brittle rocks effected by
micro-geometric inhomogeneity. The crack initiation stress, crack damage stress and
strength peak were calculated numerically. However, the effect of the joint dip angle
on physico-mechanical parameters and AE energy of rock mass was not fully consid-
ered. Sabri et al. (2016) analysed the effect of particle size heterogeneity on roughness
of fracture surface and failure mechanisms of rocks. In their research, the influence
of lateral pressure was not considered. Li et al. (2018) investigated the effect of
inhomogeneity on deformation behaviours and AE release of stratified rock samples
under uniaxial compression by the DIP-based finite difference method, but the influ-
ence of lateral pressure on AE energy was not further analysed. Jiao et al. (2005)
found that with the heterogeneity of faults in geometry increasing, the AE corre-
sponding to the stress peak lags in the loading stage. This phenomenon is similar
with the results of this paper to a certain extent. Namely, the more inhomogeneous
the rock is, the farther the accumulated AE energy corresponding to the stress peak
of CJB in the loading stage lags. Li and Li (2010) discussed the effect of inhomogen-
eity on AE features of rock sample, but the influence of joint and lateral pressure
were not considered further.

4.3. Effect of irregularity degree of columns on mechanical parameters and AE
energy of jointed rock mass under lateral pressure

The square samples with various irregularity degrees of columns along the direc-
tions I and II perpendicular to the column axis were established. Then, a group of
uniaxial compression tests were performed as shown in Figure 13. It can be seen
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that the changing range of EDM of CJBs containing irregular columns along the
direction I perpendicular to the column axis is widest. Besides, when the column
diameters are 20, 60 and 80 cm, the EDM of irregular columns in the direction I is
the largest than the other regularity degrees of columns. This phenomenon agrees
with the results by Cui et al. (2016) very well. Furthermore, for the square samples
along the direction II perpendicular to the column axis, the EDMs of CJBs contain-
ing irregular columns are higher than the other relatively regular columns when
the column diameters are 20 and 40 cm. From the perspective of mechanical mech-
anism, this is because under uniaxial compression, the occlusal degree between
irregular columns is high, and the relative anti-sliding ability between joints get
strengthened.

Then, Figure10 (a,c) show that, on the whole, along the direction I perpendicular
to the column axis, when the lateral pressure is 6MPa, the EDMs of specimens with
approximately regular columns are the largest; along the direction II perpendicular to

Figure 13. (a) Equivalent deformation modulus of samples with various irregularity degrees of col-
umns along the direction I perpendicular to column axis; (b) along the direction II perpendicular to
column axis.
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the column axis, the EDMs of specimens with completely regular columns are the
largest. From the perspective of mechanical mechanism, this is because the lateral
pressure enhances the occlusal degree between columns and improves the anti-sliding
ability of joints.

Kulatilake et al. (1993) pointed out that the deformation modulus and shear
modulus of jointed rock masses gradually drop with the number of joints and the
ratio of joint size to rock block size increasing, which is consistent with the results
along the direction II in this paper. Namely, with the column irregularity increasing,
the EDM of CJBs will decrease. Bhasin and Hoeg (1998) investigated the mechanical
parameters of samples with three different block sizes under lateral pressure. The
results showed that the specimens with smaller block size (smaller joint spacing) had
larger compressive strength but smaller deformation modulus. Wang et al. (2020)
used PFC to study the mechanical parameters of rock mass with two different joint
densities. Their results demonstrates that the rock sample with high joint density had
low uniaxial compressive strength and elastic modulus. These results agree with the
obtained results along the directions I or II in this article. For example, the smaller
the column diameter is, the lower the EDM of CJBs is.

5. Conclusion

With the aim of understanding the failure mechanism and energy release features of
CJB affected by the lateral pressure, rock heterogeneity and column irregularity, the
heterogeneous CJB models with various column dip angles, irregularity degrees of
columns and boundary conditions were established using the DIC. Then, the gradual
failure process and AE energy release of CJB were simulated under different lateral
pressures. The influence factors of the mechanical behaviours of CJB were analysed.
The main findings can be concluded as follows:

1. The rock heterogeneity shows the complex influence rule on mechanical proper-
ties and AE energy of CJBs. Clearly, the compressive strength of sample basically
displays a U-shaped trend with the dip angle of columns increasing along the
direction parallel to the column axis when the inhomogeneity index is 5 or 10.
And the compressive strength affected by the inhomogeneity index also depends
on the dip angle b. Furthermore, when the inhomogeneity index is 5 or 10 and
the lateral pressure is 2, 4, 6 or 8MPa, the EDM of specimen decreases in the
beginning, then increases and then drops with the dip angle increasing. Besides,
the EDM of sample is more sensitive to the inhomogeneity index than the lat-
eral pressure.

2. The irregularity degree of columns has been proven to be a critical influence fac-
tor. Along the direction I perpendicular to the column axis, the compressive
strength of sample initially increases and then decreases with the column irregu-
larity degree increasing when the lateral pressure is 6MPa. However, along the
direction II perpendicular to the column axis, the compressive strength decreases
with the irregularity degree of columns growing under the same lateral pressure.
Along the direction I/II perpendicular to the column axis, in terms of the
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occurrence sequence of accumulated AE energy corresponding to the strength
peaks of specimens on the strain axis, the columns will be irregular columns,
moderately regular columns, approximately regular columns, completely regular
columns, respectively.

3. The mechanical properties and AE energy of irregular CJBs are greatly affected
by the model boundaries. Along the direction I under the lateral pressure of
6MPa, when the boundary condition is changed from the case I to the case II,
the growth ratio of the compressive strength of the irregular CJBs is larger than
along the direction parallel to the column axis with b¼ 30�. Along the direction
I under the lateral pressure of 6MPa, when the boundary condition is trans-
formed from the case I to the case II, the accumulated AE energy of the irregular
CJBs before stress peak decreases. However, along the direction parallel to the
column axis with b¼ 30�, the accumulated AE energy of irregular CJBs before
stress peak grows.
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