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Abstract
We studied the non-linear mechanical response and failure mechanism of columnar jointed basalts (CJBs) with transverse 
joints by modeling meso-mechanics, statistical damage theory and continuum mechanics. The anisotropy and shape effect 
of CJBs with transverse joints were captured under different lateral pressures. The digital images were transformed into 
heterogeneous element meshes, and the gradual fracturing process and various failure modes of CJBs were reproduced. The 
compressive strength (CS) and equivalent deformation modulus (EDM) of CJBs parallel and perpendicular to the column axis 
were studied. The results show that the U-shaped CS curve of CJB appears as the column dip angle increases, and the CS is 
obviously improved as the lateral pressure increases when the column dip angle is 0°–90°. When the shape of CJB changes 
from 6 m × 3 m, 3 m × 3 m to 1.5 m × 3 m, the CS continues to increase. Meanwhile, the transverse joints are proven to be 
critical for determining the mechanical properties of CJBs at the certain dip angles of columns. However, the high lateral 
pressure can reduce the CS difference between the CJBs with and without the transverse joints. Besides, as the elastic modulus 
of joints rises, the CS will grow up, and the EDM will increase first and then almost remain at the same level. The coeffi-
cient of rock residual strength has a great influence on the CS at the certain dip angles of columns. Additionally, the model 
boundary significantly affects the anisotropy and shape effect of mechanical properties of CJBs under compression. These 
conclusions will improve our knowledge of the failure mechanisms and failure patterns of CJBs containing transverse joints.

Highlights

•	 Transverse joints greatly affect the anisotropy and shape 
effect of CJBs

•	 High lateral pressure can reduce the CS difference 
between CJBs with and without transverse joints

•	 The U-shaped CS curve of CJB generally appears as the 
column dip angle increases
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1  Introduction

Columnar joints are a kind of fracturing networks caused by 
cold shrinkage of erupted basalts. They often cut rock mass 
into regular or irregular prisms, forming columnar jointed 
basalts (CJBs) or columnar jointed rock masses (CJRMs). 
CJBs have been found at many places on the earth, such as 
the United States, Australia, China, Brazil, India, Scotland, 
and Siberia (Gilman 2009; Guy 2010; Zavada et al. 2015; 
Huang et al. 2020; Weinberger and Burg 2019). In recent 
decades, many large-scale infrastructures related to CJBs 
have been constructed or planned in the southwestern part of 
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China, such as the Longkaikou Hydroelectric Station located 
in the middle reaches of Jinsha River with extra-long traffic 
tunnels. The observed CJBs/CJRMs in the field can be seen 
in Fig. 1.

In terms of mechanical properties of CJRMs (or CJBs), 
some researchers have carried out relevant studies. In the 
aspect of numerical simulation, the conventional numerical 
methods are generally difficult to simulate the progressive 
fracture process of CJRMs (Simo and Ju 1987; Lemaitre 
1992; Skrzypek and Ganczarski 1999; Lemaitre and Desm-
orat 2005). For instance, Yan et al. (2012) investigated the 
macroscopic equivalent elastic moduli of CJRMs by the 
three-dimensional (3D) discrete element method (DEM). 
But the gradual fracture behaviors were not displayed and 
analyzed. Zheng et al. (2010) discussed the anisotropy and 
size effect of CJRM using the deformable DEM models 
with different sizes. However, the fracture-induced acoustic 
emission (AE) characteristics of CJRM were not captured 
and discussed. Cui et al. (2016) analyzed the influence of 
structural characteristics on the equivalent deformation 
moduli (EDMs) of CJRMs by the finite element method 
(FEM). Nevertheless, the variation of stress field during 
fracture process was not depicted and investigated. Based 

on the 3D finite difference method (FDM), Yan et al. (2018) 
simulated the mechanical behavior of CJRMs with various 
column angles and investigated the deformation and strength 
features of the CJRMs under true triaxial compression. How-
ever, the fracture-induced AE precursors of CJRMs were not 
revealed. In general, the above numerical simulations have 
made beneficial progress about the anisotropy and size effect 
of CJRM. But, the effect of lateral pressures on the fracture 
mechanism and AE characteristics of CJRMs (or CJBs) with 
different shapes has not been fully understand.

In the aspect of experimental test, it is generally diffi-
cult to make the CJRMs (or CJBs) samples with transverse 
joints and consider the mechanical properties of real joints. 
Ji et al. (2017) performed the uniaxial compression tests 
on CJRM samples composed of cement, fine sand, water 
as well as water-reducer. They further analyzed the frac-
ture modes of CJRM by varying column angle. However, 
the influence of mechanical property variation of joints was 
not taken into account. Xiao et al. (2014 and 2015a) gained 
the various deformation and strength parameters of CJBs 
by varying column angle and discussed the anisotropic fea-
tures by the compression tests. Nevertheless, in their study, 
the cement paste was used to bond the columns, which were 

Fig. 1   The observed CJBs/
CJRMs in the field: a at the 
Low Force Waterfall, Durham, 
UK; b at the High Force Water-
fall, Durham, UK; c and d at the 
Baihetan Hydroelectric Station 
in China (Ji et al. 2017)
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different from the real joints of CJRMs. Ke et al. (2019) 
investigated the effect of column angles and transverse joints 
on the mechanical parameters and fracturing mechanisms 
of CJRMs. However, the AE characteristics underlying the 
fracture process of CJRMs were not studied. Lin et al. (2018) 
analyzed the shape effect of CJRM specimens with trans-
verse joints by laboratory physical experiments and obtained 
the curves of uniaxial compressive strengths (UCSs) with 
various shapes and column dip angles, but the energy evo-
lution and the influence of lateral pressure were not con-
sidered. Overall, the physical tests have obtained valuable 
research results on the understanding of mechanical proper-
ties of CJRMs. However, when more environmental factors 
need to be considered, the laboratory physical test will be 
time-consuming and uneconomic.

In the aspect of field test, a series of valuable achieve-
ments concerning the mechanical properties of CJBs (or 
CJRMs) have been obtained although the occurrence envi-
ronment of engineering rock mass in the field is complicated. 
Jiang et al. (2013 and 2018) carried out field investigation 
on the anisotropic characteristics of CJBs. However, due to 
the limitation of field condition, the systematic research on 
shape effect of CJBs was difficult to carry out. Xiao et al. 
(2017) captured the microseism signals resulting from the 
excavation of the CJBs at a hydroelectric station, but the 
signals were probably affected by various factors. Fan et al. 
(2018) investigated the unloading relaxation and rebound 
deformation of CJBs by in situ testing. Nevertheless, the 
influence of joint mechanical properties and rock constitu-
tive relation were difficult to consider in field test. Xia et al. 
(2020a, b) investigated the geometric configuration of CJB 
and their influence on the P-wave anisotropy at the Baihetan 
Hydroelectric Station. However, due to the environmental 
limitation, it was not convenient to study the shape effect of 
CJBs. Although many researchers have studied the mechan-
ical properties of CJBs by means of field test, laboratory 
physical test and numerical simulation, the mechanical prop-
erties and AE characteristics of CJBs with different shapes 
have not been fully understood. Meanwhile, the research of 
the fracture mechanisms of CJBs with different shapes and 
transverse joints is insufficient.

The mechanical behavior and instability precursor of 
underground cavern CJB wall with different height–width 
ratios are closely related with the shape effect of CJBs. 
Simultaneously, the determination of the mechanical param-
eter values used in the stability analysis of CJB engineering 
is also affected by the shape effect of CJB specimens. To 
understand the anisotropy, shape effect and fracture mecha-
nism of CJBs with transverse joints, the meso-mechanics, 
and statistical damage theory were modeled in this study. A 
group of inhomogeneous CJB models with various specimen 
shapes and transverse joints was established. Under lateral 
pressure, the effects of transverse joints, joint mechanical 

parameters, rock constitutive relations and boundary condi-
tions were numerically simulated and concluded.

2 � Methods

2.1 � The RPFA Code Enhanced by DIC

The advantage of the rock failure process analysis (RFPA) 
code is to simulate the gradual fracture process without the 
hypotheses about how and where new microcracks will ini-
tiate and develop (Tang and Kou 1998; Liang 2005; Feng 
et al. 2022). Additionally, the effectiveness of RFPA has 
been verified by many benchmarks (Xu et al. 2021; Wang 
et al. 2022). Meanwhile, RFPA has been applied in the sta-
bility assessment (Chen et al. 2022; Gong et al. 2022a), fail-
ure mechanism (Zhou et al. 2018; Gong et al. 2022b) and 
instability precursor (Liu et al. 2017; Zhang et al. 2021) of 
rock mass.

The model-building ability of RFPA was improved by the 
digital image correlation (DIC) technology. First, the model 
data carried by an image consisting of square pixels needs to 
be transformed into the related parameter matrixes. Assum-
ing that the image has a certain thickness, the square pixels 
can be treated as numerous finite elements, and their node 
coordinates will be determined according to the spatial posi-
tions of the linked pixels. Second, the element attributes can 
be assigned by distinguishing the grayscale of every pixel 
and classifying it into the corresponding joint or rock materi-
als. The construction process of a heterogenous model has 
been presented in Fig. 2. According to the statistical damage 
mechanics, the mechanical parameters of finite elements are 
presumed to obey a given Weibull distribution to represent 
the inhomogeneity of rock masses. Thirdly, the Mohr–Cou-
lomb strength criterion with tension cut-off is applied as 
the strength criterion. Clearly, if the minor principal stress 
of an element researches the uniaxial tensile strength, the 
tensile damage would occur, while the stresses of an ele-
ment research the Mohr–Coulomb strength criterion, the 
compression-shear damage would happen (illustrated by 
Fig. 3). Fourthly, the bearing ability of a meso-element is 
going to decrease as the damage evolves and remain a spe-
cific residual strength after reaching the strength criteria. 
Based on the approach developed by Mazars and Pijaudier-
Cabot (1989), the stress–strain relationship displayed in 
Fig. 3 can be extended to the 3D stress space.

2.2 � The Damage Evolution of Meso‑elements

For the DIC-enhanced RFPA method, the meso-elements 
will be linear elastic at the beginning, which are described 
using Young’s modulus and Poisson’s ratio. After the 
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specific failure criterion is satisfied, the constitutive curve 
will be modified by softening. For the Mohr–Coulomb 
strength criterion with tension cut-off, when a meso-element 
is subjected to uniaxial tension, the elastic-brittle-plastic 
stress–strain curve is applied. The tensile failure threshold 
could be expressed as follows:

where ft represents the uniaxial tensile strength, and the 
tensile stress and strain are negative.

Meanwhile, the Mohr–Coulomb strength criterion is 
adopted for judging if the element damages in the compres-
sion-shear mode, as follows:

(1)�3 ≤ −f t,

Fig. 2   Schematic diagram of transforming digital image into heterogenous numerical model

Fig. 3   Elastic-brittle damage 
constitutive relation of an ele-
ment under uniaxial stress: a 
tensile state and b compressive 
state
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where σ1 and σ3 represent the maximum and minimum 
principal stresses; φ and fc represent the internal friction 
angle and UCS.

Besides, if the stress state exceeds the specific state 
causing element failure, the elastic modulus of the meso-
element would degenerate with the damage evolving, 
which is able to be described using Eq. (3).

where D is termed the damage coefficient; E0 and E 
are the initial and degenerated elastic moduli of the meso-
element, respectively.

According to the damage mechanics, when the tension 
damage happens, the damage coefficient D could be deter-
mined using Eq. (4) (Tang et al. 2015):

(2)�1 −
1 + sin�

1 − sin�
�3 − fc ≥ 0,

(3)E = (1 − D)E0,

(4)D =

⎧⎪⎨⎪⎩

0 𝜀 > 𝜀t0

1 −
𝜆𝜀t0

𝜀
𝜀tu < 𝜀 ≤ 𝜀t0

1 𝜀 ≤ 𝜀tu

,

where λ (= ftr/ft) represents the residual strength coef-
ficient; ft and ftr represent the uniaxial and residual tensile 
strengths; εt0 (= ft/E0) represents the limit tensile elastic 
strain, and εtu (= ηεt0) is the ultimate tensile strain occur-
ring when the element damages completely; η is the ulti-
mate tensile strain coefficient.

Moreover, when the element damages in the compres-
sion-shear mode, D could be determined using Eq. (5) 
(Tang et al. 2015):

where λ (= fcr/fc) is the residual strength coefficient; 
fc and fcr represent the uniaxial and residual compressive 
strengths; εc0 (= fc/E) represents the limit compressive 
elastic strain. Furthermore, the analysis process is illus-
trated by Fig. 4.

2.3 � Benchmark

The laboratory tests conducted by Xiao et al. (2014) and 
Ji et al. (2017) were used to prove the effectiveness of the 
RFPA approach. According to Xiao et al. (2014), the cylin-
drical CJB samples whose diameter and height were 50 mm 

(5)D =

{
0 𝜀 < 𝜀c0

1 −
𝜆𝜀c0

𝜀
𝜀 ≥ 𝜀c0

,

Fig. 4   Calculation flow of the DIC-enhanced RFPA method



7196	 Y. Wang et al.

1 3

and 100 mm were produced using gypsum, cement and 
water with the mass ratio of 3:1:3.2. A series of uniaxial 
compression tests were performed by the MTS815 servo-
controlled testing machine. Meanwhile, the samples owning 
the same size were made by Ji et al. (2017) using cement, 
fine sand, water and water-reducer with the mass ratio of 
1:0.5:0.35:0.002. The corresponding compression tests were 
conducted as well.

In this study, the related numerical samples with the size 
of 50 mm (width) × 100 mm (height) were built up by con-
verting the digital images. The inner hexagonal prisms had 
the diameter of 10 mm. The different sections with different 

normal directions parallel and perpendicular to the column 
axis were considered, as displayed in Table 1. The used 
physico-mechanical parameters were from the relevant lit-
erature (Fan et al. 2018; Ke et al. 2019; Xiao et al. 2017; 
Yan et al. 2012; Zheng et al. 2010), as listed in Table 2. The 
loading was performed using the rate of 0.005 mm/step until 
the macroscopic instability of a sample.

The normalized UCS coefficients of the experiments 
and the simulations, which are defined as the macroscopic 
strengths of the samples divided by the mesoscopic strengths 
of the materials, are displayed in Fig. 5. Additionally, Fig. 5 

Table 1   Model geometry, joint setting and loading condition under uniaxial compression for numerical verification

The direction I perpendicular to 

column axis 

The direction Ⅱ perpendicular to 

column axis 

The direction parallel to column 

axis (β =30°) 

The direction I perpendicular to 

column axis 

The direction Ⅱ perpendicular to 

column axis 

The direction parallel to column 

axis (β =30°) 

Table 2   Mechanical parameters of finite element model for numerical verification

Material type Heterogeneity 
index

Elastic modulus 
(GPa)

Uniaxial compressive 
strength (MPa)

Poisson’s ratio Friction angle (°) Residual 
strength coef-
ficient

Basalt 5 60 120 0.2 56.15 0.1
Joint 5 15 30 0.25 36 1
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shows that the simulated failure modes agree with the exper-
imental results very well.

2.4 � Model Configuration

By referring to the CJBs encountered at the Baihetan Hydro-
electric station in Southwest China, the model geometry and 
boundary conditions were determined, as listed in Table 3. 
The elastic moduli of joints are displayed in Fig. 6a. Mean-
while, the residual strength coefficients of intact rock, 
reflecting the continuous change of rock material from brit-
tleness to plasticity can be seen in Fig. 6b. Besides, the spac-
ing and distance ratio of the secondary joint set were 1.5 m 
and 50%, respectively. In the aspect of model boundary, the 
case between plane stress and plane strain and the case of 
plane strain were considered.

In the simulations, the element size of each model was the 
same. By taking the 6 m × 3 m model as an example, the total 
element number was 1,216,800. Figure 7a shows the diagrams 
of the 1.5 m × 3 m and 6 m × 3 m models along the direction 
perpendicular to the column axis; Fig. 7b depicts some details 
of the 6 m × 3 m model with and without transverse joints, 
along the direction parallel to the column axis. Meanwhile, 

the two kinds of boundary conditions are shown in Fig. 7c 
and d. For the situation between plane stress and plane strain, 
the deformation constrains were put along the positive normal 
direction of the section, which represented rock masses with a 
free surface, like the walls of a tunnel moving towards the free 
face, as presented in Fig. 7c. For the situation of plane strain, 
the deformation constrains were put along both the positive 
and negative normal directions of the section, which repre-
sented rock masses without deformation along a specific direc-
tion, like surrounding rock masses along the axis of a tunnel, 
as depicted in Fig. 7d. The displacement-controlled loading 
was performed on the model top vertically.

Generally, considering that the strengths of joints are 
weaker than intact rocks, the joint parameters can affect the 
deformation modulus and macroscopic strength of CJBs (Gui 
and Zhao 2015 and Sun et al. 2012). According to the previous 
simulations and relevant literature (Fan et al. 2018; Ke et al. 
2019; Xiao et al. 2017; Yan et al. 2012; Zheng et al. 2010), 
the physico-mechanical properties of joints were chosen, as 
shown in Table 4.

Fig. 5   Comparison of normalized uniaxial compression strength coefficients and failure modes obtained by experiment and simulation
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3 � Results

3.1 � Anisotropy and Shape Effect of CJBs 
with Transverse Joints

We can see from Fig. 8a that for the 1.5 m × 3 m sample 
with transverse joints, as the lateral pressure increases, 
the compressive strengths (CSs) of the samples at the 
dip angles of 0° ~ 90° are obviously improved. In addi-
tion, compared with the 1.5 m × 3 m and 3 m × 3 m sam-
ples, the CSs of 3 m × 3 m specimens are relatively low if 
the lateral pressure researches 6 MPa and the dip angles 
of columns are 0°–90°. Figure 8b indicates that for the 
1.5 m × 3 m sample with transverse joints, compared with 
the other confining pressures, the equivalent deformation 
moduli (EDMs) of the samples are relatively low if the 
lateral pressure is 0 MPa and the dip angles are 0°–30° and 
75°–90°. The EDMs of the samples fluctuate greatly at the 

dip angles of 0°–90° after the lateral pressure researches 
2 MPa. With the lateral pressure rising to 4–8 MPa, the 
EDMs of the samples firstly decrease and then increase 
slightly as the dip angle grows up.

As presented in Fig. 8c, for the 6 m × 3 m specimen 
with transverse joints, as the lateral pressure increases, 
the CSs of the samples are obviously improved at the dip 
angles of 0°–90°. Meanwhile, the CS of the model with 
the column dip angle of 60° decreases after the lateral 
pressure exceeds 6 MPa. However, the model CSs with 
the other column dip angles still increase obviously. In 
addition, it can be found that compared with the 3 m × 3 m 
and 6 m × 3 m specimens, the CSs of the 3 m × 3 m and 
6 m × 3 m specimens show a little difference at the dip 
angle of 45° when the lateral pressure = 6 MPa, while the 
CSs of the 3 m × 3 m specimens are larger at the other dip 
angles. For the 6 m × 3 m specimen with transverse joints, 
compared with the other lateral pressures, the EDMs of 
the specimens at the dip angles of 0° and 75° are rela-
tively low if the lateral pressure = 0 MPa, as depicted in 
Fig. 8d. When the lateral pressure rises to 2–8 MPa, as 
the column dip angle increases, the EDMs of the samples 
basically decrease (or decrease in a fluctuating way) and 
then slightly increase.

Figure 9 shows the z-direction displacement diagrams of 
the 1.5 m × 3 m and 6 m × 3 m CJBs with transverse joints 
when the lateral pressures = 0 MPa and 4 MPa and β = 0°, 
30°, 60° and 90°. Figure 9a and e shows that when the lateral 
pressure = 0 MPa and β = 0°, for the 1.5 m × 3 m sample 
with transverse joints, most of the columnar joints inside 
the sample get damaged, and the cracks in the specimen are 
unevenly distributed. When the lateral pressure is 4 MPa, 
except that a columnar joint at the left side of the speci-
men shows local fracture, there is no obvious fracture at the 
rest area of the model, and the sedimentation in the speci-
men is relatively evenly distributed. Figure 9b and f shows 
that when the lateral pressure = 0 MPa and β = 30°, for the 
1.5 m × 3 m sample, most of the columnar joints are slipped 
and cracked. Simultaneously, some transverse joints are also 
damaged. At the edges of some columns, new cracks gener-
ate and develop, and the sedimentation in the specimen is 
evenly distributed. The cracking of columnar joints inside 
the specimen is not obvious when the lateral pressure equals 
4 MPa. Near the lower left and middle upper areas of the 
sample, several columns are broken, and the sedimentation 
is unevenly distributed. Figure 9 c and g shows that when 
the lateral pressure = 0 MPa and β = 60°, for the 1.5 m × 3 m 
sample, the transverse joints inside the specimen get cracked, 
and the sedimentation in the specimen is symmetrically dis-
tributed. The fracture trend and sedimentation distribution in 
the specimen are similar when the lateral pressure are 0 MPa 
and 4 MPa. Figure 9d and h shows that when the lateral pres-
sure = 0 MPa and β = 90°, for the 1.5 m × 3 m sample, there 

Fig. 6   a The constitutive relation of joint with different elastic moduli 
and b the constitutive relation of rock with different residual strength 
coefficients
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are several transverse joints damaged inside the specimen. 
Additionally, the fractures of columns are obvious at the left 
and right parts of the sample. Meanwhile, the sedimenta-
tion distribution is basically uniform. Under the lateral pres-
sure of 4 MPa, there are no obvious cracks at the transverse 
joints, but the fractures of columns is also obvious at the left 
and right parts of the sample, and the sedimentation distribu-
tion is still basically uniform.

As shown in Fig.  9 I and m, when the lateral pres-
sure = 0 MPa, for the 6 m × 3 m and β = 0° model with 
transverse joints, most of the columnar joints at the mid-
dle of the sample are damaged. Simultaneously, there is an 
inverted V-shaped fracture zone at the center of the sam-
ple, and the sedimentation is distributed along the inverted 
V-shaped fracture zone. Furthermore, the cracked columnar 
joints at the center of the sample become less, the inverted 
V-shaped fracture zone is not less obvious, and the sedimen-
tation distribution is more uniform under the lateral pres-
sure of 4 MPa. Figure 9j and n shows that when the lateral 
pressure = 0 MPa, for the 6 m × 3 m and β = 30° sample, 
in addition to the slip cracking of columnar joints, there 
are several transverse joints cracked, and the sedimentation 
in the specimen is distributed along the columnar joints. 
After the lateral pressure increases to 4 MPa, the transverse 
joints in the specimen are not cracked obviously, but the 
sedimentation distribution in the specimen is similar with 
the lateral pressure of 0 MPa. According to Fig. 9k and 
o, for the 6 m × 3 m and β = 60° sample subjected to the 
lateral pressure of 0 MPa, there are many transverse joints 
cracked inside the specimen, and the cracks propagate along 
the original direction, and the sedimentation is distributed 
along the fracture zone. After the lateral pressure researches 
4 MPa, the cracked transverse joints are less, the fracture 
zone is also less obvious, and the sedimentation distribution 
is more uniform. In Fig. 9l and p, when the lateral pres-
sure = 0 MPa, for the 6 m × 3 m and β = 90° sample, several 
transverse joints in the middle of the specimen get cracked, 
and there is an inverted V-shaped fracture zone at the center 
of the sample. If the lateral pressure rises to 4 MPa, there are 
no transverse joints cracked in the middle of the sample, but 
the inverted V-shaped fracture zone still exists in the middle 
of the sample, and the sedimentation distribution remains 
relatively uniform.

3.2 � Progressive Fracture Process and Failure 
Pattern of CJBs with Transverse Joints

3.2.1 � Along the Direction I Perpendicular to the Column 
Axis

(1)	 For the 1.5 m × 3 m model subjected to the lateral pres-
sure of 0 MPa.

Figure 10a and b shows the stress–strain relationship and 
AE curve of 1.5 m × 3 m model under the lateral pressure of 
0 MPa. Figure 10 c and d shows the minor principal stress 
contours at the Points C and F of the stress–strain relation-
ship, describing the generation and growth of cracks under 
continuous load. We can see that at the Point B, the vertical 
joints in the sample are cracked firstly with the load increas-
ing, and there are high stresses concentrated at the cent-
ers of the columns. Furthermore, the vertical joints within 
the sample get damaged more seriously at the stress-peak 
Point C, and the obvious stress concentrations are intensi-
fied at the columns. With the stress falling to the Point D, 
numerous cracks generate at column centers and propagate 
at the middle upper, lower left and right parts of the sam-
ple. However, the concentrated stresses at the other columns 
decrease. After the stress continues to drop to the Point E, 
those cracks in the columns propagate, and the stress con-
centrations in the sample further weaken. At the Point F, 
the broken columns get cracked seriously. Additionally, as 
depicted in Fig. 10b, the AE rate is distributed in the single 
peak trend, and the maximum AE value is mainly induced 
by the macroscopic rupture of columns.

(2)	 For the 1.5 m × 3 m model subjected to the lateral pres-
sure of 6 MPa.

Figure 10e and f displays the stress–strain relationship 
and AE curve of 1.5 m × 3 m model under the lateral pres-
sure of 6 MPa. Figure 10g and h shows the minor principal 
stress contours at the Points C and F of the stress–strain 
relationship. There are weak stress concentrations at the 
vertical joints at the load Point A. After the stress increases 
to the Point B, we can see that there are different degrees 
of stress concentrations at the columns within the left and 
right parts of the model, especially in the left part where the 
stress concentrations are more obvious. At the peak Point 
C, at the left side of the sample, the previous high stresses 
are increased and lead to more and more crack initiation 
and propagation. After the load drops to the Point D, more 
columns are cracked in the lower left area of the sample. 
Besides, the high stresses and new cracks appear at the col-
umns in the right area of the model. At the Point E, the 
previously concentrated stresses decrease in the left area 
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of the sample, while there are many newly formed cracks 
caused by high stresses occurring in the right part of the 
sample. At the load Point F, the fracture zones at the middle 
part of the sample are connected, and the rest columns get 
broken more seriously. Compared with the lateral pressure 
of 0 MPa, the high lateral pressures can effectively restrain 
the fracturing of the vertical joints and improve the bearing 
capacity of specimen. Besides, as presented in Fig. 10f, the 
AE rate shows two peaks. The first peak is mainly because 
of the damage of vertical joints as well as some columns, 
and the second peak with more AE events results from the 
fracture of the columns.

(3)	 For the 6 m × 3 m model subjected to the lateral pres-
sure of 0 MPa.

Figure 11a and b shows the stress–strain relationship and 
AE curve of 6 m × 3 m model under the lateral pressure of 
0 MPa. Figure 11c and d shows the minor principal stress 
contours at the Points C and F of the stress–strain relation-
ship. We can see that at the Point A, the obvious stress ris-
ers form in the middle of the specimen, where several ver-
tical joints show the potential of cracking. With the load 
increased to the Point B, the vertical joints at the center 
of the sample get cracked. Meanwhile, the concentrated 
stresses mainly appear at the columns near these cracked 
joints. At the load Point C, many cracks form and expend 
at the center of several columns. After the load drops to the 
Point D, some cracks generate at the lower left and right 
parts of the model. After the load researches the Point F, the 
inverted V-shaped fracture zone happen at the center of the 
specimen. Figure 11b indicates that the AE rate shows the 
multi-peak trend. The first AE peak is mainly because of the 
crack of the vertical joints, while the other AE peaks result 
from the rupture of columns and joints.

(4)	 For the 6 m × 3 m model subjected to the lateral pres-
sure is 6 MPa.

Figure 11e and f depicts the stress–strain relationship and 
AE curve of 6 m × 3 m model under the lateral pressure of 
6 MPa. Figure 11g and h shows the minor principal stress 
contours at the Points C and F of the stress–strain relation-
ship. It can be seen that at the load Point A, relatively high 
stresses concentrate at the vertical joints in the middle of 
the model. With the loading increasing to the Point B, the 

concentrated stresses occur at several columns at the center 
of the sample, forming an inverted V-shaped region. At the 
load Point C, more columns show significant stress concen-
trations in the middle of the specimen. After the load falls 
to the Point F, an obvious inverted V-shaped fracture zone 
appear in the middle of the specimen, which then get dam-
aged severely. Compared with the lateral pressure of 0 MPa, 
the high lateral pressures can apparently inhibit the cracking 
of vertical joints. Moreover, as depicted in Fig. 11f, the AE 
rate has a clear single-peak distribution, and the peak value 
is mainly because of the damage and failure at the middle 
of the model.

3.2.2 � Along the Direction II Perpendicular to the Column 
Axis

(1)	 For the 1.5 m × 3 m model subjected to the lateral pres-
sure of 0 MPa.

Figure 12a and b shows the stress–strain relationship and 
AE curve of 1.5 m × 3 m model under the lateral pressure of 
0 MPa. Figure 12c and d shows the minor principal stress 
contours at the Points C and F of the stress–strain relation-
ship. At the load Point A, the obvious stress risers form 
at the vertical joints of the model. With the stress increas-
ing to the Point B, the vertical joints near the left and right 
boundaries of the model are cracked, while in the middle of 
the sample, the vertical joints are not damaged. At the load 
Point C, majority of the vertical joints are damaged. Simul-
taneously, the concentrated stresses at the oblique joints 
are obvious in the middle upper, lower left and lower right 
areas of the model. With the load decreasing to the Point 
D, numerous cracks initiate and propagate near the oblique 
joints within the inverted V-shaped high-stress region. For 
the Point F, the previously broken columns get damaged 
more seriously, and there are no obvious stress concentra-
tions inside the specimen. As presented in Fig. 12b, the AE 
rate shows the double-peak distribution. The first AE peak 
is because of the fracturing of vertical joints, and the second 
AE peak results from the rupture of columns.

(2)	 For the 1.5 m × 3 m model subjected to the lateral pres-
sure of 6 MPa.

Figure 12e and f displays the stress–strain relationship 
and AE curve of 1.5 m × 3 m model under the lateral pres-
sure of 6 MPa. Figure 12g and h shows the minor principal 
stress contours at the Points C and F of the stress–strain 
relationship. At the load Point A, there are weak stress con-
centrations at the vertical joints in the left and right parts 
of the model. With the load increases to the Point B, the 
stresses in these parts are intensified. After the load comes 

Fig. 7   a Diagram of the 1.5 m × 3 m and 6 m × 3 m CJBs with trans-
verse joints, along the direction perpendicular to column axis; b dia-
gram and boundary condition of the 6 m × 3 m CJBs without and with 
transverse joints, along the direction parallel to column axis; c the 
CJBs in the case between plane strain and plane stress; d the CJBs in 
the case of plane strain
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to the Point C, the vertical joints in the left and right areas 
of the model get ruptured. After the load drops to the Point 
D, the vertical joints at the middle upper, lower left and 
lower right parts of the sample are cracked. Meanwhile, the 
high stresses concentrate near the oblique joints. For the load 
Point E, the fractures are intensified near the oblique joints 
and the concentrated stresses are obvious. When the load 
researched the Point F, the previously cracked columns are 
broken more severely, and the inverted V-shaped fracture 
zone occur inside the specimen. Compared with the lateral 
pressure of 0 MPa, the high lateral pressure can restrain the 
cracking of vertical joints to a certain degree. In addition, 
as shown in Fig. 12f, the AE rate shows the single-peak 
distribution. The AE peak is mainly caused by the rupture 
of vertical and oblique joints and columns.

(3)	 For the 6 m × 3 m model subjected to the lateral pres-
sure of 0 MPa.

Figure 13a and b shows the stress–strain relationship and 
AE curve of 6 m × 3 m model under the lateral pressure of 
0 MPa. Figure 13c and d shows the minor principal stress 
contours at the Points C and E of the stress–strain relation-
ship. We can see that at the load Point A, there is an obvious 
stress-concentrated area at the middle of the sample, where 
several vertical joints are cracked. With the load increases 
to the Point B, there are more vertical joints cracked at the 
middle of the sample, and the other vertical joints near them 

show significant stress concentration. At the load Point C, 
the cracks at the middle continuously extend to the top 
and bottom of the sample. There are approximately three 
X-shaped regions occurring in the sample. Additionally, at 
the middle of the specimen, new cracks form at some col-
umns. When the load falls to the Point D, the cracks at the 
upper zone of the sample develop towards the top. Simul-
taneously, the obvious stress risers exist in the local zones 
near the top of the sample. At the Point F, there are more col-
umns fractured in the upper part of the model. As depicted 
in Fig. 13b, the AE rate shows the double-peak distribution. 
The first AE peak is because of the fracturing of vertical 
joints, and the second AE peak results from the damage of 
vertical and oblique joints and the columns.

(4)	 For the 6 m × 3 m model subjected to the lateral pres-
sure of 6 MPa.

Figure 13e and f depicts the stress–strain relationship and 
AE curve of 6 m × 3 m model under the lateral pressure of 
6 MPa. Figure 13g and h shows the minor principal stress 
contours at the Points C and E of the stress–strain relation-
ship. We can see that at the load Point A, there is an inverted 
V-shaped high-stress region in the middle of the specimen, 
where stress concentrations appears obviously at the verti-
cal joints. With the load increase to the Point B, the vertical 
joints with the significant stress concentrations are cracked, 
and the other vertical joints nearby therefore show stress 

Table 3   Parameter values and calculation condition settings for numerical test on CJBs with transverse joints

Parameter values and settings

Lateral pressure 0 MPa, 2 MPa, 4 MPa, 6 MPa, 8 MPa
Model size 1.5 m × 3 m, 3 m × 3 m, 6 m × 3 m
Column dip angle β 0°, 15°, 30°, 45°, 60°, 75°, 90°
Heterogeneity index 5
Column diameter 20 cm
Elastic modulus of columnar joint 3.75 GPa, 7.5 GPa, 15 GPa, 22.5 GPa, 30 GPa
Residual strength coefficient of columnar joint 1
The ratio of shift distance of the secondary joint set (%) The case without secondary joint set and the case with secondary joint set 

(the distance ratio 50% of the secondary joint set)
Residual strength coefficient of rock 0.1, 0.5, 0.75, 1
Model boundary The case of plane strain and the case between plane stress and plane strain

Table 4   Mechanical parameters of rock and joint in CJBs with transverse joints

Material type Heterogene-
ity index

Elastic modulus (GPa) Uniaxial compressive 
strength (MPa)

Poisson’s ratio Friction angle (°) Residual 
strength coef-
ficient

Basalt 5 60 120 0.2 56.15 0.1, 0.5, 0.75, 1
Joint 5 3.75, 7.5, 15, 22.5, 30 30 0.25 36 1



7203Numerical Investigation on Anisotropy and Shape Effect of Mechanical Properties of Columnar…

1 3

concentrations. At the load Point C, numerous cracks initi-
ate near the oblique joints in the middle of the model. After 
the load falls to the Point D, the distinct inverted V-shaped 
region is formed in the middle, where the newly formed 
cracks expend. At the Points E and F, the cracks further 
propagate within the inverted V-shaped region. Compared 
with the lateral pressure of 0 MPa, the high confining pres-
sures can inhibit the cracking of vertical and oblique joints 
and improve the bearing capacity of specimen to a certain 
extent.

3.2.3 � Along the Direction Parallel to the Column Axis

(1)	 For the 1.5 m × 3 m and β = 45° model subjected to the 
lateral pressure of 0 MPa.

Figure 14a and b shows the stress–strain relationship 
and AE curve of 1.5 m × 3 m model with the transverse 
joints for β = 45°. Figure  14c and d shows the minor 
principal stress contours at the Points C and F of the 
stress–strain relationship. It is clear that at the load Point 
A, the columnar joints and transverse joints in the model 

Fig. 8   a and b The CSs and EDMs of the 1.5 m × 3 m and 3 m × 3 m samples under different lateral pressures; c and d the CSs and EDMs of the 
3 m × 3 m and 6 m × 3 m samples under different lateral pressures
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Fig. 9   The z-direction displacement contours when β = 0°, 30°, 60° 
and 90°: a–d the 1.5  m × 3  m samples with transverse joints when 
the lateral pressure = 0 MPa; e–h the 1.5 m × 3 m samples when the 

lateral pressure = 4 MPa; i–l the 6 m × 3 m samples when the lateral 
pressure = 0  MPa; m–p the 6  m × 3  m CJBs when the lateral pres-
sure = 4 MPa
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Fig. 10   Progressive fracture process and failure pattern of the 
1.5  m × 3  m samples along the direction I perpendicular to column 
axis: a and b the stress–strain curve and AE rate under the lateral 
pressure of 0  MPa; c and d the minimum principal stress contours 

corresponding to Points C and F of the stress–strain curve; e and f the 
stress–strain curve and AE rate under the lateral pressure of 6 MPa; g 
and h the minimum principal stress contours corresponding to Points 
C and F of the stress-strain curve
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show significant stress risers. With the loading increas-
ing to the Point C, the columnar joints inside the sample 
show obvious slip cracking. At the load Point D, some 
transverse joints get cracked, and the high stresses appear 
at the edges of a few columns at the lower left and upper 
right areas of the sample. After the load comes to the Point 
E, more cracks generate and propagate at the edges of the 
columns. Simultaneously, the high stresses concentrate at 
the crack tips, resulting in that the other transverse joints 
inside the sample are also cracked. At the load Point F, the 
cracks further propagate at the lower left and upper right 
parts of the model. Besides, as presented in Fig. 14b, the 
AE rate shows the double-peak distribution. The first AE 
peak is mainly because of the slipping of columnar joints, 
and the second AE peak is due to the failure of transverse 
joints and columns.

(2)	 For the 1.5 m × 3 m and β = 45° model subjected to the 
lateral pressure of 6 MPa.

Figure 14e and f displays the stress–strain relationship 
and AE curve of 1.5 m × 3 m model with the transverse 
joints for β = 45°. Figure 14g and h shows the minor princi-
pal stress contours at the Points C and E of the stress–strain 
relationship. At the load Points A and B, the columnar joints 
in the model show weak stress risers. With the loading ris-
ing to the Point C, the concentrated stresses at the columnar 
joints increase. At the load Point D, there are many cracks 
initiating and propagating at the middle upper area of the 
model. Simultaneously, a strip region forms, where the high 
stresses concentrate at the edges of several columns. After 
the stress drops to the Point E, the cracks continue to expend 
within the strip region. At the Point F, more cracks initi-
ate and propagate near the top of the model. Meanwhile, a 
strip fractured zone appears near the right boundary of the 
specimen, and the fractures get intensified. Compared with 
the lateral pressure of 0 MPa, the high lateral pressures can 
effectively restrain the slipping of columnar joints. Addition-
ally, as shown in Fig. 14f, the AE rate show the multi-peak 
distribution. The first AE peak is mainly because of the dam-
age of columnar joints, and the other AE peaks result from 
the rupture of columns.

(3)	 For the 6 m × 3 m and β = 45° model subjected to the 
lateral pressure of 0 MPa.

Figure 15a and b shows the stress–strain relationship and 
AE curve of 6 m × 3 m model with the transverse joints for 
β = 45°. Figure 15c and d shows the minor principal stress 
contours at the Points B and E of the stress–strain relation-
ship. We can see that at the load Points A and B, there is 
an obvious stress-concentrated region in the middle of the 
sample, where some columnar joints slip. With the stress 
decreasing to the Point C, the slipping of the columnar joints 
further develops. Simultaneously, high stress values appear 
at the edges of a few columns, and the transverse joints get 
cracked gradually. At the load Point E, the fracturing of the 
columns get intensified at the center of the sample. Moreo-
ver, Fig. 15b illustrates the AE rate shows the double-peak 
distribution. The first peak is due to the slipping of colum-
nar joints, and the second peak results from the cracking of 
transverse joints and columns.

(4)	 For the 6 m × 3 m and β = 45° model subjected to the 
lateral pressure of 6 MPa.

Figure 15e and f depicts the stress–strain relationship and 
AE curve of 6 m × 3 m model with the transverse joints for 
β = 45°. Figure 15g and h shows the minor principal stress 
contours at the Points B and E of the stress–strain relation-
ship. At the load Points A and B, the distinct stress risers 
occur in the columnar joints in the middle of the model. 
With the stress increasing to the peak Point C, high stresses 
concentrate at some columns at the left side of the model. 
At the load Point D, a strip region with obvious stress risers 
forms at the left side, and a local region with weak stress 
concentrations occurs at the right side. After the stress 
drops to the Point E, there are two strip fractured regions 
near the left boundary of the sample. At the Point F, the 
strip fractured regions continue to develop towards the right 
boundary. Compared with the lateral pressure of 0 MPa, the 
high lateral pressures can apparently inhibit the slipping of 
columnar joints. In addition, as presented in Fig. 15f, the AE 
rate shows the multi-peak distribution. The first AE peak is 
caused by the damage of columnar joints, and the other AE 
peaks are mainly due to the fracture of columns.

3.3 � Influence of Transverse Joints on Anisotropy 
and Shape Effect of CJBs

Figure 16a demonstrates that for the 1.5 m × 3 m specimen 
subjected to the lateral pressure of 0 MPa, the CSs of the 
samples with transverse joints are lower than the specimens 
without transverse joints at the dip angles of 0°, 60° and 75°. 
Under the lateral pressure of 6 MPa, the CS of the sample 
with transverse joints is lower than the sample without trans-
verse joints at the dip angle of 0°. At the other dip angles, the 
transverse joints have little effect on the CS. For β = 60° and 
75°, the existence of lateral pressure will weaken the effect 

Fig. 11   Progressive fracture process and failure pattern of the 
6 m × 3 m samples along the direction I perpendicular to column axis: 
a and b the stress–strain curve and AE rate under the lateral pressure 
of 0 MPa; c and d the minimum principal stress contours correspond-
ing to Points C and F of the stress–strain curve; e and f the stress–
strain curve and AE rate under the lateral pressure of 6 MPa; g and h 
the minimum principal stress contours corresponding to Points C and 
F of the stress–strain curve
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Fig. 12   Progressive fracture process and failure pattern of the 
1.5 m × 3 m samples along the direction II perpendicular to column 
axis: a and b the stress–strain curve and AE rate under the lateral 
pressure of 0  MPa; c and d the minimum principal stress contours 

corresponding to Points C and F of the stress–strain curve; e and f the 
stress–strain curve and AE rate under the lateral pressure of 6 MPa; g 
and h the minimum principal stress contours corresponding to Points 
C and F of the stress–strain curve
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Fig. 13   Progressive fracture 
process and failure pattern of 
the 6 m × 3 m samples along 
the direction II perpendicular to 
column axis: a and b the stress–
strain curve and AE rate under 
the lateral pressure of 0 MPa; 
c and d the minimum principal 
stress contours corresponding 
to Points C and E of the stress–
strain curve; e and f the stress–
strain curve and AE rate under 
the lateral pressure of 6 MPa; 
g and h the minimum principal 
stress contours corresponding 
to Points C and E of the stress–
strain curve
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of transverse joints on the CSs of the samples. Figure 16b 
indicates that for the 1.5 m × 3 m sample, the EDMs of the 
specimens with transverse joints are lower than the speci-
mens without transverse joints at the dip angles of 0°–30° 
and 75°–90° under the lateral pressure of 0 MPa. Under the 
lateral pressure of 6 MPa, the EDMs of the specimens with 
transverse joints are lower than the specimens without trans-
verse joints at the dip angles of 0° and 75°– 90°. At the other 
dip angles, the influence of transverse joints on the EDMs of 
the specimens is very small.

As presented in Fig. 16c, for the 6 m × 3 m specimen, the 
CSs of the specimens with transverse joints are lower than 
the specimens without transverse joints at the dip angles of 
60° and 75° under the lateral pressure of 0 MPa. Under the 
lateral pressure of 6 MPa, the CSs of the samples containing 
transverse joints are lower than the samples without trans-
verse joints at the dip angles of 15° and 75°. At the other 
dip angles, the transverse joints have little effect on the CS. 
For β = 60°, the existence of lateral pressure will weaken the 
effect of transverse joints on the CSs of the specimens. As 
depicted in Fig. 16d, for the 6 m × 3 m specimen, the EDMs 
of the specimens with transverse joints are lower than the 
specimens without transverse joints at the dip angles of 0°, 
45° and 75° under the lateral pressure of 0 MPa. Under the 
lateral pressure of 6 MPa, the EDMs of the samples contain-
ing transverse joints are lower than the specimens without 
transverse joints at the dip angles of 15°–30° and 75°–90°.

According to Fig. 16e, the influence of specimen shape on 
CS is more obvious than transverse joints if the lateral pres-
sure = 6 MPa and β = 0°–90°. Especially, at the dip angles of 
0°–15° and 75°–90°, the specimen shape has a great influ-
ence on the model CSs. Figure 16f indicates that the influ-
ence of specimen shape on EDM is more obvious than trans-
verse joints if the lateral pressure = 6 MPa and β = 0° ~ 90°. 
Especially, at the dip angles of 15° and 60° ~ 75°, the speci-
men shape has relatively obvious influence on the EDMs of 
the specimens.

As presented in Fig. 17a, for the 6 m × 3 m and β = 60° 
specimen without transverse joints, an inverted V-shaped 
fractured region appears at the middle under the lateral 
pressure of 0 MPa. As displayed in Fig. 17b, an X-shaped 
fractured region is formed at the left side, and there is a 
strip stress-concentrated region at the right side under the 
lateral pressure of 6 MPa. Figure 17c illustrates that for the 
6 m × 3 m and β = 60° specimen with transverse joints, the 

transverse joints in the middle of the model get damaged, 
and the obvious concentrated stresses occur near the col-
umns when the lateral pressure = 0 MPa; As displayed in 
Fig. 17d, in the middle of the specimen, there are transverse 
joints showing the shear-fractured mode, and the breakages 
are connected. Meanwhile, the cracks initiate and develop 
near the columns when the lateral pressure = 6 MPa.

3.4 � Influence of Elastic Modulus of Joints on Shape 
Effect of CJBs

Figure 18 illustrates that for the 1.5 m × 3 m, 3 m × 3 m and 
6 m × 3 m specimens, the CS grows as the elastic modulus of 
joints increases. In addition, the CS of the 1.5 m × 3 m speci-
men is the highest, and the CS of the 6 m × 3 m specimen 
is the lowest. As depicted in Fig. 18, for the 1.5 m × 3 m, 
3 m × 3 m and 6 m × 3 m specimens, as the elastic modulus of 
joints increases, the EDMs of the specimens firstly increase 
quickly and then slowly. For the 1.5 m × 3 m specimen, if the 
elastic modulus of joints exceeds 15 GPa, the change of the 
EDM will be slow. For the 3 m × 3 m and 6 m × 3 m speci-
mens, if the elastic modulus of joints becomes greater than 
7.5 GPa, the change of the EDM will also be very gentle.

3.5 � Influence of Residual Strength Coefficient 
of Rock on Anisotropy and Shape Effect of CJBs

Figure 19a demonstrates that for the 1.5 m × 3 m sample 
with transverse joints, the residual strength coefficient of 
rocks has a great influence on the CS at the dip angles of 0° 
and 75° –90° when the lateral pressure = 6 MPa. At the other 
dip angles, the residual strength coefficient shows little influ-
ence on the CS. As the residual strength coefficient of rocks 
rises, the CS of the specimen increases obviously at the dip 
angles of 0° and 75°–90°. At the other dip angles, the change 
of the residual strength coefficient of rocks almost shows no 
significant influence on the CS. According to Fig. 19b, for 
the 1.5 m × 3 m specimen with transverse joints, if the resid-
ual strength coefficient of rock equals 0.1 or 0.5, the change 
range of the EDMs will be relatively small as the dip angle 
increases, and the minimum values of the EDMs appear 
when the dip angle = 60° and the lateral pressure = 6 MPa. 
If the residual strength coefficient of rock equals 0.75 or 1, 
the change range of the EDMs will be relatively large as the 
dip angle increases, and the minimum values of the EDMs 
appear when the dip angle = 30°.

As shown in Fig. 19c, for the 6 m × 3 m specimen with 
transverse joints, the residual strength coefficient of rock 
has a great influence on the CS at the dip angles of 0° and 
60° –90° when the lateral pressure = 6 MPa. At the other dip 
angles, the residual strength coefficient shows little influence 
on the CS. For the dip angles of 0° and 60°–90°, with the 
residual strength coefficient of rock increasing from 0.75 to 

Fig. 14   Progressive fracture process and failure pattern of the 
1.5  m × 3  m samples along the direction parallel to column axis: a 
and b the stress–strain curve and AE rate under the lateral pressure of 
0 MPa; c and d the minimum principal stress contours corresponding 
to Points C and F of the stress–strain curve; e and f the stress–strain 
curve and AE rate under the lateral pressure of 6 MPa; g and h the 
minimum principal stress contours corresponding to Points C and E 
of the stress–strain curve
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1, the CS grows up obviously. At the other dip angles, the 
variation of the residual strength coefficient of rocks shows 
no significant influence on the CS. Figure 19d illustrates 
that for the 6 m × 3 m specimen with transverse joints, if the 
residual strength coefficient of rocks is among 0.1–1, the 
EDMs of the specimens firstly decrease but then grow (or 
change) as the column dip angle increases under the lateral 
pressure of 6 MPa. When the residual strength coefficient of 
rock equals 0.1, the minimum values of the EDMs appear 
at the column dip angle of 90°. When the residual strength 
coefficients of rock are 0.5, 0.75 and 1, the minimum values 
of the EDMs appear at the column dip angle of 60°.

3.6 � Influence of Model Boundary on Anisotropy 
and Shape Effect of CJBs

In Fig.  20a, the CSs of 1.5  m × 3  m, 3  m × 3  m and 
6 m × 3 m specimens with transverse joints and different 
model boundaries are compared under the lateral pressure 
of 6 MPa. When the case between plane stress and plane 
strain is considered, as the column dip angle increases, the 
CS of the samples basically decreases at the beginning and 
then changes gently. Clearly, when the column dip angle 
exceeds 30°, the CS changes slowly. When the case of plane 
strain is considered, the CS of the specimens changes in a 
U-shape form with the column dip angle increasing. The 
CS of the samples reaches the minimum when the column 
dip angle = 30°.

In Fig. 20b, the EDMs of 1.5 m × 3 m, 3 m × 3 m and 
6 m × 3 m specimens with transverse joints and different 
model boundaries are compared when the lateral pres-
sure = 6 MPa. When the case between plane stress and plane 
strain is considered, the change range of the EDM of the 
1.5 m × 3 m specimen is the largest, and the change range 
of the 6 m × 3 m specimen is the smallest as the column dip 
angle increases. The minimum EDMs of the 1.5 m × 3 m 
and 6 m × 3 m specimens appear at the dip angle of 90°. 
However, for the 3 m × 3 m specimens, it appears at the dip 
angle of 75°. When the case of plane strain is considered, 
the EDMs of 1.5 m × 3 m, 3 m × 3 m and 6 m × 3 m samples 
basically decrease firstly and then grow with the column dip 
angle rising.

4 � Discussion

4.1 � Analysis of Shape Effect of CJBs with Transverse 
Joints

When the lateral pressure = 0 MPa, the gradual fracture 
process and failure mode of the 1.5 m × 3 m and β = 45° 
sample with transverse joints along the direction parallel 
to the column axis can be concluded as follows: because 
of the continuous loading, the columnar joints inside the 
sample gradually get slipped and cracked. Then, some trans-
verse joints are cracked, and new cracks generate and extend 
the edges of several columns at the lower left and upper 
right parts of the sample. Meanwhile, the other transverse 
joints inside the sample are cracked as well; with the load 
increasing, these cracks further propagate along the edges 
of columns.

When the lateral pressure = 6 MPa, the gradual fracture 
process and failure mode of the 1.5 m × 3 m and β = 45° 
sample with transverse joints along the direction parallel to 
the column axis can be concluded as follows: because of the 
loading, there are cracks initiating and propagating near the 
middle upper part of the sample. Then, cracks extend along 
the edges of a few columns within the strip stress-concen-
trated region. With the load increasing, there are more cracks 
generating near the top of the model. Simultaneously, a strip 
fractured region appears at the right side of the model, and 
the fracturing get intensified.

When the lateral pressure = 0 MPa, the gradual fracture 
process and failure mode of the 6 m × 3 m and β = 45° sam-
ple with transverse joints along the direction parallel to the 
column axis can be concluded as follows: at the beginning 
of loading, the columnar joints slip at the middle of the 
specimen. Then, the slipping of the columnar joints further 
develops, and obviously concentrated stresses appear along 
the edges of a few columns. Meanwhile, the transverse joints 
are cracked gradually. With the load increasing, the crack-
ing of transverse joints further develops at the middle of the 
specimen, and the fracture of the columns are intensified.

When the lateral pressure = 6 MPa, the gradual fracture 
process and failure mode of the 6 m × 3 m and β = 45° sam-
ple with transverse joints along the direction parallel to the 
column axis can be concluded as follows: at the beginning of 
loading, a strip stress-concentrated region forms at the mid-
dle left part of the model, and the local stress concentrations 
appear at the middle right part of the model. Furthermore, 
with the load growing, two strip fractured regions appear 
near the left boundary of the sample. Then, at the middle 
lower part of the specimen, the fractured zone further devel-
ops and the fracturing is intensified.

Lin et  al. (2018) studied the shape effect of CJRMs 
with transverse joints under uniaxial compression by the 

Fig. 15   Progressive fracture process and failure pattern for the 
6 m × 3 m samples along the direction parallel to column axis: a and 
b the stress–strain curve and AE rate under the lateral pressure of 
0 MPa; c and d the minimum principal stress contours corresponding 
to Points B and E of the stress–strain curve; e and f the stress–strain 
curve and AE rate under the lateral pressure of 6 MPa; g and h the 
minimum principal stress contours corresponding to Points B and E 
of the stress–strain curve

◂
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Fig. 16   The CSs and EDMs: a and b the 1.5 m × 3 m samples without and with transverse joints; c and d the 6 m × 3 m samples without and 
with transverse joints; e and f the 1.5 m × 3 m, 3 m × 3 m and 6 m × 3 m samples without and with transverse joints
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Fig. 17   The minimum principal stress contours: a the 6 m × 3 m sam-
ple without the secondary joint set when the lateral pressures = 0 MPa 
and β = 60°; b the 6 m × 3 m sample without the secondary joint set 
when the lateral pressures = 6 MPa and β = 60°; c the 6 m × 3 m sam-

ple with the secondary joint set when the lateral pressures = 0  MPa 
and β = 60°; d the 6  m × 3  m sample with the secondary joint set 
when the lateral pressures = 6 MPa and β = 60°



7216	 Y. Wang et al.

1 3

experimental tests and analyzed the strength anisotropy 
and fracture mode. But the progressive fracture process 
of their specimens was not presented, and the influence of 
confining pressure was not considered in their study. Xiao 
et al. (2015a, b) investigated the mechanical parameters and 
fracture mode of CJRMs subjected to uniaxial compression 
by the physical tests. But in their study, the cement paste 
was used to bond the columns to simulate the role of joints 
between the columns, which is different from the actual 
joints. Zhu et al. (2021) performed a group of physical tests 
to reveal the mechanical behaviors and deformation features 
of CJRMs subject to the three-dimensional stress. However, 
the influence of transverse joints and shape effect were not 
considered. Xia et al. (2020a, b) discussed the anisotropy 
and fracture mode of irregular CJRMs subjected to uniaxial 
compression using the 3D printing technology. But the stress 
field evolution process of the specimens was not captured. 
Huang et al. (2020) applied the 3D printing technology to 
make the molds, poured the irregular CJRMs, and investi-
gated their nonlinear deformation behaviors under uniaxial 
compression. Nevertheless, the mechanical parameters of 
the column binder were different from the actual joints, 
which may change the failure mechanisms of the samples. 
Wang et al. (2016) studied the anisotropy and size effect 
of jointed rock masses by DEM. Their results showed that 
when the sample size is relatively small, the deformation 
modulus and UCS fluctuate greatly; with the sample size 
increasing, they will stabilize at a certain value. However, 
the influence of confining pressure was not considered in 
their study. Cui et al. (2015) discussed the influence of the 
structural effect, the distance ratio of joints, joint stiffness, 

column irregularity on the EDM of specimens, but the shape 
effect was not further considered. Wu et al. (2019) studied 
the anisotropy of jointed rock masses subjected to confining 
pressure, but the shape effect needed to be further studied 
because of the mutual influence.

4.2 � Influence of Transverse Joints on Anisotropy 
and Shape Effect of CJBs

The strength characteristics of the 1.5 m × 3 m sample along 
the direction parallel to the column axis are summarized 
as follows: under the lateral pressure of 0 MPa, the CSs of 
the samples containing transverse joints are lower than the 
samples without transverse joints at the dip angles of 0°, 60° 
and 75°. At the other dip angles, the transverse joints have 
little effect on the CS. When the lateral pressure = 6 MPa, 
the CS of the sample containing transverse joints is lower 
than the sample without transverse joints at the dip angle of 
0°. At the other dip angles, the transverse joints have little 
effect on the CS. For β = 60° and 75°, the existence of lateral 
pressure will weaken the effect of transverse joints on the 
CSs of the samples.

The strength characteristics of the 6 m × 3 m sample along 
the direction parallel to the column axis are summarized 
as follows: under the lateral pressure of 0 MPa, the CSs of 
the samples containing transverse joints are lower than the 
samples without transverse joints at the dip angles of 60° 
and 75°. At the other dip angles, the transverse joints have 
little effect on the CS. When the lateral pressure = 6 MPa, 
the CS of the sample containing transverse joints is lower 
than the sample without transverse joints at the dip angles 

Fig. 18   The CSs and EDMs of 
the 1.5 m × 3 m, 3 m × 3 m and 
6 m × 3 m samples when the 
lateral pressure = 6 MPa and 
β = 30° under different elastic 
moduli of joints
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of 15° and 75°. At the other dip angles, the transverse joints 
have little effect on the CS. For β = 60°, the existence of 
lateral pressure will weaken the effect of transverse joints 
on the CSs of the samples.

Lin et al. (2018) studied the shape effect of CJRM speci-
mens with transverse joints by the laboratory physical tests 
and presented the UCS curves of different specimen shapes 
with various column dip angles. Figure 21a and b compares 
the simulated results in this paper and the experimental 
results by Lin et al. (2018). It can be found that they are 
in relatively good consistency. Clearly, as the dip angle 
increases, the CSs of the samples change basically in the 
U-shaped mode. At the dip angle of 60°–90°, the CSs of 
the samples decrease with the growth of sample height. Ma 
et al. (2020) applied the equivalent discrete fracture network 
technology to reveal the deformation of complex fractured 
rocks. It was found that the total number of cracks is able 

to obviously change the magnitude of elastic modulus of 
fractured rock masses, but the effect on the changing trend 
is limited. Xiao et al. (2015a, b) gave the continuous failure 
process of CJRMs subjected to uniaxial compression by the 
experiments, but the influence of transverse joints was not 
considered. Xia et al. (2020a, b) discussed the anisotropy 
and fracture mode of irregular CJRMs subjected to uniaxial 
compression by the 3D printing technology and compared 
the strength curve of samples. However, the influence of 
transverse joints was also not considered in their study. Han 
et al. (2018) investigated the failure mechanism of intermit-
tent jointed rock masses subjected to biaxial compression by 
physical tests. However, they did not consider the continu-
ous joints perpendicular to the intermittent joints. Thus, the 
variation curves of specimen strengths with dip angle are 

Fig. 19   The CSs and EDMs when the lateral pressure = 6 MPa: a and b the 1.5 m × 3 m and 3 m × 3 m samples under different residual strength 
coefficients of rock; c and d the 3 m × 3 m and 6 m × 3 m samples with under different residual strength coefficients of rock
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different from the calculated results in this paper. Huang 
et al. (2020) analyzed the nonlinear deformation behaviors of 
CJRM under uniaxial compression. However, the influence 
of transverse joints was also not considered. The research of 

Cui et al. (2015) showed that for the CJRM specimens with 
transverse joints, with the increase of the distance ratio of 
joint, the EDM first grows and then decreases, which pro-
vides insights for understanding the mechanical mechanisms 
in this study.

Fig. 20   The mechanical 
properties of the 1.5 m × 3 m, 
3 m × 3 m and 6 m × 3 m 
samples under different model 
boundaries: a compressive 
strength and b equivalent 
deformation modulus (the case I 
corresponds to the case between 
plane stress and plane strain, 
and the case II corresponds to 
the case of plane strain)
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4.3 � Influence of Model Boundary on Anisotropy 
and Shape Effect of CJBs with Transverse Joints

The comparison of the CSs of the 1.5 m × 3 m, 3 m × 3 m 
and 6 m × 3 m samples with transverse joints and different 
model boundaries when the lateral pressure = 6 MPa can 
be summarized as follows: when the case between plane 
stress and plane strain is considered, for the 1.5 m × 3 m, 
3  m × 3  m and 6  m × 3  m samples, as the dip angle 
increases, the CSs of the samples first decrease quickly and 
then slowly. Clearly, when the column dip angle exceeds 
30°, the CS will change slowly. When the case of plane 
strain is considered, the CSs of the 1.5 m × 3 m, 3 m × 3 m 

and 6 m × 3 m samples change in the U-shape mode as 
the dip angle increases. The CS of the model equals the 
minimum at the dip angle of 30°. Figure 22 shows the 
comparison of the obtained results in this paper and the 
experimental results by Huang et al. (2020) and Zhu et al. 
(2021). It can be seen that the change trends show rela-
tively good consistency. However, note that in the study 
of Huang et al. (2020), the white latex and glue were used 
as column binder, which were different from the actual 
joints for CJRMs. Besides, Zhu et al. (2021) produced the 
column material with gypsum, sand and water by the cer-
tain proportion, leading to that the mechanical parameters 

Fig. 21   The normalized com-
pressive strength coefficients of 
CJBs with transverse joints: a 
comparison of the experimental 
and simulated results under the 
lateral pressure of 0 MPa; b 
the simulated results under the 
lateral pressure of 0 MPa and 
6 MPa
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subjected to lateral pressure might be different from the 
rock material.

5 � Conclusion

To reveal the anisotropy, shape effect and failure mechanism 
of CJBs with transverse joints, the meso-mechanics, statisti-
cal damage theory and continuum mechanics were modeled 
in this study. A group of inhomogeneous CJB models with 
various shapes and transverse joints were established. Under 
different lateral pressures, the effects of transverse joints, 
joint mechanical parameters, rock constitutive relations and 
boundary conditions on the anisotropy, shape effect and 
energy release characteristics of CJBs were comprehensively 
analyzed. The key findings are summarized below:

(1)	 The anisotropy and shape effect of mechanical proper-
ties of CJBs with transverse joints under compression 
were revealed. As the column dip angle increases, the 
CSs of samples basically show a U-shaped trend, and as 
the lateral pressure increases, the CSs of samples at the 
dip angles of 0°–90° are obviously improved. ① When 
the column dip angle is among 0°–90°, it can be found 
that the CS of the 3 m × 3 m sample is lower than the 
1.5 m × 3 m sample under the lateral pressure of 6 MPa. 
② When the column dip angle is 45°, the CSs of the 
3 m × 3 m and 6 m × 3 m samples show little difference, 
while for the other dip angles, the CS of the 3 m × 3 m 
sample is larger. Additionally, the progressive fracture 
mechanisms and instability precursors of CJBs with 
different shapes are closely related to the anisotropy 
and shape effect of mechanical properties of CJBs.

(2)	 The transverse joints and lateral pressure have proven 
to be the critical influence factors for the mechanical 
properties of CJBs at the certain dip angles of columns. 
① In terms of the transverse joints, the CSs of the CJBs 
with transverse joints are lower than the CJBs with-
out transverse joints at the dip angles of 0°, 60° and 
75° when the lateral pressure = 0 MPa. At the other 
dip angles, the transverse joints have little effect on the 
CS. ② In terms of the lateral pressure, the high lateral 
pressure can reduce the difference between the CSs of 
the CJBs without and with the transverse joints to a 
certain degree.

(3)	 The change of elastic modulus of joints shows a certain 
influence on the shape effect of CS and EDM of CJBs 
at the column dip angle of 30° subjected to the lateral 
pressure of 6 MPa. For the 1.5 m × 3 m, 3 m × 3 m and 
6 m × 3 m CJB samples, the CS will grow with the 
elastic modulus of joints increases. For the 1.5 m × 3 m 
CJB sample, the change of the EDM is slow if the elas-
tic modulus of joints exceeds 15 GPa. For the 3 m × 3 m 
and 6 m × 3 m CJBs, the changes of the EDMs are also 
gentle if the elastic modulus of joints exceeds 7.5 GPa.

(4)	 For the 1.5 m × 3 m CJBs subjected to the lateral pres-
sure of 6 MPa, the residual strength coefficient of rocks 
has a great influence on the CS at the dip angles of 0° 
and 75° ~ 90°, while for the 6 m × 3 m CJBs at the dip 
angles of 0° and 60° ~ 90°, the CSs are greatly affected 
by the residual strength coefficient of rock.

(5)	 The influence of model boundary is significant on the 
anisotropy and shape effect of the mechanical prop-
erties of CJBs under compression. When the case 
between plane stress and plane strain is considered, for 
the 1.5 m × 3 m, 3 m × 3 m and 6 m × 3 m CJB samples, 

Fig. 22   Comparison of the nor-
malized compressive strength 
coefficients of CJBs obtained by 
experiment and simulation
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as the column dip angle increases, the CSs of the CJBs 
firstly decreases quickly and then gently. But when 
the case of plane strain is considered, the CSs of the 
1.5 m × 3 m, 3 m × 3 m and 6 m × 3 m CJBs change in 
a U-shape trend as the column dip angle increases.

These achievements will enhance our understanding of 
fracture mechanisms and failure patterns of CJBs, provide 
valuable insights into the anisotropy, shape effect and energy 
release characteristics of CJBs with transverse joints and 
lay a solid foundation for excavation, support and stability 
assessment in related engineering.
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