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Abstract: Under uniaxial loading, the heterogeneity of rock mass, the change of mechanical 8 

properties of joints and the progressive fracture process of rock mass significantly affect the size 9 

effect and anisotropy of columnar jointed basalts (CJBs). To reveal the fracture features and failure 10 

mechanisms of CJBs influenced by the size effect and anisotropy, the digital image correlation 11 

(DIC), meso-damage mechanics, statistical strength theory and continuum mechanics were 12 

combined (the DIC-improved RFPA), the digital images of CJBs specimens were processed to 13 

establish the inhomogeneous numerical models and a series of numerical tests were therefore 14 

conducted. The gradual fracture processes and macro failure patterns of CJBs orthogonal and 15 

parallel to column axis under uniaxial compression were studied, and the effects of various factors 16 

on the size effect and anisotropic mechanical properties of CJBs were further analyzed. The results 17 

show that model size, column dip angle, rock heterogeneity, column diameter, elastic modulus of 18 

joints, residual strength coefficient of joints, ratio of shift distance of joints, irregularity degrees of 19 

columns, model boundaries have remarkable and complex effects on the mechanical behaviors of 20 

CJBs. The results greatly improve our understanding of the non-linear deformation and failure 21 

behaviors of CJBs and provide theorical basis for engineering construction in the areas of CJBs. 22 
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List of symbols   Abbreviations  
 

σ Stress (MPa) CJRMs  
Columnar jointed 

rock masses  

fcr 
Residual compressive 

strength 
CJBs  

Columnar jointed 

basalts  

ftr 
Residual tensile 

strength 
UCS 

Uniaxial compressive 

strength 

fc0 Uniaxial compressive 

strength 
EDM 

Equivalent 

deformation modulus 

ft0 Uniaxial tensile 

strength TACUCS 

Transverse anisotropy 

coefficient of uniaxial 

compressive strength 

ε Strain 

TACEDM 

Transverse anisotropy 

coefficient of 

equivalent 

deformation modulus 

εc0 Strain at fc0   

εt0 Strain at ft0   

εtu Ultimate tensile strain   
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1. Introduction 27 

Columnar joints are generally tensile fracture structures formed by cooling and contraction 28 

during basalt eruption or overflow. They belong to primary joints, by which rock masses are cut 29 

into regular or irregular prisms. Some studies tried to reveal the origin of columnar jointed basalts 30 

(CJBs), such as Xu (1995), Müller (1998a, b), Toramaru and Matsumoto (2004). Meanwhile, the 31 

U.S. Department of Energy organized Lawrence Berkeley National Laboratory, Itasca company 32 

and Columbia University in the 1980s to conduct many large-scale in-situ tests on columnar jointed 33 

rock masses (CJRMs) during the burial of nuclear waste in basalts, and evaluated the deformation 34 

modulus and strength parameters of CJBs. In recent decades, some large-scale hydropower stations 35 

have been built or are under construction in Southwest China. Especially, the CJRMs were 36 

encountered in several projects including the Baihetan, Xiluodu, and Tongjiezi stations. Fig. 1 37 
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displays some representative field photographs of CJRMs (Weinberger and Burg 2019; Guy 2010; 38 

Goehring 2013; Xiang et al. 2020). 39 

A few investigations have assessed the size effect and anisotropy of CJBs or CJRMs by 40 

physical experiment or numerical simulation (Liu et al., 2010; Xiao et al., 2014, 2015; Ke et al., 41 

2019; Ji et al., 2017; Cui et al., 2016; Jiang et al., 2013). For physical experiment, the main 42 

difficulties lie in building models and setting the mechanical properties of joints, etc., while for 43 

numerical simulation, it is generally difficult to comprehensively consider the rock heterogeneity, 44 

irregularity degree of columns, size effect of rock mass, etc., and reproduce the progressive fracture 45 

process of CJRM. Liu et al. (2010) conducted experimental research of CJBs with a true triaxial 46 

apparatus at the Baihetan Hydropower Station. The stress-strain relationship, strength 47 

characteristics and failure mechanism of composite columnar rock mass under different 48 

unloading/loading stress paths were studied. However, the columnar joint surface in the test was 49 

relatively straight, and the influence of mechanical properties of joint surface was not considered. 50 

Through uniaxial and triaxial compression tests, Xiao et al. (2014, 2015) obtained the deformation 51 

modulus and uniaxial compressive strength (UCS) of CJRMs with different dip angles of columns, 52 

and then analyzed their anisotropic characteristics. However, the influence mechanism of cement 53 

layer on the strength and deformation of jointed rock specimens is still different from that of natural 54 

columnar joints on CJRMs. Through uniaxial compression tests, Ke et al. (2019) studied the 55 

influence of column dip angle and transverse joint on anisotropic mechanical properties and failure 56 

mechanism of CJRMs. Uniaxial compression tests were also conducted by Ji et al. (2017) on 57 

artificial CJRM specimens with geological structure characteristics similar with the actual CJRM. 58 

Jiang et al. (2013) conducted the experimental study on anisotropic characteristics of CJBs. 59 

Besides, Cui et al. (2016) used joint network finite element method to study the influence of 60 

structural characterization parameters on equivalent deformation modulus (EDM) of CJRMs. Ni et 61 

al. (2015) conducted research on the size effect of EDM of CJRMs based on discrete element 62 
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method. Zheng et al. (2010) established a three-dimensional discrete element numerical model of 63 

CJBs using the deformable discrete element method. Through numerical simulation of bearing 64 

plate tests of different sizes, the influence of size effect and anisotropy on the test results was 65 

discussed. Zhu et al. (2009) conducted research on anisotropic characteristics and size effect of 66 

CJRMs. Yan et al. (2012) established three-dimensional discrete element models of CJRMs and 67 

carried out triaxial compression simulation to study the size effect of macroscopic equivalent 68 

elastic modulus of CJRMs. A acceptable method of reconstructing the structure of irregular CJRMs 69 

using 3D printing was suggested by Xia et al. (2020) and their uniaxial compression results of the 70 

reconstructed CJRM specimens were compared with the in-situ tests.   71 

However, most of the previous studies did not consider the influence of heterogeneity of rock 72 

mass, mechanical property variation of joints, or the progressive fracture processes of specimens. 73 

The CJBs are of significant discontinuity, inhomogeneity and anisotropy. In this study, with the 74 

aim of discussing the size effect and anisotropic properties of CJBs, the digital image correlation 75 

(DIC), meso-damage mechanics, statistical strength theory and continuum mechanics were 76 

combined (the DIC-improved RFPA), and then the digital images of CJBs specimens were 77 

processed to generate inhomogeneous finite element models. Meanwhile, a series of numerical 78 

tests were conducted under uniaxial compression. The simulated results were compared with the 79 

laboratory physical test results to verify the method rationality and reliability. Under uniaxial 80 

compression, the progressive fracture processes and failure patterns of CJBs were systematically 81 

studied. Furthermore, the effects of various factors on the size effect and anisotropic mechanical 82 

properties of CJBs were analyzed. 83 

2. Numerical Modeling 84 

2.1 Rationale of the DIC-improved RFPA method 85 

The main advances of the rock failure process analysis (RFPA) method lie in modelling the 86 
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progressive failure process without assuming when and where the new cracks will generate and 87 

how they will propagate and connect with each other (Tang 1997; Tang et al. 1998; Li et al. 2011; 88 

Yu et al. 2015; Liang 2005). The RFPA method has been widely used for evaluating the anisotropic 89 

behavior of jointed rock samples (Tang and Kou 1998; Tang et al. 2001; Xu et al. 2013). Also, 90 

RFPA has been applied in investigating the instability (Li et al. 2009), scale effect (Zhou et al. 2018) 91 

and anisotropy (Yang et al. 2015a, b) of jointed rock masses at different scales. 92 

The digital image correlation (DIC) is combined with the RFPA method to improve the model 93 

building capability. Clearly, the image import, gray threshold segmentation and pixel processing 94 

are added into the RFPA method. In order to build the numerical models, it is necessary to transform 95 

the information on digital images into the vectorized data. A digital image is composed of square 96 

pixels, as shown in Fig.2 (a). In 3D space, if an image is considered to have a certain thickness t, 97 

each pixel can be regarded as a finite element mesh. The corner coordinates of each pixel can be 98 

transformed into the corresponding physical positions in vector space (the thickness of each pixel 99 

is t and the side length is one unit). According to the gray value of each pixel, it is classified into 100 

joint or rock material and given corresponding material parameters. Based on these principles, the 101 

transformed finite element mesh model is shown in Fig.2 (b). Elastic-brittle damage constitutive 102 

law of an element under uniaxial stress (Tang 1997, 2000; Tang et al. 1998; Li et al.2011; Lang 103 

2018; Lang et al. 2019; Yu et al. 2015; Liang 2005) is shown in Fig.2 (c). According to the method 104 

of extending the one-dimensional constitutive law under uniaxial stress to the three-dimensional 105 

constitutive law under complex stress conditions, which was proposed by Mazars and Pijaudier-106 

Cabot (1989), we can easily extend the constitutive law described above to a three-dimensional 107 

stress state. The calculation flow diagram of the DIC-improved RFPA method is shown in Fig.3. 108 

2.2 Validation of the numerical modeling 109 

The laboratory physical experiments can be used to verify the numerical method. Xiao et al. 110 
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(2014) used the rock mass specimen with columnar joints made from the mixture of gypsum, 111 

cement and water according to the mass ratio of 3:1:3.2. The specimens were cylindrical specimens 112 

with a diameter of 50 mm and a height of 100 mm. The diameter of the hexagonal prism inside the 113 

specimen was 20 mm. The dip angles of β = 0 °, 15 °, 30 °, 45 °, 60 °, 75 ° and 90 ° were considered. 114 

The uniaxial compression tests of rock mass with columnar joints were carried out by the MTS815 115 

rock test system. Firstly, the axial force was applied on the top of the model with the loading rate 116 

of 0.5 kN/min. When the axial force reached 1 kN, the loading mode was changed to the 117 

displacement loading mode with a load rate of 0.1 mm/min. 118 

Ji et al. (2017) used cement, fine sand, water and water reducer to make regular hexagonal 119 

prisms according to the mass ratio of 1:0.5:0.35:0.002, and then used white cement slurry to bond 120 

the prisms to form columnar jointed rock mass specimens. The specimens were cylindrical 121 

specimens with a diameter of 50 mm and a height of 100 mm. The diameter of the hexagonal prism 122 

inside the specimen was 10 mm. The dip angles of β = 0 °~ 90 ° were considered. Uniaxial 123 

compression tests of rock mass with columnar joints were carried out by the triaxial rheological 124 

test system. The loading mode was axial stress control with a loading rate of 0.6 MPa/min. 125 

In this paper, the specimens used for numerical verification were rectangular specimens with 126 

a width of 50 mm and a height of 100 mm as a plane strain case. The diameter of the hexagonal 127 

prism inside the specimen was 10 mm. The directions I and II orthogonal column axis and the 128 

direction parallel to column axis (β=0° to 90° with interval of 15°) were considered, as shown in 129 

Table 1. The digital images were converted into the finite element mesh models, as shown in Table 130 

2. The mechanical parameters used in simulation are shown in Table 3, which is referred to the 131 

relevant literatures of CJBs. The displacement-controlled loading was used and the loading rate 132 

was 0.005 mm/step until failure of specimen occurred. 133 

The comparison of normalized UCS coefficients between laboratory physical tests and 134 

numerical tests is shown in Fig.4. In terms of laboratory physical tests, the normalized UCS 135 
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coefficients of Xiao et al. (2014) were presented with an approximately symmetrical U-shaped 136 

distribution with the increase of column dip angle. The normalized UCS coefficients of Ji et al. 137 

(2017) showed a U-shaped distribution with the characteristics of the high left side and the low 138 

right side. The lower values of both laboratory physical tests were mainly distributed in the range 139 

of dip angle β = 30°~45°. The results of laboratory physical tests showed that the strength 140 

anisotropy of CJRMs was obvious. The numerical simulation results also show an obvious U-141 

shaped distribution. Simultaneously, the lower values of the normalized UCS coefficients of the 142 

numerical tests are also mainly distributed in the range of column dip angle β = 30°~45°. Table 4 143 

displays the comparison of failure patterns between numerical tests and laboratory physical tests. 144 

It can be seen that the numerical test results are in good agreement with the laboratory physical test 145 

results. 146 

2.3 Numerical configuration 147 

In this study, the finite element numerical specimens are sourced from the CJBs of the 148 

Baihetan Hydropower Station in China with the column length of 0.5~3 m, and the diameter of 149 

13~25 cm. In terms of the size effect of CJBs, the specimens are square models but owns different 150 

sizes of 0.5 m, 1 m, 2 m, 3 m and 4 m, respectively. Meanwhile, the column diameters are 20 cm, 151 

40 cm, 60 cm and 80 cm, respectively. As shown in Table 5, the heterogeneity index of column is 152 

5, 10, 20 and 200, respectively. The elastic modulus of joints is 3.75 GPa, 7.5 GPa, 15 GPa, 22.5 153 

GPa and 30 GPa, respectively, as shown in Fig.5 (a). The residual strength coefficient of joints is 154 

taken as 0.1, 0.5, 0.75 and 1, respectively, which reflects the gradual transformation of the 155 

mechanical constitutive law of joints from brittleness to plasticity, as shown in Fig.5 (b). Three 156 

kinds of model boundaries are considered when calculating the size effect, i.e., the case of plane 157 

stress, the case between plane stress and plane strain and the case of plane strain. 158 

In the aspect of anisotropy of CJBs, the column dip angles are 0 °, 15 °, 30 °, 45 °, 60 °, 75 ° 159 
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and 90 °, respectively. As shown in Table 6, the ratios of shift distance of the secondary joint set 160 

are 0%, 20%, 40% and 50%, respectively. The irregularity degrees of columns are considered as 161 

completely regular columns, approximately regular columns, moderately regular columns and 162 

irregular columns, respectively, cited from the examples of Cui et al. (2016). Three kinds of model 163 

boundaries (the case of plane stress, the case between plane stress and plane strain, the case of 164 

plane strain) are also considered during calculating.   165 

In the numerical tests, the element size of each model keeps same. Taking 3-m specimen as 166 

an example, the number of elements is 608,400. Figs.6 (a)~(h) show the typical setup and boundary 167 

conditions of numerical tests of the CJBs. For Fig.6 (f), the hinge support constraints are set on 168 

two faces along two normal directions of the model, which means that normal displacements along 169 

two normal directions are constrained; for Fig.6 (g), the hinge support constraint is set on one face 170 

along one normal direction of the model, which means that the normal displacement along one 171 

normal direction is constrained and the other normal displacement is free; for Fig.6 (h), there is no 172 

hinge support constraint set on the faces along the normal directions of the model, which means 173 

that normal displacements along the normal directions are free. For each test, the left and right 174 

sides of the model are free, and the hinge support constraint is set at the bottom of the model, i.e., 175 

the vertical displacement at the bottom is constrained. A load is applied onto the top of each model 176 

along the normal direction in the displacement-controlled mode. The loading ratio is 0.017 mm per 177 

step until the model failure. 178 

Generally, the mechanical parameters of joints are lower than intact rock (Gui and Zhao 2015). 179 

The parameter selection of joints would influence the magnitude of the deformation modulus and 180 

UCS (Sun et al. 2012). However, the ratios of mechanical properties between joints and intact rock 181 

have not been reported yet. Based on the above numerical verification and related literatures of 182 

CJBs, the mechanical parameters of joints are determined and listed in Table 7. 183 
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3  Results and Analysis 184 

3.1 The size effect of CJBs under uniaxial compression 185 

3.1.1 Progressive failure process and failure pattern along the direction Ⅰ orthogonal to 186 

column axis 187 

Fig. 7 shows the stress-strain curve of 3-m specimen along the direction I orthogonal to the 188 

column axis under uniaxial compression, and the minimum principal stress contours at Points A, 189 

B, C, D, E and F corresponding to the stress-strain curve, which describes the process of crack 190 

initiation, propagation and fracture of the specimen during loading. The red area in the minimum 191 

principal stress contour represents the stress concentration. 192 

Comparing Figs.7 (a) & (c), it can be seen that at Points A and B, the stress concentration area 193 

gradually transfers from the top and the lower left and right sides of the specimen to the top of the 194 

specimen with the loading keeps growing. The joints at the upper part of the specimen gets cracked 195 

and cracks then developed downwards. From the minimum principal stress contour of Point B, it 196 

can be seen that with the cracking of the joints, the columns at the upper part of the specimen show 197 

obvious stress concentration. With the loading increasing, the joints at the lower part of the 198 

specimen do not get cracked further, and the stress concentration area does not develop downward, 199 

but the columns at the upper middle part of the specimen and individual columns get fractured. At 200 

the same time, the stress concentration degree of other columns is weakened, as shown in the 201 

minimum principal stress contour at Point C. When the stress reaches the peak point D, the 202 

fracturing of columns at the upper part of the specimen becomes more obvious, in which most of 203 

the fracture points originate in these column centers. Then the load continues to increase, and the 204 

stress drops to Point E. At this time, the fracturing of more columns at the upper part of the 205 

specimen intensifies, the cracking of joints becomes more obvious, which developed downward. 206 

When the stress reaches Point F, the specimen reaches the residual strength, columns at the upper 207 
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part of the specimen are obviously broken, and the crack propagation of the joints stops to the 208 

lower end of the specimen. In brief, under uniaxial loading, the joints of the specimen get cracked 209 

and cracks gradually develops into the inner rocks, which leads to the material damage and strength 210 

decrease of the specimen.  211 

3.1.2 Progressive failure process and failure pattern along the direction Ⅱ orthogonal to 212 

column axis  213 

Fig. 8 shows the stress-strain curve of 3-m specimen along the direction Ⅱ orthogonal to the 214 

column axis under uniaxial compression, and the minimum principal stress contours at Points A, 215 

B, C, D, E and F corresponding to the stress-strain curve, which describes the process of crack 216 

initiation, propagation and fracture of the specimen during loading. The red area in the minimum 217 

principal stress contour represents the stress concentration area. 218 

According to Figs.8 (a) & (c), at Points A & B of the loading curve, the tensile stress 219 

concentration mainly appears at the vertical joints between the columns. With the loading 220 

increasing, the vertical joints at the upper part of the specimen are cracked, and the stress 221 

concentrations are transferred to the oblique joints at the upper part of the specimen. This kind of 222 

phenomenon gradually develops to the lower part of the specimen. From the minimum principal 223 

stress contour of Point B, it can be seen that the cracking of vertical joints forms a V-shaped region. 224 

In addition, the cracking of vertical joints and the stress concentration of oblique joints also appear 225 

at the bottom left and right sides of the specimen. With the loading growing, other vertical joints 226 

in the specimen also get cracked, even in the middle of the upper part of the specimen and the 227 

lower left and right sides of the specimen, the stress concentrations of the oblique joints result in 228 

the crack initiations near the oblique joints. At this time, the stress concentration areas are mainly 229 

distributed at the crack tips near the oblique joints, as shown in the minimum principal stress 230 

contour of the peak Point C. Then the load continues to increase, the stress begins to drop to Point 231 
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D, the cracks originally initiated further develop, and the stress concentrations gradually appear in 232 

other oblique joints inside the specimen. When the stress further decreases to Point E, the fracturing 233 

at the upper middle part and the lower left and right sides of the specimen becomes more obvious, 234 

and the stress concentration at other parts of the specimen weakens. Then, the load continues to 235 

increase, the stress drops to Point F, and the specimen reaches the residual strength. It can be seen 236 

that in the breakage region with an inverted V-shape distribution of the specimen, the columns have 237 

been broken intensely, and the sporadic stress concentrations appear at the left and right sides of 238 

the specimen. To sum up, the mechanical behavior and stress state of the specimen at the beginning 239 

of uniaxial loading include the cracking of vertical joints and the stress concentration of oblique 240 

joints, forming a V-shaped region. As the load continues to increase, the fracturing at the middle of 241 

the upper part and the lower left and right sides of the specimen becomes more obvious, and the 242 

breakage region with an inverted V-shape distribution is formed, which makes the material damage 243 

of the CJBs specimen and leads to the strength decrease of the specimen.   244 

In terms of failure patterns of CJBs with different sizes along the direction I orthogonal to 245 

column axis, according to Figs.9 (a)~(e), for the specimen sizes of 0.5 m ~ 2 m, there are fractured 246 

columns at the upper and lower parts of the specimens. For the specimen sizes of 3 m~4 m, the 247 

fractured columns are mainly at the upper part of the specimens. It shows that when the specimen 248 

size increases to a certain extent, the specimen contains more columns, which forms a structure for 249 

bearing load. There is a structure effect in these specimens borne with the uniaxial displacement 250 

load. 251 

In terms of failure patterns of CJBs with different sizes along the direction Ⅱ orthogonal to 252 

column axis, according to Figs. 9 (f)~(j), for the specimen sizes of 0.5 m~2 m, most of the vertical 253 

joints at the upper and lower parts of specimens get cracked, and the stress concentrations appear 254 

at the oblique joints, and even crack initiation and propagation appear near some oblique joints. 255 

For the specimen size of 3 m, in the middle of the upper part and the lower left and right sides of 256 
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the specimen, the stress concentrations at oblique joints result in the crack initiation and 257 

propagation near oblique joints. For the specimen size of 4 m, there are roughly two inverted V-258 

shaped stress concentration regions at the upper part of the specimen. In these regions, the stress 259 

concentrations at oblique joints result in the crack initiation and propagation near oblique joints. In 260 

most of the lower part of the specimen, the vertical joints are presented with weak tensile stress 261 

concentration, but most of them are not cracked. The above results show that when the specimen 262 

size increases to a certain extent, the specimen contains more columns, forming a structure to bear 263 

loading. Under uniaxial loading, with the increase of specimen size, the stress transfer mechanism 264 

changes, and the loaded specimen shows obvious structure effect. 265 

3.1.3 Influence of rock heterogeneity on size effect of CJBs under uniaxial compression  266 

In this paper, the UCS is defined as the peak point of the stress-strain curve of the uniaxial 267 

compression test, and the EDM is defined as the slope from the origin to the peak point of the 268 

stress-strain curve. According to Fig.10 (a), for the direction Ⅰ orthogonal to column axis, in terms 269 

of UCS, when the heterogeneity index is 5, 10 and 20, the UCS firstly increases and then decreases 270 

with the increase of size, and the decreasing trend of UCS becomes slower with the increase of 271 

heterogeneity index. When the heterogeneity index is 200, the UCS of the specimens decreases in 272 

a fluctuating way. As shown in Fig.10 (b), for the direction Ⅱ orthogonal to column axis, when the 273 

heterogeneity index is 5, the UCS fluctuates with the increase of size; when the heterogeneity index 274 

is 10, the UCS gradually increases; when the heterogeneity index is 20 and 200, the UCS shows a 275 

trend of low left and high right with the increase of size.  276 

3.1.4 Influence of column diameter on size effect of CJBs under uniaxial compression 277 

According to Fig.10 (c), in the aspect of UCS along the direction Ⅰ orthogonal to column axis, 278 

when column diameter is 20 cm, the UCS firstly increases and then decreases with the increase of 279 
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specimen size; when the column diameter is 40 cm and 60 cm, the UCS shows the trend of 280 

decreasing then slow changing; when the column diameter increases to 80 cm, the UCS decreases, 281 

increases and then decreases. It can be seen from Fig.10 (d) that for the direction Ⅱ orthogonal to 282 

column axis, when the column diameter is 20 cm, the UCS shows a fluctuating trend with the 283 

increase of specimen size; when the column diameter is 40 cm, the UCS decreases and then slowly 284 

changes; when the column diameter is 60 cm, the UCS grows then shows a decreasing trend; when 285 

column the diameter is 80 cm, the UCS decreases rapidly and then slowly.  286 

3.1.5 Influence of elastic modulus of joints on size effect of CJBs under uniaxial compression 287 

As shown in Fig.11 (a), in terms of UCS along the direction I orthogonal to column axis, when 288 

the elastic modulus of joints is 3.75 GPa, the UCS shows a fluctuating trend with the increase of 289 

specimen size; when the elastic modulus of joints is 7.5 GPa, 15 GPa, 22.5 GPa and 30 GPa, the 290 

UCS increases rapidly and then decreases with the increase of specimen size. In the direction I, 291 

when the specimen size is larger, such as 4 m, the influence of elastic modulus of joints on UCS is 292 

with a critical value. When the elastic modulus of joints is greater than 15 GPa, the increase of 293 

elastic modulus of joints has limited effect on the growth of UCS.  294 

As can be seen from Fig.11 (b) that for the direction Ⅱ orthogonal to column axis, when the 295 

elastic modulus of joints is 3.75 GPa, the UCS fluctuates with the growth of specimen size; when 296 

the elastic modulus of joints is 7.5 GPa and 15 GPa, the UCS increases with the growth of 297 

specimen size; when the elastic modulus of joints is 22.5 GPa, the UCS decreases firstly then 298 

increases; when the elastic modulus of joints is 30 GPa, the UCS shows a fluctuating trend. For 299 

the direction Ⅱ, when the specimen size is larger, such as 4 m, there is a critical value for the 300 

influence of elastic modulus of joints on UCS. When the elastic modulus of joints is higher than 301 

22.5 GPa, the growth of UCS is limited with the increase of elastic modulus of joints.  302 

 303 
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3.1.6 Influence of residual strength coefficient of joints on size effect of CJBs under uniaxial 304 

compression  305 

It can be seen from Fig.11 (c) that in terms of UCS along the direction I, when the residual 306 

strength coefficient of joints is 0.1, the UCS increases with the increase of specimen size, then 307 

changes slowly and then increases again. When the residual strength coefficient of joints is 0.5, the 308 

UCS firstly increases and then changes gently with the increase of specimen size. When the residual 309 

strength coefficient of columnar joint is 0.75, the UCS firstly increases and then decreases 310 

gradually with the increase of specimen size. When the residual strength coefficient of joints is 1, 311 

the UCS firstly increases and then decreases with the increase of specimen size. When the specimen 312 

size is larger, such as 4 m, there is a critical value for the influence of residual strength coefficient 313 

of joints on UCS. When the residual strength coefficient of joints is greater than 0.5, the increase 314 

of residual strength coefficient of joints has limited effect on the growth of UCS.  315 

    As presented in Fig.11 (d), in the aspect of UCS along the direction Ⅱ, for the cases of residual 316 

strength coefficients of 0.1, 0.5, 0.75, 1 of joints, the relationship curves between UCS and 317 

specimen size show similar variation law. When the residual strength coefficient of joints is 0.1 318 

and 0.5, the UCS firstly decreases and then changes slowly. When the residual strength coefficient 319 

of joints is 0.75, the UCS firstly decreases and then grows slowly. When the residual strength 320 

coefficient of joints is 1, the UCS shows the trend of decreasing firstly then increasing and then 321 

decreasing.  322 

3.1.7 Influence of model boundaries on size effect of CJBs under uniaxial compression  323 

It can be seen from Fig.12 (a) that in terms of UCS along the direction I, when the model 324 

boundary is in the case of plane stress, with the increase of specimen size, the UCS firstly increases 325 

then decreases, and then increases slightly; when the model boundary is in the case between plane 326 

stress and plane strain, the UCS shows the trend of firstly increasing then decreasing, and then 327 
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changing slowly with the increase of specimen size; when the model boundary is in the case of 328 

plane strain, the UCS firstly increases and then decreases with the increase of specimen size. 329 

Compared with the other model boundaries, the UCS in the case of plane strain is obviously 330 

improved.   331 

As depicted in Fig.12 (b), for the direction Ⅱ orthogonal to column axis, when the model 332 

boundaries are in the case of plane stress and the case between plane stress and plane strain, the 333 

UCS shows the trend of decreasing firstly then changing slowly and then decreasing; when the 334 

model boundaries are in the case of plane strain, the UCS fluctuates with the increase of specimen 335 

size. 336 

3.1.8 Fluctuation range of transverse anisotropy coefficients of UCS and EDM of CJBs under 337 

uniaxial compression   338 

In this paper, the transverse anisotropy coefficient of uniaxial compressive strength (TACUCS) 339 

is defined as the UCS along the direction I divided by the UCS along the direction Ⅱ. According to 340 

Fig. 13 (a)~(e), in terms of TACUCS, for the CJBs with different model sizes and rock 341 

heterogeneity indexes of 5, 10, 20 and 200, the fluctuation range of TACUCS is 0.85~1.25. For the 342 

CJBs with column diameters of 20 cm, 40 cm, 60 cm and 80 cm, the TACUCS is between 343 

0.55~1.10. For the CJBs with elastic moduli of 3.75 GPa, 15 GPa and 30 GPa of joints, the 344 

TACUCS is between 0.85~1.20. For the CJBs with residual strength coefficients of 0.1, 0.5, 0.75 345 

and 1 of joints, the TACUCS is between 0.85~1.40. For the CJBs with model boundaries of the 346 

case of plane stress, the case between plane stress and plane strain, the case of plane strain, the 347 

TACUCS is between 0.85~1.15. Thus, the conclusion can be drawn that according to the sensitivity 348 

of TACUCS to influencing factors, the sensitivity order from large to small is column diameter 349 

(and residual strength coefficient of joints), rock heterogeneity index, elastic modulus of joints, 350 

model boundaries, respectively; for the CJBs with different sizes and various factors under uniaxial 351 
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compression, they can be roughly approximated as transverse isotropy of UCS, that is, the 352 

TACUCS is approximately 1. 353 

The transverse anisotropy coefficient of equivalent deformation modulus (TACEDM) is the 354 

EDM along the direction I divided by the EDM along the direction Ⅱ. In the aspect of TACEDM, 355 

for the CJBs with different model sizes and rock heterogeneity indexes of 5, 10, 20 and 200, the 356 

fluctuation range of TACEDM is 0.85~1.10. For the CJBs with column diameters of 20 cm, 40 cm, 357 

60 cm and 80 cm, the TACEDM is between 0.8~1.05. For the CJBs with elastic moduli of 3.75 358 

GPa, 15 GPa and 30 GPa of joints, the TACEDM is between 0.85~1.25. For the CJBs with residual 359 

strength coefficients of 0.1, 0.5, 0.75 and 1 of joints, the TACEDM is between0.75~1.15. For the 360 

CJBs with model boundaries of the case of plane stress, the case between plane stress and plane 361 

strain, the case of plane strain, the TACEDM is between 0.85~1.05. Thus, the conclusion can be 362 

drawn that according to the sensitivity of TACEDM to influencing factors, the sensitivity order 363 

from large to small is elastic modulus of joints (and residual strength coefficient of joints), rock 364 

heterogeneity index (and column diameter), model boundaries, respectively; for the CJBs with 365 

different sizes and various factors under uniaxial compression, they can be roughly approximated 366 

as transverse isotropy of EDM, that is, the TACEDM is approximately 1.  367 

3.2 The anisotropy of CJBs under uniaxial compression 368 

3.2.1 Progressive failure process and failure pattern along the direction parallel to column 369 

axis  370 

Fig. 14 shows the minimum principal stress contours corresponding to Points A, B, C, D and 371 

E of the stress-strain curve, which describes the process of specimen from compression shear, 372 

tension, slip, to crack initiation and propagation during loading. The red areas of minimum 373 

principal stress contours represent the stress concentration areas.  374 
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Combined with Figs. 14 (a)&(c), it can be seen that at Point A, with the progress of loading, 375 

the stress concentration appears in the columnar joints inside the specimen. In addition, there is a 376 

certain degree of stress concentration at the top of the specimen. When the stress reaches the point 377 

B near the peak point, it can be seen from the minimum principal stress contour of Point B that the 378 

columnar joints in the specimen get cracked, especially at the upper part of the specimen. With the 379 

loading increasing, the stress drops to Point C, the cracking of columnar joints at the upper part of 380 

the specimen further develops to the lower part of the specimen, and the cracking of columnar 381 

joints on the left and right sides of the lower part of the specimen is also obvious. The original 382 

stress concentration of columnar joints dissipates, and the new stress concentration appears in the 383 

local area of the specimen top. When the stress point continues to drop to Point D, under the action 384 

of uniaxial displacement loading, due to the influence of column dip angle, tensile damages 385 

develop at the edges of several columns, and stress concentrations appear, as shown in the 386 

minimum principal stress contour at Point D. When the stress reaches Point E, the crack initiations 387 

and propagations occur at or near the original stress concentration positions of the edges of the 388 

columns, and the specimen reaches the residual strength. In conclusion, under uniaxial loading, the 389 

stress concentration appears in columnar joints of the specimen, columnar joints get cracked and 390 

cracks gradually develop into the inner rock. Moreover, the cracking of columnar joints on the left 391 

and right sides of the lower part of the specimen is also obvious. Besieds, stress concentrations 392 

occur at the edges of several columns, and cracks initiate and propagate, resulting in material 393 

damage and strength reduction of the CJBs. 394 

For failure patterns of CJBs with different column dip angles along the direction parallel to 395 

column axis, according to Fig. 15, when the column dip angle is β = 0°, splitting tensile failure 396 

occurs along columnar joints in the specimen, and then compression shear damage and fracture of 397 

the material in columns develop. In the case of β =15°~45°, under uniaxial compression, stress 398 

concentration appears in columnar joints, and then columnar joints get cracked and cracking 399 
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propagates downward. Due to the influence of column dip angle, then the stress concentration 400 

occurs at the edges of several columns, and the cracks initiate and propagate. In the case of β 401 

=60°~75°, there is still the influence of column dip angle. Under uniaxial compression, columnar 402 

joints of the specimens do not get cracked, and there are the strip stress concentration and the strip 403 

fracture in the specimens. In the case of β = 90°, there is no influence of column dip angle. Under 404 

uniaxial compression, the upper part of specimen is damaged and fractured under the action of 405 

compression shear and tension, and strip fractures appear, which then develops downwards to the 406 

middle of the specimen.  407 

3.2.2 Influence of rock heterogeneity on anisotropy of CJBs under uniaxial compression  408 

It can be seen from Fig. 16 (a) that in terms of UCS along the direction parallel to column 409 

axis, when the heterogeneity index is 5, 10, 20 and 200, the UCS of specimen shows a U-shaped 410 

trend with the increase of column dip angle. In the case of β = 30°, the UCS of specimen reaches 411 

the minimum value. When the heterogeneity index is 5, the change of UCS is gentle in the range 412 

of column dip angle β = 60°~90°; when the heterogeneity index increases to 10, the UCS of 413 

specimen increases obviously with the increase of heterogeneity index in the range of β = 0° and β 414 

= 60°~90°; when the heterogeneity index increases to 20 and 200, in the range of column dip angle 415 

β = 60°~75°, the growth of UCS is limited with the increase of heterogeneity index, while the 416 

growth of UCS is still obvious when β = 0° and β = 90°. In addition, when β = 15°~45°, the growth 417 

of specimen is not sensitive to the change of heterogeneity index.   418 

    As shown in Fig. 16 (b), in the aspect of EDM, for the cases of heterogeneity indexes of 5, 419 

10, 20 and 200, the relationship curves between EDM and column dip angle are with similar 420 

variation characteristics of decreasing firstly then increasing and then decreasing slightly, in which 421 

the EDM reaches the minimum value at β = 60°.  422 

 423 
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3.2.3 Influence of column diameter on anisotropy of CJBs under uniaxial compression 424 

According to Fig.16 (c), in terms of UCS along the direction parallel to column axis, when 425 

the column diameter is 20 cm, 40 cm, 60 cm and 80 cm, the UCS of specimen shows a U-shaped 426 

trend with the increase of column dip angle, in which the UCS reaches the minimum value at β = 427 

30°. When the column diameter is 20 cm, the UCS changes gently in the range of β = 60°~90°; 428 

when the column diameter is 20 cm~40 cm, the UCS grows obviously with the increase of column 429 

diameter in the range of β = 60°~90°; when column diameter is 40 cm~80 cm, the increase of UCS 430 

is limited with the increase of column diameter in the range of β = 60°~90°. In addition, the UCS 431 

is not sensitive to the change of column diameter when β = 0°~45°.  432 

As presented in Fig.16 (d), in the aspect of EDM, there is a critical value for the influence of 433 

column diameter on EDM. When the column diameter is smaller than 60 cm, the EDM increases 434 

obviously with the increase of column diameter; when the column diameter is larger than 60 cm, 435 

the growth of the EDM is limited with that. For the cases of column diameters of 20 cm, 40 cm, 60 436 

cm and 80 cm, the relationship curves between EDM and column dip angle are with roughly similar 437 

characteristics of decreasing firstly then increasing (or changing slightly).   438 

3.2.4 Influence of elastic modulus of joints on anisotropy of CJBs under uniaxial compression 439 

According to Fig.17 (a), when the elastic modulus of joints is 3.75 GPa, 7.5 GPa, 15 GPa, 440 

22.5 GPa and 30 GPa, the UCS of specimen shows a U-shaped trend with the increase of column 441 

dip angle, in which the UCS reaches the minimum value at β = 30°. For the column dip angle of β 442 

= 0°, the UCS changes slightly with the increase of elastic modulus of joints, while the UCS grows 443 

relatively obviously with that for the column dip angles of 15°~90°. As depicted in Fig.17 (b), 444 

except for the slight change of EDM at β = 0°, the growth of EDM is apparent at β = 15°~90° with 445 

the increase of the elastic modulus of joints. However, when the elastic modulus of joints is larger 446 

than 22.5 GPa, the influence of elastic modulus of joints on the growth of EDM is limited.  447 
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3.2.5 Influence of residual strength coefficient of joints on anisotropy of CJBs under uniaxial 448 

compression 449 

It can be seen from Fig. 17 (c) that in terms of UCS, when the residual strength coefficient of 450 

joints is 0.1, 0.5, 0.75 and 1, the UCS of specimen shows a U-shaped trend with the increase of 451 

column dip angle, in which the UCS reaches the minimum value at β = 30°. With the increase of 452 

residual strength coefficient of joints, the UCS changes not obviously at β = 0° and β = 75°~90°; 453 

the UCS grows relatively obviously at β = 15°~45°; the UCS increases most obviously at β = 60°. 454 

As presented in Fig. 17 (d), for different residual strength coefficients of joints, the relationship 455 

curves between the EDM and column dip angle are closely at β = 0°~45° and β = 75°~90° except 456 

for at β = 60°, which indicates that the residual strength coefficient of joints has limited effect on 457 

the EDM at β = 0°~45° and β = 75°~90° but relatively obvious effect on the EDM at β = 60°.  458 

3.2.6 Influence of ratio of shift distance of the second joint set on anisotropy of CJBs under 459 

uniaxial compression 460 

Fig. 18 (a)&(b) shows the uniaxial compressive stress-strain curves of CJBs with different 461 

ratios of shift distance of the second joint set. It can be seen that the stress-strain curves of the CJBs 462 

with different ratios of shift distance and column dip angles show elastic-brittle failure 463 

characteristics. 464 

As depicted in Fig. 18 (c), in terms of UCS, when the ratio of shift distance of the secondary 465 

joint set is 0%, 20%, 40% and 50%, the UCS of specimen shows a U-shaped change trend with the 466 

increase of column dip angle, in which the UCS of specimen reaches the minimum value at β = 467 

30°. When the ratio of shift distance increases from 0% to 20%, the UCS of specimen with column 468 

dip angle of 60°~75° increases obviously, while the UCS of specimens with the other column dip 469 

angles changes slightly. When the ratio of shift distance continues to increase to 40%, 50%, the 470 

change of UCS of specimen with column dip angle of β = 60°~75° is small. 471 
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As shown in Fig. 18 (d), in the aspect of EDM, for different ratios of shift distance of the 472 

secondary joint set, the relationship curves between the EDM and column dip angle are closely at 473 

β = 0°~60° and β = 90° except for at β = 75°, which implies that the ratio of shift distance of the 474 

secondary joint set has limited effect on the EDM at β = 0°~60° and β = 90° but relatively obvious 475 

effect on the EDM at β = 75°. For column dip angle of β = 75°, when the ratio of shift distance 476 

increases from 0% to 20%, the growth of the EDM is larger, while that continues to increase to 477 

40%, 50%, the variation of the EDM is less.  478 

In terms of failure patterns of the CJBs with the ratios of 0 % and 50 % of shift distance of 479 

the secondary joint set, according to Fig. 19 and Fig. 20, in the case of column dip angle of β = 0°, 480 

splitting tensile failure occurs along columnar joints in the specimen, and the stress concentrations 481 

of columns near the crack tips are obvious, and then compression shear damage and fracture of 482 

material in columns develop. In the case of β = 15°~45°, under uniaxial compression, stress 483 

concentrations occur in columnar joints, and then columnar joints get cracked, which then 484 

propagates downwards. Due to the influence of column dip angle, stress concentrations and crack 485 

initiation and propagation appear at the secondary joint set and the edges of several columns. In 486 

the case of β = 60°~75°, the influence of column dip angle still exists. Under uniaxial compression, 487 

the columnar joints of specimen do not get cracked. For the specimens with the ratio of 0% of shift 488 

distance, the secondary joint set gets cracked through, and for the specimens with the ratio of 50% 489 

of shift distance, the secondary joint set in the specimens gets cracked, and there are obvious stress 490 

concentrations nearby. In the case of β = 90°, there is no influence of column dip angle. Under 491 

uniaxial compression, the secondary joint set in the upper part of specimen gets cracked, and the 492 

upper part of specimen is subjected to compression shear and tension, resulting in damages and 493 

strip fractures, which develops downwards to the middle of specimen. 494 
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3.2.7 Influence of irregularity degrees of columns on anisotropy of CJBs under uniaxial 495 

compression 496 

Figs. 21 (a)&(b) show the uniaxial compressive stress-strain curves of the CJBs specimens 497 

with different irregularity degrees of columns along the direction Ⅰ orthogonal to column axis. It 498 

can be seen that the stress-strain curves of CJBs with different irregularity degrees of columns and 499 

column diameters are with elastic-brittle failure characteristics.  500 

It can be seen from Fig. 21 (c) that in terms of the UCS along the direction Ⅰ orthogonal to 501 

column axis, when the CJBs varies from with completely regular columns to with approximately 502 

regular columns, the change of the UCS is small. However, when the CJBs varies from with 503 

approximately regular columns to with moderately regular columns, irregular columns, the UCS 504 

decreases greatly. As presented in Fig. 21 (d), for the UCS along the direction Ⅱ, when the CJBs 505 

varies from with regular columns to with approximately regular columns, moderately regular 506 

columns, irregular columns, respectively, the UCS decreases gradually.  507 

According to Figs. 21 (e)&(f), in the aspect of the EDM along the direction Ⅰ & Ⅱ, for the 508 

CJBs with completely regular columns, approximately regular columns, moderately regular 509 

columns, the EDM shows the trend of increasing firstly then changing slowly (or decreasing 510 

slightly) with the increase of column diameter. For the CJBs with irregular columns, the EDM 511 

fluctuates in a large variation range with the increase of column diameter.   512 

As shown in Fig. 21 (g), in terms of UCS parallel to column axis, for the CJBs with completely 513 

regular columns, approximately regular columns, moderately regular and irregular columns, the 514 

UCS of specimen shows a U-shaped trend with the increase of column dip angle, in which the UCS 515 

of specimen reaches the minimum value at β = 30°. In addition, the irregularity degree of columns 516 

has a certain influence on the UCS of specimen at β = 45°, while that has little influence on the 517 

UCS of specimen at the other column dip angles. 518 
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As presented in Fig. 21 (h), in the aspect of the EDM parallel to column axis, for different 519 

irregularity degrees of columns, the relationship curves between the EDM and column dip angle 520 

are closely at β = 0°~15°, 45° and 75°~90° except for at β = 30° and 60°, which indicates that the 521 

irregularity degree of columns has limited effect on the EDM at β = 0°~15°, 45° and 75°~90° but 522 

relatively obvious effect on the EDM at β = 30° and 60°.  523 

In terms of failure patterns of the CJBs with irregular columns along the direction orthogonal 524 

to column axis, as depicted in Figs. 21 (i)~(l), for the column diameter of 20 cm, most of vertical 525 

joints get cracked, stress concentrations mainly occur at the column centers. For the column 526 

diameter of 40 cm, several stress concentrations appear at the columns, and damaged fractures 527 

initiate at the edges of columns. For the column diameter of 60 cm, there is crack initiation and 528 

propagation along the joints, with stress concentrations at crack tips. For the column diameter of 529 

80 cm, there are stress concentrations at crack tips and some column centers. 530 

3.2.8 Influence of model boundaries on anisotropy of CJBs under uniaxial compression  531 

It can be seen from Fig. 22 (a) that in terms of UCS, when the model boundary is in the case 532 

of plane stress, the case between plane stress and plane strain, and the case of plane strain, 533 

respectively, the UCS of specimen shows a U-shaped trend with the increase of column dip angle, 534 

in which the UCS of specimen reaches the minimum value at β = 30°. For the column dip angles 535 

of β = 0°~60°, the UCS of specimen in the case of plane stress is almost consistent with the case 536 

between plane stress and plane strain. For β = 75°~90°, the UCS of specimen in the case of plane 537 

stress is slightly lower than the case between plane stress and plane strain. Compared with the case 538 

of plane stress, the case between plane stress and plane strain, for β = 60°~90°, the UCS of 539 

specimen in the case of plane strain is higher. 540 

As depicted in Fig. 22 (b), in the aspect of the EDM, for the three kinds of model boundaries, 541 

the EDM shows the trend of decreasing firstly then increasing and then changing (or decreasing) 542 
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slowly, in which the EDM reaches the minimum value at β = 60°. Compared with the case of plane 543 

stress, the case between plane stress and plane strain, the EDM in the case of plane strain is larger.  544 

4  Discussion 545 

4.1 Influence of constitutive law of columnar joints on size effect and anisotropy of CJBs 546 

specimen 547 

When the residual strength coefficient of joints is 0.1, 0.5, 0.75 and 1, respectively, the 548 

mechanical property of joint material is transformed from elastic-brittle mechanical behavior to 549 

elastic-plastic mechanical behavior, and then the influence on the size effect and anisotropy of 550 

CJBs is studied. 551 

Take the square specimens along the direction I orthogonal to column axis as an example. In 552 

terms of UCS, when the residual strength coefficient of joints is 0.1, the UCS increases with the 553 

increase of specimen size, then changes slowly and grows again. When the residual strength 554 

coefficient of joints is 0.5, the UCS firstly increases and then changes gently with the increase of 555 

specimen size. When the residual strength coefficient of joints is 0.75 and 1, the UCS firstly 556 

increases and then decreases gradually with the increase of specimen size.  557 

It can be seen from Fig. 4 that in the numerical simulation verification, compared with the 558 

laboratory test results of Xiao et al. (2014) and Ji et al. (2017), the normalized UCS coefficient in 559 

this paper is higher at the column dip angle of β = 60°. As presented in Fig.17 (c), this may be 560 

related to the high value of residual strength coefficient of joints. Fig.17 (c) shows that for the 561 

column dip angle of β =60°, when the residual strength coefficient of joints decreases from 1 to 562 

0.1, the UCS of specimen decreases gradually. 563 
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4.2 Influence of elastic modulus of columnar joints on size effect and anisotropy of CJBs 564 

specimen 565 

The elastic modulus of columnar joint in this paper is 3.75 GPa, 7.5 GPa, 15 GPa, 22.5 GPa 566 

and 30 GPa, respectively. The physical meaning of the increase of this joint material parameter is 567 

that the greater stress is required for elastic deformation of joint material. Further, the influence of 568 

that on the size effect and anisotropy of CJBs is studied.  569 

Take the square specimens along the direction I orthogonal to column axis as an example. In 570 

terms of UCS, when the elastic modulus of joints is 3.75 GPa, the UCS increases, then decreases 571 

and then increases with the increase of specimen size. When the elastic modulus of joints is 7.5 572 

GPa, 15 GPa, 22.5 GPa and 30 GPa, the UCS increases and then decreases with the increase of 573 

specimen size.   574 

It can be seen from Fig.4 that in the numerical simulation verification, compared with the 575 

laboratory test results of Ji et al. (2017), the normalized UCS coefficient in this paper is obviously 576 

higher at column dip angle of β = 60°,75° and 90°. Then, according to Fig.17 (a), this may be 577 

related to the high value of elastic modulus of joints. Fig. 17 (a) shows that for the column dip 578 

angles of β = 60°, 75° and 90°, when the elastic modulus of joints decreases gradually from 30 579 

GPa to 3.75 GPa, the UCS of specimen decreases gradually. 580 

4.3 Influence of the second joint set on strength anisotropy of CJBs specimen 581 

As depicted in Fig. 18 (c), in terms of UCS, when the ratio of shift distance of the secondary 582 

joint set is 0%, 20%, 40% and 50%, the UCS of specimen shows a U-shaped change trend with the 583 

increase of column dip angle, in which the UCS of specimen reaches the minimum value at β = 584 

30°. When the ratio of shift distance increases from 0% to 20%, the UCS of specimen with column 585 

dip angle of β = 60°~75° increases obviously. When the ratio of shift distance continues to increase 586 

to 40%, 50%, the change of UCS of specimen with column dip angle of β = 60°~75° is small.   587 
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The numerical test results in this paper are compared with the laboratory test results of Ke et 588 

al. (2019), as shown in Fig. 23. It can be seen that for the ratio of 50% of shift distance of the 589 

second joint set, the variation trend of the normalized UCS coefficient of specimen in this paper is 590 

approximately consistent with the laboratory test results of Ke et al. (2019).  591 

4.4 Influence of irregularity degrees of columns on deformation anisotropy of CJBs specimen 592 

Take the square specimens along the direction I orthogonal to column axis as an example. In 593 

terms of the fluctuation range of EDM, under uniaxial compression, with the increase of column 594 

diameter, the fluctuation range of EDM of the CJBs with irregular columns along the direction I is 595 

largest. In the aspect of the magnitude of EDM, for the column diameter of 20 cm, 60 cm and 80 596 

cm, compared with other irregularity degrees of columns, the EDM magnitude of the CJBs with 597 

irregular columns is highest, which is approximately consistent with that in the research results of 598 

Cui et al. (2016), that is, the EDM of irregular columns is largest. In addition, taking the square 599 

specimens along the direction Ⅱ orthogonal to column axis as an example, for the column diameter 600 

of 20 cm and 40 cm, the EDM of the CJBs with irregular columns is larger than that with other 601 

relatively regular columns. 602 

5  Conclusions 603 

Under uniaxial loading, the heterogeneity of rock mass, the change of mechanical properties 604 

of joints and the model boundaries significantly affect the size effect and anisotropy of CJBs 605 

specimen. At present, many experiments or numerical simulations have not reflected these 606 

characteristics. To reveal the fracture features and failure mechanisms of CJBs influenced by the 607 

size effect and anisotropy, the digital image correlation (DIC), meso-damage mechanics, statistical 608 

strength theory and continuum mechanics were combined (the DIC-improved RFPA), the digital 609 

images of CJBs specimens were processed to establish the inhomogeneous numerical models and 610 
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a series of numerical tests were therefore conducted. The progressive fracture processes and failure 611 

patterns of CJBs orthogonal and parallel to column axis under uniaxial compression were studied, 612 

and the effects of various factors on size effect and anisotropic mechanical properties of CJBs were 613 

further analyzed. 614 

(1) The fracture mechanism of the CJBs along the direction orthogonal to column axis. ① 615 

For the CJBs along the direction Ⅰ orthogonal to column axis, under uniaxial loading, the joints of 616 

the specimen get cracked, the cracks gradually develop into the inner rocks, and the columns at the 617 

upper part of the specimen show obvious stress concentration, which leads to the material damage 618 

and strength decrease of the specimen. ② For the CJBs along the direction Ⅱ, at the beginning of 619 

uniaxial loading, the cracking of vertical joints and the stress concentration of oblique joints appear, 620 

forming a V-shaped region. With the load increasing, the fracturing at the middle of the upper part 621 

and the lower left and right sides of the specimen becomes more obvious, and the breakage region 622 

with an inverted V-shape distribution is formed, which causes the material damage and strength 623 

decrease of the specimen. 624 

(2) The failure patterns of CJBs with different sizes along the direction Ⅱ, for the specimen 625 

sizes of 0.5 m~2 m, most of the vertical joints at the upper and lower parts of specimens get cracked, 626 

and the stress concentrations appear at the oblique joints. Meanwhile, crack initiation and 627 

propagation appear near some oblique joints. For the specimen size of 3 m, in the middle of the 628 

upper part and the lower left and right sides of the specimen, the stress concentrations at oblique 629 

joints result in the crack initiation and propagation near oblique joints. For the specimen size of 4 630 

m, there are roughly two inverted V-shaped stress concentration regions at the upper part of the 631 

specimen. 632 

(3) Fluctuation range of transverse anisotropy coefficients of UCS and EDM for CJBs with 633 

different model sizes and various factors under uniaxial compression. ①  According to the 634 

sensitivity of TACUCS to influencing factors, the order from large to small is column diameter 635 
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(and residual strength coefficient of joints), rock heterogeneity index, elastic modulus of joints, 636 

model boundaries, respectively; for the CJBs with different sizes and various factors under uniaxial 637 

compression, they can be roughly approximated as transverse isotropy of UCS, that is, the 638 

TACUCS is approximately 1. ② According to the sensitivity of TACEDM to influencing factors, 639 

the order from large to small is elastic modulus of joints (and residual strength coefficient of joints), 640 

rock heterogeneity index (and column diameter), model boundaries, respectively; for the CJBs with 641 

different sizes and various factors under uniaxial compression, they can be roughly approximated 642 

as transverse isotropy of EDM, that is, the TACEDM is approximately 1.  643 

(4) The fracture mechanism of the CJBs along the direction parallel to column axis. Under 644 

uniaxial loading, the stress concentration appears in columnar joints of the specimen, columnar 645 

joints get cracked, the cracks gradually develop into the inner rocks, and the cracking of columnar 646 

joints on the left and right sides of the lower part of the specimen is also obvious. Then, stress 647 

concentrations occur at the edges of several columns, and cracks initiate and propagate, resulting 648 

in material damage and strength reduction of the CJBs. 649 
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