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Abstract: This study delves into the mechanical behavior and fracture propagation mechanism of 15 

X-shaped jointed rock masses. It is found that the damage of X-joints leads to stress concentration at 16 

the joint tips, which promotes the propagation of fractures along the direction of the maximum 17 

principal tensile stress, eventually causing the rock mass to fail along the joint surfaces or at an 18 

angle of 
24

0
0

 += . Under the influence of X-shaped joints, shear fractures in the rock mass 19 

increase rapidly in the initial stage of loading and then transform into tensile fractures. These tensile 20 

fractures continue to propagate and coalesce into a connected fracture network, significantly 21 

weakening the structural integrity and mechanical strength of the rock mass. The uniaxial 22 

compressive strength of X-shaped jointed rock masses shows a negative correlation with the length 23 

of secondary joints. An increase in the length of secondary joints actually expands the initial 24 

damage area in the rock mass and exacerbates the tip stress concentration effect, thereby reducing 25 

the overall bearing stiffness and strength of the rock mass. With the increase of the included angle 26 

  between primary and secondary joints, the compressive strength exhibits a nearly "M-shaped" 27 

variation, reflecting the anisotropic influence of the spatial geometric configuration of joints on rock 28 

mass strength. Regarding the included angle   between the primary joints and the loading 29 

direction, within the range of 0 15    , the rock mass strength increases slowly with the 30 

increase of  ; while within the range of o o15 90  , the strength decreases rapidly with the 31 

increase of  . The research findings deepen the understanding of the failure mechanism of jointed 32 

rock masses and provide a theoretical basis for engineering site selection and disaster reduction 33 

decision-making. 34 
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0 Introduction 37 

Owing to the effects of diagenesis and subsequent geological processes, natural rock masses 38 

commonly contain various structural planes such as joints and fractures [1,2]. These structural 39 

planes intersect to form complex joint networks, leading to the discontinuity, heterogeneity, and 40 

anisotropy of engineering rock masses [3]. Joints exhibit diverse morphological characteristics, and 41 

their mechanical behaviors and failure features differ significantly. Among various joint types, 42 

X-shaped joints represent one of the typical structures in fractured rock masses [4]. The propagation 43 

and failure of X-shaped joints are accompanied by a notable crack-tip effect, which exerts a 44 

considerable influence on the strength and stability of rock masses [5,6]. Therefore, investigations 45 

into the mechanical properties and fracture evolution of X-shaped joints can provide a reliable and 46 

effective theoretical foundation for site selection and disaster prevention in engineering projects 47 

involving complex jointed rock masses. 48 

In recent years, many scholars have carried out in-depth investigations into the effects of 49 

parameters such as joint morphology, joint inclination angle, and joint quantity on the mechanical 50 

behavior and fracture evolution of jointed rock masses [7-9]. Akbardoost et al. [10] adopted an 51 

incremental approach to predict crack propagation trajectories in rock specimens containing 52 

U-shaped, V-shaped end holes, and keyhole-shaped notches. Peng et al. [11] analyzed the 53 

displacement field of disc specimens based on fracture mechanics, revealing the influences of joint 54 

angle and normal stress on the propagation of wing cracks and secondary coalescence between 55 

en-echelon rock joints. Pan et al. [12] discussed the effects of joint inclusions on the dynamic 56 

responses of rock-like materials in terms of dynamic strength, energy dissipation, and mesoscopic 57 

damage. Liu et al. [13] examined the propagation process of joint fractures varying with inclination 58 

angle and uncovered the mesoscopic laws governing crack propagation and failure evolution. Li et 59 

al. [14] pointed out that, with an increase in joint inclination angle, the failure mode of rock masses 60 

with parallel double joints transitions from tensile and shear failure to conjugate shear failure. 61 

Moreover, researchers have developed sophisticated and advanced numerical methods to 62 

simulate the crack propagation mechanisms and failure processes of jointed rock masses [15-17]. 63 

Meng and Liu [18] adopted the finite-element-based RFPA software to study complex fracture 64 



mechanics problems in rock masses. Wu et al. [19] and Yu et al. [20] explored the influences of 65 

different horizontal distances between holes and fracture centroids on the brittleness of rocks and 66 

the mechanical properties of pre-fractured rock materials. Wang et al. [21] examined the effects of 67 

rock bridge length on the fatigue strength, volumetric deformation, and fatigue life of rock masses 68 

under cyclic uniaxial variable-frequency loading. Dong et al. [22] performed a series of uniaxial 69 

compression tests to investigate the influences of sawtooth interface parameters on the fracture 70 

behavior of rock-like composite specimens. Wang et al. [23] used PFC3D numerical simulation to 71 

study the effects of different fissure intersection angles and fissure lengths on the macroscopic 72 

mechanical behavior, crack evolution law, ultimate failure mode, and final crack distribution of 73 

pre-flawed rock-like specimens. 74 

In summary, scholars have carried out extensive and in-depth investigations into the failure 75 

process of jointed rock masses, and the weakening effect of joints on rock mass strength has been 76 

well documented. Existing studies have revealed the significant influences of various joint 77 

parameters on the mechanical properties and crack propagation laws of jointed rock masses, greatly 78 

advancing the understanding of instability mechanisms in jointed rock mass engineering. However, 79 

studies focusing on intersecting X-shaped joints remain relatively limited, especially investigations 80 

concerning the effects of key geometric parameters: the length of secondary joints, the angle 81 

between primary and secondary joints, and the angle between the loading direction and the primary 82 

joint. Therefore, this paper adopts theoretical analysis and UDEC numerical simulations to 83 

investigate the mechanical properties and fracture evolution laws of X-shaped jointed rock masses. 84 

The research findings contribute to a better understanding of the failure modes and mechanical 85 

characteristics of jointed rock masses, and can provide a theoretical reference for engineering site 86 

selection and disaster prevention in rock engineering. 87 

1 Mechanical mechanism of failure and instability  88 

1.1 Establishment of mechanical models 89 

To investigate the failure and instability characteristics of X-shaped jointed rock masses, the 90 

X-shaped joint structure was decomposed into two individual jointed rock masses based on the 91 

single structural plane theory, and these two single-fracture rock masses were adopted as the 92 

analytical model, as illustrated in Figure 1. AB and CD represent the primary joint and secondary 93 



joint; 1 and 3 are the maximum and minimum principal stresses; 1 and 2 represents the 94 

normal stress borne by the rock mass structural plane; 1  and 2 represents the shear stress borne 95 

by the rock mass structural plane; 1 and 2  represents the angle between the joint and the 96 

horizontal plane. 97 

 98 

Figure 1 Planar mechanical model of X-shaped jointed rock mass 99 

1.2 Analysis of deformation and instability characteristics 100 

The X-shaped jointed rock mass model is presented in the figure above. Assuming that the 101 

biaxial stress satisfies the condition 3 1  = = , under the action of far-field stress, the normal 102 

stress 1 and tangential stress 1 on the jointed surface with an inclination of 1 and the normal 103 

stress 2 and tangential stress 2 on the jointed surface with an inclination of 2 are respectively. 104 
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In the Equation: 1 and 2 are respectively the shear stresses of the joint plane with an 106 

inclination of 1 and 2 , when the interference effect of the intersecting structural plane is not 107 

considered; 1 and 2 are the normal stresses at each angle when the mutual interference effect of 108 
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the intersecting structural planes is not taken into account. 109 

When the interaction between intersecting structural planes is neglected, the effective shear 110 

driving force that induces shear deformation along the structural planes can generally be expressed 111 

by the Kalhaway equation [24]: 112 
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                           (2) 113 

In the Equation: SK is the initial shear modulus of the structural plane where the jointed rock 114 

mass intersects; a and b represent the inclinations and the joint half-lengths respectively; 1
e

  and 115 

2
e

  are the ultimate shear stresses between the intersecting structural planes of the joints with 116 

angles of 1 and 2 , respectively; 1l and 2l Shear displacements of the structural planes where 117 

the joints intersect at an angle of 1 and 2 , respectively. 118 

When the interaction between the primary and secondary joints is neglected, the horizontal 119 

displacements induced by the two joint planes can be derived from Equation (2): 120 
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                          (3) 121 

Regarding the ultimate shear stresses m

1  and m

2  of the joint plane in Equation (3), the 122 

plane containing the joint consists of both throughgoing and non-throughgoing segments. The shear 123 

failure criterion for the joint plane is that the shear stress acting on the plane exceeds the shear 124 

strength of the rock mass. The shear strength of the structural plane is derived from the weighted 125 

average of the frictional and cohesive strengths of the throughgoing and non-throughgoing 126 

segments. According to the Mohr–Coulomb failure criterion, we have: 127 
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In the Equation: 1 and 2  are respectively the joint penetration degrees with an 129 



inclination angle of 1 and 2 ; j is the friction coefficient of the joint surface; r is the mass 130 

friction coefficient of the rock block; i

rc is the cohesion of the frozen rock mass. 131 

To simplify the analysis, the mutual interference effects are characterized by the inclination 132 

angle relationship between the primary and secondary joints. The actual effective sliding driving 133 

stress acting on the primary joint surface under the interaction between the primary and secondary 134 

joints [26] can be expressed as: 135 
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136 

As rock is a brittle material whose tensile strength is much lower than its shear strength, the 137 

driving stress within the rock mass causes cracks to propagate along the direction of the maximum 138 

circumferential stress at the joint tip. Under this condition, the relationship between the driving 139 

stress in the rock mass and the mode-I stress intensity factor at the primary joint tip is given by: 140 

2
coscos

2

3 *

1

 cK e

a

e =                          (6) 141 

  denotes the crack initiation and propagation angle inclined at a certain angle to the joint. 142 

It can be seen from Equation (6) that crack propagation occurs when the mode-I stress intensity 143 

factor at the tip of the primary joint exceeds the fracture toughness of the rock [27]. 144 

For the instability assessment of X-shaped jointed rock mass failure, the shear strength 145 

characteristics of the joints can be quantitatively described by the Coulomb strength criterion as 146 

follows:              147 
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148 

c  represents the cohesive force of the joint, and   denotes the internal friction angle of 149 

the joint. By combining Equations (1) and (7), the relationship among  ,  , c , and  can 150 

be derived as follows: 151 
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                     (8) 152 

When the principal stress acting on the fractured rock mass satisfies Equation (8), the stress 153 

state on the internal structural plane will reach limit equilibrium. If 90 =   or  =  under 154 

condition 1 3 − → , this indicates that the specimen will not fail along the structural plane 155 

under such a stress state. Differentiating Equation (8) with respect to   and setting the first 156 

derivative to zero, the condition corresponding to the minimum value of 1  can be obtained as 157 

follows: 158 

     
24

cot2tan
  +=→−=                           (9)     159 

At this point, the Mohr stress circle is tangent to the strength envelope of the structural plane, 160 

as illustrated in Figure 2. 161 

 162 

Figure 2 Strength analysis of X-shaped jointed rock mass 163 

As illustrated in Figure 2, lines 1 1tan c   = +  and 2 2tan c   = +  represent 164 

the strength envelopes of the joint surfaces, and line 0 0tan c  = +  denotes the strength 165 

envelope of the intact rock. According to the Mohr strength theory, the rock mass fails along the 166 

first set of joints when the angle   between these joints and the horizontal direction satisfies 167 

condition 1 32 2 2    . The rock mass does not fail along the first set of joints when 168 

condition 32 2   or 12 2   is met. If the angle    between the second set of joints 169 
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2 42 2 2     and the horizontal direction satisfies the corresponding criterion at this stage, 170 

the rock mass will fail along the second set of joints. 171 

When the stress state points corresponding to both sets of structural planes lie below their 172 

respective strength envelopes, i.e., under conditions 32 2   or 12 2   and 42 2    or 173 

22 2   , the rock mass does not fail along either set of joints, but instead fractures along the 174 

plane oriented at the following angle. 175 

 0
0 4 2

 = +   (10) 176 

2 UDEC numerical model construction 177 

To investigate the mechanical properties of X-shaped jointed rock masses under uniaxial 178 

compression, a numerical model of rock masses with pre-existing X-shaped joints was established 179 

using the UDEC numerical simulation software. The model was designed with a height of 100 mm 180 

and a width of 50 mm. The primary joint has a length of 40 mm, while the secondary joint is 20 181 

mm long. The angle  between the primary and secondary joints, and the angle  between the 182 

primary joint and the loading direction, were defined as key variables, with the X-shaped joint 183 

positioned at the center of the model, as illustrated in Figure 3. 184 

  185 

Figure 3 Simulation of X-shaped jointed rock mass 186 

The model was discretized into triangular blocks connected by joint planes. The blocks 187 
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adopted a linear elastic constitutive model, with the corresponding parameters presented in Table 1. 188 

The joint planes between triangular blocks were modeled using the Mohr-Coulomb constitutive 189 

model with residual strength. The top, left, and right boundaries of the model were set as free 190 

boundaries, allowing for free lateral and vertical deformation, while the bottom boundary was 191 

fixed. The joint parameters are listed in Table 2. 192 

 193 

Table 1 Block Parameters 194 

Density 

/Kg/m3 

Elastic modulus 

/MPa 

Poisonby Volume modulus 

/MPa 

Shear modulus 

/MPa 

2400 7230 0.28 5477 2824 

 195 

Table 2 Joint Parameters 196 

Internal friction 

angle /° 

Cohesive force 

/MPa 

Tensile strength 

/MPa 

Normal stiffness 

/N/M 

Expansion angle 

/° 

35 4.5 2.8 4488e9 3 

To investigate the influence of secondary joint length on the mechanical properties of 197 

X-shaped jointed rock masses, five numerical schemes were designed by systematically varying the 198 

length of the secondary joints. Six additional schemes were developed to examine the effect of the 199 

angle β between the primary and secondary joints on the rock mass mechanical properties, with this 200 

angle adjusted sequentially across the schemes. Seven schemes were further established to explore 201 

the impact of the angle α between the primary joint and the loading direction on the mechanical 202 

properties of X-shaped jointed rock masses, by changing this angle in a stepwise manner. The 203 

specific joint parameters for all schemes are presented in Table 3. 204 

Table 3 Simulation Test Scheme 205 

Model 
Primary joint 

/mm 

Secondary joint 

/mm 
 / °  / ° 

1 40 20 90 45 

2 40 25 90 45 

3 40 30 90 45 

4 40 35 90 45 

5 40 40 90 45 

6 40 20 15 45 

7 40 20 30 45 

8 40 20 45 45 

9 40 20 60 45 

10 40 20 75 45 

11 40 20 90 45 



12 40 20 90 0 

13 40 20 90 15 

14 40 20 90 30 

15 40 20 90 45 

16 40 20 90 60 

17 40 20 90 75 

18 40 20 90 90 

The top, left, and right boundaries of the model are set as free boundary conditions, allowing 206 

the specimen to deform freely in the transverse and vertical directions. The bottom is constrained by 207 

fixed boundary conditions to restrict its displacement. The loading test in this study adopts a 208 

displacement-controlled strategy, with a constant loading rate of 0.05 mm/s. To capture the 209 

mechanical response of the model, the "HISTORY" module was employed to record real-time 210 

changes in vertical stress and strain, and the software’s visualization function was used to 211 

dynamically observe the initiation and propagation of fissures. Meanwhile, the "CONFIG" module 212 

was utilized to quantitatively detect the accumulation and dissipation of energy within the model. 213 

3 Analysis of failure characteristics  214 

3.1 Stress-strain characteristics 215 

The mechanical response of X-shaped jointed rock masses under uniaxial compression 216 

exhibits significant nonlinear characteristics. Its stress-strain behavior is tightly coupled with the 217 

crack evolution process, which together reveal the intrinsic mechanism of rock masses from 218 

microscopic damage accumulation to macroscopic instability and failure. The stress-strain and 219 

crack evolution curve during loading are plotted, as shown in Figure 4. 220 
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Figure 4 Stress-strain and crack evolution curve 222 

The stress-strain behavior and crack evolution of X-shaped rock masses can be divided into 223 

three distinct stages: 224 

(1) Stage A (Elastic Compaction Stage) 225 

During this stage, the stress-strain curve exhibits a linear growth characteristic, and the 226 

volumes of tensile cracks and shear cracks remain almost zero. This phenomenon indicates that 227 

during the initial loading process, external energy is mainly used to overcome the closure resistance 228 

of the original microcracks inside the rock mass. The rock mass skeleton undergoes elastic 229 

compressive deformation without generating new damage. The rock mass shows obvious elastic 230 

energy storage characteristics, and the accumulated elastic energy provides the driving force for the 231 

initiation and propagation of subsequent cracks. Point c marks the critical strain for the initiation of 232 

shear cracks, signifying the transition of the rock mass from the elastic stage to the damage stage. 233 

(2) Stage B (Fracture Propagation Stage) 234 

As loading continues, stress and strain rise steadily until reaching the peak point a, at which 235 

point the internal damage of the rock mass begins to accumulate at an accelerated pace. Meanwhile, 236 

the volume of tensile cracks increases slowly until point b and then grows rapidly; shear cracks 237 

initiate at point c and propagate at an increasing rate. From the perspective of damage mechanics, 238 

the evolution of cracks dominates the mechanical behavior of the rock mass in this stage: shear 239 

cracks initiate first, followed by tensile cracks, leading to the gradual accumulation of internal 240 

damage. Point b is the turning point for the rapid propagation of tensile cracks, marking the start of 241 

the internal damage spreading from local areas to the entire rock mass. Point a represents the 242 

ultimate bearing capacity of the rock mass, at which point an internal crack network has initially 243 

formed and the structural integrity of the rock mass is severely compromised. The energy evolution 244 

characteristics of this stage indicate that the externally input energy gradually shifts from being 245 

stored as elastic strain energy to being consumed as surface energy required for crack propagation, 246 

resulting in a gradual decrease in the stability of the rock mass. 247 

(3) Stage C (Failure Stage) 248 

The stress drops sharply from the peak point a, with the volume of tensile cracks increasing 249 

drastically, while the volume of shear cracks rises first and then decreases. This stage corresponds to 250 

the formation of a macroscopic failure surface, meaning that cracks connect with each other to form 251 



a through-going fracture surface, after which the rock mass loses its bearing capacity. In the residual 252 

stage, the total crack volume tends to stabilize. From the perspective of energy dissipation, a large 253 

amount of elastic energy accumulated inside the rock mass is released instantaneously in this stage, 254 

converting into kinetic energy and frictional heat, leading to a rapid stress drop. The dominant role 255 

of tensile cracks indicates that the final failure of X-shaped jointed rock masses is controlled by the 256 

tensile failure mechanism. This tensile failure mode is often accompanied by more intense energy 257 

release and more sudden failure characteristics, posing a serious threat to engineering stability. 258 

3.2 Characteristics of fracture evolution 259 

Figure 5 illustrates the dynamic evolution process of crack initiation and propagation during 260 

the failure of X-shaped jointed rock masses, intuitively revealing the physical mechanism from 261 

microscopic damage accumulation to macroscopic fracture formation. In the initial loading stage, a 262 

small number of tensile cracks first appear and then gradually extend, with their distribution range 263 

and quantity continuously increasing. This stage corresponds to the tensile crack curve from the 264 

start of loading to point b in Figure 4. From the perspective of meso-damage mechanics, since the 265 

tensile strength of rock-like materials is much lower than their shear strength, the stress 266 

concentration effect at the tips of X-joints first induces tensile failure along the direction of the 267 

maximum principal stress. The initiation of these tensile cracks marks the formation of initial 268 

internal damage in the rock mass. 269 

 270 

(a) cyc40000 (b) cyc80000 (c) cyc120000 (d) cyc160000 271 

Figure 5 Fracture initiation and propagation evolution process (Note: red fractures represent shear 272 

fractures, blue fractures represent tensile fractures) 273 

After a period of loading, shear cracks begin to appear and undergo a brief increase in quantity, 274 

which is consistent with the shear crack curve from point c to point b in Figure 4. The emergence of 275 



shear cracks indicates a qualitative change in the internal stress state of the rock mass, where stress 276 

is transferred and redistributed between joint surfaces through shear slip. However, the growth of 277 

shear cracks is temporary. Subsequently, shear cracks transform into tensile cracks, eventually 278 

forming a complex tensile crack network, which aligns with the crack count curve from point b to 279 

the end of loading in Figure 4. 280 

This crack evolution law profoundly reflects the damage and failure mechanism of X-shaped 281 

jointed rock masses: shear cracks develop briefly in the initial stage and quickly transform into 282 

tensile cracks, indicating that the internal stress field of the rock mass continuously adjusts and 283 

tends toward a tensile failure mode. Overall, tensile cracks continue to develop and dominate the 284 

entire evolution process, while shear cracks undergo a brief period of rapid growth before 285 

transforming into tensile cracks. The continuous propagation and interconnection of tensile cracks 286 

greatly weaken the integrity and structural strength of the rock mass, which is the key factor leading 287 

to the final macroscopic instability of the rock mass. Therefore, engineering monitoring should 288 

focus on the initiation and propagation characteristics of tensile cracks to effectively evaluate and 289 

prevent engineering disasters. 290 

3.3 Energy accumulation and dissipation characteristics 291 

The energy evolution characteristics of rock masses during loading are key indicators for 292 

revealing their damage accumulation and instability failure mechanisms. Figure 6 illustrates the 293 

energy accumulation and dissipation process of X-shaped jointed rock masses during loading. 294 

Throughout the loading process, the externally input energy follows two transformation paths: first, 295 

part of the energy is absorbed by the rock mass and converted into compressive strain energy stored 296 

internally; second, the remaining energy is dissipated and released in the form of friction work and 297 

kinetic energy. 298 



 299 

Figure 6 Energy accumulation and dissipation process 300 

From the perspective of energy conversion, the boundary loading work of X-shaped jointed 301 

rock masses shows a continuous upward trend throughout the loading process, with its growth rate 302 

gradually changing from rapid to stable, reflecting the dynamic process of continuous external 303 

energy input. Before point e, the internal compressive strain energy accumulates slowly in the initial 304 

stage and then the accumulation rate further decreases. This indicates that in the elastic stage, the 305 

input energy is mainly converted into releasable elastic strain energy stored inside the rock mass. 306 

From point e to point f, energy release, friction work, and kinetic energy release first show a slow 307 

upward trend and then increase sharply. This phenomenon profoundly reveals the energy evolution 308 

mechanism before rock mass instability: when the rock mass stress approaches the peak value, 309 

internal cracks develop rapidly, the accumulation of stored compressive strain energy slows down, 310 

while the energy release rate of friction work driving crack propagation and kinetic energy 311 

converted into system energy increases significantly. The abrupt change in this energy distribution 312 

mechanism means that the internal damage of the rock mass has reached a critical state, the 313 

conversion process from elastic stored energy to dissipated energy intensifies, and eventually leads 314 

to the loss of the macroscopic bearing capacity of the rock mass. 315 

4 The influence of joint parameters on the mechanical properties  316 

4.1 Influence of secondary joint length  317 

An increase in secondary joint length has a significant weakening effect on the mechanical 318 
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properties of X-shaped jointed rock masses. Figure 7 illustrates the peak strength corresponding to 319 

different secondary joint lengths. As the secondary joint length increases, the peak strength shows a 320 

downward trend, indicating that the uniaxial compressive strength of X-shaped jointed rock masses 321 

gradually decreases with an increase in secondary joint length. 322 

 323 

Figure 7 Peak strength corresponding to different secondary joint length 324 

An increase in secondary joint length essentially expands the initial damage zone within the 325 

rock mass. As a pre-existing defect inside the rock mass, an increase in the size of secondary joints 326 

directly elevates the degree of internal damage, thereby exacerbating the stress concentration effect 327 

at the joint tips. This stress concentration is particularly pronounced in the early stage of loading. As 328 

the secondary joint length increases from 20 mm to 40 mm, cracks initiate in the rock mass at a 329 

lower stress level, leading to a rapid decline in peak strength. When the secondary joint length falls 330 

within 20-30 mm, the peak strength drops sharply from approximately 39.4 MPa to 36.9 MPa. This 331 

indicates that within this interval, the peak strength is extremely sensitive to changes in secondary 332 

joint length, and an increase in secondary joint length results in a significant reduction in peak 333 

strength. 334 

Figure 8 presents the stress-strain curves corresponding to different secondary joint lengths. 335 

At small strains, the curves are approximately linear, indicating that in the elastic stage, the 336 

stress-strain relationship of rock masses with different secondary joint lengths follows Hooke’s law. 337 

 338 

20 25 30 35 40
36

37

38

39

40
P

ea
k 

st
re

ng
th

/M
P

a

Subjoint length/mm



  339 

Figure 8 Stress-strain curves corresponding to different secondary joint length 340 

The slope of the curve increases as the secondary joint length decreases, indicating that the 341 

elastic modulus of X-shaped jointed rock masses is negatively correlated with the secondary joint 342 

length. Shorter secondary joints endow the rock mass with stronger resistance to elastic deformation, 343 

whereas an increase in secondary joint length leads to a significant reduction in the rock mass’s 344 

deformation resistance. From the perspective of energy evolution, an increase in secondary joint 345 

length reduces the compressive strain energy accumulated in the rock mass during the elastic stage, 346 

while the proportion of dissipated energy used to drive crack propagation and frictional sliding 347 

increases relatively. This shift in energy allocation directly results in a decrease in the overall 348 

bearing stiffness and strength of the rock mass. As strain increases, the curves enter the plastic phase. 349 

The curve with the shortest secondary joint length reaches the highest peak strength. As the 350 

secondary joint length increases from 20 mm to 40 mm, the peak strength gradually decreases, 351 

which is consistent with the previously observed trend of peak strength varying with secondary joint 352 

length. 353 

 354 

 355 

Furthermore, the secondary joint length also profoundly affects the energy release 356 

characteristics and failure modes of the rock mass. Figure 9 presents the total energy release curves 357 

corresponding to different secondary joint lengths. 358 
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  359 

Figure 9 Total energy release corresponding to different secondary joint length 360 

For each curve, the total energy release remains low and grows slowly at small strains. Once 361 

the strain exceeds a certain threshold, the curve rises sharply, and the rock mass undergoes rapid 362 

destruction with a large amount of energy released. Rock masses with shorter secondary joint 363 

lengths ( 20C = ) exhibit sudden and intense energy release processes: the initial growth is 364 

extremely slow, followed by a sharp rise, and the stress drops rapidly during failure, showing 365 

obvious brittle characteristics. In contrast, as the secondary joint length increases ( 40C = ), the 366 

energy release process becomes relatively slow and delayed: the initial increase is the slowest, the 367 

sharp rise phase occurs the latest, the final release value is low, and the overall energy release 368 

process is the slowest. 369 

4.2 The angle between the primary and secondary joints 370 

Variations in the included angle between primary and secondary joints profoundly influence 371 

the mechanical response and energy evolution characteristics of X-shaped jointed rock masses. 372 

Figure 10 presents the peak strength corresponding to different included angles between primary 373 

and secondary joints. The curve roughly follows an M-shaped distribution: as the included angle 374 

changes, the peak strength first decreases, then increases, and finally decreases again. 375 
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 377 

Figure 10 Peak strength corresponding to different   values 378 

This complex non-monotonic variation reveals the anisotropic influence mechanism of joint 379 

spatial geometric configuration on rock mass strength. From the perspective of meso-scale 380 

damage evolution mechanism, when Parameter   falls within range o o15 30  , the peak 381 

strength remains basically stable and at a relatively high level. This indicates that the spatial 382 

combination of primary and secondary joints within this angular range has a weak weakening 383 

effect on rock mass strength, possibly because the primary and secondary joints do not form a 384 

continuous shear slip path under this configuration, which limits the expansion of the damage 385 

zone. However, when Parameter   enters range o o30 45  , the peak strength drops 386 

sharply. Combined with the analysis of crack propagation laws, this angular configuration is more 387 

conducive to the penetration of cracks between the tips of primary and secondary joints, making 388 

shear zones easier to form, thereby significantly reducing the macroscopic strength of the rock 389 

mass. When Parameter   reaches range o o30 75  , with the continuous increase of the 390 

included angle between primary and secondary joints, the peak strength of the rock mass begins to 391 

gradually recover and rise, indicating that the shear slip trend of the joint surface weakens under 392 

the large-angle configuration, and the bearing capacity of the rock mass is partially restored. When 393 

Parameter   reaches value o o75 90  , the peak strength decreases again, which reflects 394 

another failure mode of the rock mass integrity caused by the nearly orthogonal joint 395 
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configuration. 396 

Figure 11 presents the stress-strain curves corresponding to different primary and secondary 397 

joint angles.  398 

 399 

Figure 11 Stress-strain curves corresponding to different   values 400 

At the small strain stage, the slopes of the curves with different values of   are relatively 401 

low, indicating that the included angle between primary and secondary joints has little effect on 402 

the elastic modulus of the rock mass in the elastic stage, and their ability to resist elastic 403 

deformation is roughly similar. As strain increases, the curves enter the plastic stage, and the 404 

mechanical responses under different angles show significant differences. When  = 15° and 405 

= 30°, the peak strength is relatively high and the strain at failure is small; when  = 45°, the 406 

peak strength is the lowest, and the specimen enters an obvious plastic deformation stage the 407 

earliest. When  = 60°,  = 75°, and  = 90°, the peak strength increases sequentially, 408 

accompanied by a gradual increase in the corresponding peak strain. This variation indicates that 409 

the included angle between primary and secondary joints not only changes the peak strength of the 410 

rock mass but also alters its ductile characteristics. 411 

Furthermore, the included angle between primary and secondary joints exerts a significant 412 

control on the energy release characteristics of the rock mass. Figure 12 presents the energy 413 

release curves corresponding to different angles between primary and secondary joints. 414 
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 416 

Figure 12 Total energy release corresponding to different  values 417 

When  = 15°, the energy release is slow in the initial stage and then increases sharply 418 

with a large slope, indicating that the failure process is rapid and intense, showing strong brittle 419 

failure characteristics. When  = 45°, the curve remains stable in the early stage, and the later 420 

sharp increase phase occurs relatively late with a smaller slope, corresponding to a relatively slow 421 

energy release process. This indicates that the rock mass has a strong energy dissipation capacity 422 

under this angular configuration, and the failure process is more ductile. When  = 90°, the 423 

energy release starts slowly and then shows a significant sharp increase, with an obvious 424 

prominent phase during the failure process. These energy evolution characteristics indicate that 425 

changes in the included angle between primary and secondary joints directly affect the failure 426 

mode and dynamic response of the rock mass by altering the crack propagation path and energy 427 

dissipation mechanism. 428 

4.3 The angle between the primary joint and the loading direction 429 

Variations in the included angle between the primary joint and the loading direction 430 

significantly alter the stress transfer paths and crack propagation modes of X-shaped jointed rock 431 

masses, leading to strong anisotropy in their mechanical properties. 432 

Figure 13 presents the peak strength corresponding to different values of  . The 433 

compressive strength of X-shaped jointed rock masses is significantly correlated with the included 434 

angle between the primary joint and the loading direction. As the angle increases to 435 
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o o0 15  , the peak strength rises from approximately 50 MPa to nearly 60 MPa. This 436 

indicates that within this angular range, the orientation of the primary joint surface facilitates the 437 

uniform distribution of internal stress in the rock mass, delaying the stress concentration effect at 438 

crack tips and thus causing the peak strength to increase significantly with the rise of  . 439 

 440 

Figure 13 Peak strength corresponding to different  values 441 

Beyond this point, as the angle increases to o o15 90  , the peak strength begins to 442 

decrease continuously from about 60 MPa, dropping to approximately 13 MPa at 90°. This sharp 443 

attenuation reflects that when the loading direction tends to be perpendicular to the primary joint 444 

surface, shear slip along the joint surface becomes the dominant failure mechanism, which greatly 445 

weakens the bearing capacity of the rock mass. Therefore, when the angle exceeds 15°, further 446 

increases in the included angle between the primary joint and the loading direction result in a 447 

continuous and significant decrease in the peak strength of the rock mass, accompanied by a 448 

weakening of its ability to resist external loads. 449 

Figure 14 shows the stress-strain curves corresponding to different angles between the main 450 

joints and the loading direction. 451 
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 452 

Figure 14 Stress-strain curves corresponding to different  values 453 

In the small strain stage, the slopes of curves 0 =  , 15 =   and 30 =   are 454 

relatively large, indicating that the rock mass exhibits high elastic modulus and strong resistance 455 

to elastic deformation at these angles. In contrast, the slopes of curves 60 =  , 75 =  and456 

90 =   are relatively small, corresponding to weak resistance to elastic deformation. This 457 

difference stems from the different constraint effects of joint surfaces on compressive deformation 458 

under various angles: at small angles, the rock mass mainly undergoes closure and sliding along 459 

the joint surfaces, resulting in high stiffness; at large angles, the joint surfaces tend to open, 460 

leading to a decrease in overall stiffness. As strain gradually increases, the curves deviate from the 461 

linear elastic stage and enter the plastic deformation stage. The curve reaches its peak point at 462 

15 =  , corresponding to the highest peak strength. Within range o o15 90  , the peak 463 

strength decreases sequentially, while the corresponding peak strain increases gradually. This 464 

phenomenon indicates that as angle  increases, the rock mass gradually transitions from brittle 465 

failure to ductile failure. After reaching the peak strength, the stress of each curve drops rapidly. 466 

Curves with smaller  values show a steeper decline, indicating that the rock mass failure is 467 

more sudden and the stress drops faster. In contrast, curves with larger  values decline more 468 

gently, implying a relatively slow and progressive failure process. 469 

Figure 15 illustrates the energy release curves corresponding to different angles between the 470 

primary joints and the loading direction. 471 
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Figure 15 Total energy release corresponding to different  values 473 

At 0 =  , the energy release is initially slow, with a moderate upward slope in the later 474 

stage, and the evolution process is stable. At 15 =  , the early energy release is slow, followed by 475 

a steep upward slope in the later stage, and the total energy release is less than that at 30 =  . 476 

Notably, at 30 =  , the curve shows slow initial energy release and a steep upward slope in the 477 

later stage, corresponding to the strongest energy release. This indicates that at this angle, the rock 478 

mass releases a large amount of elastic energy at the moment of failure, corresponding to the most 479 

intense failure behavior. At 45 =  , the curve remains stable in the early stage, with the upward 480 

slope appearing late and relatively gentle, representing relatively slow energy release. At 90 =  , 481 

the energy release is initially slow, with an early sharp rise stage but a gentle slope, and the overall 482 

energy release level is low. These energy evolution characteristics indicate that as the angle between 483 

the main joint and the loading direction increases, the energy release mechanism of the rock mass 484 

changes from instantaneous elastic energy release to gradual friction dissipation, and the failure 485 

mode gradually transitions from brittle tensile failure to ductile shear slip. 486 

5 Conclusions 487 

(1) Rock is a typical brittle material whose tensile strength is considerably lower than its shear 488 

strength. Driving stress induces stress concentration at the joint tips, and cracks propagate along the 489 

direction of the maximum circumferential stress. The failure mode of X-shaped joints is affected by 490 

the angle between the joint and the horizontal plane, which can be classified into failure propagating 491 
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from the joint tips and failure occurring along angle 
24

0
0

 += . 492 

(2) Under the influence of X-shaped joints, shear fractures in the rock mass increase rapidly at 493 

the initial loading stage and then transform into tensile fractures. At the tips of the primary joints, 494 

stress concentration first induces the initiation of vertical cracks, which propagate toward the upper 495 

and lower surfaces of the specimen. Following the peak stress, the tensile fractures continue to 496 

propagate and coalesce into a network of through-going fractures, leading to a substantial 497 

degradation in the integrity and strength of the rock mass. 498 

(3) The strength of X-shaped jointed rock mass is negatively correlated with the length of 499 

secondary joints; that is, the longer the secondary joints, the lower the strength of the jointed rock 500 

mass. With an increase in the angle   between the primary and secondary joints, the strength of 501 

the jointed rock mass exhibits an approximately "M-shaped" distribution. For the angle   502 

between the primary joint and the loading direction, within range 0 15    , the strength of the 503 

jointed rock mass increases slowly with the rise of  , whereas beyond angle o o15 90  , the 504 

strength decreases rapidly as   increases. Therefore, particular attention should be paid to the 505 

positional relationship between the engineering structure and the X-shaped jointed rock mass in 506 

project site selection and layout. 507 
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