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Numerical investigation on the shear behavior of rock-like materials containing fissure-holes with 15 

FEM-CZM method 16 

Abstract: Holes, including their shape and distribution, significantly affect the performance in rocks. In this paper, 17 

a numerical investigation, based on a FEM-CZM method, was developed to explore the shear behavior of rock-18 

like materials containing fissure-holes. The laboratory uniaxial compression test was initially performed, and a 19 

corresponding numerical model was established by inserting zero-thickness cohesive elements into finite elements 20 

globally, the mechanical parameters were acquired by parameter trial and error tests. Subsequently, numerical 21 

direct shear tests were conducted under the constant normal stress level. Finally, the mechanical properties, shear 22 

deformation, and cracking behaviors were respectively discussed. The results show that for rock-like materials 23 

containing fissure-holes, the shearing process can be divided into four typical stages from the perspective of the 24 

cohesive elements. In addition, the mechanical characteristics (i.e., peak shear strength, residual shear strength, 25 

and crack initiation stress), shear deformation, and cracking behaviors (i.e., crack initiation, propagation, and 26 

coalescence), as well as the coalescence mechanism strongly depend on the shape, ligament angle, and the 27 

combination of fissure-holes. Furthermore, based on the damaged cohesive elements, the rock bridge coalescence 28 

modes between two fissure-holes were identified as DT (dominated by tensile damage), T (tensile damage), and 29 

S+T (shear and tensile damage), respectively. 30 
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1. Introduction 32 

Rocks are naturally embedded with a variety of defects [1-3]. The defects, such as fissures, holes, and joints, 33 

can be regarded as the dominant factors governing mechanical properties and fracture behavior of rock masses. 34 

Generally, such defects can be considered as a source of crack initiation, which in turn propagate and coalesce 35 

with other flaws, resulting in the failure of rock masses. Therefore, research on the mechanical characteristics and 36 

crack evolution mechanism of rock materials containing flaws is essential to predict geological hazards. 37 

Fractured rock materials primarily contain two groups of flaws, i.e., crack-like flaws and hole-like flaws [4]. 38 

Extensive investigations have been conducted for the mechanical behavior and crack growth mechanism on 39 

specimens containing crack-like flaws in either rock-like materials or real rocks [5-9]. As for the hole-like flaws, 40 

Liu et al. [10] carried out uniaxial compression tests for sandstone specimens containing elliptical holes and 41 

fissures to reveal the strength properties and fracture mechanism. In their research, the ligament angle is proved to 42 

be a significant factor affecting the strength and crack behaviors. Huang et al. [11] conducted uniaxial compression 43 

testes on granite specimens containing three non-coplanar holes, and three typical crack patterns are identified as 44 

shear, mixed tensile and shear, and tensile. Yin et al. [12] focused on the effect of hole diameter and temperature 45 

levels on the mechanical properties of flawed sandstone specimens containing a single hole under uniaxial 46 

compression tests, and the ultimate failure modes were also evaluated. Lajtai et al. [13] conducted polyaxial 47 

compression tests to explore the effect of pre-existing openings on the collapse events, and four crack types (i.e., 48 

primary tensile, normal shear, secondary tensile and inclined shear fracture) were identified under different 49 

confining pressure. Yang et al. [14] performed laboratory experiments on red sandstone containing two oval flaws 50 

to explore the crack evolution behavior under uniaxial compression, and they demonstrated that the coplanar flaw 51 

angle is a key factor to influence the mechanical behavior. Lin and Wong et al. [15,16] explored the crack 52 

coalescence mechanism of granite containing multiple holes loaded in a state of uniaxial compression, various 53 

factors such as normalizes bridge, bridge angle, and the number of holes were considered to investigate the change 54 

on crack coalescence mechanism. Zhou et al. [4] analyzed the fracture coalescence behavior of marble specimens 55 

containing rectangular cavities under uniaxial loading, and four failure modes are observed in specimens, namely 56 

splitting failure, shear failure, mixed failure, and surface spalling. Gui et al. [17] paid attention to the effect of 57 

opening defects on the mechanical properties and fracture process in rocks under uniaxial loading. It is found that 58 

the opening defects, such as their size, shape, distribution, and opening ratio, can significantly influence the rock 59 

strength, stiffness, and crack behavior. Yin et al. [18] focused on the effect of pre-existing flaw-hole on the 60 

mechanical behavior and crack coalescence modes under uniaxial compression, the effects of fissure angle, 61 

ligament length, fissure length and hole diameter on were evaluated. 62 

The finite element method (FEM) has been extensively utilized to explore the mechanical and cracking 63 

behaviors of fractured rock masses [19-21], in which the rock materials can be regarded as a continuum. However, 64 



some researchers revealed that the rock materials are non-continuum at a microscopic level [22]. Thus, the discrete 65 

element method (DEM) was introduced to describe the mechanical properties and cracking behaviors of non-66 

continuum [23-26]. Actually, the rock materials are identified as the combination of a continuum and a non-67 

continuum, the mechanical and fracture behaviors of rock masses could be better presented by the combination of 68 

them [27]. The emergence of the cohesive zone model (CZM) combined with FEM was an important step forward 69 

to this numerical technique. The work reported here is a numerical work conducted by Jiang et al. [28]. They 70 

obtained the micro-parameters of the rock by the numerical model of Brazilian disc and uniaxial compression tests 71 

with inserting cohesive elements into finite element, and the 3D rock fracture was subsequently investigated. 72 

Chang et al. [29] conducted numerical tests to simulate the complex crack behaviors in layered discs with a pre-73 

existing interface crack based on the CZM method, which was further validated by Brazilian tests. Zhang et al. 74 

[30] investigated the shear behavior of jointed rocks by inserting cohesive elements into solid elements, and the 75 

crack evolution was concerned in their research. Wang et al. [31] explored the shearing process and failure types 76 

of jointed rock masses using the CZM method, and the crack evolution process was further examined. 77 

Note that, for rocks or rock-like materials containing hole-like flaws, most researches concentrated on the 78 

mechanical and cracking behaviors under uniaxial compression, whereas information under shearing is rather 79 

limited. However, failure caused by the shearing effect can also commonly occur in slopes (see Fig.1 a, b). In 80 

addition, the FEM-CZM method could be better to describe the properties of the combination of a continuum and 81 

a non-continuum. Unfortunately, fewer appeared in rocks containing discontinuity, and its application should be 82 

further discussed and verified. Therefore, the focus of this study is to numerically explore the shear behavior of 83 

the rock-like materials containing fissure-holes with a developed FEM-CZM method, and three shapes of fissure-84 

holes (i.e., fissure-circular hole, fissure-elliptical hole, and fissure-square hole) were considered (Fig.1c). This 85 

study is expected to improve the understanding of the shear failure mechanism of rock bridges in rock slopes. 86 

2. FEM-CZM method 87 

2.1. Initial liner elastic traction-separation behavior 88 

The traction-separation model available in finite element program Abaqus assumes an initially linear elastic 89 

behavior, followed by the initiation and evolution of damage [32,33]. This elastic behavior is defined by an elastic 90 

constitutive matrix that describes the nominal stresses to the nominal strains across the interface. The 91 

corresponding stress and separation vectors are governed by the following elastic constitutive law: 92 
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where t is the nominal traction stress vector; tn is the normal traction, ts and tt are the two tangential tractions (shear 94 



cohesion); εn, εs and εt are the three components of the nominal strain; T0 is the initial thickness of the cohesive 95 

element, δ is the corresponding displacement component; and K is the stiffness matrix for the cohesive element. 96 

2.2. Damage evolution stage 97 

In the damage evolution stage, which can be shown in Fig.2, normal tractions tn, and two tangential tractions ts 98 

and tt would decrease monotonically with the corresponding displacements of the crack surfaces. As these tractions 99 

decrease to zero, the cohesive element would be completely damaged, inducing cracks. In our research, mode-I 100 

fracture energy Gf I and mode-Ⅱ fracture energy Gf Ⅱ were adopted to describe the fracture of rock materials. It 101 

should be noted that the fracture energy can be determined by the areas under the corresponding traction curves. 102 

Here, initial stiffness (tensile kn0 and shear stiffness ks0, kt0), ultimate traction (tn0, ts0, tt0), and the fracture energy 103 

(Gfi, GfⅡ) were utilized to meticulously investigate the damage process of cohesive elements. 104 

To describe the damage evolution of a crack under a combination of normal and shear deformation on the crack 105 

surface, it is necessary and valuable to introduce an effective displacement, as expressed below: 106 

2 2 2
m n s tδ δ δ δ= < > + +                                        (2) 107 

where < > is the Macaulay bracket, and it guarantees that damage evolution of cohesive elements will occur only 108 

under the action of tension; <δn > is equal to δn when δn is larger than zero, otherwise, <δn > is equal to zero. 109 

In addition, the damage variable D is introduced to describe the process of damage evolution. As the loading 110 

further increases, the value of D evolves from 0 to 1, and the cohesive element reaches its ultimate bearing capacity. 111 

The damage variable D can be expressed as follows: 112 
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where δmm is the maximum pure displacement during the loading process; δmo represents the effective displacement 114 

when damage initiates; δmf is the effective displacement when the tractions diminish. 115 

The normal stress components of the traction-separation model change as follows due to the damage 116 

accumulation: 117 
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Similarly, the tensile and shear stiffness can be described as: 121 

 0(1 )n nk D k= −                                             (5a) 122 

0(1 )s sk D k= −                                             (5b) 123 



0(1 )t tk D k= −                                             (5c) 124 

In this paper, the quadratic normal stress criterion was applied to describe the beginning of the stiffness 125 

degradation. As a quadratic interaction function involving the normal stress ratios reaches a value of one, the 126 

damage initiates. The criterion can be represented as: 127 
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2.3. Insertion of zero-thickness cohesive elements 129 

To accurately reveal the cracking behaviors of rock fracture without a pre-set crack path, cohesive elements 130 

should be inserted into the initial finite mesh globally. Note that the cohesive elements should be set to zero-131 

thickness to ensure the insertion of cohesive elements cannot change the original size of the model. The inserting 132 

process of cohesive elements can be presented in Fig.3. Firstly, discrete solid elements and read the node 133 

information of the entire model into the program (Fig.3a). Secondly, the nodes were re-arranged to realize the 134 

nodes of each element do not share with others (Fig.3b). Subsequently, sort the nodes of the cohesive elements, 135 

the order of nodes conforms to the right-hand grip rule (Fig.3c). At final, a zero-thickness cohesive element can 136 

be generated by outputting the nodes on the coincident surface and assigning a new element number and type 137 

(Fig.3d). Due to the tremendous number of solid elements, manually inserting cohesive elements into the interface 138 

between the adjacent solid elements is very tedious. Therefore, we developed an internal computer program based 139 

on MATLAB to realize the automatic inserting of zero-thickness cohesive elements into solid elements. 140 

3. Model establishment 141 

3.1. Parameters determination 142 

To obtain the mechanical parameters of the rock-like material, the standard cylindrical specimen with 143 

dimensions of 100mm length and 50mm diameter was adopted to conduct the uniaxial compression test [34]. The 144 

specimen was loaded uniaxially in compression using TAW-1000 electrohydraulic servo-controlled rock 145 

mechanics testing apparatus (Fig.4a) at a shortening rate of 0.002mm/s to ensure a static loading condition [34]. 146 

Also, a corresponding numerical model was established with inserting zero-thickness cohesive elements into solid 147 

elements to acquire the fracture damage parameters, as shown in Fig.4b. Concerning the constitutive model, a 148 

linear elastic behavior was adopted for solid elements. Regarding the cohesive elements, a linear softening criterion 149 

was selected to describe the damage evolution. Additionally, an ideal elastoplastic model was chosen for the steel 150 

plate. For the boundary conditions, the bottom of the steel plate is fixed along the vertical direction, while a 151 

constant loading rate is applied on the top boundary. Theoretically, the loading rate used in the simulation should 152 

be the same as the one used in the experiment. However, the low loading rate will result in an enormous number 153 



of steps. Thus, the loading rate in the simulations is 0.1mm/s. With respect to the mesh quality, 77978 number of 154 

zero-thickness cohesive elements (COH3D6) were inserted into the 43155 number of solid elements (C3D4) 155 

globally in 36s with the self-developed program. The approximate failure pattern and mechanical behavior can be 156 

acquired by a series of parameter trial and error tests. 157 

A comparison of the experimental and numerical results in the uniaxial compression test can be presented in 158 

Fig.5, which illustrated that they are very consistent. The numerical and experimental peak compressive stress of 159 

approximately 45MPa both occur near an axial strain of 0.42%, and their post-peak curves exhibit similar trends. 160 

Meanwhile, the comparison of the fracture patterns in the numerical and experimental was also shown in Fig.5, 161 

both show a similar main diagonal split tensile fracture pattern. In addition, the fracture process under different 162 

steps of the specimen is presented in Fig.6. It is observed that the damaged cohesive elements appear first in the 163 

middle of the specimen. As the calculated step increases, the failure part will graduate expand along the diagonal 164 

direction, causing tensile fracture failure from inside to outside. 165 

In this paper, both the failure mode and the mechanical properties of the numerical simulation are highly 166 

consistent with the experimental. In addition, the fracture process of the specimen in the numerical model can also 167 

well explain the failure features. Therefore, the mechanical parameters acquired in the numerical can be utilized 168 

to explore the shear behavior of rock-like materials, and the numerical parameters are listed in Table 1. 169 

3.2. Model establishment for the direct shear test 170 

A conceptual model for rock-like materials containing fissure-holes is presented in Fig.7. Regarding the size 171 

adopted in this paper, it should be indicated that the collisions and misalignments occur between solid elements 172 

when the rock mass ruptures, the global contact, therefore, was used to define the contact behavior. Although the 173 

influence of the direction perpendicular to the loading plane on the shear behavior is negligible, the global contact 174 

can only be applied to 3D surface contact. Further, the length and height of the specimen were determined by the 175 

standard laboratory direct shear tests [35]. Thus, the rock-like specimens in this paper for direct shear tests were 176 

arranged 3D model with a size of length 200mm× wide 1mm×height 100mm. For the boundary conditions, the 177 

upper surface is loaded by constant normal stress, the bottom and the right-lower boundary are constrained 178 

completely. The shearing direction arises from left to right with a constant loading velocity. In this paper, three 179 

shapes of holes were considered, respectively elliptical hole, circular hole, and square hole. Their geometries are 180 

defined as follows: the length of the major ellipse axis a, the length of the minor ellipse axis b, the radius of the 181 

circular hole R, the length of the square hole c, the ligament angle α (the angle between fissure and horizontal axis), 182 

and the opening area of the two holes S. Furthermore, the length of the edge-notched flaw and fissure in holes are 183 

respectively set to 20mm and 10mm. The detailed schematics of fissure-holes in the numerical model are presented 184 

in table 2. Notably, the opening area of each specimen remains the same to eliminate the effect of the opening rate 185 



(area of opening/specimen area). 186 

4. Numerical results 187 

4.1. Mechanical properties 188 

The shearing process of rock-like materials containing fissure-holes of cases AI-AIII can be illustrated in 189 

Fig.8. It is observed from Fig.8a that the shear stress-shear displacement curves exhibit similar characteristics. 190 

Specifically, the shear stress gradually increases to its peak with a slight decrease during the growth process. 191 

Subsequently, the shear stress shows a decreased trend, but there exists a slight increase during the decline. At 192 

final, the shear stress reaches the residual stage, remaining small fluctuations. Note that the shearing process of 193 

rock-like materials containing fissure-holes can generally be divided into four typical stages (I-IV). At stage I, the 194 

shear stress approximately linearly increases with increasing the shear displacement, which can be regarded as the 195 

elastic strengthening phase. In this stage, as shown in A of Fig.8b, all solid and cohesive elements maintain a 196 

complete connection without any crack initiation, and none of the cohesive elements reaches the initial damage 197 

stress and fracture toughness. As the shear displacement increases, the shearing process will enter the crack 198 

strengthening phase (Stage Ⅱ). In this stage (B and C), some cohesive elements near flaw tips will first enter the 199 

failure state, inducing cracks (crack initiation is at the junction of stage I and stage Ⅱ). The cohesive elements at 200 

the crack suffered irreversible damage, causing a small decrease in local shear strength. However, the local cracks 201 

and the decrease in stiffness will cause the main load-bearing objects to be transferred to other parts, resulting in 202 

a more uniform distribution of stress, the shear strength, therefore, can be increased further. With the further 203 

increase of the shear displacement, the shearing process will enter the plastic softening phase (Stage Ⅲ). At this 204 

stage (D), a large number of cohesive elements failed, leading to a rapid increase in the number of cracks. 205 

Meanwhile, the shear strength and shear stiffness decrease significantly, inducing local instability. According to 206 

stage IV, the rock bridge coalescence cracks occur, and the specimen enters the stage of residual strength. In this 207 

stage, cohesive elements failed along the rock bridge coalescence path, causing the specimen to be completely 208 

destroyed (E). It should be indicated that the residual shear strength is mainly provided by the mechanical occlusion 209 

and friction between the solid elements. Notably, the shearing process is strongly affected by the shape of fissure-210 

hole. More specifically, when the rock-like material contains fissure-circular holes, the stage of elastic 211 

strengthening is larger than that of other shapes. That is because the distribution of stress is relatively uniform, and 212 

a slightly larger shear displacement is required to induce cracks. Moreover, when the rock-like material contains 213 

fissure-elliptical holes, the plastic soften stage is larger than that of other shapes, indicating that relatively good 214 

ductility is formed. 215 

Fig.9 displays the peak shear strength, residual shear strength, and crack initiation stress in rock-like materials 216 

containing fissure-holes. According to Fig.9a, the value of peak shear strength for the fissure-elliptical hole is 13.9 217 



MPa, which is decreased by 7.9% and 6.8% respectively compared with fissure-circular and square holes, 218 

indicating that the rock-like materials containing fissure-elliptical holes have a weaker ability to withstand shearing 219 

effect than that of other shapes. Analogously, the value of residual shear strength for the fissure-elliptical hole is 220 

3.2 MPa, which is also less than that of other shapes. However, concerning the crack initiation stress, the value of 221 

fissure-square hole is 5.3 MPa, which is smaller than the fissure-elliptical hole (6.1 MPa) and fissure-circular hole 222 

(5.7 MPa), indicating that crack initiation of rock-like materials containing fissure-square holes most easily occurs, 223 

which is caused by the wide distribution of the tips in the square hole. The fissure-elliptical holes were selected 224 

with different ligament angles (0°, 60°, and 90°, respectively) to determine its effect on mechanical properties 225 

(Fig.9b). When the ligament angle is 90°, the peak shear strength and residual shear strength are 13.9 MPa and 7.5 226 

MPa, respectively, which are larger than that of 0° and 60°. Note that the value of peak shear strength of ligament 227 

angles at 0° is the smallest (13.1 MPa), denoting that the rock-like materials containing fissure-holes with ligament 228 

angles of 0° have a weaker ability to withstand shearing effect than that of other ligament angles. Similarly, the 229 

crack initiation stress presents the same characteristics as the peak shear strength, which implies that cracks most 230 

easily occur with the ligament angle of 0° for fissure-holes. As shown in Fig.9c, the fissures-holes were arranged 231 

with three types of combinations to investigate their mechanical behaviors. Concerning the peak shear strength, 232 

the combination of a fissure-square hole and a fissure-elliptical hole is 13.9 MPa, which is smaller than that of 233 

other combinations. Whereas for the residual shear strength, the combination of a fissure-square hole and a fissure-234 

circular hole is the largest (6.4 MPa). Additionally, regarding the crack initiation stress, the values of the three 235 

combinations are 5.14 MPa, 5.13 MPa, and 5.11 MPa, respectively. It can be observed that the difference is not 236 

obvious, which indicates that crack initiation occurs almost simultaneously. 237 

The relation of shear stress and shear displacement under different loading conditions can be shown in Fig.10. 238 

Taking the fissure-square hole as an example, the shear stress-shear displacement curves for rock-like materials 239 

under different shear rates (i.e., 0.01mm/s, 0.02mm/s and 0.05mm/s) are illustrated in Fig.10a. Note that the peak 240 

shear strength, residual shear strength, and crack initiation stress all increase with the increment of shear rate. 241 

Additionally, with respect to the shearing process, when the shear rate is large, the elastic strengthening phase 242 

shrinks, while the crack strengthening phase prolongs. In other words, the greater the shear rate, the easier the 243 

crack will be generated. That is because when the shear rate is large, the cohesive elements will first reach the 244 

initial damage stress and fracture toughness due to the large concentrated traction force, resulting in a small elastic 245 

strengthening phase and a large crack strengthening phase. Furthermore, the larger the shear rate, the shorter the 246 

plastic soften stage, inducing a larger brittleness. In accordance with Fig.10b, the shear stress-shear displacement 247 

curves are also strongly influenced by applied constant normal stress levels. It is apparent that the peak shear 248 

strength, residual shear strength, and crack initiation stress evolve with applied normal stress exhibit a similar trend 249 

with the shear rates. Moreover, note that enlarging the applied normal stress does not significantly affect the 250 



shearing process. 251 

4.2. Vertical deformation characteristics 252 

The vertical deformation of the specimen during the direct shear process can reflect its dilatancy characteristics. 253 

The distribution of vertical displacement evolves with shear displacement is shown in Fig.11. It should be pointed 254 

out that the specimen is in a shear shrinkage when the value of vertical deformation is negative, while a positive 255 

value denotes the state of shear dilatancy. As plotted in Fig.11a, note that the specimen is in a compressed state 256 

when the shear displacement is 0, which is caused by the applied constant normal stress. With the increase of shear 257 

displacement, the specimen gradually changes from the state of shear shrinkage to dilatancy, which is due to the 258 

collisions and misalignments between solid elements during the shearing process. In addition, the maximum shear 259 

dilatancy is affected by the shape of fissure-hole obviously. Specifically, for fissure-circular holes, the maximum 260 

shear dilatancy is 1.46mm, while 1.44mm and 0.9mm for fissure-square holes and fissure-elliptical holes, 261 

respectively. As seen from Fig.11b. the maximum shear dilatancy is 1.78mm when the ligament angle is 90°, which 262 

is larger than that of 0° and 60°. That is because the vertical opening size is large along the direction of applied 263 

normal stress when the ligament angle is 90° . Fig.11c presents the curves of vertical deformation-shear 264 

displacement for the specimen with different combinations of fissure-holes. Note that the combination of fissure-265 

square hole and fissure-circular hole exhibits larger shear dilatancy than that of other combinations. In addition, 266 

for the combination of fissure-square hole and fissure-elliptical hole, the peak shear dilatancy occurs when the 267 

shear displacement is 1.02mm, which is smaller than that of other combinations. Moreover, after the peak of shear 268 

dilatancy, there is still a small fluctuation, which is caused by the collisions between the solid elements. 269 

Fig.12 displays the relation of vertical deformation and shear displacement under different loading conditions. 270 

According to Fig.12a, the maximum shear dilatancy displays a positive correlation with the shear rate obviously. 271 

Specifically, as the shear rate increase to 0.02mm/s and 0.05mm/s, the maximum shear dilatancy becomes 1.4 mm 272 

and 1.7 mm, respectively. This is because when the shear rate is large, the transposition between the solid elements 273 

is intensified, and there is not enough time to rearrange, resulting in a large expansion. In addition, it is observed 274 

that the shear displacement corresponding to the maximum dilatancy displays an increasing trend with the shear 275 

rate. Fig.12b displays the relation between the vertical displacement and shear displacement under different applied 276 

normal stress levels. Note that when the applied normal stress is 1MPa, the maximum shear dilatancy is 2.3mm. 277 

As the applied normal stress increases to 1.5MPa and 2MPa, the maximum dilatancy becomes 1.51 mm and 0.92 278 

mm, respectively. In other words, the larger the applied normal stress is, the smaller the shear dilatancy is. That 279 

can be explained by the restraint effect applied on the specimen in the normal direction, the smaller the applied 280 

normal stress is, the less the restraint effect is, inducing larger shear dilatancy. Moreover, it is apparent that the 281 

shear displacement corresponding to the maximum shear dilatancy is almost the same under different normal 282 



stresses, which indicates that the transposition between the solid elements hardly affected by applied normal stress. 283 

4.3. Description of cracking behavior 284 

4.3.1. Effect of shape of fissure-holes 285 

In this section, the stress distribution along the shear direction and the fracture process patterns of cases AI-AⅢ 286 

are gathered and presented in Fig.13. By observing the crack initiation, note that the initiation of crack all starts 287 

from the right-bottom tip of the left edge-notched flaw with different initiation angle β. Specifically, for fissure-288 

circular holes, the crack initiation angle is 135°, while for fissure-square and elliptical holes, the β is 60° and 120°, 289 

respectively. As can be seen from the stress distribution, the tension stress zone is distributed in the right-upper 290 

sides of the left edge-notched flaw, while the compression zone for the left-bottom sides of the left edge-notched 291 

flaw. It can be concluded that tensile fracture is a dominant mode of failure for crack initiation. According to the 292 

crack propagation, note that the order of cracks appears and where they initiate as well as the paths of crack 293 

propagation morphology are basically the same with the exception of crack 2. As for the fissure-circular holes, the 294 

crack 2 emanates from the left-upper tip of the left fissure-circular hole. However, for the fissure-square and 295 

elliptical holes, crack 2 all initiates from the holes. That is because the stress distribution around the hole is affected 296 

by the shape of the hole. In other words, the curvature of the circular hole is smaller than that of the elliptical hole, 297 

the stress distribution around the circular hole is much more uniform. Thus, cracks are more prone to occur near 298 

the elliptical hole than the circular hole, whereas for square holes, the stress concentration is formed due to the 299 

existence of tips, inducing cracks near the square hole more easily. As the shear displacement increases, the 300 

generated cracks continue to expand, intersect, and then the specimen enters the crack coalescence stage. It is 301 

observed that the mode of crack coalescence is sensitive to the shape of fissure-holes. Specifically, the rock bridge 302 

coalescence patterns between the two fissure-circular holes are mainly linked by the fissures. Whereas for the 303 

fissure-square or square hole, the coalescence paths are composed of two parts, connected by fissure to hole or 304 

fissure to fissure, respectively. In addition, there are other cracks initiating randomly across the whole specimen, 305 

those are connected to the main cracks and run through the specimen, causing the complete failure. Moreover, the 306 

phenomenon of spalling (failure caused by the coalescence of cracks) generally occurs along the main shear sliding 307 

paths. 308 

To explore the crack coalescence mechanism, it is necessary to identify the type of generated cracks according 309 

to the damaged cohesive elements. The MMIXDME, which represents the proportion of fracture modes during 310 

damage evolution, was utilized to determine the damage type of cohesive elements. Specifically, when the value 311 

of MMIXDME is in the range of 0 to 0.5, the cohesive elements are dominated by tensile damage, resulting in 312 

tensile cracks, while controlled by shear damage (shear cracks) when the value is in the range of 0.5 to 1. In 313 

addition, when the value is equal to -1, the cohesive elements are not damaged at this time. Here, taking case AⅢ 314 



as an example, the failure mode based on the cohesive elements can be illustrated in Fig.14a. According to the 315 

judge criteria indicated above, the types of coalescence cracks are displayed in Fig.14b. Note that the rock bridge 316 

between the left edge-notched flaw and the left fissure-elliptical hole coalesces in the form of shear cracks along 317 

the lower path, while tensile cracks in the upper path. In addition, the rock bridge coalescence between the two 318 

fissure-elliptical holes is dominated by tensile cracks, but with local shear cracks. Furthermore, the two 319 

coalescence paths are formed between the right fissure-elliptical hole and the right edge-notched flaw, the 320 

propagation of shear cracks along the upper path leads to shear crack coalescence, while the tensile cracks along 321 

the lower path. 322 

Fig.15 illustrates the coalescence cracks pattern of rock-like materials containing fissure-circular and fissure-323 

square holes. It is observed that the two rock bridge coalescence paths between the left edge-notched flaw and the 324 

left fissure-circular hole are caused by mixed shear-tensile cracks. While for the fissure-square holes, the cohesive 325 

elements along the upper coalescence path are dominated by shear damage, but tensile damage along the lower 326 

path. For the fracture pattern of rock bridge between the right edge-notched flaw and the right fissure-hole, the 327 

coalescence path is caused by tensile cracks for the fissure-circular hole, while shear cracks for the fissure-square 328 

hole. Similarly, the rock bridges between the two fissure-holes are all mainly ruptured by the expansion of tensile 329 

cracks, propagating following the approximate straight path. It is also noted that shear cracks connected with holes 330 

are distributed along the circular hole in the form of approximately center symmetry. Overall, for fissure-circular 331 

holes, the fractures exhibit the characteristics of interval distribution of shear and tensile cracks along the path of 332 

coalescence cracks. Concerning the fracture pattern for fissure-square holes, the left and right rock bridges are 333 

mainly ruptured by shear damage, while the rock bridge between the two fissure-square holes is dominated by 334 

tensile damage. Therefore, the damage types of coalescence are strongly dependent on the shapes of the fissure-335 

holes. 336 

4.3.2. Effect of ligament angle of fissure-holes 337 

The stress distribution along the shear direction and the fracture process patterns of specimen containing 338 

fissures-elliptical holes with different ligament angles (i.e., 0°, 90°) are displayed as Fig. 16. Regarding the crack 339 

initiation, all emanate from the tip of the left edge-notched flaw with different crack initiation angle β. Specifically, 340 

when the ligament angle is 90°, the β is equal to 60°, while for the ligament angle of 0°, the β is equal to 120°. In 341 

addition, note that the crack initiation is also caused by the tensile effect. With the shear displacement increment, 342 

new cracks are continuously generated in sequence. It is observed that during the crack propagation stage, the 343 

cracks appear in roughly the same order except for crack 6 and 7. When the ligament angle is 90°, the crack 6 344 

appears at the left upper tip of the right edge-notched flaw, whereas for the ligament angle is 0°, the crack 6 arises 345 

from the left edge-notched flaw. As generated cracks continue to propagate and intersect, the specimen enters the 346 

crack coalescence stage. It is observed that the coalescence patterns strongly depend on the ligament angle of 347 



fissure-holes. Specifically, the left rock bridge is penetrated by three coalescence paths when the ligament angle is 348 

90°, but two coalescence paths when the ligament angle of 0°. For the middle rock bridge, two main coalescence 349 

paths generated when the ligament angle is 90°, whereas only one coalescence path appeared when the ligament 350 

angle of 0°. Note that, the coalescence paths of the right rock bridge generally occur in the lower zone when the 351 

ligament angle is 90°, while in the upper zone for that of 0°. Furthermore, large-scale spalling is observed along 352 

the coalescence path when the ligament angle is 90°, while for the ligament angle of 0°, the spalling phenomenon 353 

generally forms at both edges of the specimen. 354 

To determine the coalescence mechanism of rock-like materials containing fissure-elliptical holes with different 355 

ligament angle, the damaged types of coalescence cracks were gathered according to the cohesive elements, as 356 

shown in Fig.17. It can be seen from Fig.17a that the three rock bridge coalescence paths between the left edge-357 

notched flaw and the left fissure-elliptical hole are caused by shear cracks, mixed shear-tensile cracks, and tensile 358 

cracks, respectively. However, only shear crack coalescence is responsible for the breakage of the left rock bridge 359 

when the ligament angle is 0° (Fig.17b). In addition, the rock bridge coalescence between the two elliptical holes 360 

is mainly ruptured by the expansion of tensile cracks when the ligament angle is 0°. While for the ligament angle 361 

of 90°, the middle rock bridge coalesced in the form of tensile, tensile, shear, and shear damage, respectively. With 362 

respect to the right rock bridge, the damaged cohesive elements along the coalescence paths are all mainly caused 363 

by mixed tensile-shear damage. 364 

4.3.3. Effect of combination of fissures-holes 365 

The stress distribution along the shear direction and the fracture process patterns of the specimen containing 366 

different combinations of fissures-holes are displayed in Fig. 18. Concerning the initiation of crack, all emanate 367 

from the tip of the left edge-notched flaw with different crack initiation angle β (60° for case CI, 120° for case CⅡ, 368 

and 130° for case CⅢ, respectively). In addition, the tensile fracture is also a dominant mode of failure for crack 369 

initiation. According to the crack propagation, note that the patterns are roughly similar except for crack 4 and 5, 370 

which can be observed from case CI and CⅡ (the right fissure-elliptical hole is changed to fissure-circular hole). 371 

Specifically, crack 4 appears at the upper fissure of the right fissure-elliptical hole for CI, while for case CⅡ, the 372 

crack 4 arises from the lower fissure of the right fissure-circular hole. By comparing case CI with CⅢ (the left 373 

fissure-square hole is changed to fissure-circular hole), note that the initiation position of crack 2 is different. More 374 

specifically, the crack 2 starts from the square hole in case CI, whereas in case of CⅢ, the crack 2 emanates from 375 

the fissure of the left fissure-circular hole, which demonstrates again that the shape of holes can affect the stress 376 

distribution. As generated cracks continue to propagate and intersect, the specimen enters the crack coalescence 377 

stage, as shown in Fig.18. According to the coalescence cracks pattern in the left rock bridge, there are two, three, 378 

and three coalescence paths in CI, CⅡ, and CⅢ, respectively. It should be indicated that between the two fissure-379 

holes, the main coalescence paths are generated in an oblique direction for case CI. In contrast, the two main 380 



coalescence paths are parallel for case CⅡ, but only one path appears and is connected by two fissures for case 381 

CⅢ. Moreover, the spalling phenomenon is liable to occur near the holes for case CⅡ, while for case CI and CⅢ, 382 

the spalling zone is prone to be generated near the fissures. 383 

The damaged types of coalescence cracks are identified according to the cohesive elements, as shown in Fig.19. 384 

It can be seen from the comparison of case CI and CⅡ (Fig.19 a, b), the upper coalescence paths of left rock bridge 385 

are all caused by shear cracks, but tensile cracks in the lower paths. Concerning the rock bridge between the two 386 

fissure-holes, the cohesive elements along the coalescence paths are dominated by mixed shear-tensile damage for 387 

case CI, while dominated by tensile damage for case CⅡ. On the other hand, when the left fissure-square hole is 388 

changed to the fissure-circular hole, the comparison can be indicated in Fig.19 a, c. For case CIII, the tensile crack 389 

1 emanates from the tip of the left edge-notched fissure, extending to not only the left fissure but also the circular 390 

hole, forming local tensile failure path, which is different from the case CI. The other difference is that the rock 391 

bridge coalescences between the two fissure-holes are dominated by tensile cracks for case CⅢ. Furthermore, 392 

tensile cracks are prone to occur near the left circular hole, while shear cracks for the square hole in case CI. 393 

Moreover, the shear damage is prone to occur at the bottom zone of the elliptical hole in case CI, while it appears 394 

at the upper area in case CⅢ. 395 

In general, for case CI, the overall rock bridge coalescence cracks are dominated by shear cracks, but with local 396 

tensile cracks between the two fissure-holes. Regarding case CII, the cohesive elements along the coalescence 397 

cracks are dominated by tensile damage, but with local shear damage in the left rock bridge. Concerning case CⅢ, 398 

the coalescence cracks are dominated by shear cracks at the two sides of rock bridges, while tensile cracks for the 399 

rock bridge between the two fissure-holes. Therefore, it is apparent that the fracture mechanism strongly depends 400 

on the distribution and shape of the holes. 401 

4.3.4. Discussion 402 

In this section, the rock bridge coalescence cracks between two fissure-holes are concluded, which can be listed 403 

in Table 3. It is observed that three types of coalescence modes can be identified, namely “DT” “T” “S+T”. 404 

Meantime, the detailed descriptions of each mode are also presented. Furthermore, in each image of the 405 

coalescence pattern, crack junctions are marked as points that need to be focused on in Engineering practice. 406 

5. Conclusions 407 

A comprehensive investigation on the shear behavior of rock-like materials containing fissure-holes was 408 

performed with the FEM-CZM method. In the numerical technique, all the initial finite meshes were discretized 409 

using zero-thickness cohesive elements globally, which can help to describe the properties of the combination of 410 

continuum and non-continuum. Based on this method, the main conclusions can be drawn as follows: 411 

(1) Evolution properties of the shearing process for rock-like materials containing fissure-holes were 412 



investigated and first reported from the perspective of the cohesive elements. Generally, the shearing process can 413 

be divided into four typical stages, respectively elastic strengthening stage, crack strengthening stage, plastic 414 

softening, and residual strength stage. Note that the crack initiation is at the beginning of the crack strengthening 415 

stage. In addition, the shear rate affects the shearing process apparently, i.e. the greater the shear rate is, the shorter 416 

the plastic soften stage is, and the larger the brittleness is. However, the applied normal stress hardly affects the 417 

shearing process. 418 

(2) The shape and the ligament angle of fissure-holes significantly affect the mechanical properties (i.e., peak 419 

shear strength, residual shear strength, and crack initiation stress). The rock-like materials containing fissure-420 

elliptical holes with the ligament angles of 0° has the smallest shear strength. Thus, that should be the focus of 421 

reinforcement. In addition, the crack initiation stress in the fissure-square holes is the smallest, which indicates 422 

that cracks are more prone to occur than that of other shapes. Therefore, that should be an early concern in fracture 423 

engineering. 424 

(3) The shear dilatancy of rock-like materials containing fissure-holes is influenced by the shape and the 425 

ligament angle of fissure-holes as well as loading conditions obviously. The maximum shear dilatancy occurred 426 

when the specimen contains fissure-elliptical holes with the ligament angle of 90°. In addition, the larger the shear 427 

rate is, the greater the maximum shear dilatancy is, the less the applied normal stress is, the larger the maximum 428 

shear dilatancy is. 429 

(4) Cracking behaviors, including their initiation, propagation, and coalescence, were analyzed detailed and 430 

found that they strongly depend on the shapes, ligament angles as well as the combinations of fissure-holes 431 

significantly. In addition, the type of each crack was precisely obtained with the damaged cohesive elements. 432 

Furthermore, three types of rock bridge coalescence modes between two fissure-holes can be identified from the 433 

point of the failure patterns, namely DT, T, and S+T. 434 
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Table 1. Parameters applied in the simulations. 

Materials Parameters Value 

Solid elements 

Density/kg.m-3 2500  

Young's modulus/GPa 15 

Poisson's ratio 0.3 

Steel plate 

Density/kg.m-3 7800 

Young's modulus/GPa 210 

Yield Strength/MPa 400 

Poisson's ratio 0.3 

Cohesive elements 

Initial shear stiffness/GPa.m-1 5.28 

Initial tensile stiffness/GPa.m-1 15 

Normal traction force/MPa 6 

Tangential traction force/MPa 22 

Model-I fracture energy/ N.mm-1 0.06  

Model-II fracture energy/ N.mm-1 0.165 



Table 2. Schematics of fissure-holes in the numerical model. 
Numerical 

number 
α/° R/mm a/mm b/mm c/mm S/mm2 Geometric settings

AI 60 8 / / / 402.12
   

AII 60 / /  14.18 402.12
   

AIII 60 / 32 8 / 402.12     

BI 90 / 32 8 / 402.12
    

BII 0 / 32 8 / 402.12
   

CI 60 / 32 8 14.18 402.12
     

CII 60 8 / / 14.18 402.12
 

CIII 60 8 32 8 / 402.12

  



Table 3. Coalescence modes of rock bridge between two fissure-holes. 

Type Image of coalescence pattern Description of coalescence 

DT 

 

 

 

 

 The cohesive elements along the rock bridge 
coalescence cracks are dominated by tensile 
damage. Although shear damage occurs near the 
holes, the distribution is relatively limited. 

 The crack junctions are mainly distributed near the 
fissure-holes. 

 The coalescence patterns consist of two principal 
paths. 

 The mode “DT” is prone to occur when the 
ligament angle of the fissure-hole is 60° in this 
paper. 

Please note: 
The symbol of → represents the direction of crack 
propagation; The T means the tensile crack, and S 
means the shear crack. × means the crack junction; 
The dashed line respects the un-coalescence cracks, 
while the solid line means the coalescence cracks. 

T  

 The cohesive elements along the rock bridge 
coalescence cracks are only caused by tensile 
damage. 

 No crack junction appears. 
 The coalescence pattern consists of one principal 

path. 
 The mode “T” is prone to occur when the ligament 

angle of the fissure-hole is no higher than 60° in 
this paper. 

S+T 
 

 

 The cohesive elements along the rock bridge 
coalescence cracks are caused by not only tensile 
damage but also shear damage. 

 The crack junctions are mainly distributed near the 
right fissure-hole. 

 The coalescence pattern consists of four principal 
paths. 

 The mode “S+T” is prone to occur when the 
ligament angle of the fissure-hole is no less than 
60°in this paper. 

DT: Dominated by tensile damage, T: Tensile damage, S+T: shear and tensile damage 



 
Fig.1. Rock mass high slopes: (a) potential sliding path of rock mass containing fissure-holes 

(Chongqing, China); (b) detailed descriptions of fissure-holes; (c) shapes of fissure-holes considered 

in this paper. 

  



 

Fig.2. Mixed-mode traction-separation response. 
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(a)                  (b)                (c)                     (d) 

Fig. 3. Inserting a zero-thickness cohesive element between solid elements: (a) two adjacent solid 

elements; (b) re-arranged nodes of solid elements; (c) zero-thickness cohesive element (COH3D6); 

(d) insertion of a cohesive element. 

  



 

                     (a)                                     (b) 

Fig.4. Uniaxial compression test: (a) Laboratory test; (b) numerical model. 

  



 

Fig.5. Comparison of experimental and numerical results in the uniaxial compression test. 
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Fig.6. Fracture process of the specimen under different steps. 

  



 

Fig. 7. A conceptual model for rock-like materials containing fissure-holes under the shearing effect. 
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Fig.8. Shearing process of rock-like materials containing fissure-hole flaws: (a) shear stress-shear 

displacement curves under different shapes of fissure-holes; (b) characteristics of cohesive 

elements. 

 



 

(a)                                     (b) 

 

                     (c) 

Fig.9. Mechanical properties (i.e., peak shear strength, residual shear strength, and crack initiation 

stress) of rock-like materials containing fissure-holes: (a) different shapes of fissure-holes; (b) 

different ligament angles of fissure-holes; (c) different combinations of fissure-holes. 

  



 

(a)                                      (b) 

Fig. 10. Curves of shear stress-shear displacement under different loading conditions: (a) different 

shear rates; (b) different applied normal stress levels. 

  



 

(a)                                      (b) 

 

(c) 

Fig.11. Curves of vertical deformation-shear displacement: (a) different shapes of fissure-holes; (b) 

different ligament angles of fissure-holes; (c) different combinations of fissure-holes. 

  



 

(a)                                      (b) 

Fig.12. Curves of vertical deformation-shear displacement of rock-like materials containing fissure-

holes under different loading conditions: (a) different shear rates; (b) different applied normal stress 

levels. 

  



 
Fig. 13. Stress distribution and crack growth process in rock-like materials containing different 

shapes of fissure-holes (i.e., fissure-circular holes, fissure-square holes, and fissure-elliptical holes). 

  



 
(a)                                   (b) 

Fig. 14. Shear failure pattern: (a) types of damaged cohesive elements; (b) coalescence cracks of 

rock-like materials containing fissure-elliptical holes. 

  



  

(a)                                      (b) 

Fig.15. Types of coalescence cracks of specimens containing different shapes of fissure-holes: (a) 

fissure-circular holes; (b) fissure-square holes. 

  



 

Fig. 16. Stress distribution and crack growth process in rock-like materials containing fissure-

elliptical holes with different ligament angles (i.e., 90°and 0°). 

  



   

(a)                                     (b) 

Fig.17. Types of coalescence cracks of specimens containing fissure-elliptical holes with different 

ligament angles: (a) 90°; (b) 0°. 

  



 

Fig.18. Stress distribution and crack growth process in rock-like materials containing different 

combinations of fissure-holes: fissure-square hole and fissure-elliptical hole (CI); fissure-square 

hole and  fissure-circular hole (CII); fissure-circular hole and fissure-elliptical hole (CIII). 

  



    

(a)                                       (b) 

 

(c) 

Fig. 19. Types of coalescence cracks of specimens containing combinations of fissure-holes: (a) 

case CI; (b) case CII; (c) case CIII. 
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