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1. Introduction 
 

Discontinuous structures such as cracks and joints 
significantly affect the mechanical properties of rock, 
making it different from other media. The connection of 
these discontinuous structures will lead to the formation of 
a weak structural plane in the rock mass. The rock mass will 
slide along the weak structural plane under natural 
disturbances such as rainfall, earthquake, or artificial 
disturbances such as construction, which causes various 
engineering disasters and threatens the safety of human 
beings. Therefore, the influence of various cracks and joints 
on the mechanical performance of rock is an important 
issue in the field of rock mechanics and engineering. 

Since the last century, many extensive and in-depth 
research projects have been conducted on rocks to 
understand how the discontinuous structure affects the 
mechanical properties of rock. Xie et al. (2016) 
quantitatively analyzed the effect of crack surface friction 
on the initiation and propagation of closed cracks. In this  
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research, when the inclination angle is constant, the shear 
stress of the crack surface increases with the increase of the 
friction coefficient, when the friction coefficient is constant, 
the shear stress of the crack surface decreases with the 
increase of the inclination angle. Lee and Jeon (2011) 
conducted uniaxial compression tests on three different 
types of specimens of PMMA (polymethyl methacrylate), 
gypsum type, and Huangdeng granite. Yang et al. (2018) 
studied the effect of elliptical crack angle on the strength 
and deformation behavior of sandstone specimens under 
uniaxial compression, and the strength, Young’s modulus 
and peak strain of the defective specimens are all lower than 
those of the intact specimen, and the Young’s modulus 
decreases first and then increases with the increase of the 
elliptical crack angle. Although the works mentioned above 
have concentrated on the crack propagation mode for rocks 
with pre-existing cracks, the influence of the angle of the 
pre-existing crack on rock failure has not been noticed 
based on the CT images yet. 

Numerical modelling have become a powerful tool to 
study rock failure in recent years. Numerical modelling 
methods are low-cost and high-efficiency, including Finite 
Element (FEM) (Pradhan and Siddique 2020, Li and Wong 
2012), Discrete Element (DEM) (Fakhimi and Alavi 
Gharahbagh 2011, Scholtès and Donzé 2012), Boundary 
Element (BEM) (Leonel and Venturini 2011, Lo Cascio et 
al. 2021) and others, which is widely used in the field of 
geotechnical engineering. The problem of static cracks can 
be solved by these methods, but these methods are not ideal 
for the problem of dynamic cracks. The traditional FEM 
method, which is the most popular and mature, is difficult 
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Abstract.  In this paper, cracks with different angles are prefabricated in rock specimens to study the fracture characteristics of 
rock based on CT images. The rock specimens are prepared for compression tests according to the standard recommended by 
ISRM (International Society for Rock Mechanics). The effects of different angles on rock mechanical properties and crack 
propagation fracture modes are analyzed. Then, based on the cohesive element method and CT images, the relationship between 
porosity and Young's modulus as well as the fracture property is explored by the numerical modelling. In the modelling, the 
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Young 's modulus of the rock sample is. The failure process of each specimen with prefabricated cracks is formed by the 
initiation and propagation of crack, and the angle of the prefabricated crack will affect the type of extended crack. As part of the 
numerical model proposed in this paper, the microstructure of rocks is reflected by CT images. The numerical results verify the 
effectiveness of the cohesive element method in the study of crack propagation for rock. The rock model in this paper can be 
used to predict engineering disasters such as collapse and landslide caused by rock fracture, which means that the methodology 
adopted in this paper is comprehensive and important to solve rock engineering problems. 
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in dealing with crack propagation problems in rocks. As a 

new method based on FEM, the cohesive element method 

assumes the existence of stress at the interface and is able to 

simulate the mechanical state in the bonding area. To 

simulate the complex fracture process of rocks, the traction-

separation criterion becomes effective in the viscous zone, 

which represents a thin layer with minimal geometric 

thickness. And the cohesive element can be embedded on 

the surface of the solid element in the program based on the 

cohesive element method. This method keeps a relatively 

clear relationship between the elements in the finite element 

grid, avoids repeated searches for data, improves efficiency, 

and reduces insertion difficulty. In general, this new 

numerical simulation method has a good performance in 

solving crack propagation problems for rock, which can 

help us to improve the understanding the process of rock 

failure. 

Engineering activities, such as underground space 

development, tunnel excavation, and dam construction, 

have always been closely related to rock mass. Engineering 

disasters are also caused by the failure of the rock mass, 

which is dependent on the formation of weak structural 

planes by the expansion of cracks in the rock. It has positive 

meaning for engineering construction and disaster 

prevention to reasonably consider the diversity of spatial 

distribution of the joints and the mesoscopic internal 

structure of rocks, so as to study the failure mechanism of 

rock mass under relevant conditions. Liu et al. (2022) 

adopted an experimental system to study the distribution 

evolution process of tunnel excavation and earth pressure. 

Wu et al. (2019) studied the mechanical properties of 

yieldable steel ribs supporting roadways in rheological 

rocks. Hong et al. (2020) quantitatively analyzed the 

complex interaction behavior of piles, tunnels and 

surrounding soil and rock. 

In this paper, first, a standard sandstone cylinder 

specimen of 50 mm×50 mm×100 mm is scanned by a CT 

machine to obtain the spatial information of the internal 

microstructure. Then, compression tests are carried out on 

intact specimens and pre-cracked specimens with different 

angles. After, the relationship between porosity and Young’s 

modulus is studied based on our previous work. Finally, 

based on the CT data, a numerical model with different 

Young’s modulus in spatial position is established by the 

field variables method, and the cohesive element method is 

used to model the crack propagation process. The strength, 

deformation, and failure characteristics of rock are studied 

considering the diverse spatial location of pre-cracks. 

Through the appropriate comprehensive consideration of 

complex environmental and geological conditions, the 

method of this paper can be used to simulate the 

deformation and failure of rock mass, and to predict the 

engineering disasters caused by rock fracture, such as 

collapse, landslide, and deep rockburst caused by rapid 

crack propagation. As a combination of convenience and 

flexibility, the method is highly useful for solving rock 

engineering problems in a comprehensive and significant 

way. 

2. Methodology 
 

The PFC (Particle Flow Code) is the most widely used 

code based on the discrete element method (DEM). It 

studies the mechanical properties of the medium from the 

perspective of microstructure. The macroscopic mechanical 

properties of the medium depend on the geometric and 

mechanical properties of the particles and the bond. The 

discrete element method is based on empirical calculation. 

The motion, stress and deformation of the object are 

simplified, so that the stress system in the calculation 

cannot be completely balanced. And the calculation 

accuracy of the stress distribution or strain distribution 

inside the element is lower than that of the finite element 

method (FEM). The cohesive element method in Abaqus 

characterize the deformation of the material based on the 

finite element method, and the initiation, propagation, 

penetration of the cracks and the contact interaction after 

failure are all described by the discretization. Thus the 

cohesive element method in Abaqus can achieve the 

accurate description of the material failure. The cohesive 

element method is used to simulate the debonding process 

of interface. By analyzing the constitutive relation, the 

cohesion element method is similar to the virtual crack 

method. The cohesive element method is an intelligent and 

efficient method, and is also used to simulate the fracture 

process of brittle materials such as rock and concrete (Jiang 

and Meng 2018, Wu et al. 2018, Nguyen et al. 2017, Pan 

et al. 2021, Unger et al. 2007, Hoover and Bažant 2014, 

Song et al. 2006). Based on traction-separation, the 

cohesive element method can be used to simulate crack 

propagation along a predetermined path or any other path. 

Crack path and crack propagation velocity become the 

natural results of this method. The cohesive element and the 

matrix element have the mesh topology, but the constitutive 

relationship is independent of each other. This characteristic 

determines that the cohesive element method is naturally 

suitable for the finite element analysis framework, and the 

cohesive constitutive model is especially suitable for 

studying complex fracture failure problems. Therefore, this 

paper uses the cohesive element as the basic element of the 

crack to model the fracture. 

 
2.1 Theory adopted for cohesive element method 

 

The cohesive element method used in this paper  

is based on the bonding crack model proposed by Dugdale 

(1960) and Barenblatt (1962). The virtual crack model 

proposed by Hillerborg et al. (1976), assumes that the 

cohesive element has stress at the interface, and can be used 

to model the mechanical behavior in the bonding area. The 

single layer of cohesive elements in the thickness direction 

acts as an adhesive zone. The viscous zone represents a thin 

layer of minimal geometric thickness, acting as the fracture 

region of the rock. The elastic stage, damage, and cracking 

criteria of the cohesive element method will be introduced 

in the following. 

In the initial stage before the damage of cohesive 

element, the stress-strain satisfies the following linear 

elastic relationship 
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where t is the traction stress vector, which consists of three 

components, namely, the normal stress tn, the tangential 

stress ts, and tt. K is the element stiffness matrix, Knn  is the 

initial normal stiffness, Kss and Ktt are the initial tangential 

stiffness. The matrix represents the relationship between 

displacement and stress in different directions. The distance 

between the two crack surfaces is zero before crack 

initiation, therefore the values of Knn, Kss and Ktt are 

generally infinite numbers, which will cause difficulty in 

the convergence of the simulation calculation. In the 

cohesive element method, the appropriate initial stiffness 

will be intelligently selected to ensure smooth convergence 

of the calculation of the stress state. ε is the strain vector, 

which also consists of three components, namely the normal 

strain εn, tangential strain εs, and εt. The strain can be 

defined as follows 

0 0 0

, ,n s t
n s t

d d d

T T T
      (2) 

where dn is the normal displacement, ds and dt are the 

tangential displacements. The thickness of the cohesive 

element is zero, in which case the calculation of the strain 

will produce singularities. To avoid singularity, the 

constitutive thickness T0=1 can be used instead of the actual 

thickness to calculate the stress and strain of the cohesive 

element, so that the strain and displacement of the cohesive 

elements are numerically equal to each other. The 

appropriate initial stiffness and the replacement of the 

actual thickness with the constitutive thickness indicate that 

the cohesive element method is able to avoid some potential 

problems through self-adaptation and parameter selection, 

which is an intelligent and reliable method for the study of 

rock fracture. 

After the linear elastic stage, the damage to cohesive 

elements begins. The damage depends on the damage 

evolution law. Once the damage initiation criterion is 

satisfied, the damage will occur according to the damage 

evolution law. The cohesive crack model mentioned in the 

previous section assumes that there are normal traction 

force tn and tangential traction forces ts, tt on the crack 

surface. Considering the inhomogeneity of microstructure 

in rock, the fracture of rock should be mixed-mode that 

combine tangential and tangential components (Zhou et al. 
2016, Galindo et al. 2021). The schematic diagram of the 

viscous traction separation response of the mixed-mode is 

shown in Fig. 1. tno, tso, tto, and tmo represent pure normal 

traction force, pure shear traction force, pure shear traction 

force, and effective traction force at the beginning of the 

damage, respectively. dno, ddo, dto, and dmo represent the pure 

normal displacement, pure shear displacement, pure shear 

displacement, and effective displacement respectively, at 

the beginning of the damage. dnf, dsf, dtf, and dmf represent 

pure normal displacement, pure shear displacement, pure 

shear displacement, and effective displacement, 

respectively when the element completely fails. The 

relationship between T (which means Traction) and S 

(which means separation) is linear in Fig. 1. The area 

enclosed by the curve represents the opening-type (I-type) 

fracture energy GIC  and the sliding-opening (IΙ-type) 

fracture energy GIIC, respectively in Fig. 1. 
At the damage evolution stage, the stiffness of the 

cohesive element degrades. To describe the degree of 

damage, a damage variable index D is adopted in this paper, 

and it evolves from 0 to 1 as the damage accumulates. The 

function of the effective relative displacement dm is defined 

as follows 

2 2 2

m n s td d d d    (3) 

 is the Macaulay bracket. When dn ≥0 (tension), 

nd =
nd , when 

nd <0 (compression), 
nd =0. Macaulay 

bracket is used to indicate the pure compressive 

deformation or stress state which does not cause damage. 

For the linear softening criterion of the mixed-mode 

cohesive traction separation response in Fig. 1, the damage 

variable index D can be written as 
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where dmm is the maximum effective displacement. With the 

damage variable index D, the corresponding stress 

component can be expressed as 
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Fig. 1 Cohesive traction separation response of mixed-mode 
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The degraded stiffness Kn, Ks, Kt can also be expressed 

by D with the initial stiffness Knn, Kss, Ktt as 
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 (6) 

The damage evolution of the rock can be regarded as the 

crack propagation based on the cohesive element method. 

The damage model consists of three parts: the criterion of 

crack initiation, the criterion of damage evolution, and the 

post-processing of element failure. In this paper, the 

criterion of quadratic nominal stress is applied to crack 

initiation. This criterion assumes that crack initiation occurs 

when the value of the quadratic interaction function 

involving the normal stress ratio reaches 1, which is 

expressed as follows 

2 2 2

1
n s t

no so to

t t t

t t t

     
       
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 (7) 

 

2.2 Method adopted for embedded cohesive element 
 

Embedding cohesive element in the mesh presents 

certain challenges for the intricate topological relationship 

in three-dimensional (3D) space. Therefore, the same finite 

elements should be selected during meshing. To achieve the 

crack propagation path and to model the fracture process, 

the tetrahedral finite element should be preferentially 

selected in the initial finite element mesh. In addition, the 

cohesive elements that constitute the crack are inserted 

between two adjacent finite elements. The numerical rock 

model is meshed at first to obtain the node coordinate 

information about the finite element, and then the cohesive 

element is inserted into the model. The method of 

embedding tetrahedral finite elements with 3D cohesive 

elements can be illustrated in Figs. 2(a)-2(c). Fig. 2(a) 

shows two adjacent tetrahedral finite elements sharing three 

nodes. A node shared by adjacent elements is called a parent 

node, and then the parent node will be replaced by a new 

node with the same coordinates which is called a child 

node. The child nodes of each tetrahedral finite element will 

be connected to obtain a triangular face, as shown in Fig. 

2(b). Finally, the superposition of two adjacent independent 

triangular faces leads to the formation of a 3D cohesive 

element as shown in Fig. 2(c) (Su et al. (a) 2010, Su et al.  

(b) 2010, Jiang and Meng 2018). It should be noted that 

the thickness of the inserted cohesive element is zero, the 

thickness is shown in the figure only to indicate position. In 

addition, due to a large number of finite elements, it is 

difficult to manually insert cohesive elements between 

finite elements. Therefore, a compiled plug-in is used to 

insert cohesive elements between finite elements. The steps 

of the embedding method can be briefly described as 

follows: 

(1) Create three different databases to store the 

information of nodes, elements, and surfaces in the initial 

finite element mesh. 

(2) Create another database to store the information of 

the node and element after disassembly. 

(3) After the finite element is split, the original element 

node changes, and the node number and other information 

about the finite element need to be updated. 

(4) Embed the cohesive element in the element surface 

of the initial mesh to generate the cohesive element serial 

number and a node edge number. 

(5) Generate a new input file in Abaqus 

 

 

3. Mechanical and CT test results 
 

In this paper, the rock samples are collected from 

Luoquan Town, Zizhong County, Sichuan Province. 

Sichuan is one of the three major sandstone-producing areas 

in China. Luoquan Town is located in the central Sichuan 

Basin, the middle reaches of the Tuojiang River. The 

landform is mainly hilly, with limestone reserves of 500 

million tons, and coal reserves of 100 million tons. The 

sandstone in this area is characterized by fine particles, 

which belongs to white sandstone. The sand particle size of 

the rock sample is between 0.5-2 mm. 9 standard cylindrical 

specimens in size of 50 mm×50 mm×100 mm are prepared 

for the experiment from the rock samples. The standard for 

the rock sample and experiments conducted in this research 

is in accordance with ISRM suggested method (Altindag 

and Güney 2006). The diameters of the pilot hole in the 

center of the two pre-existing cracks are 1mm. The size of 

the pre-existing cracks is 10 mm in length and 0.4 mm in 

width which runs through the cylinder sample. The distance 

between the center of the hole and the end surface is 35  

 

 

 

  

 

(a) Two adjacent 

finite elements 

(b) Insert a 3D 

cohesive element 

(c) A zero-

thickness 

cohesive 
Fig. 2 Inserting a cohesive element into a finite element 

 

Fig. 3 Angles of pre-existing cracks in the specimen 
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mm, and the distance between the two centers of the holes 

is 30 mm. The length of the prefabricated crack is set for 

the overall size of the specimen, which avoids the excessive 

influence of the crack length on the rock performance. Let α 

be the angle of the one pre-existing crack, and β represents 

the angle of the other one, as shown in Fig. 3. 

The angles of the pre-existing cracks in specimens are 

arranged as shown in Fig. 4. The arrangement of the  

position of cracks is to study the influence of different 

angles on the crack propagation of the specimen. The detail 

about the angles can be found in Table 2. 
The sandstone specimen was scanned by the CT 

machine, whose mode number is dxr-5001, as shown in Fig. 

5. The detailed parameters of the CT machine are shown in 

Table1. The CT machine penetrates rocks by X-rays. During 

the penetration process, some X-ray photons are absorbed 

by the specimen, and the remaining photons pass through 

the specimen and are received by the detector. Then, the 

received X-ray photons are converted into electrical signals. 

The higher the density of the rock is, the stronger the 

absorption of X-ray photons is, and the less the X-ray 

photons received by the detector are. With the electrical 

signals, The scanning data can be obtained by computer 

processing. Figs. 6(a)-6(c) show the CT data obtained from 
the end and the middle section of the specimens. The 

mineral composition of the rock sample is identified by X-

ray Diffraction analysis. The dominant minerals are quartz 

(-SiO2, accounting for 69.13%) and kaolin 

(Al2O3•2SiO2•2H2O, accounting for 24.9%). In addition, the 

rock sample also contains a small amount of Fe2O3 

(accounting for 1.73%) and CaCO3 (accounting for 1.73%)  
and some impurities. Compression tests are performed on 

the specimens by a computer-controlled rock tensile 

splitting machine whose mode number is YDW-100, as  

 

 

 

 
(a) One end section of the specimen 

 
(b) The middle section of the specimen 

 
(c) The other end section of the specimen 

Fig. 6 Two dimensional gray CT image 

   
(a) No.1 (b) No.2 (c) No.3 

   
(d) No.4 (e) No.5 (f) No.6 

   
(g) No.7 (h) No.8 (i) No.9 

Fig. 4 Schematic diagram of the pre-

existing cracks in specimens 

 

Fig. 5 The CT machine 
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shown in Fig. 7. The loading mode is displacement, the 

loading rate is set to 2 mm/min, and the data are recorded in 

real-time. In the experiment, the data of strain are collected 

at a frequency of 50 times/second. The experimental data of 

the rock specimen are listed in Table 2, and the stress-strain 

curves of the specimens with pre- existing cracks are shown 

in Fig. 8. 
 
 
4. Analysis of mechanical properties 

 

4.1 Strength characteristics of specimens 
 

The rock specimens are divided into three groups 

according to their angles. Nos.1-3 specimens belong to the 

1st group, Nos.4-6 specimens belong to the 2nd group and 

Nos.7-9 specimens belong to the 3rd group. The stress-

strain curves of the specimens are shown in Figs. 9(a)-9(c).  

 

 

The peak values of the axial strain for the specimens are 

inconsistent. The stress-strain curve before the peak can be 

divided into three stages, namely, OA, AB, and BC as 

shown in Fig. 9(d). The characteristics of each stage can be 

described as follows: The OA stage is the defect 

compaction stage. At the beginning of loading, the curve 

first rises vertically and then bends, which indicates that the 

specimen can resist certain deformation in the initial stage. 

As the load increases, the defects existing in the 

specimen are compressed. The length of the curve for this 

stage depends on the internal microstructure in the 

specimen. The less the internal micro-structures in the 

specimen are, the shorter the stage is, and the more the 

internal defects are, the longer the stage is. The AB stage is 

the linear elastic stage, and the stress shows obvious linear 

relationship with the strain. At this stage, a small number of 

micro-cracks are initiated inside the rock specimen, and 

these micro-cracks have a negative impact on the 

mechanical properties of the rock. The BC stage is the 

macroscopic failure stage, in which the slope of the stress-

strain curve gradually increases, and the deformation rate of 

the specimen becomes faster and faster. The gradual 

degradation of rock stiffness causes the appearance of 

macroscopic cracks and a large increase in strain. The 

failure of the sandstone specimen shows obvious brittleness. 

Different from the previous works (Cheng et al. 2021, Zhao 

et al. 2019), the loading rates of uniaxial compression test is 

kept constant to study the relationship between the 

mechanical behavior of the specimen and the angle of the 

prefabricated crack. From Figs. 9(a)-9(c) and Table 2, we 

can conclude that there is a relationship between the peak 

stress and the α, β angles. It is found that in each group, the 

peak axial stress of each specimen increases with the 

increase of the corresponding α and β angles. For example, 

the axial stress peaks of Nos. specimens 4-6 in Fig. 9(b) are 

increased from 25.28 MPa to 28.26 MPa, and the angles are 

increased from (45°, 30°) to (60°, 45°). This shows that the 

increase of prefabricated cracks within a certain range lead  

 
Fig. 7 Computer-controlled rock tensile splitting testing 

machine 

 

Fig. 8 Stress-strain curve of pre-cracked specimens 

Table 1 Parameters of the CT scanner 

Magnification 
Voxel size

（μm） 

Image 

width 

（pixel） 

Image 

height

（pixel） 

Voltage

（kV） 

Current 

（μA） 

90 1.1070 3052 2400 120 110 

  
(a) Nos.1-3 rock specimens (b) Nos.4-6 rock specimens 

  

(c) Nos.7-9 rock specimens 
(d) Typical stress-strain 

curve before failure 

Fig. 9 Stress-strain curve diagram 
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to the increase of the peak axial stress. Fig. 10 shows the 

comparisons among the axial peak stress, axial peak strain, 

and Young’s modulus of the specimens in the compression 

test. As shown in Fig. 10, from No.1 to No.6 specimen, the 

angle of the pre-existing cracks increased from (0°,30°) to 

(60°,45°), and the value of the peak stress changed from 

22.12 MPa to 28.26 MPa. The maximum value of peak 

stress is 1.28 times larger than the minimum one. It can be 

concluded that the angle of the pre- existing cracks will 

affect the strength of the specimen. In Figs. 10(a) and 10(b), 

with the increase of the angle, the axial peak strain of 

specimens No.1-6 shows a downward trend, from 0.0059 to 

0.0051. The Young’s modulus shows an upward trend, from  

3400 MPa to 5020 MPa. The angles of the pre-existing 

cracks of No.4-6 specimens are (45°, 30°), (60°, 30°), (60°, 

45°), respectively. The angle of the pre-existing racks in 

second group is the closest to each other among the three 

groups. The Young’s moduli of No.4-6 specimens are  

4471 MPa, 4500 MPa, and 5020 MPa, respectively, which 

are larger than those of other specimens. This phenomenon 

shows that the more similar the angles of pre-existing 

cracks are, the larger the Young’s moduli of the rock 

specimens are. The axial peak strain of the specimens in 

third group is larger than that in the first two groups, and 

the Young’s modulus of the specimens in third group is also 

smaller than that of the first two groups. The angles of the  

 

 

 

pre-existing cracks have a great influence on the mechanical 

parameters of the specimens, which also makes the 

mechanical performance of the specimens in the third group 

different from that of the specimens in the first two groups. 

It can be found from Table 2 that the peak stress and the 

Young’s modulus of all pre-cracked specimens are smaller 

than those of intact specimens. The uniaxial compressive 

strength of the intact specimen is 1.18 times higher than the 

average uniaxial compressive strength of the pre-cracked  

specimen, and the Young’s modulus is 2.06 times higher 

than the average Young’s modulus of the pre-cracked 

specimen, which proves that the pre-existing crack 

significantly reduces the strength of rock. 

 

4.2 Crack growth pattern 

 

Crack evolution begins with cracks that form around the 

edges of the concretions and then merges with cracks that 

propagate in the upper left and lower right corners of the 

sample (Chen et al. 2020). In this paper, the failure 

morphology of the cracks in the 9 specimens after 

compression is shown in Fig. 11. The rock failure process 

contai initiation, propagation, and connection of various 

cracks in ns the the rock. The distribution of primordial 

defects and pre-existing cracks affects the heterogeneity of  

Table 2 Experimental data 

Rock type Specimen 

The angle α of 

pre-existing 

cracks(°) 

The angle β of 

pre-existing 

cracks(°) 

Peak force 

(KN) 

Compression 

strength (MPa) 

Young's 

modulus (MPa) 

 Intact / / 58.98 30.04 8141.76 

 1 30 0 43.44 22.12 3399.51 

 2 60 0 48.13 24.51 3714.77 

 3 90 0 52.23 26.60 3962.48 

 4 45 30 49.64 25.28 4470.90 

sandstone 5 60 30 52.37 26.67 4500.26 

 6 60 45 55.49 28.26 5019.95 

 7 30 90 44.88 22.86 3324.42 

 8 45 90 48.03 24.46 3498.58 

 9 60 90 55.33 28.18 3608.79 

The average value of pre-cracked specimens 49.95 25.44 3944.41 

   
(a) Axial peak stress (b) Axial peak strain (c) Young's modulus 

Fig. 10 Comparison of experimental data of specimens 
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rocks. The heterogeneity profoundly affects the morphology 

of the cracks in the rock. The bifurcation of the cracks 

decreases with the decrease of primordial defects while the 

cracks are expanding at the tips of the pre-existing cracks 

according to the failure criterion. In other words, the failure 

morphology of the cracks will be irregular, and the 

bifurcation will increases if the primordial defects are rich 

in the crack development zone. The influence of primordial  

defects on the mechanical behavior of rock is dependent on 

the change and transfer of stress. The distribution of the 

stress concentration area is related to the shape, distribution,  

quantity, and size of the primordial defects in the rock. 

Rock is a combination of solid minerals. During the 

rock compression test, due to the interactions between 

different components, the stress situation in the local area 

become complex in the rock and lead to the diversity of the 

crack patterns. 

Under the uniaxial compression test, 9 rock specimens 

prefabricated with double-cracks in different angles are  

 

 

prepared to study the influence of crack inclination on 

the fracture patterns of rock specimens. In Fig. 11, “S” 

represents secondary cracks, “S1” represents secondary 

coplanar cracks, and “W” represents wing cracks. From Fig.  

11, we can know that the failure of each specimen 

containing the prefabricated crack is caused by the initiation 

and propagation of cracks, resulting in a penetrating failure 

surface regardless of the angle of the prefabricated crack.  

The cracks produced by compression propagate in a 

bending path. The propagation asymptote is far away from 

the axial loading direction. The wing crack “W” and 

secondary crack “S” are produced in Nos. 1-5 specimens.  

The secondary coplanar crack “S1” is only produced in 

No.1 specimen. There are only secondary cracks produced 
in Nos. 6-9 Specimens. The spatial shape of the wing crack 

shows a stable expansion along the curve path towards the 

direction of the maximum principal stress, and the spatial 

shape of the secondary crack shows undulation and 

bending. The reason may be that the secondary crack is  

   
(a) Specimen 1 (b) Specimen 2 (c) Specimen 3 

   
(d) Specimen 4 (e) Specimen 5 (f) Specimen 6 

   
(g) Specimen 7 (h) Specimen 8 (i) Specimen 9 

Fig. 11 The morphology of cracks in specimen compression 
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affected by the friction force, therefore there is a shear slip 

phenomenon during its expansion. 

The degree of fragmentation of No. 1 and No. 2 

specimens is the highest among the nine specimens, 

indicating that when the angles of the prefabricated crack 

are (0°, 30°) and (0°, 60°), the rock specimen is the most 

unstable and the compression failure is the most complete. 

Nos. 4-5 specimens produced wing cracks under 

compression. However, there are no wing crack in Nos. 6-9 

specimens, which indicates that with the increase of the 

angle of the prefabricated cracks, the crack form changes 

from wing cracks to only secondary cracks. The crack 

propagation paths of Nos. 7-9 are similar to each other. A 

secondary crack is generated from both sides of the upper 

prefabricated crack. Both the angle β of the Nos. 7-9 

specimens and the angle α of the No.3 specimen are equal 

to 90 °, and their crack propagation paths show a state of up 

and down reversal, which indicates that the cracks do not 

initiate from the prefabricated crack with an angle of 90°, 

the position of the 90° prefabricated crack will also affect 

the final crack propagation path of the rock. In addition, 

after the failure of the specimen, it can be found that some 

prefabricated cracks change from open type to closed type 

(the cracks in No. 2, 3, 4, 7, and 8, which are marked with 

red circles in Fig. 11). This leads to the development of the 

original crack and decrease of stress concentration. 

 

 

5. Numerical simulation 
 
5.1 Establishment of a numerical model 

 

Based on the cohesive element method, the failure 

process of the rock specimen with pre-existing cracks is 

explored. A cylindrical rock model is created in Abaqus, the 

size of the model is 50 mm × 50 mm × 100 mm, and the  

type of the element is C3D10. The distribution and angle of 

pre-existing cracks in the model are consistent with those in 

the No.8 specimen. Rigid planes are added to the end faces 

of the numerical model. The contact between the rigid plane 

and the numerical model is hard and frictionless. One of the 

end faces is fixed. The movement rate of the displacement 

in the other end face is set to 2 mm/min, which is consistent  

 

 

with that in the test. Through rigid plate, the realistic 

displacement loading boundary conditions can be reached. 

The finite element model and boundary condition are shown 

in Figs. 12(a) and 12(b). 

The binary image of the CT data is shown in Fig. 13. To 

distinguish the matrix from the pores in the CT data, 

binarization is employed to uniformly process the gray 

value of the pixels on the image with an appropriate 

threshold. The binary image presents two distinct colors, 

i.e., black or white. After the multi-level values of the image 

pixels are converted, only the pixels in values of 0 or 255 

left. Then, if the value is 255, it means that the pixel is 

judged as a specific object and appears to be black. If the 

value is 0, the pixel is excluded from the object area, 

indicating a non-specific object and appears to be white.  

The black area represents the rock matrix, and the white 

area represents the pores or the primordial defects. Due to 

the continuous geological movement, natural rocks show 

complex heterogeneity and discontinuity. The shape, size, 

and distribution of primordial defects in the rock have a 

significant influence on the mechanical properties of the 

rock. 

After binarization, porosity can be obtained by the 

percentage of white pixels in the CT data. Young's modulus 

of the rock material is assigned according to porosity in 

subsequent numerical modelling. To study the effect of pore 

structure on rock mechanical properties, Zhou and Xiao 

(2017) studied the relationship between porosity and fractal 

dimension by reconstructing a numerical rock model. It is 

found that the strength, Young's modulus, and porosity of 

sandstone are closely related to each other. After analysis of 

the Maxwell-type model (Lomax et al. 2002), the self-

consistent model (Budiansky and O'Connell 1976), the 

differential scheme model (Hashin 1988), the exponential  

model (Pabst and Gregorová 2004) for predicting the 

relationship between porosity and Young's modulus, we 

adopt the exponential model in this paper. In addition, the 

work of Pabst et al. (2013) also confirmed that the 

exponential model is the best model to describe the 

relationship between porosity and Young's modulus. The 

exponential model employed in this paper can be expressed 

as follows 

2
exp ,

1
r r

o

p E
E E

p E

 
  

 
 (8) 

   

(a) The rock 

model after mesh 

(b) Constraints 

and displacement 

conditions 

(c) Field variable

distribution 

Fig. 12 The Numerical rock model 

 

Fig. 13 The binarization of CT scan data 
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where p is the porosity, Er is the relative Young's modulus, 

E is Young's modulus of the porous material, and E0 is 

Young's modulus of the intact rock material without pores. 

The average value of porosity of CT data is calculated as 

p=0.184. 
The exponential model presents the relationship 

between Young's modulus and porosity. According to this 

model, Young's moduli for different sections with different 

heights in the numerical rock model can be calculated by 

the porosity obtained from the CT data at corresponding 

positions of rock specimens. Then, the corresponding 

Young’s moduli are assigned to different sections of the 

numerical rock model, which indicates the anisotropy of the 

rock. However, the corresponding material model is not 

provided in Abaqus and needs to be implemented with other 

tools. Abaqus provides the field variables method to define 

material properties. The field variable in Abaqus is an 

environment variable for defining material parameters. The 

calculation of the field variable depends on the spatial 

coordinates. The Z-direction of the numerical model in this 

paper is set to be the vertical direction, and the value of 

each node in the Z direction, or the height, is set as a unique 

field variable so that Young's modulus can be assigned 

according to the spatial position of the corresponding 

section. The CT test is carried out from one end to the other 

end with the height, the Young’s modulus is assigned to the 

corresponding section of the model to consider the 

anisotropy. The Young’s moduli for different sections of the 

model can be calculated by the exponential model 

according to the porosity. The porosity, Young’s modulus, 

and field variable parameters for each section are listed in 

Table 3. The corresponding Young’s modulus for the field 

variable is calculated by interpolation of the Young’s 

moduli of the two adjacent sections. The field variable 

distribution is shown in Fig. 12(c). 

 

5.2 Modelling results 
 

The comparison between the experimental data and the 

numerical results is shown in Fig. 14. The stress-strain  

 

 

 

curve of the experiment is almost consistent with that of the 

numerical model. The numerical simulation 

methodsimplifies the material properties during the 

numerical analysis, and the initial loading speed in 

numerical modelling is not exactly the same as the 

experimental loading speed, which results in a difference 

between the test and the numerical simulation at the initial 

stage. The peak strength of the rock model is about 24 MPa, 

which is similar to the experimental data. It can be found 

that the path of crack propagation in the numerical model is 

consistent with that in the experiment as shown in Fig. 15, 

which verifies the cohesive element method and field 

variables method. 

By using finite element software, it is possible to clearly 

visualize how the mechanical state of the study object 

changes from one moment to another (Chong et al. 2017,  

Dehghanbanadaki et al. 2020, Jaiswal and Kumar 2022). 

The stress contour of the rock model failure in this paper is 

shown in Fig. 16. The stress is changed from small to large 

with the change of color from blue to red. The red region, 

which means stress concentration, appears near the tip of 

the pre-existing crack in time step 1 as shown in Fig. 16(a), 

and new cracks initiate from the tip of the pre-existing 

crack. The color of the region near the crack changes from 

red to blue, showing obvious stress release. In time step 2 as 

shown in Fig. 16(b), with the increase of load, the cracks 

gradually propagate towards the end of the specimen, and 

the direction of propagation is indicated by the stress 

contour in time step 1. At the same time, it can be found 

that there is a significant stress difference on both sides of 

the extended crack, indicating that tensile failure occurs. In 

the compression of the numerical rock model, the crack 

propagates from the tip of the pre-existing crack to the end 

face of the numerical model as shown in time step 3 as 

shown in Fig. 16(c). The final numerical result is shown in 

Fig. 16(d) in time step 4, and one of the pre-existing cracks  

Table 3 Parameters of porosity, Young's modulus, and Field variables 

Field 10 20 30 40 50 60 70 80 90 

p  0.157 0.136 0.136 0.199 0.162 0.190 0.181 0.160 0.203 

Young's Modulus 

（MPa） 
3784.31 4008.94 4008.94 3341.65 3731.12 3435.65 3530.15 3752.38 3300.03 

 
Fig. 14 Comparison of experimental data and numerical 

results 

  
(a) Experimental results (b) Numerical results 

Fig. 15 The path of crack propagation 
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in the numerical model is closed. In addition, the change of 

the other pre-existing crack is not obvious during the 

numerical process, and no new cracks are generated from 

both ends of the pre-existing crack. By analyzing the stress 

graph or contour of No. 8 specimen in Fig. 16, combined 

with the fracture patterns of No. 3, 7, 8 and 9 specimens in 

Fig. 11, it can be found that no matter where the 

prefabricated crack is, when the α or β angle is 90°, the 

stress concentration does not generate at the end of the 

prefabricated crack, therefore no crack initiates and 

propagates from the end of the prefabricated crack. This 

indicates that if the angle of the prefabricated crack is 

consistent with the direction of the compression stress, the 

stress concentration will not generate at the end of the 

prefabricated crack. These numerical results described 

above are consistent with the experimental results. 

 

 

6. Conclusions 
 

In this paper, the longitudinal anisotropy of rock is 

considered in the modeling. The porosity of rock specimens 

was calculated based on CT data, and the relationship 

between porosity and Young's modulus was studied. The 

field variable method is used to determine the material 

properties of the numerical rock model. The initiation and 

propagation of cracks in rock specimens with prefabricated 

cracks were studied by cohesive element method. The 

numerical results are consistent with the experimental 

results, which verifies the cohesion element method and 

field variable method. Rock is an anisotropic medium. In 

practice, it is anisotropic in all directions. By establishing a 

three-dimensional reconstructed rock model to characterize 

the pore distribution, the anisotropy of rock in different 

directions can be considered in our future work. 

The cohesive element method in this paper can be used 

to predict rock engineering disasters such as rock collapse, 

landslide and ground collapse caused by crack propagation, 

which provides a powerful tool for reasonable selection of 

engineering technology. In this paper, the influence of the 

angle of the prefabricated crack on mechanical properties 

and fracture property of rock under compression are 

studied. The porosity of rock was obtained by CT scanning, 

and the relationship between porosity and Young 's modulus 

was established. Through the field variable method, the 

Young's modulus which changes with the spatial position is 

assigned to the rock model. Finally, based on the cohesive 

element method, the numerical analysis of the failure of the 

rock model with prefabricated cracks has been done. The 

conclusions are drawn as follows: 

(1) The prefabricated cracks reduce the mechanical 

properties of rock, the closer to each other the angles of 

prefabricated cracks is, the greater the Young 's modulus of 

rock samples are. 

(2) In the compression test, the failure process of each 

specimen with prefabricated cracks is formed by the initial 

crack initiation and propagation. The cracks expand in the 

bending path, and the expansion asymptote is far away from 

the axial loading direction. 

(3) Numerical results verify the effectiveness of the 

cohesive element method in this paper. The method adopted 

in this paper reflects the rock microstructure in the 

numerical model. 
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