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Abstract: Because of the danger of blasting to local underground rock-breaking engineering, the construction under complex 
environment is realized by using prefabricated crack drilling and static crushing technology. In order to predict the crushing 
effect, based on the cohesion element method, different hole spacing, prefabricated fissure length and surrounding rock are 
selected to carry out the numerical simulation study of static crushing prefabricated fissure borehole, the prediction models of 
fracture pressure and initiation pressure are established. 
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1. Introduction 
For underground rock engineering, blasting or mechanical 

rock breaking is often used. Although these two methods can 
crack rock, the problems of shock wave, vibration, dusty, 
toxic gases of blasting, serious wear of mechanical rock-
breaking equipment have seriously affected the construction 
efficiency. It is not suitable for underground rock breaking 
construction, so the static breaking technology is produced. 
The static crushing technology fills the static crushing agent 
slurry into the drilling hole of the broken material, and the 
volume expansion occurs through the hydration reaction, and 
the expansion pressure is produced, which causes the medium 
to break, the utility model has the advantages of no open fire, 
no vibration, stable performance, easy operation [1-3]. With 
the requirement of ecology, environment protection and 
safety in the construction process, and the restriction of 
blasting materials in some special circumstances, the static 
crushing technology is widely used in engineering.  

However, in the construction of large-scale compact hard 
rock, due to the limited expansion pressure of static breaker 
and uniform bearing pressure on the wall of circular borehole, 
the cracking pressure is relatively large. Therefore, pre-
cutting the borehole wall to form prefabricated fracture and 
form local stress concentration can effectively control the 
direction of crack propagation and reduce the pressure 
demand of crack initiation. Meanwhile, the effect and 
efficiency of fracturing can be greatly improved by 
simultaneously arranging several boreholes to form a 
fracturing network. Therefore, it is very significant to study 
the fracturing of rock with prefabricated fractures in actual 
construction. 

The study of crack is based on single crack model. Inglis 
proves the existence of tip stress concentration by calculating 
the stress distribution of plate with elliptical hole under the 
action of tensile stress, in a follow-up study, middle-aged men 
came up with the concept of Stress intensity factor, which 
became the basis of fracture criterion [4]. Griffith calculated 
the stress distribution based on Inglis by solving the elastic 
potential energy released by the elastic plate by integral 
method, and carried out experimental research using glass and 
ceramic materials, and obtained the Griffith Energy criterion 
based on energy for crack propagation [5]. Orowan then 

modified the Griffith energy criterion by further study [6]. 
From 1961 to 1986, Wells and Rice put forward the concepts 
of crack tip opening displacement criterion and J integral 
respectively, and applied them to the criterion of crack 
initiation [7-8]. Erdogan and Sih put forward the theory of 
maximum axial tensile stress by taking the maximum 
circumferential tensile stress as the cause of cracking, and 
considered that the crack will propagate along the direction of 
the maximum circumferential tensile stress after cracking [9]. 
Hussain et al through the study of composite fractures, used 
the energy release rate as a criterion for judging the initiation 
of cracks, namely the maximum energy release rate theory, 
and considered that cracks would propagate along the 
direction of the maximum energy release rate at the tip. Sih 
puts forward s criterion, which takes strain energy density 
factor as an index to judge the crack initiation and propagation 
direction [10]. Since then, many other fracture criteria have 
been proposed on the basis of these three classical fracture 
criteria [11]. 

The common methods of crack simulation include solid 
element deletion method [12], the extended finite element 
method (XFEM) [13], the virtual crack closure technique 
(VCCT) [14], cohesion element method [15], the discrete 
element method (DEM) [16]. However, the above-mentioned 
methods have some defects in the simulation of rock crack 
propagation. The solid element deletion method cannot 
simulate the contact slip between cracks because the element 
is deleted by setting the strength rule. XFEM can simulate the 
fatigue fracture of materials by inserting the initial crack, but 
its algorithm does not allow the crack to cross and cannot 
simulate the random propagation of rock crack. However, the 
cohesive force element method can set the nonlinear damage 
zone at the crack tip, avoid the stress singularity at the crack 
tip, and simulate the complex contact and interaction between 
cracks. 

This paper aims to investigate the characteristics of rock 
crack propagation are studied under the conditions of 
different pore arrangement parameters. As shown in Figure 1, 
due to the presence of in-situ stress in underground 
construction, the effect of vertical stress is also considered in 
this study. The research results are of great significance to the 
propagation and mechanism of static induced crack in 
underground rock mass. 
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2. Simulation Method of Rock Crack 
Propagation 

(1) Cohesion element method 
A Cohesive Element used to deal with problems such as 

Cohesive structures, material interfaces, and rock fracture. 
The thickness of cohesive element is nearly zero, so it can be 

embedded between solid elements flexibly, and the damage 
caused by external force can be limited to the cohesive 
element, while other elements are not affected. The crack 
initiation and propagation can be regarded as a gradual 
separation process between the cohesive element and the 
traditional solid element when the cohesive element is used to 
simulate the crack propagation. 

 

 
Figure 1. Process of generating zero-thickness cohesive elements at every solid element interface 

 
Fig.1 shows the process of generating a zero-thickness 

cohesion element in a solid element. The model consists of 
solid elements (green) and cohesion elements (blue). The 
algorithm used is written in Python, the cohesion element is 
generated by reading and modifying the model file. 
According to the modeling principle of the cohesive force 
model, the generation and propagation of crack are affected 
by the solid grid when the crack is simulated by this method, 
the grid should be divided into irregular grids. 

 

 
Figure 2. Diagram of stiffness calculation of connecting element  
 
As shown in Fig.2. When two solid elements are in series, 

their total stiffness K0 can be calculated by  
 

  (1) 

 
where Ks is the initial stiffness of the solid element. 
When a cohesive element is inserted between two solid 

elements,, the new total stiffness Ks′ can be calculated by  
 

 (2) 

 
Where Kc is the initial stiffness of the cohesive element. 
According to equation (2) and (2), the total stiffness is 

reduced because of inserting cohesive element. In order to 
avoid this affect, Kc should be much greater than Ks. 

(2) Traction-separation law 
When crack propagation is carried out with cohesive 

element, the damage of cohesive element is usually described 
by the traction-separation law. Fig.3 is a typical traction-
separation law response. The crack initiation and propagation 
are considered to be caused by the traction force between the 

top and bottom surfaces of the cohesive element. In the two-
dimensional model, the traction force includes the tensile 
stress and the shear stress. In this study, the tensile stress and 
the tensile strain are considered as positive values, and the 
compressive stress and the compressive displacement are 
considered as negative values. When the traction force is 
greater than the set strength of the material, the cohesion 
element begins to be damaged, and its stiffness decreases with 
the increase of the separation displacement of the element, 
and when the element is completely damaged, it shows that 
the cohesion element is completely invalid, the crack 
propagates forward. In the simulation of crack growth, the 
traction separation law can be divided into three stages: linear 
elastic stage (OA) , damage initiation stage (A) and damage 
evolution stage (AB). 

 

 
Figure 3. Typical traction-separation response 

 
Linear elastic stage (OA). n the two-dimensional model, the 

traction force can be divided into normal traction tn and shear 
traction ts. the elastic relationship can be represented as  

 

  (3) 

 
Where the K is the stiffness matrix of the element. 
Damage initiation stage (A). When tn <0, the damage of 

cohesive elements is caused by compressive stress which can 
be assumed to obey the Mohr-Coulomb criterion. When tn ≥0, 
the damage of cohesive elements begins when the nominal 
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stress ratios in the quadratic interaction function below 
reaches 1. The criterion is represented as  

 

  (4) 

 
Where the T is the tensile strength of cohesive elements. 
Damage evolution stage (AB). In this stage, the stiffness of 

the cohesive element will be decrease with the increase of the 
separation displacement. The damage variable D represent all 
damage of cohesive element. The initial value of D is zero and 
evolve to 1 with the traction force increasing. The evolution 
can be described as 

 

  (5) 

3. Numerical Simulation Process 
(1) The mechanical parameter and expansion pressure 

curve 
In this study, using C50 concrete parameter which obtain 

the required mechanical properties by uniaxial compression 
and Brazilian splitting tests, as shown in Table 1. 

 
Table 1. Table of rock parameters for numerical simulation 

Mechanical parameter Values 
Elastic modulus (GPa) 37.2 

Poisson’s ratio 0.2 
Cohesion of the solid element (MPa) 16.3 

Friction angle (°) 33 
Tensile strength, (MPa) 3.67 
Fracture energy (Pa·m) 12.25 

 
According to the standard test method, the static pressure 

curve of the crusher was obtained under laboratory conditions. 
The pressure curve can be divided into three stages: initial 
stage, rapid expansion stage and slow expansion stage. The 
maximum expansion pressure was 65.8mpa, and since the 
monitoring data fluctuated within a small range, the curve was 
fitted with Python, with a goodness of fit of 99.98%. 

(2) Test schemes 
According to previous research, rock crack propagation is 

affected by many factors. In this study, the initiation and 
propagation of SCA-induced crack in rock are studied by 
setting different hole spacing (L), prefabricated crack length 
(a) and confining pressure (σ). The value of those three factor 
is shown in Tab.2. 

 
 
Table 2. Numerical simulation drill hole layout parameter 

table 

 Ⅰ Ⅱ Ⅲ 
L/mm 700 1000  
a/mm 30 50 100 
σ/MPa 4 8  

4. Analysis of Numerical Simulation 
Results 

(1) Crack characteristics 
 

 
Figure 4. Numerical simulation results 

 
 
Fig 4 shows the four stages of crack propagation, including 

initiation, crack initiation, crack propagation and crack 
penetration. In the initial stage of fracturing, the static 
breaking agent is in the reaction stage, and almost has no 
expansion pressure. Due to confining pressure, there will be 
some stress concentration around the tip of borehole and 
prefabricated fracture The tensile stress at the tip of the 
precast crack increases with the increase of the expansion 
pressure in the hole. When the stress concentration reaches 
the failure condition of the material, the precast crack tip 
begins to crack, with the increase of the expansion pressure, 
the crack began to expand. Because of the free surface 
between the boreholes, the crack basically propagated along 
the borehole line until the two cracks penetrated. 

(2) Effect of prefabricated fracture length and confining 
pressure on initiation pressure P0. 

 

 

 
Figure 5. Initiation pressure of prefabricated fracture 

 
 
Because of the stress concentration at the crack tip, the 

crack initiation pressure is an important index to evaluate rock 
fracture. The bigger the crack initiation pressure is, the more 
difficult the rock fracture is. Figure 5 shows the expansion 
pressure at the beginning of the precast crack in a numerical 
simulation test. The results show that the initiation pressure 
decreases with the increase of the length of the precast crack 
and increases with the increase of confining pressure 
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Tade et al have studied and summarized the method for 
calculating the mode I Stress intensity factor at the crack tip 
of a symmetric crack in an infinite plate under internal 
pressure in a circular hole, as shown, by using the boundary 
collocation method [17]. The expression is as follows: 

 
 

(6) 

 
 
where λ is the fracture pressure coefficient, s= a/(a+R); R 

is the radius of round hole, mm; a is the length of precast 
fracture. 

When the prefabricated fissures pressure coefficient λ=1, 
the influence of confining pressure on initiation pressure is 
taken into account, the constant term of the formula is 
modified by Python function fitting, as shown in Equation (7). 

 
 

  (7) 

 
 

 
Figure 6. Test of predictive equation 

 
 
The test parameters were tested by Equation(7), as shown 

in Figure6, in which the maximum error value was 1.58 MPa, 
the minimum value was 0.05 MPA, the average difference 
value was 0.98 MPA, the error range was 2% ~ 11%, the 
average value was 3.2% , the error values are all within the 
acceptable range. 

(3) Fracture pressure (Pex) prediction equation 
Fig 7 shows the fracture pressure in the hole when the crack 

penetrates between the holes under different parameters. It 
can be seen from Fig.7 that: other conditions are the same, the 
through pressure increases with the increase of hole spacing 
and confining pressure, and decreases with the increase of 
precast fracture length. 

 

 
(b) L=700mm 

 
(c) L=1000mm 

Figure 7. The effect of L and a on crushing pressure 
 
Based on the through pressure obtained by numerical 

simulation, the predictive equations relating to the through 
pressure and hole spacing, prefabricated fracture length and 
confining pressure are obtained by data fitting, as shown in 
Equation (8). 

 

  (8) 

 
The maximum difference between the predicted value and 

the simulated data calculated by Equation (14) is 3.56 MPa, 
the minimum difference is 0.025 MPa, the average difference 
is 0.968 MPa, and the difference is within the acceptable 
range. 

5. Conclusion 
In order to improve the effect of SCA on rock cracking, the 

crack initiation and propagation under different hole spacing, 
prefabricated crack length and confining pressure are 
simulated by using cohesive element method, based on the 
previous theoretical research, the prediction equations of 
fracture pressure and breakthrough pressure are summarized: 

(1) The initiation pressure P0 can be used as an effective 
index to evaluate the difficulty of rock fracturing. For the 
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rocks with high initiation pressure, the initiation pressure can 
be reduced by increasing the length of the prefabricated 
fracture, so as to improve the fracturing effect. The prediction 
formula for the initiation pressure is 

 

  (9) 

 
(2) Basing on the analysis of the hole distribution 

parameters, it is shown that the hole spacing, the length of the 
prefabricated crack and the confining pressure affect the inter 
hole penetrating pressure: with the increase of the hole 
spacing, the edge length of the crack growth length is longer, 
a larger fracture pressure is required to form an influence zone 
to promote crack growth; at the same expansion pressure, a 
crack can be formed at the tip of the prefabricated crack, thus 
promoting faster crack growth and thus reducing the demand 
for expansion pressure. The prediction formula for the 
through pressure is 

 

  (10) 

 
(3) In actual construction, the physical and mechanical 

parameters of in-situ rock stress and fracturing rock can be 
obtained by field test and laboratory test, and the cracking 
pressure and fracture pressure can be predicted by the formula, 
the expansion pressure for fracturing the rock is calculated by 
choosing suitable hole spacing and prefabricated fracture 
length, and is verified by numerical simulation based on the 
selected parameters. 
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