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1. Introduction 
 

Study on crack propagation is of great importance to 

analyze the stability of rock masses (Haeri et al. 2013, 

2014, 2015, Mohammadi et al. 2015, Liu et al. 2016, 

Wang et al. 2016), and there is no doubt that numerical 

simulation is an effective method for it (Haeri et al. 2013, 

2014, 2015, Behnia et al. 2014). By now, various kinds of 

numerical methods for simulating crack propagation have 

appeared (Zhou et al. 2015, Yang et al. 2012, Zhou et al. 

2014), including meshless methods (Asphaug 1995, 

Rabczuk and Zi 2007), DMM (Scavia 1999, Vasarhelyi and 

Bobet 2000), EFG (Belytschko and Lu 1994), SPH 

(Nirouman et al. 2016, Libersky et al. 1993), DEM (Vesga 

et al. 2008), PFC (Yoon 2007, Zhang and Wong 2012, Lee 

and Jeon 2011). They are adopted to simulate the growth of 

crack and have gotten certain useful results, while, some of 

them have their own shortcomings, for example, the EFG 

method must add a lot of nodes along crack growth paths 

and the SPH method has difficulty in accurately simulating 

the coalescence process of cracks, and so on. 

DDA is originally proposed by Shi G.H. (1998, 1999), 

which combines the advantages of FEM 

and DEM method. It can not only obey the rigorous 

mathematical theory but also simulate the large deformation 

or large displacement, and widely used in analyzing rock 

masses’ stabilities. Based on the framework of DDA, a new  
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discontinuous deformation analysis method for rock failure 

(DDARF) is put forward by Jiao and Zhang (2010, 2007), 

in order to describe the whole failure process of rock mass, 

especially for the intermittent jointed rock mass. In this 

method, the block boundary is defined as artificial joint, 

when the artificial joint reaches its ultimate strength, it will 

become to be real joint and its mechanical parameters will 

decrease accordingly.  

It is no more than 10 years since DDARF appeared, 

although it can well describe the crack propagation process, 

yet, it still has some algorithms needing to be improved. 

This paper is mainly focused on the pre-treatment modeling 

programs and convergence programs, and thus to improve 

DDARF’s simulation efficiency and precision. With these 

modified algorithms, influences of joint angle, joint 

parameters and side pressure coefficient on crack 

propagation will be analyzed. 

The paper is organized as follows. In Sect. 2, the 

fracturing mechanism of DDARF is demonstrated and some 

of its shortcomings are briefly outlined. Modified 

algorithms with respect to the pre-treatment modeling 

(including AutoCAD-DDARF coupled modeling program 

and ANSYS-DDARF coupled modeling program) and the 

calculation convergence criterion are proposed in Sect. 3. 

Influences on crack propagation of joint angle, joint 

parameters and side pressure coefficient are analyzed in 

Sect. 4. And conclusions are summarized in Sect. 5. 

 

 

2. Background 
 

DDA has three main features: (1) displacements’ first-
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order approximation, (2) the principle of minimum potential 

energy, and (3) kinematic conditions of no embedding and 

no stretching. DDARF is a modified software based on 

DDA (Jiao et al. 2014, 2015), besides all the characteristics 

of DDA and meanwhile it also has its own traits: (1) study 

domain is subdivided into multiple triangular blocks, (2) 

blocks’ mechanical parameters are of Weibull distribution; 

(3) blocks’ boundaries offer paths for crack propagation. 

 

2.1 Fracturing mechanism of DDARF 
 

When the study domain is divided into triangular 

blocks, boundary will be generated, which provides the 

possible path for crack propagation. The block boundary is 

defined as artificial joint, where adding a set of springs, one 

is normal and the other is tangential. And normal spring 

should obey the maximum tensile stress criterion (Eq. (1)), 

tangential spring should obey the Mohr-Coulomb criterion 

(Eq. (2)).  

0nf T l 
 

(1) 

tannf cl f  
 

(2) 

where fn and fτ are contacting force of the normal spring and 

the tangential spring, respectively. T0 is the axial tensile 

strength of rock mass, C is the cohesion of rock mass, φ is 

the friction angle of rock mass, and l is the contacting 

length. 

The artificial joint is considered to have characteristics 

of viscous cracks (Fig. 1), and thus the constitutive model 

of normal spring in DDARF can be modified as 
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where k1 is the stiffness of contacting springs, d is block’s 

opening displacement, d0 is the opening displacement when 

the normal cohesion reaches its maximum tensile strength, 

and dc is the opening displacement when the normal 

cohesion becomes zero. 

 

 

 
Fig. 1 Fracturing process of sticky crack model 

When d≤d0, the contacting sub-matrices can be 

expressed as 

 

(4) 

and when d>d0, the contacting sub-matrices can be 

expressed as 
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If the block’s opening displacement is too large and it 

reaches dc, the bonding force of springs will fail, then, the 

artificial joint is converted into real joint (Jiao et al. 2010). 
 

2.2 Shortcomings of DDARF’s original programs 
 

2.2.1 Pre-treatment modeling program 
In DDARF, calculation model is established by the DL 

program and the DC program. The function of DL program 

is to generate random joints network and the function of DC 

program is to generate triangular blocks, as well as store all 

the geometrical information. In the modeling process, 

caverns must have regular geometrical shapes, such as 

circle, rectangle, horseshoe, etc. The original program can 

hardly simulate caverns with irregular corners or random 

joints, and simulation cannot be guaranteed to succeed 

every time. In a word, only simple models can be generated 

by the original pre-treatment modeling program. 
 

2.2.2 Calculation convergence algorithm 
In the original numerical simulation, users stop one 

calculation usually by inputting time steps, it has big 

subjectivity and the accuracy mainly depends on numerical 

experience of the operators. From this perspective, it is 

necessary to establish a reasonable convergence criterion 

which can judge system’s equilibrium automatically. At the 

same time, influences of the super relaxation factor on 

calculation convergence have never been analyzed, while, 

as a matter of fact, the super relaxation factor may 

determine the convergence speed and even whether the 

program converges or not. 
These above two shortcomings of DDARF have reduced 

its calculation precision and efficiency, so it is urgent to find 
new algorithms to overcome the disadvantages and thus 
promote DDARF’s simulation on crack propagation. 
 

 

3. Modified algorithms 
 

3.1 Coupled modeling program 
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Calculation model can be established in another 

software and then imported into DDARF, it is a good way 

to improve the modeling efficiency. Herein, two modeling 

software is introduced and their modeling methods are 

presented in details. 

 

3.1.1 AutoCAD-DDARF modeling methods 
As a drawing tool, AutoCAD has great drawing 

function, easily to use and develop. Users can profile an 

.ARX file in the VC++ environment, it shares the common 

codes with original AutoCAD. In the .ARX file, we could 

define our own algorithms, such as methods to generate 

various kinds of lines, points or joints, etc. Among them, 

random joints would be generated by the Monte-Carlo 

method, with four geometrical distributions defined, 

including Uniform Distribution, Fixed Distribution, 

Exponential Distribution and Normal Distribution. 
One advantage of this method is that we can adjust 

model’s unbefitting lines or points easily, such as numbers 

or locations of the random joints. In DDARF, when the total 

lines are more than 200, the computation would hardly 

continue, then joints’ density far away from cavern (Fig. 

2(a)) needs to be reduced. In the same way, if one cavern 

has some strange corners and then cannot be established 

with the original program, it also can be drawn in AutoCAD 

(Fig. 2(b)). All figures drawn in AutoCAD can be imported 

into DDARF by the .ARX file. It should be noted that, this 

method can only generate model’s figure, and its grids still 

need to be divided in DDARF itself. 

 

 

 
(a) Model with adjusted joints’ density 

 
(b) Model with multiple caverns and corners 

Fig. 2 Calculation model established from AutoCAD to 

DDARF 

 

Fig. 3 Calculation model established from ANSYS to 

DDARF 

 
 

3.1.2 ANSYS-DDARF modeling methods 
As a general finite element analysis method, ANSYS 

has very strong modeling function with higher visualization. 

In ANSYS, model with complex shapes can be divided into 

multiple sub-parts and every sub-part may have different 

grid density according to needs. For example, areas with 

large data gradient would have dense grids, and areas with 

small data gradient may have relatively sparse grids. 

Relationship between the total grid scales and calculation 

efficiency can be well optimized by this method. Based on 

advantages of ANSYS modeling program, DDARF’s 

calculation model can be gotten indirectly, as shown in Fig. 

3 (Wang 2014), and this modeling method is as follows in 

detail. 
(1) Calculation model is established and divided into 

multiple grid elements in ANSYS. 

(2) Information of model’s nodes and elements can be 

read in ANSYS, and saved as separate files. The nodes and 

elements have their own number, and the number must be 

counterclockwise. 

(3) APDL file is compiled and then the coupled program 

of ANSYS-DDARF is built, all the information of model’s 

nodes and elements can be called, and at the same time 

model’s boundary lines and other geometrical information 

are defined. 

  It should be noted that, what gotten in this modeling 

method is only nodes’ displacement information, rather than 

element centers’ displacement variables, as a result, before 

calling the model from ANSYS, all the sub-matrixes and 

their contributions to the overall equilibrium equations 

should be firstly re-derived, and then compiled into the DF 

file (DDARF’ computation file). 

In a word, AutoCAD-DDARF modeling method and 

ANSYS-DDARF modeling method can improve the 

modeling efficiency with their own characteristics, while, 

they still have their common points, what they can adjust is 

only the geometrical figures, and they both cannot change 

DDARF’s algorithms, that is to say, based on these two 

modeling methods, modified DDARF is still a 

discontinuous deformation analysis for rock failure. 
 

3.2 Calculation convergence and affection by the 
super relaxation factor 
 

3.2.1 Theory on calculation convergence 
The original program of DDARF cannot judge whether 

a system balances or not automatically, it usually terminates 

the computation by inputting time steps, and this has big 
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subjectivity. Calculation accuracy depends largely on the 

experience of operators. Suitable time steps can guarantee 

that the solving does not float near the true solution. If time 

steps are too little, the system will fail in advance, while, if 

time steps are too much, it will reduce the simulation 

efficiency. Appropriate convergence criterion can ensure the 

calculation accuracy and efficiency simultaneously. Many 

parameters can be used as the criterion parameters, such as 

displacement or the maximal unbalanced force, here, in 

order to operate simply and strongly, a displacement 

convergence criterion, reliable and widely used in other 

numerical methods, is adopted in DDARF. 
When a block system tends to be stable, the 

displacement difference of adjacent two time steps will also 

tend to be zero. Assuming that a block system includes m 

blocks, the displacement of block i at time-step n is Di
n
, its 

displacement difference is ΔDi
n
, and then the displacement 

convergence criterion can be presented as 

n

i

n

i

D

D





 

(7) 

where ɛ is preferred to be 10
-5

-10
-2

, according to needs. Of 

course, Di
n
 and ΔDi

n
 can be replaced by other variables, 

such as stresses, which mainly depend on research purpose. 

DDARF’s computation uses the Successive Over 

Relaxation method (SOR), it requires lower computer 

storage and thus can reduce the computation load greatly. 

kkk rxx 1

 (8) 

where, nk ,2,1,0  , which is the iteration number, ω is 

the super relaxation factor and in the SOR method, ω>1. 

For the same equation, the super relaxation factor has 

prodigious influence on the computation stability, if the 

super relaxation factor is improper, it will affect the 

calculation convergence and even lead to non-convergence. 

 

3.2.2 Engineering application 
An underground cavern is to be excavated and there are 

two groups of random joints. Joints’ direction, length and 

spacing respectively obeys Normal Distribution, Uniform 

Distribution and Exponential Distribution, their geometrical 

information is shown in Table 1. Size of calculation model 

is 50 m×35 m (width×height) and size of cavern is 10 m×15 

m (width×height). Take those modified algorithms into the 

discontinuous deformation analysis, including the 

AutoCAD-DDARF modeling method and the displacement 

convergence criterion. At the same time, influence on 

convergence of the super relaxation factor is considered and 

ɛ is taken to be 10
-3

. Calculation model established by 

AutoCAD-DDARF is shown in Fig. 4 and the numerical 

parameters are presented in Table 2. 
 

 

Table 1 Geometrical parameters of random joints 

random 

joints 

joint 

space/m 

joint length/m joint direction/(°) 

mean 

value 
square error mean value square error 

1 4 8 3 60 5 

2 4 8 2 120 8 

 

Fig. 4 Underground cavern model established from 

AutoCAD to DDARF 

 

Table 2 Numerical parameters of calculation model 

classes 
density 

/(g/cm3) 

elastic 

modulus/GPa 

poisson’s 

ratio 

friction 

angle/(°) 

cohesion/

MPa 

tensile 

strength/ 

MPa 

rock mass 2.61 20 0.25 30 5 1.8 

virtual joint - - - 30 5 1.8 

real joint - - - 30 0 0 

 

 
Note: “—” represents that the calculation can’t compute and 

“sor” represents the super relaxation factor. 

Fig. 5 Surrounding rock masses’ crack propagation 

versus convergence steps 

 

 
When the computation is converged, the total time steps 

and surrounding rock masses’ crack propagation are 

different as the super relaxation factor changes, as shown in 

Fig. 5. 
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(a) sor=1.1 

 
(b) sor=1.2 

 
(c) sor=1.3 

 
(d) sor=1.4 

 
(e) sor=1.5 

 
(f) sor=1.6 

Fig. 6 Displacements of cavern’s key points with 

different super relaxation factors 

 
(g) sor=1.7 

 
(h) sor=1.8 

Fig. 6 Continued 

 

 

As it can be observed, cavern’s vault and floor can be 

affected greatly by excavation and the propagated cracks 

are mainly concentrated in these two parts. When the super 

relaxation factor values in the range of 1.4-1.8, computation 

results are relatively stable and the crack propagation has 

little changes, which are in line with the numerical 

experience. When the super relaxation factor is less than or 

equal to 1.3, numerical simulation becomes coarse and this 

calculation will have lower accuracy. While, when the super 

relaxation factor is greater than or equal to 2.0, the 

calculation cannot converge. 

Midpoints of cavern’s vault, floor, left and right walls 

are taken to be key points, and when calculation converges, 

the key points’ displacements are shown in Fig. 6. 

Fig. 6 indicates that, there are little displacement 

differences when the super relaxation factor changes from 

1.4 to 1.8, the maximum displacement occurs at the vault 

and floor of this cavern, reaches 25mm or so. When the 

super relaxation factor values in the range of 1.4-1.8, 

computation results are relatively stable, and in good 

agreement with that of crack propagation. In this analysis, 

the reasonable value range of super relaxation factor is 

considered to be 1.4-1.8. 

In addition, crack propagation of cavern’s vault and 

floor is obvious at this stress state, and their displacements 

are also relatively large, hence, some appropriate support 

measures should be taken to ensure the stability of 

surrounding rock masses. 

  
 

4. Numerical simulation on crack propagation 
 

On the basis of those above studies, influences of joint 

angle, joint parameters and geo-stresses’ side pressure on 

rock masses’ crack propagation are analyzed. In the 

following numerical studies, the super relaxation factor is 

taken to be 1.5. 
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(a) Horizontal mixer (b) Molds for specimen 

  

(c) Standard curing box (d) Specimen successfully 

made 

Fig. 7 Molds and specimen made 

 

 

Fig. 8 GAW-2000 rigid testing machine 
 

 

4.1 Influence on crack propagation of joint angle 
 

To verify the modified algorithms of DDARF, a set of 
laboratory tests for crack propagation with different joint 
angles are firstly done. In the laboratory test, river sand, 
portland cement, water-reducing agent and water are chosen 
as the specimen materials according to multiple ratio-
analyses, their quality ratio is 0.8:1:0.03:0.3. Joint is made 
of polyvinyl chloride (PVC), its length is 15 mm and the 
thickness is 0.5 mm. Size of the specimen is 70 m×45 
m×140 m (length×width×height), it would be maintained 
for 1-2 weeks or so in a standard curing box, in order to 
improve the strength of specimen. The molds and specimen 
made are shown in Fig. 7. 

Restricted by the molds, joint angle can only make to be 
30°, 45° and 60°. Take none-joint specimen, one-joint 
specimen, three-joint specimen and five-joint specimen for 
example, the laboratory test and numerical simulation are 
both done and their differences on crack propagation are 
compared. Laboratory test is done with the GAW-2000 
testing machine (shown in Fig. 8), controlled by 
displacement with the rate of 0.1 mm/min, its whole process 
of crack propagation is recorded by a DV camera. And 
numerical simulation is based on the mechanical results 
gotten by this laboratory test, they have the same physical 
and mechanical conditions. In the meantime, AutoCAD-
DDARF modeling method and displacement convergence 
criterion are used in the numerical simulation. Results of the 
laboratory test and numerical simulation are shown in Fig. 
9. 

None-joint One-joint Three-joint Five-joint 

    
Laboratory test 

    
Numerical simulation 

 

(a) Crack propagation of specimen 

 
(b) Stress-strain curves of specimen 

Fig. 9 Results of the laboratory tests and numerical 

simulations 

 

 
(a) Numerical model 

 
(b) Crack propagation 

Fig. 10 Crack propagation of specimen with different 

joint angles 
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Fig. 9 shows the high consistency of laboratory test and 

numerical simulation, their cracks possess the similar 

propagating shapes and scales, meanwhile, their stress-

strain curves all have the obvious elastic-brittle 

characteristics. This similarity proves the feasibility and 

rationality of those modified algorithms of DDARF. On the 

basis of these modified algorithms, the following will give 

studies on crack propagation with different joint angles, 

shown in Fig. 10. 

Fig. 10 shows that, when the joint angle is equal to 0°, 

15°, 75°, or 90°, specimen’s secondary cracks arise and 

propagate with the increase of axial load. While influences 

of original joints can be negligible and there are no wing-

cracks. When the joint angel is equal to 30°, 45°or 

60°especially 30°and 45°, some secondary cracks also exist 

but influences of original joints become large, and 

meanwhile, there are obvious wing-cracks, their 

propagating directions are parallel to that of the maximum 

principal stress. So, if there are multiple joints with angel of 

30°or 45°in the surrounding rock masses, the split-fracture 

would appear and should be paid attention. Mohr-Coulomb 

constitutive model may be no longer reasonable, and the 

split constitutive model or the plate-crack structure theory 

will be more appropriate to analyze rock masses’ stabilities. 

In a word, when the joint angle is equal to 0°, 15°, 75°, or 

90°, secondary cracks should be prevented and when the 

joint angle is equal to 30°, 45°or 60°especially 30°and 45°, 

original joints’ wing-cracks should be paid more attention. 
 

4.2 Influence on crack propagation of joint 
parameters 

 

In order to analyze joint parameters’ influence on crack 

propagation, a calculation model with two parallel joints is 

established by AutoCAD-DDARF modeling method. The 

total grid number is 1200, its size is 70 m×140 m 

(width×height), two joints’ lengths are both 20 mm and the 

angles are both 30°, these two joints are alignment and their 

vertical spacing is 25 mm, which is shown in Fig. 11. The 

numerical model is compressed by the axial force and 

calculate with 250 steps, its physical and mechanical 

parameters are presented in Table 3.  
 

 

 

Fig. 11 Calculation model with two parallel joints 
 

Table 3 Mechanical parameters of numerical simulation 

classes 
density 

/(g/cm3) 

elastic 

modulus/GPa 

poisson’s 

ratio 

friction 

angle/(°) 

cohesion/

MPa 

tensile 

strength/ 

MPa 

rock mass 2.61 15 0.15 56 2.5 5.8 

virtual joint - - - 35 2.0 3.5 

Table 3 Continued 

classes 
density 

/(g/cm3) 

elastic 

modulus/GPa 

poisson’s 

ratio 

friction 

angle/(°) 

cohesion/

MPa 

tensile 

strength/ 

MPa 

real joint - - - 30 0 0 

 

  
(a) φ=0.5φ (b) φ=0.7φ 

  

(c) φ=1.0φ (d) φ=1.25φ 

 
(e) φ=1.5φ 

Fig. 12 Sensitivity analysis of friction angle on crack 

propagation 
 

 

Meanwhile, joints’ parameters are multiplied by 0.5, 

0.75, 1.0, 1.25 and 1.75 times of that in Table 3 and the 

sensitive influences of friction angel ϕ, cohesion c and 

tensile strength t on crack propagation are summarized, 

numerical results are shown in Figs. 12, 13 and 14, 

respectively. 
As it can be seen from Fig. 12, as friction angle changes, 

scales and forms of propagating cracks change accordingly. 
When the friction angle is equal to 0.5 times by that in 
Table 3, the specimen has been completely broken, while as 
the friction angle increases, the specimen’s damage degree 
is controlled obviously and when the friction angle reaches 
1.5 times by that in Table 3, the specimen will keep intact 
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and there are no cracks. Therefore, increase of friction angle 
can inhibit propagation of both secondary cracks and wing-
cracks effectively. 

 
 

  
(a) c=0.5c0 (b) c=0.7c0 

  
(c) c=1.0c0 (d) c=1.25c0 

 
(e) c=1.5c0 

Fig. 13 Sensitivity analysis of cohesion on crack 

propagation 

 

  
(a) t=0.5t0 (b) t=0.7t0 

  
(c) t=1.0t0 (d) t=1.25t0 

Fig. 14 Sensitivity analysis of tensile strength on crack 

propagation 

 
(e) t=1.5t0 

Fig. 14 Continued 

 

 

Fig. 15 Numerical model of underground cavern without 

joints 

 

Table 4 Mechanical parameters of numerical model 

Classes 
Density 

/(g/cm3) 

Elastic 

modulus/GPa 

Poisson’s 

ratio 

friction 

angle/(°) 

cohesion/

MPa 

tensile 

strength/ 

MPa 

Rock mass 2.65 20 0.25 45 6.5 6.8 

Virtual joint - - - 36 4.6 5 

 
 

Fig. 13 shows that crack propagation is limited 

gradually along with the increase of joints’ cohesion. While 

compared to Fig. 12, it should be noted that joints’ cohesion 

mainly controls secondary cracks’ propagation, and it has 

minor influence on original joints’ wing-cracks, propagating 

direction of wing-cracks is still parallel to the axial 

direction. 

It shows up in Fig. 14, inhibition on crack propagation 

of tensile strength is as the same as that of the cohesion, and 

similarly, increase of tensile strength can greatly control 

propagation of the secondary cracks, while has little 

influence on the wing-cracks. 

Improving joints’ strength can effectively control crack 

propagation and thus ensure the stability of rock masses. 

From all the changes of cracks’ scales, quantities and forms, 

we can get it that friction angle’s sensitivity on crack 

propagation is the biggest, followed by the cohesion, and 

the last one is joints’ tensile strength. 
 

4.3 Influence on crack propagation of geo-stresses’ 
side pressure 

 

Geo-stresses’ side pressure cannot be ignored and it 
usually has great influence on stabilities of rock masses. 
Here, underground cavern engineering with different joints’ 
distributions are studied, in order to analyze the influence of 
geo-stresses’ side pressure on surrounding rock masses’ 
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crack propagation. 
 
4.3.1 Underground cavern without joints 
A cavern is deep in 400 m or so, its excavation size is 10 

m×15 m (span×height), and the computing model’s size is 

50 m×35 m (length×height), there are no obvious joints in 

the calculation model, as shown in Fig. 15. Force focused 

on the calculation model is mainly gravity of rock masses, 

and geo-stresses’ side pressure coefficient is taken to be 

K0=0.5, K0=1.0 and K0=1.5, to analyze its influence on 

crack propagation. This cavern is excavated with three 

average steps and the mechanical parameters are presented 

in Table 4, the numerical converged results are shown in 

Fig. 16. 

 

 

 
(a) K0=0.5 

 
(b) K0=1.0 

 
(c) K0=1.5 

Fig. 16 Surrounding rock masses’ crack propagation of 

cavern without joints 

 

  
(a) Multi-scale grid model A (b) Uniform grid model B 

Fig. 17 Calculation model of cavern excavation 

Fig. 16 gives the obvious results that, when geo-stresses’ 

side pressure coefficient is equal to 0.5, propagated cracks 

are almost concentrated in both sides of this cavern, there 

are no secondary cracks in the vault or floor. When geo-

stresses’ side pressure coefficient is equal to 1.0, cracks 

appear in all directions of surrounding rock masses, and 

there are no distinct difference in every direction. When 

geo-stresses’ side pressure coefficient is equal to 1.5, 

propagating area is converted from the left and right sides to 

the vault and floor, cavern excavation’s influence on the 

vault and floor is much bigger than that on both sides. In 

other words, as the increase of K0, cracks propagate 

gradually from both sides to the vault and floor of this 

cavern. 

 

4.3.2 Underground cavern with parallel joints 
A set of parallel joints are in the calculation model, 

joints’ lengths are all 2m and their angles are all 45°. Multi-

scale grid meshing method and uniform grid meshing 

method are used to establish this calculation model (Zhu et 

al. 2014). In multi-scale grid model A, areas around the 

cavern have dense grids and their grid densities are almost 

two times as that of areas far away, the total grid number is 

5000, shown in Fig. 17(a). In uniform grid model B, its grid 

density is the same as that of the dense grid areas in model 

A, while its total grid number is up to 8000, shown in Fig. 

17(b). These two models’ geometrical parameters are the 

same as those of calculation model in Fig. 15, and their 

mechanical parameters are shown in Table 5. 

Cavern excavation still uses three steps and the 

numerical results of crack propagation with different geo-

stresses’ side pressure are shown in Fig. 18. 

As shown in Fig. 18, for the cavern with parallel joints, 

influence of geo-stresses’ side pressure on crack 

propagation is the same as that of cavern without joints. As 

the increase of K0, cracks also propagate from the left and  
 
 

Table 5 Mechanical parameters of parallel joints model 

Classes 
Density 

/(g/cm3) 

Elastic 

modulus/GPa 

Poisson’s 

ratio 

Friction 

angle/(°) 

Cohesion

/MPa 

Tensile 

strength/ 

MPa 

Rock mass 2.65 20 0.25 45 6.5 6.8 

Virtual joint - - - 36 4.6 5 

Real joint - - - 30 0 0 

 

 
(a) K0=0.5 

Fig. 18 Crack propagation of surrounding rock mass with 

different geo-stresses’ side pressure 
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(b) K0=1.0 

 
(c) K0=1.5 

Fig. 18 Continued 

 

 

right sides to the vault and floor. Even when the K0 is equal 

to 1.5, the scales and quantities of cracks caused by original 

parallel joints are smaller than those of cracks in the vault 

and floor. Under this condition, influence on crack 

propagation of geo-stresses’ side pressure is bigger than that 

of original joints. 

 

4.3.3 Underground cavern with random joints 
Compared to calculation model with parallel joints, the 

only difference of this cavern is that its joints are random. 

Joints’ geometrical parameters are taken to be the same as 

Table 1. The length obeys Uniform Distribution, angle 

obeys Normal Distribution and spacing obeys Exponential 

Distribution. Calculation model is shown in Fig. 19 and 

numerical results are shown in Fig. 20. 

 

 

 

Fig. 19 Random joints model established in AutoCAD 

 
(a) K0=0.5 

 
(b) K0=1.0 

\  

(c) K0=1.5 

Fig. 20 Crack propagation of surrounding rock mass with 

different geo-stresses’ side pressure 
 

 

Fig. 20 shows that, cracks’ propagating law cannot be 

changed by geo-stresses’ side pressure. In the surrounding 

rock masses of this cavern, they all have three parts (the 

dashed circle lines shown in Fig. 20) with relatively dense 

cracks. Cavern excavation mainly leads to crack 

propagation in these three parts, where release energy and 

keep the balance of rock masses. Meanwhile, the influence 

of cavern excavation in other areas can be ignored. So, if 

there are several random joints in surrounding rock masses, 

crack propagation will be largely affected by parameters of 

random joints, rather than geo-stresses’ side pressure. 
In a word, if there are no joints or joints can be ignored, 

influence of geo-stresses’ side pressure on crack 
propagation will be great. As K0 increases, cracks will 
propagate from cavern’s both sides to the vault and floor. 
While if there are obvious joints, crack propagation will be 
affected by joints’ distributions and parameters more, 
compared to geo-stresses’ side pressure. 
 

 

5. Conclusions 
 

Some modified programs of DDARF to simulate crack 

propagation are presented in this paper, new modeling 
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methods such as AutoCAD-DDARF and ANSYS-DDARF 

coupled algorithms are formed, and its own calculation 

convergence criterion is also established. Based on these 

modified algorithms of DDARF, influences of joint angle, 

joint parameters and geo-stresses’ side pressure on crack 

propagation are analyzed, major conclusions include: 

• Wing-cracks usually propagate with joint angle of 30°, 

45° or 60°, and parallel to the maximum stresses’ direction. 

Rocks are relatively safer with joint angle of 0°, 15°, 75°, or 

90°and the propagating cracks are mainly secondary cracks, 

rather than wing-cracks. 

• Joints’ friction angle has the greatest sensitivity on 

crack propagation of rock masses, followed by the 

cohesion, and the last one is joints’ tensile strength. 

• If there are no joints or joints are not obvious, cracks 

will propagate from cavern’s both sides to the vault and 

floor as geo-stresses’ side pressure increases. While, if the 

joints cannot be ignored, crack propagation will be largely 

affected by joints’ distributions and parameters. 
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