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Abstract

:

The original DDARF (discontinuous deformation analysis for rock failure) can only generate uniform grids, and the increase in the number of grids reduces the efficiency of calculation, which limits the use of DDARF in large-scale geotechnical engineering. This is a problem that needs to be solved in the original DDARF. A new method is proposed in this paper to optimize the generation of grids in DDARF, and the optimized DDARF can generate heterogeneous grids. The model of the Brazilian disc-splitting experiment was established by using the optimized DDARF, fine grids were generated in the crack propagation region of the model, andsparse grids were generated at the edge of the model. The simulation results show that the Brazilian disc-splitting experiment simulated by the optimized DDARF is more consistent with the physical experiment than the original DDARF. The optimized DDARF and the original DDARF were used to generate a heterogeneous grid model and a uniform grid model, respectively, to simulate the uniaxial compression experiment. Through the analysis of the experimental results, it can be concluded that the optimized DDARF is more accurate in simulating the cracking and propagation of joints in rock blocks, the results of optimized DDARF are more consistent with the simulation results of other software, and the computational efficiency of the optimized DDARF simulation experiment is much higher than that of the original DDARF at the same time.
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1. Introduction


A rock mass not only contains intact rock but also discontinuous structural planes. The rock mass mechanical properties are controlled by both the rock and the structural planes, often showing the characteristics of non-uniformity, discontinuity, anisotropy and multiple phases [1,2,3,4]. The existence of structural planes greatly weakens the mechanical properties and stability of a rock mass. The deformation and strength properties of discontinuity often play a controlling role in the deformation and stability of a rock mass [5,6,7]. A large number of facts show that the instability of geotechnical engineering takes the crack expansion inside a rock mass as the breakthrough point, causing large deformation and displacement of the rock mass and leading to the occurrence of disasters and accidents (p. 1, [8]). Consequently, it is very significant to research the initiation, propagation and connection of fissuring in rock mass to reveal the failure mechanism of rock masses and to evaluate the safety and reliability of geotechnical engineering (pp. 1–2, [8]), [9,10,11,12]. In practical engineering, it is difficult to obtain an analytical solution owing to the heterogeneity of rock mass, the nonlinear constitutive relationship of rock mass, the discontinuity caused by discontinuities of rock mass and the complexity of boundary conditions, and the approximate solution can only be obtained by numerical analysis (pp. 206–208, [13]), therefore, numerical simulation and digital rock technology are playing increasingly important roles in the study of rock properties, and many scholars have obtained important conclusions by using these methods [14,15,16,17].



The deformation and failure of rock masses occur through discontinuous deformation. A discontinuous numerical method—discontinuous deformation analysis (DDA)—which can fully consider the discontinuity of a rock mass has been proposed and can be used to simulate the discontinuous deformation and large displacement motion of massive rock masses [18,19]. Based on the DDA method, an analysis method for the failure process of discontinuous jointed rock masses—discontinuous deformation analysis for rock failure (DDARF)—has been constructed and can be used to simulate the entire process of crack initiation, expansion, convergence and connection in jointed rock masses, opening up a new way to simulate the entire failure process of rock masses (p. 132, [8]), [11,20].



In numerical simulation, as the number of grids in the model increases, the accuracy of calculation increases, but the efficiency of calculation decreases [9,21,22,23,24]. However, the DDARF program can only generate uniform grids in the process of establishing the model. In order to achieve the calculation accuracy requirements, DDARF needs to generate a large number of grids, which not only increases the amount of calculation required but also reduces computational efficiency and can even sometimes lead to the failure of the calculations. These characteristics of DDARF limit its use in large-scale geotechnical engineering [25,26]. In order to balance the accuracy and efficiency of calculation, the authors optimized the grid generation of DDARF so that it could generate heterogeneous grids; dense grids were generated at the preset joints, and sparse grids were generated far away from the preset joints, which not only ensured the accuracy of calculation but also improved the efficiency of calculation.



The DDARF method is based on the improved DDA method, which is used to solve the failure problem of the discontinuous jointed rock mass. In this method, the computational region is automatically divided into triangular block elements by the traveling wave method, and the block boundary is divided into the real joint boundary and virtual joint boundary. For all joints in the model, they are defined as virtual joints when they fail to reach the fracture failure criterion. After the strength reaches the fracture failure criterion in the calculation process, they are transformed into real joints to form cracks, and the real joint strength parameters are assigned to them. The crack propagation is carried out along the virtual joints and in accordance with the criterion of interfacial fracture. The deformation and failure process of discontinuous joints can be considered as the cracking, expansion and penetration of virtual joints. In this process, the mechanical properties of virtual joints (cohesion, internal friction angle, tensile strength) are weakened and the overall strength of discontinuous joints is reduced. Therefore, the DDARF method can simulate the whole process of crack initiation, propagation, penetration and rock fragmentation and can be applied to complete rock, discontinuous jointed rock mass and even completely discontinuous rock mass and other phenomena [8,11,20,25].



There are several calculation theories involved in DDARF, which have been described as follows (pp. 25–41, 63–65, [8]):



1.1. Automatic Generation of Random Joint Networks


In order to simulate random joints in the DDARF method, an automatic generation algorithm of random joints network is proposed. The Monte Carlo method is used to generate (0,1) uniformly distributed random numbers, and then these random numbers are used to generate other random numbers subject to some distributions. Therefore, the geometric parameters of the joints can be generated randomly, including center position, direction angle and length. Thus, the specific location of each joint in space can be determined so that their spatial distribution satisfies the given distribution law. In this program, it is assumed that the center position of joints obeys a uniform distribution, and the direction angle and length obey the normal distribution (p. 25, [8]).




1.2. Automatic Generation of Triangular Block Grid


The DDARF program uses the automatic generation technique of the computational grid traveling wave method to discretize the computational area into a fine triangular block system. First, it adds virtual joints to the isolated endpoints and divides the complex computing domain into several simply connected subdomains with simple shapes. Then, it combines the meshes of each subdomain together to generate meshes in each simply connected subdomain. In this way, the meshes of the computing domain are generated (pp. 25–26, [8]).




1.3. Analysis of Block Boundary Cracking


The discontinuous jointed rock mass is discretized into fine triangular block grids by the block automatic generation algorithm. The boundary of the triangular block grids, the virtual joints, provides a path for crack propagation. The triangular block grids on both sides of the virtual joints are bonded by the sticky settlement method. If the two grids are in contact, they need to add normal and tangential contact springs to prevent normal insertion and tangential slip. If the contact spring force exceeds the joint strength, the contact springs are removed and the two grids can move separately. Therefore, the restraint of the spring can be maintained by increasing the joint strength parameters so that the two grids are bonded together. It is based on this idea that the strength parameters of virtual joints are increased to achieve bonding between grids. If the relative displacement of the grids on both sides of the virtual joint is too large, and the contact force of the spring reaches the strength of the rock, the contact spring is destroyed, and the virtual joint becomes a real joint to form a crack, and the real joint strength parameters are assigned to it. In this way, the simulation of crack propagation is realized.



The failure of the contact spring is judged by two criteria: normal tension failure and tangential compression–shear failure. The failure criterion of a normal spring is that when the maximum tensile principal stress reaches a given value, the spring fails. The tangential compression–shear failure criterion considers that when the spring meets the Mohr–Coulomb criterion, the spring fails. At the same time, the tensile failure criterion has priority. If the tensile failure criterion is satisfied, it is not necessary to judge whether the compression–shear failure criterion is satisfied. Only if the tensile criterion is not satisfied can the compression–shear failure criterion be determined. The normal spring tensile failure criterion is as follows:


   f n  = −  T 0  l  



(1)







The tangential spring compression-shear failure criterion is as follows:


   f τ  = c l +  f n  tan φ  



(2)







Terms in the equation:    f n   —Normal contact force;    f τ   —Tangential contact force;    T 0   —Uniaxial tensile strength of the rock;  c —Cohesion of the rock;  φ —Friction angle of the rock; and  l —Length of contact.



According to the contact force and failure criteria calculated by Equations (1) and (2), it can be judged as to whether the contact spring is damaged or not. If it is damaged, the virtual joint becomes the real one and its strength decreases to the strength of the real one (pp. 40–41, [8]).




1.4. Simulated Material Inhomogeneity


The Weibull distribution is used for the mechanical parameters of the triangular grid blocks to simulate the inhomogeneity of the rock mass, and the probability density function of the Weibull distribution can be expressed as:


  φ ( h , β ) =  h   β 0      (  β   β 0    )   h − 1    e  −   (  β   β 0    )  h     



(3)




where,  β —The value of a certain mechanical parameter, such as modulus of elasticity, Poisson’s ratio;    β 0   —The average value of the parameter;  h —Homogeneity rate or homogeneity coefficient, which characterizes the homogeneity of the material. The greater its value, the more homogeneous the material is, and   h ≥ 1.0 .  



By integrating Equation (3), we can obtainthe Weibull distribution function as follows:


  Φ ( h , β ) = 1 −  e  −   (  β   β 0    )  h     



(4)







The linear congruence method is used to generate n random numbers, ξi, in the interval [0, 1], the general recursive equation of linear congruence method is:


   {     x n  = ( a  x  n − 1   + c ) ( mod M )      r n  =    x n   M       Initial   Value     x 0       



(5)







Terms in the equation:  M —Module;   mod M  —Mod the module M;  a —The multiplier;  c —Incremental;    x 0   —The initial value;    r n   —A random number evenly distributed in the interval [0, 1]; the above parameters  M , a , c , and    x 0    should follow the following criteria, given by Kunth:



	(1)

	
   x 0    is any non-negative integer;







	(2)

	
 a  meets:   a ( mod 8 ) ≡ 5 ,  M  100   < a < M −  M   







	(3)

	
 c  is odd, and    c M  =  1 2  −    3   6  ≈ 0.211324865  







According to previous experience, the parameters in this program are:   a = 2053 ,   c = 13849 ,   M = 65536 ,    x 0    is the time function time (). These random numbers distribute uniformly in the [0, 1] interval, and then the direct sampling method is used in Equation (6) to obtain n Weibull distribution elastic modulus ηi, which are assigned to the n blocks; Poisson’s ratios of these n grid blocks are obtained in the same way (pp. 26, 63–65, [8]).




     Φ (  η i  ) =  ξ i       η i  =  β 0    [ − ln ( 1 −  ξ i  ) ]    1 h        



(6)







2. The Methodology of Heterogeneous Grid Generation for DDARF


In order to improve the accuracy of simulation calculation, fine grids need to be generated in the model, but the original DDARF can only generate a uniform grid. In order to satisfy the calculation accuracy, fine grids are generated in the whole model, which increases the calculating workload and time and is not realistic for use in large-scale geotechnical engineering. In order to solve this problem, a method to generate heterogeneousgrids is proposed in this paper.



2.1. Gambit Modeling and Generation of Heterogeneous Grids


Gambit is a kind of mesh generation software from Fluent. Its main functions include geometric modeling and mesh generation. Gambit is mainly used as the mesh generation software of Fluent software, also known as the specialized mesh generation software of Fluent [27].



Firstly, the model is built in Gambit and heterogeneous grids are generated. During the grid generation process, dense grids can be generated in some parts as needed and sparse grids can be generated in the other parts of the model, according to the calculation requirements, as shown in Figure 1.




2.2. Transform Program GTD (Gambit to DDARF)


When DDARF performs numerical simulation calculation, all models and grid information are stored in a “BLCK” file in a certain format. However, the grid information in the “.msh” file exported from Gambit is inconsistent with the format of the “BLCK” file and cannot be directly imported into DDARF for use, so the transform program GTD is written in the python language. Through GTD, data with the heterogeneous grid model generated by Gambit can be imported into DDARF to generate a heterogeneous grid model, as shown in Figure 2.



The technical flowchart of the heterogeneous grid generation in DDARF is shown in Figure 3.





3. Results and Discussion


3.1. Accuracy Verification of the Optimized DDARF Program


3.1.1. Model Parameters and Loading Mode


This experiment simulates the Brazilian disc-splitting experiment; the model geometric parameters and loading mode of the simulation experiment are shown in Figure 4. The model diameter of the Brazil disc is 150 mm, and a 10 mm-thick steel plate is added to the lower part of the model. The steel plate is fixed with three fixed points. The top of the disc is loaded with concentrated force P.



The boundary conditions are as follows: a steel plate is placed at the bottom of the Brazilian disc, the steel plate is fixed, and a concentrated force P is applied at the top of the Brazilian disc, which linearly and slowly increases from 0 until the calculation finished and the other parts of the Brazilian disc are free.



Mechanical parameters of the Brazilian disc model are shown in Table 1: the elastic modulus of the lower steel plate is 100 GPa and the Poisson’s ratio of the steel plate is 0.3.



The optimized DDARF program is used for modeling and calculation. In order to observe the initiation, expansion and penetration of splitting cracks, the grids in the middle part of the Brazilian disc model are dense, while the sparse grid is still used on both sides of the model to improve the calculation efficiency, as shown in Figure 2. A concentrated force, P, was applied to the top of the Brazilian disc model, and its value increased linearly from 0. With the increase in P, the failure process of the Brazilian disc model could be observed, as shown in Figure 5. The convergence condition of the calculation is that the displacement generated in one step is less than 0.001 of the displacement generated in the previous step, which is convergence [11].




3.1.2. Analysis and Comparison of Results


After loading, vertical main cracks appeared firstly in the top and bottom of the model, as shown in Figure 5b;with the load continuing, some secondary cracks appeared next to the main cracks which were at the top and the bottom of the model, as shown in Figure 5c, which is consistent with Zhang Xiuli’s research (pp. 60–61, [28]). As the load continued to increase, the vertical main cracks which first appeared continued to expand vertically (Figure 5d), and finally the vertical main cracks broke through, resulting in the destruction of the model (Figure 5e).



Figure 6 is the physical experiment of the Brazilian disc-splitting experiment (pp. 80–82, [8]). It can be seen that, after the experiment, a crack appears in the middle of the disc, which divides the disc into two parts; the failure characteristics of the physical experiment are consistent with those of the Brazilian disc-splitting experiment simulated by the optimized DDARF, which verifies the effectiveness of the optimized DDARF in rock simulations. To compare with the results of the Brazilian disc-splitting experiments simulated in the original DDARF by ZhangXiuli (p. 61, [28]) as shown in Figure 7, it can be seen that the destruction of the model law is consistent, and because the optimized DDARF program defined the grid density of crack initiation and expansion area, it can simulate more subtle crack initiation in the splitting process of the Brazilian disc, as shown in Figure 5e.





3.2. Superiority Verification of the Optimized DDARF Program


3.2.1. Model Building and Loading Mode


In order to research the advantages of the optimized DDARF in grid generation, calculation accuracy and calculation efficiency, uniaxial compression experiments were simulated by the optimized DDARF and original DDARF. The fracture opening of rock has self-similarity, and its analysis can be conducted by using fractal theory, which can simulate the expansion law of joints in rock mass. Some scholars have also obtained important conclusions through fractal modeling [29]. Based on fractal theory, the following models can be established.



Three cases of rock models are established: Case 1, Case 2 and Case 3. The geometric parameters of the rock models in the three cases are shown in Figure 8. The dimensions of the rock models in the three cases are 140 mm × 70 mm. A steel plate with a thickness of 20 mm is added to the bottom for fixing, and there is a preset joint with a length of 30 mm in the middle of the rock model. The mechanical parameters of the rock models are shown in Table 2, the elastic modulus of the lower steel plate is 100 GPa, and the Poisson’s ratio of the steel plate is 0.25. A total of eight measuring points are set in the upper, middle and lower parts of the model, which can record the stress and displacement during calculation.



The boundary conditions of the uniaxial compression experiment are as follows: a steel plate is placed at the bottom of the rock block, the steel plate is fixed, a uniform load is applied on the upper part of the rock block, and the value of the uniform load increases slowly from 0 until the calculation finished and the remaining parts of the rock block are free.



In Case 1, the original DDARF program is used to generate the grid, as shown in Figure 9a. The grids are uniform with a total of 817. After calculation, the area of each grid is about 12 mm2.



Case 2 uses the optimized DDARF program for grid generation, as shown in Figure 9b, in order to observe the expansion of the preset joint. Dense grids are generated in the area around the preset joint, while in the area away from the preset joint sparse grids are generated, and the total number of grids is also 817. The area of each dense grid is around in 1–5 mm2 while that of each sparse grid area is about 40 mm2–50 mm2.



In Case 3, the original DDARF is used for grid generation. In order to compare the calculation accuracy, the area of each grid in this case is also about 1 mm2–5 mm2; however, since the original DDARF can only generate uniform grids, an average area value of 3 mm2 is taken as the area of each grid. Thus, there should be 3267 grids generated and a uniform grid model with 3267 grids, as shown in Figure 9c.



A uniformly distributed load is applied above the model, as shown in Figure 8,to conduct a numerical simulation experiment of uniaxial compression. Screen recording software is used to record the whole process.




3.2.2. Analysis of Model Cracking Process


In the experimental process, the models of the three cases showed similar rules: after loading, the models first demonstrated compression deformation, and the preset joints display compaction. With the progress of compression, the ends of the preset joints cracked, and wing cracks appeared (Figure 10a, Figure 11a and Figure 12a). The wing cracks expanded in the direction of the large principal stress (Figure 10b, Figure 11b and Figure 12b). The width of the wing crack increased with the load increase (Figure 10c, Figure 11c and Figure 12c). The propagation of the upper wing cracks extended in the axial direction through the top of the model; a group of new oblique parallel cracks appeared on the preset joints (Figure 10d, Figure 11d, and Figure 12d). At the same time, some fine cracks appeared in the model, which expanded with the increase in pressure, and the fine cracks became connected with the wing cracks and preset joints (Figure 10e, Figure 11e and Figure 12e), which finally led to the failure of the model. The above analysis shows that the optimized DDARF program can effectively simulate the uniaxial compression experiment of rock blocks.



However, there are some subtle differences among the three models in the expansion of the joint, as follows: in the process of the expansion of the preset joint, after the wing cracks appeared at the ends of the preset joints of the Case 1 model, wing cracks expanded along the axis and secondary joints did not appear near the ends of the preset joint, as shown in Figure 10b–e. In the model of Case 2, after the wing cracks appeared at the end of the preset joint, some secondary joints appeared near the left end of the preset joint during the expansion of the wing cracks. The increase and expansion of secondary joints resulted in the fragmentation of the rock mass at the left end of the preset joint, as shown in Figure 11c–e. This failure rule is consistent with the numerical simulation results of other scholars, as shown in Figure 13 [30]. The reason for these kinds of failure rules is that the grids generated near the preset joints in Case 2 are relatively dense and can show more subtle changes. In the model of Case 3, secondary joints also appear at the left end of preset joints in the process of wing crack propagation, resulting in the fragmentation of rock mass in this part, as shown in Figure 12c–e, indicating that the accuracy of simulating rock block failure in Case 2 is close to that in Case 3.



In short, the failure process of rocks can be more carefully simulated in Case 2 than in Case 1, and the results are closer to those of other scholars. The joint expansion law of Case 2 in the dense grid region is close to that of the Case 3 model with a large number of uniform grids. The above analysis shows that the optimized DDARF has advantages in simulating the law of joint expansion.




3.2.3. Stress Comparison


Eight measuring points are set at the top, left and right sides of the border of the three case models to measure the displacements and stresses of the models in the compression simulation experiments, after the simulation, according to the measured values of the measuring points.Stress–strain curves of the three cases models can be obtained, as shown in Figure 14 (taking compression as positive and tension as negative).



As can be seen from the curves in Figure 14, the three cases all experienced three stages in the experimental process of the model:




	1.

	
Compaction stage









The preset joints in the models displayed closed compaction, and the whole models are axially compressed and laterally expanded, so the axial strain was positive strain (axial compression) and the lateral strain was negative strain (lateral expansion) on the stress–strain curve.



	2.

	
Elastic deformation stage







In this stage, the curves showed linear growth, the axial and lateral strains continued to increase, and the slope increased compared with the compaction stage. Near the end of this stage, the preset joint began to crack.



	3.

	
Steady crack growth stage







The main cracks continued to expand, and secondary cracks appeared in other parts of the models. The slope of the curve changed a lot in this stage, mainly caused by the increase in the number of cracks in the model. After the stress reached the peak, the curves began to decline, indicating that the models were damaged. At the end of the experiment, the lateral strains of the models under the three cases were greater than the axial strains, indicating the dilatation phenomenon of the models.



Although the stress–strain curves of the three cases vary in the same way, the stress at the initiation of preset joints (crack initiation stress) and the maximum stress (peak stress) of the three cases were both different; crack initiation stress and peak stress are very important for the study of mechanical properties of rock mass with joints [31,32,33,34]. The crack initiation stress and peak stress in the three cases are shown in Table 3:



From Table 3, the crack initiation stress and peak stress of Case 1 are both the largest among the three cases, while the crack initiation stress of Case 2 and Case 3 is similar, as is the peak stress, which shows that the calculation accuracy of Case 2 and Case 3 is approximately the same, suggesting that the optimized DDARF’s calculation accuracy in the simulation experiment is in agreement with the model with the greater number of fine uniform grids (Case 3).



According to the cracking algorithm principle of the DDARF, virtual joints provide channels for the expansion of the joints and cracks—that is to say, the more virtual joints there are, the more joints expand where they are supposed to expand. In Case 1, due to the small number of grids and large area of each grid, the cracking and expansion of the joints are hindered, and the crack initiation stress and peak stress of joints are relatively large. On the other hand, in the DDARF, after the triangular grids are generated, if two grid blocks are in contact, the normal and tangential contact springs are added between them to restrain normal embedding and tangential slip. If the contact spring force exceeds the virtual joint strength, the contact spring is damaged and removed, the two grid blocks can move independently and the virtual joint becomes the real joint. According to the calculated contact force and failure criteria in Equations (1) and (2), whether the contact spring is damaged can be determined. From Equations (1) and (2), it can be seen that, with two adjacent triangle grid blocks, the contact length  l  is greater, the failure criterion values    f n    and    f τ    are higher, the spring is less easily damaged and the virtual joint less easily becomes a real joint—that is, the stress is higher when there is a real joint in the rock, which leads to higher crack initiation stress and peak stress.




3.2.4. Computing Efficiency Comparison


In the calculation of the DDARF, screen recording software is used to record the whole process, and the time spent in the simulation experiment of each case can be recorded, as shown in Table 4.



According to Table 4, in the Case 1 and Case 2 models, the preset joints initiate in more than one minute, and before nine minutes, both casemodels are damaged. However, in the Case 3 model, the preset joint initiates at 2:27, and it takes as long as 17:46 for the model to be damaged. Therefore, the computational efficiencies of Case 1 and Case 2 are higher than that of Case 3, which indicates that for the same model, when the model grids are denser, the computational efficiency is lower. Compared with Case 2 and Case 3 with the same accuracy, the calculation time of Case 2 is about 50% shorter than that of Case 3; therefore, Case 2 can not only ensure the accuracy of the simulation calculation but also improve the efficiency of the calculation.






4. Conclusions


Through the data and comparison of the above simulation experiments, the following conclusions can be obtained:




	
The optimization method proposed in this paper can effectively generate heterogeneous grids in DDARF, which solves the problem that the original DDARF could only generate uniform grids and overcomes the problem that the number of model grids in DDARF simulations for geotechnical engineering processes is too large to be calculated.



	
The Brazilian splitting experiment can be simulated effectively by using the optimized DDARF program. Compared with the original DDARF program, the simulation results are more consistent with the physical experiment results.



	
The optimized DDARF program was used to simulate the uniaxial compression experiment of rock blocks. Compared with the original DDARF program, it is more accurate in the cracking and expansion of joints and more consistent with the simulation results of the other software. At the same time, it can improve the calculation efficiency—that is to say, the optimized DDARF program has advantages in calculation accuracy and efficiency.
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Figure 1. Model building and heterogeneous grid generation in Gambit. 
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Figure 2. Heterogeneous grid model generated in the optimized DDARF. 
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Figure 3. Technical flowchart of optimized DDARF generation of heterogeneous grids. 
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Figure 4. Geometric parameters and loading mode of the model. 
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Figure 5. Optimized DDARF simulates the disc failure process of the Brazilian disc-splitting experiment: (a) The model in optimized DDARF; (b) Vertical main cracks appeared firstly in the top and bottom of the model; (c) Some secondary cracks appeared next to the main cracks; (d) Vertical main cracks continued to expand vertically; (e) Vertical main cracks broke through, resulting in the destruction of the model. 
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Figure 6. Failure results of specimens in Brazilian splitting physical experiment. 
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Figure 7. Results using the original DDARF to simulate the Brazilian splitting experiment (Reprinted/adapted with permission from Ref. [28]. 2007, Zhang Xiuli). 
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Figure 8. Rock model geometric parameters (mm). 
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Figure 9. Rock models after grid generation for three cases: (a) Case 1; (b) Case 2; (c) Case 3. 
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Figure 10. Failure process of Case 1 in uniaxial compression simulation experiment. (a) The ends of the preset joints cracked and wing cracks appeared; (b) Wing cracks expanded; (c) The width of the wing crack increased and fine cracks appeared; (d) A group of new oblique parallel cracks appeared; (e) The fine cracks became connected with the wing cracks and preset joints. 
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Figure 11. Failure process of Case 2 in uniaxial compression simulation experiment. (a) The ends of the preset joints cracked and wing cracks appeared; (b) Wing cracks expanded; (c) The width of the wing crack increased and fine cracks and some secondary joints appeared; (d) A group of new oblique parallel cracks appeared; (e) The fine cracks became connected with the wing cracks and preset joints. 
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Figure 12. Failure process of Case 3 in uniaxial compression simulation experiment. (a) The ends of the preset joints cracked and wing cracks appeared; (b) Wing cracks expanded; (c) The width of the wing crack increased and fine cracks and some secondary joints appeared; (d) A group of new oblique parallel cracks appeared; (e) The fine cracks became connected with the wing cracks and preset joints. 
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Figure 13. Expansion law of joints simulated in RFPA-2D. 
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Figure 14. Stress-strain curves of the three case models in uniaxial compression simulation experiments. 
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Table 1. Mechanical parameters of the Brazilian disc model.






Table 1. Mechanical parameters of the Brazilian disc model.





	Density

(kg/m3)
	Elastic

Modulus

(GPa)
	Elastic Modulus Uniformity

Coefficient
	Poisson’s

Ratio
	Poisson’s Ratio

Uniformity

Coefficient
	Friction

Angle (°)
	Cohesion

(MPa)
	Tensile Strength

(MPa)





	2500
	70
	15
	0.3
	100
	30
	40
	15
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Table 2. Mechanical parameters of the rock models.






Table 2. Mechanical parameters of the rock models.





	Density

(kg/m3)
	Elastic Modulus

(GPa)
	Elastic Modulus Uniformity

Coefficient
	Poisson’s Ratio
	Poisson’s Ratio

Uniformity Coefficient
	Friction

Angle

(°)
	Cohesion

(MPa)
	Tensile Strength

(MPa)





	2310
	10
	15
	0.25
	20
	30
	40
	25
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Table 3. Crack initiation stress and peak stress of the three cases.
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	Case
	Crack Initiation Stress (MPa)
	Peak Stress (MPa)
	Crack Initiation Stress/Peak Stress (%)





	1
	21.19
	41.56
	50.99%



	2
	17.36
	34.43
	50.42%



	3
	16.84
	32.87
	51.23%
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Table 4. Calculation time statistics of three cases.
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	Case
	Crack Initiation Time
	Failure Time





	1
	1:14
	8:45



	2
	1:35
	8:33



	3
	2:27
	17:46
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