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Confining pressure is an important factor affecting the strength and deformation characteristics of rock mass, it is of great significance to study the mechanical and deformation characteristics of jointed rock mass under confining pressure for the construction of deep underground engineering and the prevention of geological disasters. In order to study the mechanical and deformation characteristics of filled jointed rock under confining pressure, based on the laboratory experiment results of static uniaxial compression of filled jointed rock samples, the Particle Flow Code is used to conduct the numerical simulation. The strength characteristics, failure characteristics and micro-cracks development characteristics of filled jointed rock under different confining pressure levels, different joint inclination angles and different sample sizes are analyzed. The results show that the peak stress and peak strain increase with the increase of confining pressure level, and there is a strong linear relationship between peak stress and confining pressure level. The peak stress and initiation stress decrease first and then increase with the increase of joint inclination angle. With the increase of confining pressure level, the change law of initiation stress of filled jointed rock under different joint inclination angles is different. The confining pressure will prolong the development process of micro-cracks in filled jointed rock, which will make the distribution of micro-cracks more dispersed and the total number of micro-cracks increase. The failure mode changes from splitting failure to shear failure with the increase of confining pressure level. The change of joint inclination angle will seriously affect the failure mode and micro-cracks development characteristics of filled jointed rock.
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1 Introduction

With the continuous progress of deep underground engineering construction, geological disasters and engineering accidents occur from time to time. These accidents are often closely related to the mechanical and deformation characteristics of deep rock mass under the in-situ stress environment. The in-situ stress environment of rock mass will have a certain impact on its mechanical behavior and stability (Cai, 2013; Ghorbani et al., 2020; Xiao et al., 2021). However, the rock mass is often composed of intact rock blocks and joints. The existence of joints causes the discontinuity and inhomogeneity of rock mass. The mechanical property and deformation and failure characteristics of rock mass depend on the characteristics of joints to a great extent (Bahaaddini et al., 2013a; Liu et al., 2018; Li et al., 2022; Wang et al., 2022). Therefore, it is of great significance to study the mechanical and deformation characteristics of jointed rock mass under confining pressure for the construction of deep underground engineering and the prevention of geological disasters.

At present, a lot of researches have been conducted on the influence of confining pressure on the mechanical properties of jointed rock (Lu et al., 2012; Ghazvinian and Hadei, 2012; Xiang et al., 2019; Tang et al., 2022). For example, Arzúa et al. (2014) and Alejano et al. (2017) conducted triaxial compression tests on jointed granite samples to study the influence of confining pressure and joint number on the peak strength and elastic modulus of massive jointed rock. Zhu et al. (2021) found that the strength and elastic modulus of columnar jointed rocks increase with the increase of confining pressure through laboratory physical tests, and there are four different failure modes of columnar jointed rocks with the change of joint inclination under confining pressure. Xie et al. (2023) used the improved SHPB device to carry out the dynamic impact test of rock samples with cross joints, and studied the effects of loading rate and confining pressure on the dynamic characteristics and failure characteristics of jointed rock. The results showed that confining pressure had a certain impact on the failure mode and degree of fracture of jointed rock, showing splitting failure under low confining pressure and compression shear failure under high confining pressure, and the fragmentation degree of rock sample gradually decreases with the increase of confining pressure. Through experiments, Chen et al. (2023) found that water-rock interaction, confining pressure effect and joint inclination angle have a great influence on the failure mode of intermittent jointed sandstone, which is mainly manifested in crack length, crack initiation position, radial angle between crack and sample, crack number, failure type and so on. The above studies all adopt the method of laboratory physical test. Due to the high production cost of rock samples, the complexity of internal defects in rocks, and the difficulty of observing and analyzing the development of cracks in jointed rocks from the microscopic level in laboratory tests, there are some shortcomings in using the laboratory test alone.

In recent years, with the continuous development of computer technology, numerical simulation methods have become an important research tool for solving scientific and engineering problems. The commonly used numerical simulation methods include Finite Element Method, Finite Difference Method, Boundary Element Method, Discrete Element Method, etc. For studying and analyzing the deformation and failure behavior of rock and soil engineering, the Discrete Element Method has great advantages and has been widely applied. In particular, the Particle Flow Code (short for PFC) program based on particle discrete element method can effectively simulate the mechanical behavior and crack propagation of discontinuous media such as jointed rock mass, which has been favored by many researchers (Ghazvinian et al., 2012; Bahaaddini et al., 2013b; Bahaaddini et al., 2016; Jin et al., 2017; Zhang et al., 2022). For example, Zhang and Wong (2012; 2013)  used the PFC2D program to study the influence of fracture inclination angle on crack propagation in single and double fractured rocks during uniaxial compression. Yang et al. (2014) conducted PFC simulation of sandstone with two non-parallel fractures under uniaxial compression to investigate the strength, deformation and crack propagation behavior of fractured sandstone. The influence of confining pressure on the strength, deformation and failure mode of double fractured sandstone was further studied (Huang et al., 2016; Huang et al., 2019; Li et al., 2022; Yuan et al., 2023a; Yuan et al., 2023b). The research showed that the development process and failure mode of microcracks in sandstone with two non-parallel fractures ware related to the fracture inclination angle and confining pressure. Under low confining pressure, the failure mode is mainly affected by the fracture inclination angle, while under high confining pressure, the failure mode is mainly affected by confining pressure. Chen et al. (2022) established a numerical model of rock with three groups of parallel intermittent joints and studied the influence of confining pressure on stress-strain curve, fracture mode and contact force distribution. Gao and Meguid (2022)  carried out the PFC numerical simulation of jointed rock under confining pressure and analyzed the mechanical and deformation behavior of jointed rock with the help of acoustic emission.

The jointed rocks in the above research objects are all set as non-filling jointed rocks, but the joints in engineering rock masses often contain certain filling materials. Compared with non filled joints, filled joints have worse mechanical strength and deformation characteristics due to their good fracture connectivity and low strength of filling materials. Under the action of external load, the filled joint layer is easy to produce normal and tangential deformation, which is easy to cause geological disasters and instability and failure of underground cavern engineering (Jiang et al., 2018; Chang et al., 2020; Huang et al., 2020a; Huang et al., 2020b; Huang et al., 2020c). In recent years, the researches on the mechanical behavior of filled jointed rock have been increasing (Li and Ma, 2009; Li et al., 2010; Tang and Wong, 2016; Han et al., 2020), the effects of joint filling materials characteristics and environmental degradation on the static, dynamic, shear and other mechanical properties of filled jointed rock are mainly studied (Chai et al., 2020; Su et al., 2021; Chai et al., 2022a; Chai et al., 2023; Luo et al., 2023). However, there are relatively few studies on filled jointed rock under confining pressure. In particular, there are few reports on PFC simulation of filled jointed rock under confining pressure.

Based on this, the PFC2D program is used to study the mechanical and deformation characteristics of filled jointed rock under confining pressure. Firstly, the numerical model of filled jointed rock is constructed in PFC2D program, according to the laboratory physical static uniaxial compression test results of filled jointed rock, the micro-mechanical parameters calibration and rationality verification are carried out, and the strength characteristics, deformation failure characteristics and micro-cracks development characteristics of filled jointed rock under different confining pressure levels, joint inclination angles and size effects are further studied. This study can deepen the understanding of mechanical properties of jointed rock and provide reference for engineering stability analysis of jointed rock under confining pressure.




2 Laboratory test of filled jointed rocks

Considering the difficulty and high cost of sampling filled jointed rock mass in practical engineering, this experiment used filling mortar to simulate the filling of jointed layer in practical engineering according to the similarity principle. The rock sample used in the test is selected from a granite with good texture in Weinan City, Shaanxi Province, and the filling mortar is composed of lime, sand and water in proportion. In actual engineering rock masses, the filled jointed layer is a mixture of rock debris and minerals with certain viscosity, which is formed by differentiation and bonding during the sedimentation process. Its physical and mechanical properties such as density and strength are between the original rock and clay. In previous research work (Chai et al., 2020a; Chai et al., 2020b), four different filling materials were used to prepare filled jointed rock samples. They can approximate the simulation of different characteristics of filled jointed layer in actual practice. Although there are differences in mineral composition from the actual filled joints, the mechanical properties of the filled joints are similar. Therefore, this method of artificially preparing filled jointed rock has a certain feasibility. This paper only focuses on studying one type of filled jointed rock. The preparation of filled jointed rock sample is carried out according to these references (Chai et al., 2020; Chai et al., 2022b). The filled jointed rock sample is composed of granite on both sides and the filling joint layer in the middle. The basic mechanical and deformation parameters of granite and filling mortar are shown in Table 1. Three types of samples with different sizes are prepared. Though the thickness of the filled jointed layer is one of the main factors affecting the mechanical properties of jointed rocks, in this study the thickness of the filling joint layer is 5 mm, and the diameter of the granite on both sides is 50 mm, and the thickness is 15, 25 and 35 mm, respectively, as shown in Figure 1. During the preparation process, the outer surfaces of granite on both sides are polished and leveled (the flatness error is within 0.02 mm), and the inner surfaces of granite samples on both sides are grooved with equal spacing and depth, so as to ensure the consistency of joint roughness coefficient and joint matching coefficient. The WAW31000 universal testing machine was used to carry out the static uniaxial compression test. Before each compression test, the filled jointed rock sample is placed in the center of the pressure plate of the testing machine, and the ball joint base of the testing machine is adjusted to ensure that the rock sample is compressed vertically. The GTC350 electro-hydraulic servo control system is then used to apply a constant pressure to ensure the accuracy of the test. During the uniaxial compression test, the test force loading was used to control the loading rate of 50 N/s. The stress-strain curve and deformation failure characteristics of filled jointed rock samples during the uniaxial compression process were recorded. In order to improve the reliability of the test results, parallel tests were conducted, with three samples being repeated in one group.


Table 1 | The basic mechanical and deformation parameters of granite and filling mortar.






Figure 1 | Uniaxial compression test.



The failure process of filled jointed rock with different sample sizes is similar, as shown in Figure 2, which shows the deformation and failure characteristics of samples with dimensions of 50 mm × 35 mm in the process of uniaxial compression. Through the experimental phenomenon, it can be found the filled joint layer is compressed first in the process of uniaxial compression of filled jointed rock, and some small cracks appear in the filled joint layer, and the edges of the filled jointed rock bulge outward with debris falling off. With the application of load, the cracks in the filled joint layer continue to develop and the filling joint layer reaches the compaction state. The rocks on both sides begin to be compressed and cracks appear. After continuous loading, the cracks on both sides of the rock will continue to expand and connect, ultimately leading to the instability and failure of the filled jointed rock.




Figure 2 | Failure of filled jointed rock in the whole process of uniaxial compression.






3 Establishment and verification of PFC numerical model

The numerical model built in PFC2D program is composed of a series of two-dimensional circles, which simulate the mechanical properties of granular media through the motion and interaction of circular granular media. In order to compare and verify with the laboratory test results, three numerical models of filled jointed rock consistent with the same sizes as the actual samples are established in the PFC2D program, as shown in Figure 3. Considering the calculation efficiency and the selection of particle size in the references (Lee and Jeon, 2011; Yang et al., 2014; Chen et al., 2022), Rmin is set to 0.3mm, Rmax is set to 0.5 mm, porosity is 1.2%, and particle density is 2700 kg/m3. The numerical models with sizes of 50 mm × 35 mm, 50 mm × 55 mm and 50 mm × 75 mm generate 3370, 5288 and 7232 particles, and the number of contacts is 7675, 12084 and 16471, respectively. In the PFC program, the contact model is used to describe the physical characteristics of the contact between particles. There are several built-in contact models in the PFC program, among which the parallel bond model has been proven to better simulate the mechanical behavior of rock materials (Lee et al., 2011). Therefore, this numerical model adopts the parallel bond model.




Figure 3 | Particle flow numerical model of filled jointed rock.



The parameters that determine the contact characteristics of particles in the PFC software are called micro-mechanical parameters. Micro-mechanical parameters calibration is the key to establish an accurate particle flow numerical model. The “trial-and-error method” (Yoon, 2007; Lee and Jeon, 2011) is used to calibrate the micro-mechanical parameters. The idea of “trial-and-error method” is to calibrate the elastic modulus by adjusting the pb_emod and the emod of micro-mechanical parameters, and then calibrate the Poisson’s ratio by adjusting the pb_krat and the krat of micro-mechanical parameters and calibrate the peak stress by adjusting the pb_coh and the pb_ten of micro-mechanical parameters. Through extensive trial calculations and repeated adjustments to the micro-mechanical parameters, the stress-strain curves and failure mode results of numerical simulation test and laboratory physical test are close to each other.

In the process of establishing the numerical model, micro-mechanical parameters calibration considered the mechanical properties of the filled jointed layer and the rock layer, as well as their interactions. In addition, there is a certain bonding force between the filled jointed layer and the rock layer, and the magnitude of the bonding force is basically the same as the internal bonding force in the filled jointed layer. In order to more accurately simulate the real engineering rock masses, the micro-mechanical parameters between the rock layer and the filled jointed layer are consistent with the micro-mechanical parameters of the contact between particles within the filled jointed layer.

Taking the filled jointed rock with dimensions of 50 mm × 35 mm as an example, the comparison results of stress-strain curves between numerical simulation and laboratory physical tests are shown in Figure 4. It can be seen that the uniaxial compression stress-strain curves of numerical simulation and laboratory test are highly similar in the later stage, except for the difference in the early stage. This is because the numerical model in PFC2D program has reached the dense state through the servo mechanism in the initial state, it is unable to simulate the initial compaction stage of rock sample in the compression process (Yang et al., 2016). Therefore, when comparing and analyzing the numerical simulation results and the laboratory test results, the compression deformation generated by the filled joint layer in the laboratory test compaction stage is ignored, while the difference between the peak stress and the elastic modulus in the elastic stage as well as the final failure mode are mainly compared. The comparison of numerical simulation and laboratory physical test compression failure mode results are shown in Figure 4. It is found that the final failure mode of the numerical model is relatively consistent with that of the actual physical test filled jointed rock. The micro-mechanical parameters of the numerical model calibrated through the “trial-and-error method” are shown in Table 2. Further comparing the peak stress and elastic modulus values of the numerical simulation and laboratory physical test results in Table 3, it can be found that the relative error range of the peak stress is within 4.5%, and the relative error range of the elastic modulus is within 1.5%. The numerical results show a good agreement, indicating that the numerical model can more accurately simulate the actual filled jointed rock. Thus, the correctness and reliability of the numerical model and the selection of micro-mechanical parameters are also verified.




Figure 4 | Comparison of numerical simulation and laboratory test results.




Table 2 | Micro-mechanical parameters table of numerical model of filled jointed rock.




Table 3 | Comparison of mechanical parameters between physical test and numerical simulation results.



The development of micro-cracks in the numerical model of filled jointed rock during uniaxial compression are recorded at equal intervals, as shown in Figure 5. It can be seen that there are a few micro-cracks in the filled joint layer in the first stage of compression process. Afterwards, micro-cracks continue to occur and mostly appear in the outer region of the filled joint layer. With the increase of time step, the micro-cracks in the filled joint layer continue to expand towards the central region. At the same time, it can be seen that the particles outside the filled joint layer are squeezed and displaced, leading to the phenomenon of “escape”. With the continuous compression process, the filled joint layer is filled with micro-cracks, and micro-cracks begin to appear on both sides of the rock. The micro-cracks on both sides of the rock continue to expand and converge, and then the cracks continue to develop along the radial direction, ultimately forming through cracks that cause damage to the filled jointed rock. By comparing Figure 2, it can be seen that PFC2D program can accurately simulate the entire failure process of filled jointed rock, which is consistent with the observation results of laboratory physical test, further verifying the feasibility and accuracy of PFC2D program simulating filled jointed rock.




Figure 5 | Crack development in numerical model of uniaxial compression process.






4 Analysis of results



4.1 Analysis of strength characteristic

The confining pressure levels are respectively set as 2, 4, 6 and 8 MPa to simulate the biaxial compression of filled jointed rock under different confining pressures. Then the influence of confining pressure on the strength characteristics of filled jointed rock are accordingly explored. Figure 6 shows the stress-strain curves of filled jointed rock with different sample sizes.




Figure 6 | Stress-strain curves of filled jointed rock under different sample sizes.



It can be seen from Figure 6 that the shape of stress-strain curves under different confining pressure levels are basically the same. Compared to the uniaxial compression test, when the confining pressure level is increased to 2 MPa, the slope of the stress-strain curve increases to a certain extent. This is because the lateral wall of the numerical model provides a restraining effect, which limits the lateral deformation of filled jointed rock, resulting in an increase in the elastic modulus of the numerical model, manifested as an increase in the slope of the stress-strain curve. As the confining pressure level continues to increase, the slope of the stress-strain curve remains basically unchanged, indicating that the continuous increase in confining pressure level has little effect on the elastic modulus of the filled jointed rock. It is also found that the peak stress and peak strain of filled jointed rock with different sizes continuously increase with the increase of confining pressure. Taking the sample with the dimension of 50 mm × 35 mm as an example, the peak stress of filled jointed rock under uniaxial compression is 44.51 MPa. When the confining pressure is 2, 4, 6 and 8 MPa, the peak stress of filled jointed rock increased by 11.78%, 21.65%, 31.25% and 39.73%, respectively, while the peak strain increased by 7.77%, 20.20%, 26.63% and 34.46%, respectively. Comparing the peak stress of samples with different sizes under the same confining pressure level, as shown in Figure 7, it can be seen that the peak stress of filled jointed rock increases with the increase of sample size.




Figure 7 | Peak stress under different sample sizes.



In addition, taking the sample with the dimension of 50 mm × 35 mm as an example, biaxial compression simulation is carried out for filled jointed rocks with different joint inclination angles (0°, 15°, 30°, 45°, 60°, 75° and 90°) under different confining pressure levels. The stress-strain curve is shown in Figure 8. It can be found that the change of joint inclination angle has a significant influence on the shape of stress-strain curve, and the slope of stress-strain curve decreases first and then increases with the increase of joint inclination angle. The variation curves of peak stress of filled jointed rock with joint inclination angle under different confining pressure levels are shown in Figure 9. It can be seen that under the same confining pressure level, the peak stress shows a trend of first decreasing and then increasing with the increase of joint inclination angle. Under the same confining pressure level, when the joint inclination angle is 30°, the peak stress value is the smallest, while when the joint inclination angle is 90°, the peak stress value is the largest. It can be seen that when the joint inclination angle is 30°, the filled jointed rock has the weakest resistance to load.




Figure 8 | Stress-strain curves of numerical models under different joint inclination angles.






Figure 9 | Curve of peak stress under different joint inclination angles.



Further analyze the variation pattern of peak stress with the change of confining pressure level under different joint inclination angles, as shown in Figure 10. Through the data fitting, it can be found that there is a strong linear relationship between peak stress and confining pressure level under different joint inclination angles, and the peak stress continuously increases with the increase of confining pressure level. It can also be seen from Figure 10 that with the increase of confining pressure level, the slope of fitting curve of peak stress varies under different joint inclination angles, it means that the growth rate of peak stress is different. When the joint inclination angle is 0°, 15°, 30°, 45°, 60°, 75° and 90°, the slope of the fitting curve for the peak stress of filled jointed rock is 2.245, 1.901, 1.036, 3.090, 3.054, 2.812 and 2.964, respectively. Obviously, when the joint angle inclination angle is 30°, the slope of the fitting curve is the smallest. when the joint inclination angle is larger (joint inclination angle >30°), the slope of the fitting curve is higher, and the slope values are all greater than 2.80. This indicates that the peak stress growth rate is higher when the joint inclination angle is larger, it means that the confining pressure effect of peak stress is more obvious when the joint inclination angle is larger.




Figure 10 | Curve of peak stress under different confining pressure levels.



The initiation stress is introduced for in-depth analysis, and the axial stress corresponding to 1% of the number of micro-cracks when the number of micro-cracks is the peak stress during uniaxial compression is defined as the initiation stress (Potyondy and Cundall, 2004). The initiation stress of filled jointed rock under different confining pressure levels is listed in Table 4.


Table 4 | Initiation stress of filled jointed rock under confining pressure.



It can be seen from Table 4 that with the increase of confining pressure level under different joint inclination angles, the variation laws of initiation stress of filled jointed rock is different. When the joint inclination angle is less than 30°, the initiation stress decreases with the increase of confining pressure level. When the joint inclination angle is 30°, the initiation stress is basically unchanged with the increase of confining pressure level. When the joint inclination angle is greater than 30°, the initiation stress increases with the increase of confining pressure level. This is because when the joint inclination angle is small, the existence of confining pressure improves the stiffness of the upper and lower rock layers, making the filled joint layer more prone to failure in the compression process. When the joint inclination angle is large, the confining pressure restricts the lateral deformation of the filled jointed rock, so that the vertical pressure is mainly borne by the left and right rock layers, which reduce the stress concentration in the filled jointed layer and delays the failure of the filled jointed layer. It can be seen that the high confining pressure environment can inhibit the cracking behavior of filled jointed rock when the joint inclination is large, and the initiation stress under confining pressure depends on the angle between the loading direction and the joint surface. In addition, at the same confining pressure level, the initiation stress of filled jointed rock decreases first and then increases with the increase of joint inclination, initiation stress follows the same variation pattern as the peak stress. The increase of confining pressure level has the greatest influence on filled jointed rock with the joint inclination of 0° and 45°. When the confining pressure level is increased to 8 MPa, the initiation stress of the filled jointed rock decreases by 57.89% for a joint inclination angle of 0°, while it increases by 142.75% for joint inclination angle of 90°. At any confining pressure level, the initiation stress is the largest when the joint inclination is 90°, which indicates that the filled joined rock is the least prone to crack when the joint inclination is 90°.




4.2 Analysis of deformation and failure form

The final failure morphology of filled jointed rock with different sample sizes under confining pressure is shown in Table 5. It can be observed that under uniaxial compression, all the filled jointed rocks with different sample sizes have macro cracks. With the increase of confining pressure level, the width of macro cracks decreases continuously and the distribution of micro-cracks becomes more dispersed. Obviously, the confining pressure can suppress the generation of macro fracture surface. It can also be seen that the failure mode of filled jointed rock under uniaxial compression is mostly splitting failure. With the increase of confining pressure level, the failure mode changes from splitting failure to shear failure, indicating that the increase in confining pressure level causes the failure of filled jointed rock to transition from brittleness to ductility, while the change of sample size has little effect on the failure mode of filled jointed rock.


Table 5 | Final failure patterns of filled jointed rock with different dimensions under confining pressure.



The final failure modes of filled jointed rock with different joint inclination angles under confining pressure are shown in Table 6 (only the final failure modes with joint inclination angles of 30°, 60° and 90° are listed, and the final failure modes with joint inclination angles of 0° are shown in the first row of Table 5). Through observation, it can be seen that the joint inclination angle will significantly affect the final failure mode of the filled jointed rock. Taking the confining pressure of 0 MPa as an example, when the filled joint layer is in the horizontal position, the final failure mode is characterized by significant vertical compression of the filled joint layer and the occurrence of through cracks in the rocks on both sides. When the joint inclination angle is 30°, the micro-cracks are concentrated in the filled joint layer while the rock layer is undamaged. As the joint inclination angle increases, the compression magnitude of the filled joint layer decreases. When the joint inclination angle is 60°, the total number of micro-cracks in the filled jointed rock significantly decreases, and the filled joint layer is separated from the rock layer to a certain extent. A macro connected large crack appears in the rock layer, finally leading to the failure of the sample. As the joint inclination angle continues to increase, the number of micro-cracks in the rock layer continues to increase. When the joint inclination angle is 90°, it can be seen that the damage of the rock layer is the most serious. From the above, it can be inferred that when the joint inclination angle is 90°, the peak stress and initiation stress of the filled jointed rock are the largest. Therefore, it can be inferred that when the joint inclination angle is small, the vertical pressure is mainly borne by the filled joint layer and the rock layers. When the joint inclination angle is large, the vertical pressure is mainly borne by the rock layers on both sides. At the same joint inclination, the total number of micro-cracks increases continuously with the increase of confining pressure level, and the distribution of micro-cracks becomes more dispersed.


Table 6 | Final failure patterns of filled jointed rock with different joint inclination angle s under confining pressure.






4.3 Analysis of micro-cracks development characteristics

In PFC program, the change of micro-cracks can be monitored by compiling the command flow code. Studying the variation rule of micro-cracks is helpful to reveal the deformation and failure mechanism of filled jointed rock. In order to visually display the change of the number of micro-cracks in filled jointed rock under confining pressure, the data points of the number of micro-cracks and strain during compression are extracted, as shown in Figure 11. Only the variation curves of microcrack quantities are listed for joint inclination angles of 0°, 30°, 60°, and 90°.




Figure 11 | Crack variation curves of filled jointed rock under different confining pressures.



Figure 11 shows that as the confining pressure level increases, the curve of micro-crack development gradually becomes longer and shifts towards the right. It can be seen that confining pressure prolongs the development process of micro-cracks in filled jointed rock but has little effect on the development shape of micro-cracks. However, the morphology of the micro-cracks development curve is significantly different when the joint inclination changes. From Figure 11A, it can be seen that when the joint inclination is 0°, the development curve of micro-cracks is mainly divided into three stages, showing a characteristic of rapid growth in the early stage, slow growth in the middle stage, and rapid growth in the later stage. Combined with Figure 5, the characteristics of the three stages can be explained as follows. Because the strength and modulus of the filled joint layer are low and the joint surface is perpendicular to the loading direction, under pressure, the cracks are more likely to occur and crack propagation is faster in low strength materials. Thus, the growth of cracks is relatively rapid in the early stage. The main reason for the slow growth of cracks in the middle stage is that the cracks in the filled joint layer no longer increase, and the crack generation location gradually shifts to the rock layer on both sides. The main reason for the rapid growth in the later stage is that the cracks in both sides of the rock layer continuously converge and expand under the action of pressure until the sample ultimately destroyed. The variation of micro-cracks in the filled jointed rock is obviously different from that in the intact rock sample in Figure 11A. The development of micro-cracks in the intact rock sample shows a trend of slow growth in the early stage and rapid growth in the late stage. Meanwhile, the strain corresponding to the initial micro-cracks is significantly higher than that of the filled jointed rock sample, indicating that the filled jointed rock sample is more likely to initiate micro-cracks in the early stage under compression. In addition, it can be seen that the total number of micro-cracks in the filled jointed rock is significantly higher than that in the intact rock due to the existence of low-strength filled joint layer.

When the joint inclination angle increases, the shape of the micro-cracks development curve changes obviously. In Figure 11B, when the joint inclination angle is 30°, the micro-cracks development speed is rapid in the early stage, and gradually slows down with the compression. The explanation for this is as follows. Based on the displacement field and velocity field of the particles in the numerical model in Figure 12 and the final failure morphology shown in Table 6, it can be seen that during compression progress, the particles in the rock layers on both sides move in reverse along the joint plane, causing sliding phenomena in the rock layers on both sides, resulting in shear failure of the filled joint layer. The vertical force required for shear failure is relatively small, so in the early stage of the compression process, obvious structural damage will occur in the filled joint layer, accompanied by the rapid development of micro-cracks. With the continuous compression, the shear failure of the filled joint layer is approaching completion, so the development speed of micro-cracks gradually slows down. With the continuous increase of joint inclination angle, the development of micro-cracks shows the characteristics of slow growth in the early stage and rapid growth in the late stage, which is similar to the development of micro-cracks in intact rock samples. This phenomenon can be explained in combination with the force chain diagram and contact force distribution diagram between particles of the numerical model when the joint inclination is 90° as shown in Figure 13. It can be seen from Figure 13A that the contact force chain between particles of the rock layer is relatively dense and contact force chain approximately parallel to the vertical loading direction when the joint inclination angle is large. In addition, from Figure 13B, it can be seen that the contact force value of the rock layer is large and the contact force value of the filled joint layer is relatively small, indicating that the stress concentration degree of the filled joint layer is weakened and the load bearing proportion is relatively small during the compression process. The rock layer serves as the main load-bearing framework, but a significant vertical force is required to generate micro-cracks in the contact between the particles in the rock layer, so the development of micro-cracks in the early stage of the compression process is relatively slow. From the above, it can be seen that the change in joint inclination angle will seriously affect the development characteristics of micro-cracks in filled jointed rock.




Figure 12 | Displacement field and velocity field of numerical model particles when the joint inclination angle is 30°.






Figure 13 | Force chain and contact force distribution between particles of numerical model when the joint inclination angle is 90°.



The relationship between the total number of micro-cracks in filled jointed rock and the confining pressure level during final failure is shown in Figure 14. It can be seen that under the same confining pressure level, the total number of micro-cracks is the highest when the joint inclination angle is 0°, while the total number of micro-cracks is the least when the joint inclination angle is 30°. At the same joint inclination, as the confining pressure level increases, the total number of micro-cracks in the final failure of filled jointed rock continues to increase. Through fitting, it is found that there is a good linear relationship between the total number of micro-cracks and confining pressure level. When the joint inclination angles are 0°, 30°, 60° and 90°, the slopes of the fitting curve of the total number of micro-cracks are 29.65, 28.00, 34.10 and 30.25, respectively, with values ranging from 29.5 to 30.5, which shows that the slope of the fitting curve of the total number of micro-cracks has little change with the change of joint inclination angle.




Figure 14 | The total number of microcracks of filled jointed rock under different confining pressures.







5 Conclusions

Based on the previous uniaxial compression test of filled jointed rock, a series of numerical simulations are carried out by using PFC2D program to verify the feasibility and accuracy of the simulation of the filled jointed rock. Then, through the PFC numerical simulation, the strength characteristics, deformation and failure characteristics and micro-cracks development characteristics of filled jointed rock with different confining pressure levels, joint inclination angles and sample sizes are analyzed. The main conclusions are as follows:

	(1) The peak stress and peak strain continuously increase with the increase of confining pressure level, and there is a strong linear relationship between the peak stress and confining pressure level. However, the continuous increase of confining pressure level has little effect on the elastic modulus of filled jointed rock. In addition, the peak stress increases with the increase of sample size.

	(2) The change in joint inclination angle has a great influence on the shape of stress-strain curve. The peak stress and initiation stress show a trend of first decreasing and then increasing with the increase of joint inclination angle. The peak stress value is the smallest when the joint inclination angle is 30°, and the peak stress value is the largest when the joint inclination angle is 90°. With the increase of confining pressure level, the variation pattern of initiation stress of filled jointed rock under different joint inclination angles is different. When the joint inclination angle is large, the high confining pressure environment can inhibit the crack behavior of filled jointed rock, and the initiation stress under confining pressure depends on the angle between the loading direction and the joint surface.

	(3) As the level of confining pressure increases, the width of macro cracks decreases and the distribution of micro-cracks becomes more dispersed during the final failure of filled jointed rocks, indicating that the effect of confining pressure can suppress the generation of macroscopic fracture surfaces. The failure mode changed from splitting failure to shear failure with the increase of confining pressure. In addition, the change in sample size has little effect on the failure mode of filled jointed rock, while the joint inclination angle significantly influences the final failure mode of the filled jointed rock.

	(4) The effect of confining pressure will prolong the development process of micro-cracks in filled jointed rocks. As the level of confining pressure increases, the total number of micro-cracks in the final failure of filled jointed rocks continues to increase. However, the effect of confining pressure has little effect on the development morphology of micro-cracks. The development curves of micro-cracks vary significantly under different joint inclination angles, indicating that changes in joint inclination angles can seriously affect the development characteristics of micro-cracks in filled jointed rock.
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