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In this study, cement mortar was used to make specimens containing groups of parallel joints with different inclination angles to simulate natural rock mass, and the specimens were subjected to shear tests under different normal stresses. By analyzing the crack propagation path, failure modes, and strength characteristics of these rock specimens, the effects of normal stress and joint inclination angles on the strength and failure characteristics of this type of rock mass were studied. The following conclusions are drawn: 1) when the inclination angles of the joints are 0° and 15°, the changing of the normal stress did not affect the failure mode of the rock mass. The rock mass was mainly in the mode of shear failure, and the increase in the normal stress only increased the spalling area of the rock mass. 2) When the inclination angles of the joints are 30°, 45°, and 60°, with the increasing of the normal stress, the number of those approximately parallel cracks in the specimens increased, the friction marks caused by shearing increased, and the failure mode of the rock mass changed from tension failure to tension–shear composite failure. 3) Under different joint inclination angles, the propagation and penetration paths of cracks generated in the rock mass and the damage mode of the rock mass were different. With an increase in the joint inclination angles, the damage mode of the rock mass gradually changes from shear damage to tensile–shear composite damage and the α and β angles between the through cracks and the vertical direction on the left and right sides of the specimens tended to decrease. 4) The shear resistance of the rock mass was affected by the inclination angle of the joints and the normal pressure. The shear resistance of rock mass was improved due to the increasing of normal stress. Within a certain range, with the increasing of the inclination angles of the joint, the shear resistance of the rock mass tended to decrease first and then to increase.
Keywords: rock-like material, different inclination angles, groups of parallel joints, crack propagation path, failure mode, strength properties
INTRODUCTION
Jointed rock mass is a very complex area of engineering closely related to underground engineering and slope engineering (Zhu et al., 2019; Xia et al., 2022). The existence of joints makes the fracture forms of rock mass more diverse and complex, and is also the most important factor in reducing the overall strength of rock mass (Shaunik and Singh, 2020; Tian et al., 2020; Guo et al., 2022). Under loaded conditions, the entire rock mass is more likely to rupture or even collapse due to the presence of joints (Liu et al., 2013; Ban et al., 2021; Tian et al., 2020). Therefore, the damage and strength characteristics of jointed rock mass have become important factors affecting the stability and safety of underground cavern excavation and slope engineering, giving them great research significance (Li et al., 2019; Dong et al., 2021; He et al., 2018). At present, domestic and foreign scholars have conducted a lot of research on the mechanical and strength characteristics of jointed rock mass, which also provides more reference and theoretical support for this research (Cao et al., 2020; Yang S.-Q. et al., 2019). In physical tests on rock masses with joints, the influence of one or two smooth joints on the strength of the rock mass has been studied (Huang and Yang, 2018; Niu et al., 2019; Wang et al., 2019). However, it is not common to study the influence of multiple parallel grouped joints with different inclination angles on the strength characteristics of rock mass and the form of crack propagation (Hu et al., 2022). It is worth noting that it is relatively common for multiple inclined joints to appear in groups in real rock masses. For example, in the Tongzi tunnel of the seventh contract section of the Chongqing–Zunyi section (in Guizhou) of the Lanzhou–Haikou National Expressway in China, the surrounding rocks are mainly grades IV and V, and the geological structures such as joints in the surrounding rocks are well developed. There are abundant parallel groups of joint planes with different inclination angles, as shown in Figure 1. In addition, in the natural environment, the stress states of rock mass are complex and diverse. The stability of the rock mass where a project is located will directly affect the quality and safety of the project (Yang Y. et al., 2019). For example, the rock and soil mass within a certain range around the roadway or the tunnel excavation face is also known as the surrounding rock. The mechanical properties of the surrounding rock are its resistance to deformation and failure; that is, its compressive, tensile, and shear capacity. These elements obviously affect the overall safety and stability of the tunnel (Xu 1993). Therefore, it is of great theoretical and practical significance to study the mechanical and strength characteristics, the failure modes, and the path of crack propagation of rock mass with abundant parallel grouped joints with different inclination angles as this has very important theory and engineering practice significance (Chen et al., 2020; Wang 2020).
[image: Figure 1]FIGURE 1 | Joints in the surrounding rock of the Tongzi tunnel. (A) Scenario 1. (B) Scenario 2.
Due to the brittleness of rock mass, it is difficult to obtain specimens, so the method of making rock-like material models with gypsum or cement mortar to study the mechanical and strength properties of rock mass has been widely used (Fan et al., 2021a; Lin et al., 2021a; Fan et al., 2021b; Lin et al., 2021b). For instance, Zhang et al. (2012) prepared 12 kinds of samples with multiple cross cracks using cement mortar and conducted uniaxial compression test research. Their study showed that the number and form of cracks have a significant impact on the strength characteristics of rock mass, and the existence of crossed multiple cracks affects the peak strength, the size of the crack initiation stress of the rock, and the form of the failure surface of the specimens. Zhou et al. (2018) performed uniaxial compression tests on samples of rock-like materials with three defects. They used three-dimensional digital imaging correlation technology to capture the displacement field and strain field of the surface of the samples in real time and studied the effect of the brittleness of rock-like materials on crack initiation, propagation, and coalescence behavior. Cao et al. (2018) selected the jointed rock mass specimens made of rock-like materials containing a single cavity to study the effect of the interaction between the opening and the parallel grouped joints on the crack propagation and the penetration of the rock mass around the opening by combining physical tests and numerical simulation tests. At the same time, the influence of joint spacing and inclination angle on mechanical parameters such as uniaxial compressive strength and elastic modulus of specimens was studied. Their results showed that a circular opening has a great influence on the failure mode of the non-through jointed rock mass, and the specimens in this test eventually showed four different failure modes. Xu et al. (2021) combined acoustic emission and digital scattering techniques to investigate the effect of printed layer thickness on the physical and mechanical properties of sand powder 3D printed rock-like specimens.
In view of the foregoing, the geology of Tongzi tunnel is complex, with abundant structural surfaces and complicated lithology, and groups of parallel joints are very common in the rock surrounding the tunnel. The study of the effect of these parallel joints on the crack extension penetration, damage form, and strength characteristics of the tunnel rock can provide theoretical support for the excavation, support, and maintenance of the Tongzi tunnel. Thus, the study is of great practical importance to the overall stability and safety of the Tongzi tunnel project. In view of the foregoing, the geology of the Tongzi tunnel is complex, with abundant structural surfaces and complicated lithology, and groups of parallel joints are very common in the rock surrounding the tunnel. The study of the effect of these parallel joints on the crack extension penetration, damage form, and strength characteristics of the tunnel rock can provide theoretical support for the excavation, support, and maintenance of the Tongzi tunnel. Thus, this study is of great practical importance to the overall stability and safety of the Tongzi tunnel project. At this stage, the relevant research mainly focuses on the influence of single, double, or cross joints on the mechanical properties of the tunnel rock mass under uniaxial compression experimental conditions. The number of joints contained in the studied rock masses is relatively small, the force conditions of the rock mass are largely single, and the influence of parallel groups of joints on the mechanical properties of the rock mass under compression–shear composite conditions is seldom considered. Therefore, this article studies the effect of parallel grouped joints on the mechanical properties of rock masses, taking into account the real state of the rock surrounding the Tongzi tunnel and the force characteristics of the rock mass, which can not only complement the study of the mechanical properties of rock masses but can also provide theoretical support for the safe operation of the Tongzi tunnel. Scholars’ research on indoor experiments and numerical model analysis of specimens of raw rock or rock-like materials can provide theoretical and methodological support for the progress of this study (Yang et al., 2020; Zheng et al., 2019; Xia et al., 2019, 2020), and the validation of the method of using rock-like materials instead of raw rock materials for subsequent studies on mechanical properties makes this study practical and feasible (Zheng et al., 2022). Thus, in this study, the crack extension penetration paths, rock damage forms, and strength properties of rock mass specimens containing parallel groups of joints will be investigated under compression–shear composite conditions using a cement mortar casting rock-like material model with the Tongzi tunnel as the research site.
SPECIMEN PREPARATION AND METHODS
Description of Specimen
Through the understanding of actual engineering projects and the research of the aforementioned scholars, we found that the influence of joints on the mechanical properties of rock mass is very significant. In order to analyze the influence of joint inclination angle on rock mechanics and strength characteristics, this study refers to the mix ratio of rock-like materials used in related research (Bai et al., 1999; Gao et al., 2019; Liu et al., 2016; Pu et al., 2010). A mass mix ratio of water:cement:sand = 1:2:3 was used in this research to make rock mass specimens with joints with different inclination angles and with sizes of 200 mm×200 mm×200 mm. The symbol “θ” is used to represent the joint inclination angles of the rock specimens, which is the angle generated by the intersection of the joint and the shear plane (as shown in Figure 2). The “θ” value includes five gradients of 0°, 15°, 30°, 45°, and 60°, as shown in Figure 3.
[image: Figure 2]FIGURE 2 | Schematic diagram of joint inclination.
[image: Figure 3]FIGURE 3 | Schematic diagram of a rock specimen with parallel grouped joints (A) Inclination angle is 0°.(B) Inclination angle is 15°.(C) Inclination angle is 30°.(D) Inclination angle is 45°.(E) Inclination angle is 60°.
Specimen Preparation Procedures
The specific procedures for the preparation of the specimens are described as follows:
Step 1. Adequate material was weighed and mixed according to the mass ratio of sand:cement:water = 3:2:1, and the loss factor was taken into account.
Step 2. mold release agent was applied evenly on the inside of the mold.
Step 3. The mixture was poured into the mold and vibrated, and the upper surface was smoothed after the pouring was completed.
Step 4. Steel plates with a thickness of 0.2 mm were inserted into the cement mortar of the mold at the specified position as shown in Figure 4. The steel sheets were pulled out 6–8 h after the insertion, and the structural planes simulated the joint planes in the rock mass material.
[image: Figure 4]FIGURE 4 | Specimen after joint pre burial.
Step 5. After 18–24 h, when the specimens reached the initial setting strength, the mold was removed and maintained for 28 days to obtain rock specimens containing joints with different inclination angles, as shown in Figure 5.The mechanical tests in this study were carried out using the rock and concrete mechanical test system shown in Figure 6, that is, the RMT-301 system. This instrument has a high degree of accuracy and automation, and its test procedure can be controlled manually. The user can control the end time of the test by presetting the maximum normal stress and the maximum shear displacement.
[image: Figure 5]FIGURE 5 | Finished models.
[image: Figure 6]FIGURE 6 | RMT-301 system.
Testing Procedure
After the preparation of cubic specimens without seams with a side length of 200 mm was completed, the specimens were drilled, sampled, ground, and numbered. Additionally, the obtained specimens were subjected to a triaxial compression test and a Brazilian splitting test (the process is shown in Figure 7) to determine whether the cement mortar with the mass ratio of water:cement:sand = 1:2:3 can be used as a material to simulate the natural rock mass for the model.
[image: Figure 7]FIGURE 7 | Mechanical experiment process for parameter calibration. (A) Producing specimens. (B) Specimens for triaxial experiments. (C) Specimens for Brazilian cleavage tests. (D) Process of the experiment. (E) Specimens after triaxial test. (F) Specimens after Brazilian splitting test.
Since the friction angle and cohesion of the rock specimens cannot be obtained directly from the data calculation system of the instrument, they need to be obtained by calculation. Therefore, in this study, the peak normal stress σ1 of each specimen was used as the vertical coordinate and the confining pressure σ3 was used as the horizontal coordinate, and then the optimal relationship curve of the data points of each specimen was plotted by the graphical method. Finally, the cohesion and internal friction angle of the rock samples were calculated according to the following equations (Zhou 1990):
[image: image]
In the formula:
C is the internal friction force of the rock (MPa).
[image: image] is the internal friction angle of the rock (°).
[image: image] is the intercept of the optimal relationship curve on the ordinate (MPa), and
m is the slope of the optimal relationship curve.
After calculation, the basic mechanical parameters such as cohesion and internal friction angle of the rock-like material specimens used in this study are shown in Table 1, and the mechanical parameters of several common natural rocks are also listed in Table 1 (Li and Wu 1996). Additionally, different types of rock-like materials used in the studies of Bai et al. (1999), Gao et al. (2019), Liu et al. (2016), and Pu et al. (2010) were referenced, and the mechanical parameters of these rock-like materials are listed in Table 2. The mechanical parameters of these common natural rocks and rock-like materials from the references are compared with those of the rock-like materials used in this study.
TABLE 1 | Basic mechanical parameters of several common rocks.
[image: Table 1]TABLE 2 | Mixing ratio of rock-like materials and their mechanical parameters.
[image: Table 2]As demonstrated in Table 1, the parameters of shale range as follows: modulus of elasticity 8.83–22 GPa, Poisson’s ratio 0.09–0.3, compressive strength 4.5–78.5 MPa, cohesion 3.63–9.8 MPa, angle of internal friction 11–60°, and tensile strength 0.98–9.8 MPa. As demonstrated in Table 2, the parameters of rock-like materials are as follows: density 1.5–2.22 kg/m3, compressive strength 12–59.77 MPa, tensile strength 1.12–4.01 MPa, modulus of elasticity 1.5–16.03 GPa, Poisson’s ratio 0.15–0.38, cohesion 0.25–14.35 MPa, and angle of internal friction 26.6–42°. The parameters of this study are as follows: density 2.14 kg/m3, elastic modulus 6.27 GPa, Poisson’s ratio 0.14, compressive strength 21.52 MPa, cohesive force 6.55 MPa, internal friction angle 31.99°, and tensile strength 1.31 MPa. Therefore, after the numerical comparison, it can be found that the mechanical parameters of rock-like materials in this study are in the same order of magnitude as those of common rock materials and are in better agreement with the reference range of mechanical parameters of shale. Additionally, the parameters of the rock-like materials used in this study are in the range of variation of the mechanical parameters of the rock-like materials used in the aforementioned related studies. In summary, the model developed in this study with cement mortar with the mass-combination ratio of water:cement:sand = 1:2:3 can be used to simulate natural rock masses. Therefore, the following experimental results obtained from the compression–shear composite tests on the rock-like material model containing groups of flat jointed formations in this study can be used to summarize the effects of joint structures in natural rock masses on the strength properties and damage forms of these rock masses.
After calibrating the parameters, direct shear tests were performed on specimens containing parallel and grouped joints with different inclination angles under different normal stresses. The loading is shown in Figure 8. The rock specimens as shown in Figure 3 were subjected to direct shear tests at normal stresses of 0.5, 1.0, 1.5, 2.0, and 3.0 MPa. In the direct shear test, the normal stress was applied first, and when the normal stress was close to the ideal value, the horizontal load was applied. Additionally, the horizontal load was applied by controlling the horizontal displacement rate of 0.005 mm/s. When the predetermined horizontal shear displacement was reached, the instrument was manually controlled to stop shearing.
[image: Figure 8]FIGURE 8 | Schematic representation of the loading method.
RESULTS AND DISCUSSION
Macroscopic Crack Expansion Pattern and Damage Mode of Specimens
In previous studies, cracks were classified into two categories according to the causes of rock cracks: tensile cracks and shear cracks. The damage modes of the specimens were classified into tensile and shear damage according to the type of the main cracks that led to the damage of the specimens (Chen, 2019; Mei et al., 2019; Schwartzkopff et al., 2020). It was shown that when tensile damage occurred, the surface of the specimens was clean, with traces of tensile cracks clearly visible and no obvious fragmentation. However, when shear damage occurred, the surface of the specimen had some flakes or spalling, and there were obvious scratches on the upper and lower shear surfaces of the specimen after fracture, and the surface of the newly generated cracks was rough. (Song et al., 2020; Ma et al., 2021). When shear tests are performed at different normal stresses, the rock masses may undergo only tensile damage or only shear damage, or combined tensile and shear damage. In this study, the rock masses with five types of inclined joints were subjected to direct shear tests at different normal stresses, and the final damage morphology statistics of the specimens are shown in Table 3.
TABLE 3 | Statistical table of the failure form of the samples.
[image: Table 3]The damage states of the aforementioned specimens are divided into five groups according to the inclination angle of the joints for analysis, as shown in Figures 9–13. Among them, Figures A–E show the states of the specimens after shear tests under different normal stresses, and Figure F shows the simplified form of the rock damage and the penetration path of the cracks.
[image: Figure 9]FIGURE 9 | Failure form and crack penetration path of jointed rock mass with inclination angle of 0°. (A) Normal stress is 0.5 MPa. (B) Normal stress is 1 MPa. (C) Normal stress is 1.5 MPa. (D) Normal stress is 2 MPa. (E) Normal stress is 3 MPa. (F) Sketch of the rock damage state and the penetration path of the fracture.
Figure 9 shows that after the direct shear test of a rock mass containing parallel, grouped, smooth joints with an inclination angle of 0° under the fifth-order normal stress, the fracture surface of the rock mass is flushed with the face of the prefabricated joints. There may be some microelements inside the specimens that reach the tensile strength, but because their small number does not form a clear through face, no clear through tensile crack is formed at the end of the prefabricated joints. In addition, it is obvious from Figure 9 that cracks with debris remaining in the middle or block spalling were produced on the surface of the specimens because of the force applied, and the surface of these cracks produced after the destruction of the specimens was uneven, which was obviously caused by friction due to the shearing action. Therefore, it can be found that when shear tests were performed on rock masses containing groups of smooth joints with an inclination angle of 0°, the change in normal stress did not have a significant effect on the failure mode and penetration path of the rock masses and only resulted in a difference in the area of spalled blocks. The rock masses all eventually underwent shear damage because they were mainly subjected to shear action, and the rock masses eventually produced shear damage surfaces that were flushed with the original joint faces.
Figure 10 shows that the rock masses containing joints with an inclination angle of 15° are basically the same in their crack expansion paths after direct shear tests under different normal stress conditions, and the cracks are all generated from the inner tip of the joints to the end of the adjacent joints for expansion and finally form through cracks. For the rock bridges between the four prefabricated joints, they produced smoother cracks due to the main tensioning action. There was no visible debris on the surface of these cracks, and the surface of the cracks was clean and clearly visible. Nearly straight through cracks connecting their adjacent tips were formed between the two prefabricated adjacent joints. Additionally, for the left and right sides of the specimens, they were penetrated by shear cracks. Thus, the specimens underwent tensile–shear composite damage. After measurement, the α and β angles between the through cracks and the vertical direction on the left and right sides of the specimen under five normal stresses were controlled in the range of 62–65° and 58–66°, respectively.
[image: Figure 10]FIGURE 10 | Failure form and crack penetration path of jointed rock mass with inclination angle of 15°. (A) Normal stress is 0.5 MPa. (B) Normal stress is 1 MPa. (C) Normal stress is 1.5 MPa. (D) Normal stress is 2 MPa. (E) Normal stress is 3 MPa. (F) Sketch of the rock damage state and the penetration path of the fracture.
The patterns of crack extension penetration and the forms of damage in the rock masses with joints inclined at 30°, 45°, and 60° as shown in Figures 11–13 were analyzed. It can be found that 1) with an increase in normal stress, multiple near-parallel cracks are produced in the rock bridges in the middle of both adjacent prefabricated joints; 2) with an increase in normal stress, the shear cracks in the rock sample gradually become obvious, the friction marks due to shear action gradually increase, and the area of the produced shear damage gradually increases. In particular, when the joints are inclined at 30° and 45° with an increase in normal stress, the cracks produced in the specimens gradually evolve from tension cracks to shear cracks (except when the joints are inclined at 45° and the normal stress is 3 MPa), and the damage forms of the specimens are changed from the initial tension damage to the composite damage of tension and shear; 3) the paths of crack expansion through the joints are different at three different angles of joint inclination. When the angle of joint inclination is 30°, most of the cracks produced connect the head and tail of the two adjacent joints, and a few cracks open from the tip of the precast joint and extend to the bridge above and below the tip. When the angle of joint inclination is 45°, most of these cracks start from the middle or tip of the precast joint and connect to the tip of the adjacent joint or extend directly to the bridge above and below the precast joint. When the angle of inclination of the joints is 60°, the new cracks produced do not connect the beginning and end of the two adjacent joints but mostly extend from the tip of the prefabricated joints directly to the upper and lower rock bridges of the specimen; and 4) the ranges of angles α and β differed at the three joint inclination angles of 30°, 45°, and 60°. Here, combined with the data of angle α and angle β when the angle of joint inclination is 15°, it is known that the angle α is in the range of 62–65°, 55–61°, 57–67°, and 51–62° and β is in the range of 58–66°, 57–63°, 52–60°, and 48–54° in the case of four different angles of the joint tilt, as shown in Table 4. It can be found that the pinch angle α and pinch angle β have a tendency to decrease with an increase in the tilt angle of the joints.
TABLE 4 | Angles α and β under various working conditions.
[image: Table 4][image: Figure 11]FIGURE 11 | Failure form and crack penetration path of jointed rock mass with an inclination angle of 30°. (A) Normal stress is 0.5 MPa. (B) Normal stress is 1 MPa. (C) Normal stress is 1.5 MPa. (D) Normal stress is 2 MPa. (E) Normal stress is 3 MPa. (F–H) Sketch of the rock damage state and the penetration path of the fracture.
The aforementioned analysis mainly focuses on the crack expansion pattern and damage mode of the rock mass with an increase in normal stress at a certain tilt angle of the joints. In addition, we found that when the normal stress is fixed, with the change in the tilt angle of the joint the damage of the rock mass and the mode of crack extension penetration are changed. For example, by comparing Figure 9B, Figure 10B, Figure 11B, Figure 12B, and Figure 13B (i.e., Figures 9B–13B), we found that when the normal stress is 1 MPa and the section inclination angle is 0°, during the experiment some microelements inside the specimen may reach the tensile strength but fail to form macroscopic penetrating cracks due to the small number, but most of the microelements reach the shear strength and produce macroscopic penetrating shear cracks, which leads to the final shear damage of the specimen. The fixed normal stress is 1 MPa, and in the process of increasing the joint inclination angle from 0° to 60°, the tensile cracks in the rock mass keep increasing, macroscopic tensile crack groups gradually appear in the specimen, and macroscopic tensile cracks and shear cracks appear on the specimen surface at the same time so that the rock mass finally shows the tensile–shear composite damage mode. By comparing Figures 9A–13A, Figures 9C–13C, Figures 9D–13D, and Figures 9E–13E, it was found that the cracks produced at different inclination angles of the joints at normal stresses of 0.5 or 3.0 MPa also roughly followed this pattern. In summary, under the same normal stress condition, the tensile cracks produced in the rock mass gradually increase with an increase in the inclination angle of the joints, and the damage form of the rock mass changes from the initial shear damage to tensile–shear composite damage.
[image: Figure 12]FIGURE 12 | Failure form and crack penetration path of jointed rock mass with an inclination angle of 45°. (A) Normal stress is 0.5 MPa. (B) Normal stress is 1 MPa. (C) Normal stress is 1.5 MPa. (D) Normal stress is 2 MPa. (E) Normal stress is 3 MPa. (F–H) Sketch of the rock damage state and the penetration path of the fracture.
[image: Figure 13]FIGURE 13 | Failure form and crack penetration path of jointed rock mass with an inclination angle of 60°. (A) Normal stress is 0.5 MPa. (B) Normal stress is 1 MPa. (C) Normal stress is 1.5 MPa. (D) Normal stress is 2 MPa. (E) Normal stress is 3 MPa. (F–H) Sketch of the rock damage state and the penetration path of the fracture.
Strength Characteristics of Rock Mass Specimens
The aforementioned content analyzes the effects of the normal stress and tilt angle of joints on the macroscopic cracking and damage mode of rock masses, while the following content focuses on their effects on the strength characteristics of rock masses. Because the peak strength and the magnitude of residual strength of the rock mass can better reflect the strength characteristics of the rock mass, in order to study the effects of the normal stress and the tilt angle of the joints on the strength characteristics of the rock mass, we compiled the shear displacement–shear stress curves of all the rock mass specimens and divided them into two groups for analysis, as shown in Figures 14, 15. Among them, Figure 14 analyzes the displacement–stress curves of individual rock specimens under the conditions of single nodal tilt angle and different normal stresses. Figure 15 analyzes the displacement–stress curves of each rock specimen under the conditions of single normal stress and different nodal inclination angles.
[image: Figure 14]FIGURE 14 | Curve of shear displacement–shear stress of the specimens under the condition of fifth-order normal stress. (A) Inclination angle is 0°. (B) Inclination angle is 15°. (C) Inclination angle is 30°. (D) Inclination angle is 45°. (E) Inclination angle is 60°.
[image: Figure 15]FIGURE 15 | Curve of shear displacement–shear stress of the specimens with joints of different inclination angles. (A) Normal stress is 0.5 MPa (B) Normal stress is 1 MPa. (C) Normal stress is 1.5 MPa. (D) Normal stress is 2 MPa. (E) Normal stress is 3 MPa.
The significant effects of the normal stress and the tilt angle of the joints on the strength characteristics of the rock mass are shown in Figures 14, 15. On the one hand, as shown in Figure 14A, when the tilt angle of the joints is 0°, the peak shear stress of the rock mass increases from 2.2 to 4.62 MPa because the normal stress increases from 0.5 to 3.0 MPa, and the residual strength of the rock mass also increases from 1.17 to 3.25 MPa. Similarly, Figures 14A–E show that when the tilt angle of the joints is 15°, 30°, 45°, or 60°, the same pattern is observed. Therefore, the analysis of Figure 14 shows that the shear capacity of the rock mass is enhanced by an increase in the applied normal stress during the straight shear test. On the other hand, as shown in Figure 15A, at a normal stress of 0.5 MPa, the peak shear stress of the rock mass decreased from 2.2 to 1.48 MPa and then increased to 2.72 as the angle of inclination of the joints increased from 0° to 60° while the residual strength of the rock mass decreased from 1.17 to 0.81 MPa and then increased to 1.74. Similarly, Figures 15A–E show the same pattern when the normal stress is 1.0, 1.5, 2.0, or 3.0 MPa. Therefore, by analyzing the data in Figure 15 it can be shown that the increase in the inclination angle of the joints tends to decrease and then increase the shear capacity of the rock mass.
CONCLUSION
After the aforementioned research and discussion, this study concludes the following:
(1) When the inclination angle of the joint was 0° and 15°, the changing of the normal stress had little effect on the propagation and penetration path of the crack and the failure mode of the rock mass and only caused the area of the spalling blocks to be different. Moreover, when the joint inclination angle was 0°, shear failure occurred in the rock mass under various normal stress conditions, and when the joint inclination angle was 15°, the combined tensile–shear failure occurred in the rock mass.
(2) When the inclination angles of the joints were 30°, 45°, and 60°, with the increase in the normal stress, a number of nearly parallel cracks appeared in the rock bridge part between the two adjacent prefabricated joints in the rock specimens. With an increase in the normal stress, the shear cracks gradually become more obvious, the friction marks caused by the shearing action gradually increased, and the area of the damage gradually increased. Under these three inclination angles, with a change in normal stress, the failure mode of rock mass changed from tensile failure to tensile–shear composite failure.
(3) Under different inclination angles of joints, the propagation and penetration paths of cracks generated inside the rock mass and the damage mode of the rock mass were different. With an increase in joint inclination, the damage mode of the rock mass gradually changes from shear damage to tensile–shear composite damage. Additionally, changing the inclination angles of the joints resulted in different ranges for angles α and β. As the inclination angle of the joint increased, the angles α and β tended to decrease.
(4) The shear resistance of the rock mass was affected by the inclination angle of the joints and the normal pressure. The shear resistance of the rock mass was improved when the normal stress increased. Because the peak shear strength and residual strength of rock mass increased with an increase in the normal stress applied during shearing, within a limited range the shear resistance of rock mass had a tendency to decrease first and then increase. With an increase in the inclination angle of the joint, the peak shear strength and residual strength of the rock mass generally tended to decrease first and then to increase.
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