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A comprehensive understanding of the mechanical properties of coal and rock sections is necessary for interpreting the deformation and failure modes of such underground sections and for evaluating the potential dynamic hazards. However, most studies have focused on horizontal coal–rock composites and the mechanical properties of inclined coal–rock composites have not been considered. To explore the influence of different confining pressures and inclined coal seam thicknesses on the mechanical properties and failure characteristics of rock–coal–rock (RCR) composites, a numerical model based on the particle flow code was used to perform simulations on five inclined RCR composites at different confining pressures. The results show that the mechanical properties and failure characteristics of the RCR composites are affected considerably by the inclined coal seam thickness and the confining pressure. (1) When the inclined coal seam thickness is constant, the elasticity modulus of the inclined RCR composite increases nonlinearly with the confining pressure at first, and then remains constant. At the same confining pressure, the elasticity modulus of the inclined RCR composite decreases nonlinearly with the inclined coal seam thickness. (2) When the confining pressure is constant, the peak stress of the inclined RCR composite decreases with the increase of the inclined coal seam thickness. When the inclined coal seam thickness is constant, the peak stress increases with the confining pressure. (3) As the inclined coal seam thickness increases, the peak strain of the inclined RCR composite first decreases rapidly, and then remains constant when there is no confining pressure. When the confining pressure is between 5 and 20 MPa, the peak strain of the inclined RCR composite gradually increases. (4) In the absence of confining pressure, there are few microcracks in the rock at an inclined coal seam thickness of 10 mm, whereas all the other cracks are in the coal section. When the confining pressure ranges between 5 and 20 MPa, the failure modes of the RCR composite can be divided into Y- and X-types.
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INTRODUCTION
With the continuous and growing demand for energy, excavation of the nearly fully exploited shallow coal seams has shifted to mining deep coal resources. In shallow environments, the failure of coal and rock mass is mainly controlled by its own fractured structural plane. However, under larger depth conditions, the failure of coal and rock mass is not only affected by its own fractured structural plane but also by the overall structure of the coal–rock combination. In addition, many disasters in mines exhibit the phenomenon of overall failure and instability of coal and rock. The roof, coal seam, and floor form a dynamic mechanical equilibrium system. Disturbance due to mining activities will cause damage to the coal; at the same time, it will cause damage to the adjacent roof and floor rock sections, which in turn cause the overall instability and damage of the coal–rock composite system, thus leading to coal–rock dynamic disasters, such as roof fall, rock burst, coal and gas outburst, and floor water inrush [1–5]. Therefore, the interaction between surrounding rock and coal is one of the key factors responsible for the maintenance of the overall dynamic balance of the coal–rock composite system [6, 7]. In addition, different external forces affect the macro-mechanical properties of the coal–rock composite owing to its complex internal structure. A comprehensive understanding of the mechanical properties of coal and rock sections is necessary for interpreting the deformation and failure modes of underground coal and rock sections and for evaluating the potential dynamic hazards.
At present, generally, laboratory experiments and numerical simulation are mainly used to study the mechanical properties and failure behavior of coal–rock composites, analyze the influence of various factors, and obtain meaningful results. Petukhov et al. proposed the stability problem of the coal–rock composite system (composed of roof, floor, and coal seams) in their study on the post-peak deformation and stability of rock materials [8]. conducted uniaxial and triaxial compression tests with four different inclination angles and obtained the relationship between inclination angle, confining pressure, failure strength, and cohesion of the coal–rock composite [9]. Huang et al. conducted uniaxial compression tests on a coal–rock composite at different loading rates, and found the elasticity modulus, peak strength, and residual strength of the coal–rock composite of the roof, coal, and floor [10]. To study the influence of rock strength on the instability of the coal–rock section, Liu et al. conducted uniaxial compression tests on rock–coal–rock (RCR) composite samples at different rock strengths and analyzed the influence of rock strength on the mechanical behavior and fracture mode of the samples [11]. Several previous studies carried out uniaxial compression tests on coal–rock combinations with different rock–coal height ratios to study the influence of rock–coal height ratio on the mechanical properties and progressive failure mechanism of coal–rock combinations. These studies found that the macroscopic failure initiation stress, peak stress, uniaxial compressive strength, and elastic modulus of coal–rock combinations appear as the rock–coal height ratio decreases [12–15]. Wu et al. conducted an experimental analysis and theoretical verification of rock–coal–anchor (RCB) composite material systems from different angles, and found that the failure of rock–coal composite specimens was caused by tensile and shear cracks, and the reinforcement formed in the composite material system after anchoring limited the areas where cracks might appear in the specimens [16]. Other studies conducted uniaxial and triaxial compression tests on coal–rock composite samples combined in different manners to study their mechanical properties and failure characteristics [17–19]. Li et al. used the FLAC numerical simulation software to conduct impact tendency experiments with coal–seam–floor composite samples at three different height ratios (1∶1, 1∶2, and 2∶1) and three different inclination angles (0°, 30°, and 45°) [20]. Zhao et al. used the RFPA numerical simulation software to study the influence of different coal-to-rock height ratios and different roof strengths, thicknesses, homogeneity, and contact angles on the impact tendency of coal–rock composite samples [21]. Guo et al. used the particle flow code two-dimensional software (PFC2D) to simulate uniaxial and biaxial compression tests of coal–rock composite samples at different coal-to-rock strength ratios and height ratios. The influence of rock-to-coal strength ratio and height ratio on the impact trend, failure mode, and ultimate compressive strength characteristics of the composite sample have been analyzed thoroughly from a mesoscopic perspective [22]. Zhao et al. analyzed the failure characteristics of CR (Coal Rock association) assemblies with various inclination angles (0°, 15°, 30°, and 45°), analyzed their failure mechanisms [23]. Wu et al. conducted experiments on RCB specimens with different angles under different stress states, and found that the fracture tendency of RCB specimens increased with the increase of angle [24].
However, most studies have focused on horizontal coal–rock combinations, while the mechanical properties of inclined coal–rock combinations are relatively less considered. The research scope has been mostly on the coal–rock composite model itself and its overall mechanical properties, whereas studies that have considered the influence of different confining pressures and different inclined coal seam thicknesses on the failure characteristics and mechanical properties of the composite are few. China has a large reserve of inclined thin coal seams; coal seams at an inclination angle greater than 30° account for more than 20% of China’s total coal reserves [24]. Therefore, the PFC2D numerical simulation software was used in this study to analyze the mechanical properties and failure characteristics of an RCR composite formed by mudstone and coal that are common in the roof of an underground mine with simulated uniaxial and biaxial compression tests. The influence of different confining pressures and inclined coal seam thicknesses on the mechanical properties and failure characteristics of the RCR composite are studied to obtain the deformation and instability mechanism of the RCR composite.
NUMERICAL METHOD AND PARAMETER SELECTION
Numerical Method
PFC is a numerical simulation software for discontinuous media that combines meso-mechanics with the numerical calculation method on the basis of the particulate discrete element modeling approach. The macroscopic mechanical behavior of the model is realized by changing the meso-mechanical parameters of the particles. Here, PFC includes the contact bonding model (CBM), parallel bonding model (PBM), smooth-joint contact model (SJM), and flat-joint model (FJM), etc. PBM can transmit force and moment and defines the macro stiffness using both the contact and bonding stiffnesses, which is more suitable for simulating the characteristics of rock-like materials. Therefore, this study chooses PBM for the numerical simulation.
Numerical Modeling
To study the influence of inclined coal seam thickness on the mechanical properties and failure characteristics of the RCR composite, five RCR composite samples with different inclined coal seam thicknesses were designed. The model has a height of 100 mm and a width of 50 mm, and the coal section is inclined at 30°. The sample has top and bottom layers made of rock, whereas the middle layer is made of coal. The inclined coal section (the black middle section of the sample) has thicknesses of 10, 20, 30, 40, and 50 mm. The confining pressure is set at 0, 5, 10, 15, and 20 MPa, as shown in Figure 1; Figure 2. The detailed dimensions of the inclined RCR composite samples at different confining pressures are summarized in Table 1. Besides, studied the influence of the loading rate on the mechanical behavior of intact granite by PFC2D and revealed that when the loading rate changes from 0.001 to 0.05 m/ s, the mechanical behavior changes slightly [25]. Therefore, based on the literature review, the loading velocity of 0.01 m/ s was chosen in this numerical simulation, and loading was applied until failure.
[image: Figure 1]FIGURE 1 | Samples with different inclined coal seam thickness.
[image: Figure 2]FIGURE 2 | Schematic diagram of numerical model loading of the RCR composite samples.
TABLE 1 | The detailed dimensions of the inclined RCR composite samples at different confining pressures.
[image: Table 1]Microscopic Parameter Determination
Before performing the numerical simulation, it was necessary to verify the micro-parameters so that the numerical parameters are consistent with those obtained in the laboratory [26–29]. In this study, the parameter calibration method was used to calibrate the coal and rock parameters. The determination of microscopic parameters in PFC2D is shown in Figure 3. As there is no direct quantitative relationship between the meso-mechanical parameters of PFC numerical simulations and the macro-mechanical parameters of laboratory tests, it is difficult to determine meso-mechanical parameters based on laboratory tests. To obtain reasonable meso-mechanical parameters, uniaxial compression tests of the complete samples were conducted, the meso-mechanical parameters of the numerical simulation model were calibrated repeatedly until the results of the numerical.
[image: Figure 3]FIGURE 3 | Calibration procedure of microscopic parameters [30, 31].
Simulation test were similar to the laboratory test results obtained before the PFC numerical simulation test was conducted. The microscopic parameters used in the numerical coal and rock model are listed in Table 2 [32].
TABLE 2 | Microscopic parameters of rock and coal.
[image: Table 2]The comparison between the experimental and numerical simulation results of the mechanical parameters of coal and rock are listed in Table 3. The uniaxial compression stress–strain curve of coal and rock is shown in Figure 4. It can be observed from Table 3 that, in terms of peak strength and elasticity modulus, the experimental results of the mechanical parameters of the coal and rock samples are not considerably different from the numerical simulation results, as the errors are within 1.85%. This is consistent with the trends of the two sets of curves in Figure 4, which indicate that the elasticity modulus and peak strength obtained by numerical simulation are consistent with the results of the laboratory uniaxial compression test. In terms of peak strain, the experimental and numerical simulation results of mechanical parameters of both the coal and rock samples are relatively large, with errors exceeding 10%. Compared with the rock samples, the coal samples yield larger errors that exceed 25%. The reason for these errors can be inferred from Figure 4. The stress–strain curve obtained by the numerical simulation in Figure 4 is almost a straight line before the peak stress is reached. Compared with the stress–strain curve of the laboratory uniaxial compression test, the compaction stage is not present. This is because PFC simulates the motion and mechanical properties of rock sections using the generated round rigid particles, which do not deform after they are subjected to force, such that the compaction of primary voids does not occur, thus making it impossible to reflect the initial compaction stage of the samples, which occurs in laboratory tests. Therefore, the peak strain obtained by the numerical simulation is smaller than that obtained by the laboratory uniaxial compression test for both the coal and rock samples. Moreover, the coal samples have lower strengths, homogeneity, and higher porosity than the rock samples; their compaction times during the laboratory uniaxial compression test are longer. Therefore, the errors between the experimental and the numerical simulation results for the mechanical parameters of the coal samples are larger than those of the rock samples.
TABLE 3 | The comparison between the experimental and numerical simulation results of the mechanical parameters of coal and rock.
[image: Table 3][image: Figure 4]FIGURE 4 | Uniaxial compression stress–strain curve of coal and rock. (A) Rock specimen; (B) Coal specimen.
NUMERICAL SIMULATION RESULT ANALYSIS
Deviatoric Stress–Strain Curve
The axial deviatoric stress–strain curves of the RCR composites at different inclined coal seam thicknesses and different confining pressures are shown in Figure 5; the overall trends of the several groups of curves are the same. Around the peak value, the deviatoric stress–strain curve shows a relatively significant stress drop, exhibiting a step-like upward fluctuation. This is because the loading rate of this numerical simulation test is very low. At a low-loading rate, there is sufficient time for the microcracks in the sample to evolve and develop to cause macroscopic failure; the corresponding stress curve shows a stress drop. At the same time, the sample has time to adjust the internal structure to adapt to the axial stress, such that after the stress drop, the stress increases again and reaches the peak value. After reaching the peak value, the deviatoric stress–strain curve did not drop rapidly, but rather exhibited a steep cliff. This is attributed to the fact that after the sample reaches the peak stress, the loading is not stopped, but continues at a low rate, thus allowing the sample to have sufficient time to recombine and attain a specific resistance.
[image: Figure 5]FIGURE 5 | The axial deviatoric stress–strain curves of the RCR composites at different inclined coal seam thicknesses and different confining pressures. (A) Coal thickness 10 mm; (B) Coal thickness 20 mm. (C) Coal thickness 30 mm; (D) Coal thickness 40 mm (E) Coal thickness 50 mm.
With the same inclined coal seam thickness, the yield and peak stresses of the RCR composite gradually increase as the confining pressure increases. With the same confining pressure, the yield and peak stresses of the RCR composite gradually decrease as the inclined coal seam thickness increases. Compared with composites of other inclined coal seam thicknesses, the composite with a thickness of 10 mm at a confining pressure of 0 MPa has a larger peak strain, and yield and peak stresses. This indicates that in the absence of the confining pressure, the thinner the inclined coal is, the stronger is its bearing capacity, the longer it takes for the cracks to penetrate the coal, and the longer the overall time is for sample failure.
Mechanical Properties of RCR Composite Samples at Different Inclined Coal Seam Thicknesses and Confining Pressures
Tables 4, 5, 6 summarize the peak stress, peak strain, and elasticity modulus, respectively, of the RCR composites at different inclined coal seam thicknesses and at different confining pressures. Based on these results, it can be observed that the deformation characteristics and strength of the RCR composites are not only related to the inclined coal seam thickness, but also to the confining pressure.
It can be observed from Table 4 that under the same confining pressure, as the inclined coal seam thickness increases, the peak stress of the composite sample gradually decreases. This reduction reaches a maximum and minimum value of 69.26 and 29.42% when the confining pressures are 0 and 20 MPa, respectively, thus indicating that the larger the confining pressure is, the smaller the reduction in the peak stress of the composite samples is as a function of the inclined coal seam thickness. At the same inclined coal seam thickness, as the confining pressure increases, the peak stress of the composite sample gradually increases. This increase reaches a maximum of 11.78 times when the inclined coal seam thickness is 50 mm, and a minimum of 4.13 times when the inclined coal seam thickness is 10 mm, thus indicating that the larger the inclined coal seam thickness is, the greater the increase in the peak stress of the composite samples is as a function of the confining pressure.
TABLE 4 | Peak Stress (MPa) of the RCR composites at different inclined coal seam thicknesses and different confining pressures.
[image: Table 4]It can be observed from Table 5 that with the increase of the inclined coal seam thickness, when the confining pressure is 0 MPa, the peak strain of the composite sample gradually decreases; by contrast, when the confining pressure is 5–20 MPa, the peak strain of the composite sample gradually increases. This increase reaches a maximum of 56.76% when the confining pressure is 20 MPa and a minimum of 33.33% when the confining pressure is 5 MPa, thus indicating that the larger the confining pressure is, the larger the increase in the peak strain of the composite samples is as the inclined coal seam thickness increases. At the same inclined coal seam thickness, as the confining pressure increases, the peak strain of the composite samples gradually increases. This increase reaches a maximum of 5.63 times when the inclined coal seam thickness is 50 mm, and a minimum of 0.9 times when the inclined coal seam thickness is 10 mm, thus indicating that the larger the inclined coal seam thickness is, the greater the increase in the peak strain of the composite samples is as the confining pressure increases.
TABLE 5 | Peak Strain (10–2) of the RCR composites at different inclined coal seam thicknesses and different confining pressures.
[image: Table 5]It can be observed from Table 6 that at the same confining pressure, as the inclined coal seam thickness increases, the elasticity modulus of the composite sample gradually decreases. This reduction reaches a maximum of 67.41% when the confining pressure is 15 MPa and a minimum of 35.57% when the confining pressure is 0 MPa, thus indicating that the larger the confining pressure is, the greater the reduction in the elasticity modulus of the composite samples is as a function of the inclined coal seam thickness. With the same inclined coal seam thickness, as the confining pressure increases, the elasticity modulus of the composite samples gradually increases. This increase reaches a maximum of 1.32 times when the inclined coal seam thickness is 10 mm and a minimum of 22.22% when the inclined coal seam thickness is 50 mm, thus indicating that the smaller the inclined coal seam thickness is, the greater is the increase in the elasticity modulus of the composite samples as the confining pressure increases.
TABLE 6 | Elastic Modulus (GPa) of the RCR composites at different inclined coal seam thicknesses and different confining pressures.
[image: Table 6]Influence of Confining Pressure and Inclined Coal Seam Thickness on the Peak Stress of RCR Composite Samples
As shown in Figure 6A, the peak stress of the RCR composite samples shows an overall increasing trend as the confining pressure increases. When the confining pressure increases from 0 to 5 MPa, the peak stress increases continuously. Thus, the smaller the inclined coal seam thickness is, the higher the rate of increase of peak stress is. Compared with rock sections, coal has lower strength and homogeneity, and applying the confining pressure strengthens the coal section. The increase of strength of the coal section increases the overall strength of the composite sample, and the smaller the thickness of the inclined coal seam is, the stronger the confining pressure on the coal is, and the greater the overall strength of the composite sample is. When the confining pressure increases from 5 to 10 MPa, the peak stress increases at a slower rate, thus, indicating that as the confining pressure continues to increase, the rate of increase in the strength of the composite sample gradually decreases. When the confining pressure increases to 15 and 20 MPa, the strength of the composite sample still increases as the confining pressure increases, but there is no major difference in the rate of increase of strength owing to the confining pressure.
[image: Figure 6]FIGURE 6 | Peak Stress of the RCR composites at different inclined coal seam thicknesses and different confining pressures. (A) Influence of different confining pressure; (B) Influence of different coal thickness.
The influence of the confining pressure on the strength of the composite sample can be explained based on two situations. When the confining pressure is low, it has a significant influence on the strength of the composite sample; however, when the confining pressure is high, the strength of the composite sample becomes insensitive to the influence of the confining pressure. This is attributed to the fact that compared with uniaxial compression alone, the confining pressure applied ensures that the external force acts on the originally loose coal section such that the coal section undergoes a compaction process, wherein its strength is increased considerably. As the confining pressure continues to increase, the strength of the already dense coal section that has been compressed by the confining pressure begins to increase slowly in a manner similar to the elastic deformation stage subject to uniaxial compression. At this time, the strength of the sample exhibits a linear growth, and the role of the confining pressure is no longer to strengthen the coal section, but to limit the crack propagation and increase the strength of the composite sample.
As shown in Figure 6B, the peak stress of the RCR composite samples shows an overall decreasing trend as the inclined coal seam thickness increases. This shows that under the same geological engineering conditions, the bearing capacity of the coal seam increases as the coal seam thickness decreases. At different confining pressures, the influence of the inclined coal seam thickness on the peak stress of the composite samples is different.
When the confining pressure is 0 MPa, the peak stress of the composite samples decreases from 27.1 to 10.9 MPa as the inclined coal seam thickness increases from 10 to 20 mm; whereas the peak stress of the composite samples remains almost constant as the inclined coal seam thickness increases coal seam thickness increases from 20 to 50 mm. When the confining pressure is 5 or 10 MPa, as the inclined coal seam thickness increases, the peak stress of the composite samples decreases in a nonlinear manner. When the confining pressure is 15 or 20 MPa, the peak stress of the composite samples decreases nonlinearly as the inclined coal seam thickness increases from 10 to 40 mm; whereas the peak stress of the composite samples increases again as the thickness of the inclined coal increases from 40 to 50 mm.
The influence of the inclined coal seam thickness on the strength of the composite samples can be explained based on two situations. As the inclined coal seam thickness increases at a confining pressure of 0 MPa, the strengths of the composite samples decrease rapidly. At different coal seam thicknesses, the strengths of the composite samples is approximately the same; when the confining pressure of the composite samples ranges between 5 and 20 MPa, the strength of the composite samples decreases at a slower rate, and the rate of decrease in the strength of the composite samples at different coal seam thicknesses is approximately the same.
Influence of Confining Pressure and Inclined Coal Seam Thickness on the Peak Strain of RCR Composite Samples
As shown in Figure 7A, at the same coal thickness, the peak strain of the composite samples exhibits an overall increasing trend as the confining pressure increases. When the confining pressure is less than 5 MPa, the peak strain of the composite samples increases slowly at the inclined coal seam thickness of 10 mm as a function of the confining pressure; by contrast, the peak strain increases rapidly at other inclined coal seam thicknesses as a function of the confining pressure. When the confining pressure is greater than 5 MPa, the peak strain of the composite samples increases rapidly as the confining pressure increases when the inclined coal seam thickness is 10 cm, but the rate of increase at other inclined coal seam thicknesses is not as high.
[image: Figure 7]FIGURE 7 | Peak Strain of the RCR composites at different inclined coal seam thicknesses and different confining pressures. (A) Influence of different confining pressure; (B) Influence of different coal thickness.
As shown in Figure 7B, when the confining pressure of the composite samples is 0 MPa, the peak strain first decreases rapidly and then remains constant as the inclined coal seam thickness increases. When the confining pressure is between 5 and 20 MPa, the peak strain of the composite samples gradually increases as the inclined coal seam thickness increases.
In summary, the results described above indicate that the confining pressure and inclined coal thickness play a positive role in promoting the peak strain.
Influence of Confining Pressure and Inclined Coal Seam Thickness on the Elastic Modulus of RCR Composite Samples
As shown in Figure 8A, when the confining pressure is less than 5 MPa, the elasticity modulus of the composite samples increases nonlinearly as the confining pressure increases. The smaller the inclined coal seam thickness is, the greater the increase in the elasticity modulus is, and the faster the rate of increase is. When the confining pressure is greater than 5 MPa, the elasticity modulus of the composite samples fluctuate slightly as the confining pressure increases and then gradually stabilizes. This may be because the RCR specimen becomes more homogenous with increased confining pressure.
[image: Figure 8]FIGURE 8 | Elastic Modulus of the RCR composites at different inclined coal seam thicknesses and different confining pressures. (A) Influence of different confining pressure; (B) Influence of different coal thickness.
As shown in Figure 8B, the elasticity modulus of the composite samples decreases nonlinearly as the inclined coal seam thickness increases. However, as the inclined coal seam thickness increases, the change in the elasticity modulus when the confining pressure is 0 MPa is obviously different from those at other confining pressures, as the magnitude of reduction in the former is smaller and the rate of decrease is also lower. As the ratio of coal increases, the properties of RCR specimen become more similar to the coal specimens, which have lower elastic modulus.
FAILURE CHARACTERISTICS AND DISCUSSION OF RCR COMPOSITE SAMPLES AT DIFFERENT COAL THICKNESS
Influence of Confining Pressure and Coal Thickness on the Number of Cracks in RCR Composite Samples
The influence of confining pressure and inclined coal seam thickness on the failure characteristics of RCR composite samples are shown in Figure 9.
[image: Figure 9]FIGURE 9 | Crack number of the RCR composites at different inclined coal seam thicknesses and different confining pressures. (A) Influence of different confining pressure; (B) Influence of different coal thickness.
As can be seen in Figure 9A, the number of cracks in the RCR composite samples shows an overall increasing trend as the confining pressure increases. When the confining pressure is less than 5 MPa (with the exception of the abrupt increase in the number of cracks) at an inclined coal seam thickness of 10 mm, the number of cracks increases slowly when the inclined coal seams are thick. When the confining pressure is greater than 5 MPa, the rate of increase in the number of cracks in the RCR composite samples slows down and gradually tends to stabilize.
From Figure 9B, it can be seen that when the inclined coal seam thickness is less than 20 mm and the confining pressure of the RCR composite samples is 0 MPa, the number of cracks in the RCR composite samples increases as the inclined coal seam thickness increases. When the confining pressure of the RCR composite samples is between 5 and 20 MPa, the number of cracks in the RCR composite samples shows a decreasing trend as the inclined coal seam thickness increases, thus indicating that the confining pressure can inhibit the development of cracks to a certain extent. When the inclined coal seam thickness is greater than 20 mm, the number of cracks in the composite samples increases regardless of the confining pressure, thus indicating that the development of cracks at this time is no longer restrained by the confining pressure.
Failure Characteristics and Discussion of RCR Composite Samples at Different Coal Thicknesses
Figure 10 shows the failure characteristics of the RCR composite samples at different inclined coal seam thicknesses and at different confining pressures.
[image: Figure 10]FIGURE 10 | Failure characteristics of the RCR composites at different inclined coal seam thicknesses and different confining pressures. (A) σ3= 0 MPa; (B) σ3= 5 MPa. (C) σ3= 10 MPa; (D) σ3= 15 MPa. (E) σ3= 20 MPa
When the confining pressure is 0 MPa, as the inclined coal seam thickness increases [with the exception of the case in which the inclined coal is thin (10 mm)], the RCR composite sample generates relatively few microcracks in the rock section, whereas the coal section experiences failures. Moreover, the thinner the inclined coal seams are, the more serious the damage will be. It can also be observed that when the coal section of the composite samples is damaged, the cracks start from the two ends, gradually expand to the middle section, and finally cover the entire coal section. This shows that during uniaxial compression, the stress concentration occurs at both ends of the coal section first, which is eventually transmitted to the entire coal section. Specifically, when the inclined coal is relatively thin, the overall load-bearing capacity of the coal section is sufficiently high to allow the microcracks to expand through the coal section; microcracks are also generated in the rock section. The strength of the rock section is higher than that of the coal section during uniaxial compression. The latter also has a low strength and low homogeneity. In combination with the angle between the coal and rock sections, the stress concentration of the coal section is much higher than that of the surrounding area, such that failure occurs first in the coal section when subjected to loading. The early failures of RCR composite samples with different inclined coal seam thicknesses all occur in the coal. In the absence of the confining pressure, the composite samples experience mainly the shear failure of the coal. The composite samples experience instability failures even before the ultimate strength of the rock is reached. Therefore, no macroscopic cracks are formed in the rock, and the damage only occurs in the coal section, thus indicating that the failure of the composite samples is mainly caused by the damage of the coal section during uniaxial compression.
When the confining pressure is between 5 and 20 MPa, the failure of the RCR composite samples occurs in both the coal and rock sections as the inclined coal seam thickness increases. The applied confining pressure strengthens the coal section, such that the overall strength of the composite samples is improved considerably, and the failure of the composite samples can be more diversified. The failure process diagrams of all composite samples subjected to triaxial compression reveal that the failure modes can be categorized into two forms: when the confining pressure is low (5 and 10 MPa), the composite sample undergoes Y-shaped failure, and when the confining pressure is high (15 and 20 MPa), the composite sample undergoes X-shaped failure. There are two main reasons for this. First, subject to the action of confining pressure, owing to the high energy stored in the coal section, the energy released when the coal section is destroyed is sufficient to cause the destruction of the rock section, and microcracks are distributed in both the coal and rock sections. However, despite the many randomly distributed microcracks in the coal section, no macrocracks are formed. Additionally, the microcracks in the rock section begin to expand and form areas with a large number of microcracks. Further increases in the loading do not affect the steady development of microcracks in the coal section; however, the microcracks in the rock section develop more rapidly, and continue to grow, develop, and interpenetrate to form macroscopic cracks. Second, when the confining pressure is low, both the coal and the rock sections exhibit shear zones, and the greater the inclined coal seam thickness is, the more obvious the shear zone becomes. However, the length of the shear zone in the coal section is much shorter than that in the rock section, and Y-shaped failure of the composite sample occurs. As the confining pressure increases, the RCR composite samples become increasingly uniform. Therefore, when the confining pressure is large, the length of the shear zone of the coal section gradually increases, and the damage will likely become more symmetrical, thus causing X-shaped failure of the composite sample.
In summary, when the confining pressure is 0 MPa, the early failures of RCR composite samples with different inclined coal seam thicknesses occur in coal, which fail mainly by shear failure. The results indicate that failure of the composite samples is mainly caused by damage of the coal section during uniaxial compression. When the confining pressure is 5–20 MPa, failure of the composite samples can be summarized in two forms: the first occurs when the confining pressure is low (5 and 10 MPa), wherein the composite sample undergoes Y-shaped failure; and the second occurs when the confining pressure is high (15 and 20 MPa), wherein it undergoes X-shaped failure.
CONCLUSIONS
The failure characteristics and strength of the RCR composite samples are closely related to the inclined coal seam thickness. At the same confining pressure, the elasticity modulus and peak stress both decrease nonlinearly as the inclined coal seam thickness increases. As the thickness increases, when the confining pressure is 0 MPa, the peak strain first decreases rapidly and then remains constant. By contrast, when the confining pressure is 5–20 MPa, the peak strain increases gradually.
The failure characteristics and strength are also closely related to the confining pressure. Both the elasticity modulus and peak strain of the RCR composite samples increase nonlinearly as the confining pressure increases. When the confining pressure is low, it has a considerable influence on the peak stress of the composite sample; however, when the confining pressure is high, the strength is no longer sensitive to the confining pressure.
When the confining pressure of the RCR composite samples is 0 MPa [with the exception of the case in which the inclined coal seam is thin (10 mm)], there is a small number of microcracks in the rock section; accordingly, the damage only occurs in the coal section. When the confining pressure of the RCR assembly is between 5 and 20 MPa, the failure of the composite samples can be summarized in two forms: the first occurs when the confining pressure is low (5 and 10 MPa), wherein the composite sample undergoes Y-shaped failure; and the second occurs when the confining pressure is high (15 and 20 MPa), wherein the composite sample undergoes X-shaped failure.
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