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Abstract

:

Extensive bedding planes have a great influence on the mechanical properties of coal. In order to study the mechanism of the effects of bedding angles on the mechanical properties and failure characteristics of coal in the Shanxi Baode coal mine, uniaxial and triaxial compression tests and numerical simulations were conducted. The strength deterioration and microstructural changes in the samples were then analyzed with discrete element method (DEM) numerical simulation. The experimental results reveal that the power function strength criterion has good applicability to the strength characteristics of this coal. It was also found that the bedding angles have a great influence on the mechanical properties of coal. The properties of peak strength at different bedding angles roughly showed a U-shaped changing trend. The maximum strength occurred at a bedding angle of 0°, whereas the minimum strength occurred at a bedding angle of 60°. The numerical simulation and test results prove that the forms of failure of different bedding coal samples are complicated and are mainly represented by tensile and shear failures.
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1. Introduction


Coal is a type of sedimentary rock. In the process of formation, it is greatly affected by climate and environmental factors, resulting in large differences in structural composition. Due to the discontinuity of environmental conditions during the formation of coal, coupled with the crustal activity stress and geothermal effect after coal formation, coal generally develops at least two sets of approximately orthogonal primary fissures. Additionally, these fissures are accompanied by holes, microcracks, joints, bedding and other weak structural planes [1]. With the frequent occurrence of coal mining accidents and the upsurge of coalbed methane mining in the 1980s, researchers realized that coal bedding angle is not only an important object for analyzing the geological structure of coal fields, but also an important engineering geological factor that affects the development of coal and coalbed methane resources [2].



Many researchers have studied the mechanical characteristics of the weak structural planes. Xu et al. [3] carried out uniaxial compression tests on rocks with different joint inclinations. The influence of inclination on the failure mode of rock was discussed and the progressive failure process of rock was studied. Cai et al. [4] conducted dynamic indirect tensile tests on coal samples to explore the influence of bedding structure on the dynamic indirect tensile strength. Yan and Wu [5] considered the influence of the loading direction and the bedding direction of the square coal sample on the Brazilian test. In order to study the mechanism of influence of the bedding structure on the mechanical properties of coal, a series of uniaxial compression tests and mesoscopic tests were carried out. Zhang et al. [6] found that the bedding structure is closely related to the whole deformation process under uniaxial loading. Hao et al. [7] conducted uniaxial compression tests on one hard coal sample with different bedding and cleat angles and found that bedding had a decisive influence on the uniaxial compressive strength of coal. Jiang et al. [8] conducted Brazilian splitting tests, uniaxial compression tests and triaxial compression tests on coal samples to study the effects of bedding on the anisotropic characteristics of coal in the coal seam. Liu et al. [9] found that the mechanical properties of coal samples with different beddings are distinctive. The uniaxial compressive strength and elastic modulus of the coal samples with parallel bedding are the largest, and the Poisson’s ratio is the smallest. The deformation and failure curves of coal samples with different beddings are also quite different. Liu et al. [10] found that in rock strata with quite different mechanical properties, the bedding plane shear slip is more obvious through experimental and theoretical analysis. Based on the bedding of coal samples, gas permeability better describes the evolution of fractures, so some researchers conducted research on the permeability of bedding coals [11]. Chen et al. [12] studied the influence of different bedding angles in coal on mechanical properties and gas permeability in a complete stress–strain process. The above researchers mainly focused on the effect of the original cracks on mechanical properties, and some researchers used prefabricated macro cracks to study the influence of prefabricated cracks on the deformation, failure and mechanical properties. Lee et al. [13] conducted uniaxial compression tests on three samples with single and double cracks and explored the process of crack initiation, propagation and coalescence. Different types of rock samples containing cracks were submitted to uniaxial and triaxial compression tests, and the influence of prefabricated cracks on the strength and deformation behavior of different rock samples was analyzed in detail [14,15,16]. The research on the mechanical properties of the original cracks and prefabricated cracks has laid the foundation for the study of the mechanical properties of weak structural planes. However, they did not take the influence of bedding angle in triaxial compression properties into consideration. So far, research on the influence of bedding angle on coal mechanical properties has been rather limited.



Furthermore, with the gradual maturity of numerical simulation software, many researchers have introduced numerical simulation methods into the study of the influence of weak structures on rock strength. Mughieda and Omar [17] established a two-dimensional finite element model to investigate the stress distribution within rock-like samples with offset open non-persistent joints under uniaxial loading. Liu et al. [18] numerically investigated the mechanical behavior of coal samples with combined flaws with various inclination angles. The results show that different flaw inclination angles result in variations in the strength and deformation of pre-cracked samples. Lv et al. [19] comprehensively studied the influence of crack parameters on coal through theoretical analysis, laboratory experiments and numerical simulation. Bahaaddini et al. [20] analyzed the shear behavior of rock joints by using numerical simulation.



In this paper, the coal is sampled into standard cylindrical samples with different bedding angles. Triaxial compression tests were carried on the different bedding angles samples, and the influence of confining pressure and bedding angles on their mechanical properties and failure characteristics are analyzed. Meanwhile, the discrete element method (DEM) was used for numerical simulation to analyze the deterioration and microstructural changes of the samples with different bedding angles under triaxial compression tests. The test results have a reference value in coal mine disaster prevention and safe production.




2. Samples and Experiments


2.1. Preparation of Samples


In this study, two coal blocks were taken from the Baode coal mine at a depth of approximately 300 m in Shanxi Province, China. A series of cylindrical samples with a diameter of 25 mm and a length of approximately 50 mm were machined from these two coal blocks, which were prepared following the American Society for Testing and Materials (ASTM D7012-14). After sample processing and molding, the surfaces of both sample ends were carefully polished to a smooth surface, as shown in Figure 1. The average density of samples was approximately 1.49 g/cm3.



Two kinds of samples were created. The samples with a bedding angle of 0° were used to take the uniaxial compression tests and the triaxial compression tests, while the samples with bedding angles of 0°, 30°, 45°, 60°, 75° and 90° were used to analyze the mechanical behavior influence of the coal under the triaxial condition. The samples were obtained through different drilling angles, as shown in Figure 2.




2.2. Experimental Equipment


A TFD-2000 microcomputer servo-controlled triaxial rheological testing machine, as shown in Figure 3, was used to test the mechanical properties of the samples, including uniaxial compression and triaxial compression.



The testing equipment comprises axial loading, confining pressure loading, hydraulic pressure loading, numerical control and a measuring system. The maximum axial load is 2000 kN and the measurement resolution is 10 N. The maximum confining pressure is 100 MPa and the measurement resolution is 0.001 MPa. The maximum hydraulic pressure is 70 MPa, the maximum axial deformation is 10 mm, the measurement accuracy is ±0.5%, and the temperature range is from atmospheric temperature to 200 °C. This equipment can perform the controlled tests and data analysis by computerized and robotized operations, which ensures the accuracy, timeliness and safety of the test results.




2.3. Experimental Procedure


In order to describe the deformation and failure characteristics of coal under the initial stress state, the designation of confining pressure is determined by the mining depth of the coal. The analysis of the statistical data of the measured vertical stress (σv) all over the world shows that in the depth range of 25–2700 m, σv increases linearly, which is roughly equivalent to the average volumetric weight (γ) of 27 kN/m3. In this study, the depth of the mined coal samples was approximately 300 m, so the initial stress was approximately 9 MPa. Therefore, four levels of confining pressure were set for the tests: 3, 6, 9 and 12 MPa, respectively.



All cylindrical samples were dried for 24 h in the oven at a temperature of 105 °C. The procedure of triaxial compressive tests can be described as follows. First, the confining pressure was continuously applied by stress control at a speed of 0.05 MPa/s until the sample reached the hydrostatic pressure conditions (σ1 = σ3). Then, a displacement control rate of 0.01 mm/min was used to apply the axial deviatoric stress (σ1 − σ3) until the sample failed. The test procedure for uniaxial compression is similar to that for triaxial compression, except that the pressurizing process is eliminated.



According to different loading methods, the specific experimental procedures and sample size parameters are shown in Table 1.





3. Mechanical Test Results


3.1. Coal Deformation Properties Analysis


Figure 4 depicts the deviatoric stress–strain curves and failure patterns of triaxial compression tests under 6 MPa. The deviatoric stress–strain curves of coal under triaxial compression can be roughly divided into three stages: the linear elastic stage (OA stage), the plastic stage (AB stage) and the residual strength and strain softening stage (BC stage) [21]. Compared with the uniaxial compression test, there are three main differences. First, the curves hardly possess the initial compaction stage. The reason is that under the hydrostatic pressure conditions before axial loading, the initial cracks of the samples are largely closed. Second, the plastic stage is more obvious than the uniaxial compression curve, and there is obvious convexity before the peak. However, it is still hard to distinguish the elastic stage and the plastic stage. Finally, as the confining pressure increases, the magnitude of the post-peak stress drop gradually decreases and obvious plasticity failure characteristics appear. When the confining pressure is 6 MPa, the post-peak axial strain presents a plasticity flow state.



Figure 5 depicts the variation in axial strain (ε1) and radial strain (ε3) with increases in confining pressure. It was found that the post-peak stress drops rapidly and exhibits obvious brittle deformation characteristics in the uniaxial compression test. With the confining pressure increases, the coal no longer exhibits an obvious initial compaction stage. Meanwhile, the elastic modulus increases continuously under the influence of confining pressure, indicating that the coal has more well-developed pore-fracture structures. Under the influence of confining pressure, the pore-fracture structures are compressed and closed, which increases the stiffness of the coal. Compared with the uniaxial compression state, the samples showed obvious plastic deformation characteristics.



The radial strain is always negative, indicating that the radial strain of the sample has been in an expansion state under the stress. The radial strain and the axial strain have a high degree of synchronization, which means that when the coal fails, the axial and radial failures occur at the same time.




3.2. Coal Strength Properties Analysis


In order to better describe the influence of confining pressure on peak strength, classical strength theories of rock mechanics are selected to obtain for fitting analysis. The relationship between the peak strength and the confining pressure of the rock can be linearly described by the Mohr–Coulomb strength criterion [22]:


   σ 1  =   2 c cos  ( φ )    1 − sin  ( φ )    +  σ 3    1 + sin  ( φ )    1 − sin  ( φ )     



(1)




where σ1 and σ3 are the major and minor effective principal stresses at failure, respectively. c is the cohesion, φ is the internal friction angle.



The Hoek–Brown strength criterion describes the nonlinear relationship between the peak strength and the confining pressure of the rock, and the equation is as follows:


   σ 1  =  σ 3  +  σ c     (   m i     σ 3     σ c    + 1  )    0.5    



(2)




where mi is an empirical parameter of rock, which reflects the hard and soft degree of rocks in the range from 0.001 to 25.0, σc is the uniaxial compressive strength of rock, and σ1 and σ3 are the maximum and minimum principal stress, respectively [23].



Bieniawski [24] proposed a power function experience strength criterion, which can be expressed as:


     σ 1     σ c    = 1 + A    (     σ 3     σ c     )   B   



(3)




where A and B are lithology parameters, which can be determined by the specific rock test. The scope of A and B are given by fitting rock experimental data.



The experimental data under different confining pressures are fitted by the Mohr–Coulomb strength criterion, Hoek–Brown strength criterion and Power function criterion, as shown in Figure 6, which indicates that with the increase in confining pressure, the peak strength of the coal sample increases significantly. There are great differences in the fitting degree of different strength criteria to the experimental data. Therefore, the squared correlation coefficient (R2) is used to represent the fit degree of different strength criteria. When R2 is closer to 1, it means that the fitting degree is higher. The values of R2 for the Mohr–Coulomb, Hoek–Brown and Power function strength criterion are 0.920, 0.989 and 0.999, respectively. Therefore, the Power function strength criterion has the best applicability to coal.



Table 2 lists the results of coal under triaxial compression tests, and the deviatoric stress–strain curves are shown in Figure 5.



According to the results of the triaxial test, Mohr circles with confining pressures of 0, 3, 6, 9, and 12 MPa, and a Coulomb strength curve are shown in Figure 7. The Coulomb strength curve represents the relationship between the shear stress and the normal stress on the failure. The angle with the σ axis is the internal friction angle φ (36.1°), and the intercept on the τ axis is the cohesive force c (2.9 MPa).



Figure 8 depicts the variation in elastic modulus and Poisson’s ratio (μ) with increases in the confining pressure. In this research, E is calculated by the slope of the stress–strain curve between 0% and 50% of peak strength. As shown in Figure 8, it was found that the sample elastic modulus increases with the increase in the confining pressure and is approximated by a power function relationship, while the Poisson’s ratio decreases exponentially. As exhibited in Figure 8, the Power function is employed to depict the relationship between E and σ3 and the exponential function is used to describe the relationship between μ and σ3. According to the regression analysis, we can obtain the equation as follows:


  E = 2.212  σ 3     0.083    



(4)




with a good regression coefficient of R2 = 0.983.


  μ = 0.419  e  − 0.046  σ 3     



(5)




with a good regression coefficient of R2 = 0.835.




3.3. Coal Failure Properties Analysis


Figure 9 shows the failure samples after triaxial compression tests. The marked angle is the fracture of the coal sample. It was found that the failure patterns mainly represent shear failure and the fracture angles are from 59° to 79°. According to the Coulomb strength criterion, the angle of the fracture surface is estimated to be approximately 58°. There is a deviation between the actual fracture surface angle and the predicted value. The reason for the analysis is that coal has heterogeneous properties and contains random cracks alongside other defects, which may cause the coal sample to deviate along the cracks.





4. Mechanical Test Results of Different Bedding Angles of Coal


4.1. The Deformation Failure Properties of Coal with Different Bedding Angles


The coal samples were taken from the mine at a depth of approximately 300 m, with an initial stress state of 9 MPa. Therefore, the confining pressure of the triaxial compression test with different bedding angles is 9 MPa. Through the triaxial compression test, the deviatoric stress–strain curves of coal with different bedding angles are shown in Figure 10. The parameters and results of different bedding angle samples are listed in Table 3.



From Figure 10, we can see that samples with a bedding angle have undergone three stages: the linear elastic stage (stage 1), the plastic stage (stage 2) and the residual strength and strain-softening stage (stage 3). Compared with Figure 4, it was found that the pre-peak increasing stage and the post-peak softening stage of coal samples with different bedding angles are quite different, showing great anisotropy. The deviatoric stress–strain curves of the coal samples have obvious stress fluctuations before the peak, except for the coal sample with a 0° bedding angle, showing a transient peak in the middle stage. It is indicated that the coal samples with bedding planes are much more unstable; this phenomenon shows that the bedding plane has a certain influence on the stability of coal. The post-peak softening stages are more complex and diverse. The samples with 45° and 90° bedding angles show brittle failure characteristics and the post-peak stress drops rapidly, as shown in Figure 10c. The samples with other bedding angles show obvious plastic deformation properties after the peak. The post-peak plastic deformation properties are roughly divided into two types. First, the post-peak stress appears in a multiple-level drop state, as shown in Figure 10d–f. Second, the post-peak curve first decreased, then underwent a regional slow rising stage, and finally destabilized and then decreased, as shown in Figure 10a,b. In general, the deformation properties of coal samples are obviously discrete.



The radial strain (ε3) of the samples almost showed linear elastic growth at the pre-peak stage, and the growth amplitude was small. In the post-peak stage, the radial strain increases rapidly, but when it reaches half of the maximum axial strain, the samples are completely destroyed. The volumetric strains (εv) all show a left-turning trend before approaching the peak, showing an obvious expansion mechanism. In the post-peak stage, the expansion is more obvious.



The failure comparison of coal samples with different bedding planes is shown in Figure 11. It can be seen that different bedding planes lead to different failure characteristics of coal samples. Under confining pressure, the coal mainly suffers shear failure, and the shear failure surface mostly spreads around the weak structural surface. Coal samples with a bedding angle of 0° have local shear slip failure, and cross-penetrating cracks are formed locally on the failure surface and the bedding structure surface near the end. The failure modes of 30° and 45° coal samples are mainly based on the bedding plane as the main failure crack, and shear slip failure occurs. The coal samples containing 60° or 75° bedding planes have combined failures. The main failure is the shear failure along the bedding plane, but it also includes tensile cracks extending from the end of the sample and passing through the bedding plane. It shows that after bearing the axial load and the occurrence of shear slip failure, the coal sample reaches a new equilibrium state. Under the continuous axial stress and the influence of the internal microcracks, the longitudinal tension cracks extend from the end face. The volumetric strain increases rapidly, and the samples break rapidly. However, when the sample with the 90° bedding plane is damaged again, the crack development is more complicated. It is dominated by a tensile crack that penetrates both ends, and also includes shear cracks extending from the end surfaces and shear cracks partially penetrating the bedding plane. To sum up, the bedding structure has a significant impact on the failure properties of coal samples.




4.2. Analysis of Strength Properties of Coal with Different Bedding Angles


Figure 12 depicts the variation in deviatoric stress (σ1 − σ3) and axial strain (ε1) of coal samples. It can be seen that the peak strengths of coal samples with different bedding angle are quite different.



According to the test results, the relationship between the deviatoric stress and the bedding angles under triaxial compression can be drawn, as shown in Figure 13. It can be seen that the coal peak strength decreases rapidly and then increases slowly with the increase in the bedding angle. It was found that the peak strength reached the minimum value of 18.40 MPa when the bedding angle was 60°.



It can be seen from Figure 13 that the peak strength reaches the maximum value of 47.68 MPa at 0°. From 0° to 60°, the strength of the coal sample decreases rapidly. However, from 60° to 90°, the strength of coal exhibits a slow upward trend. The overall variation trend is U-shaped.



In order to obtain the variation pattern of peak strength and different bedding angles, the single plane of weakness theory based on Coulomb theory was adopted to fit the experimental data, as shown in Figure 13. The fitting function is as follows [25,26]:


   σ 1  −  σ 3  =   2  (  c +  σ 3  tan φ  )     (  1 − tan θ tan φ  )  sin 2 θ    



(6)




where c is the cohesion, φ is the internal friction angle and θ is the angle between the bedding plane and the vertical direction.



It was found that the single plane of weakness theory can better fit the relationship between the peak strength and the bedding angle of the coal samples.





5. Numerical Simulation


5.1. Numerical Modeling


Coal is a porous media material, which has obvious inhomogeneous and discontinuous features, which leads to the complex and changeable mechanical properties and failure patterns of coal. In order to better explore the coal failure mechanics and bedding effects, the DEM was used for numerical simulation. Based on the test results, a two-dimensional rectangular model with the size of 25 mm × 50 mm was constructed to represent the bedded coal. The computational model comprises approximately 14,000 particles in different gradations and the initial porosity is set to 0.1. The model material parameters are selected as: elastic modulus 2.29 GPa, Poisson’s ratio 0.23, and density 1360 kg/m3. The confining pressure of the numerical simulation is consistent with the test (9 MPa).



With respect to the special properties of bedding coal and the development of numerical analysis technology, an increasing number of researchers have carried out laboratory tests and numerical analyses. A parallel bonding model was chosen because it can simulate the material damage evolution process [27]. The determination of microscopic parameters is mainly divided into two steps. First, referring to the numerical simulation results on bedding coal to determine the approximate range of micro-parameters [28]. Then, through continuous trial-and-error correction, the micro-parameters are adjusted until the numerical simulation curve is consistent with the test curve, as shown in Figure 14. After repeatedly adjusting the model, the well-fitting micro-parameters are listed in Table 4 and Table 5.



The deviatoric stress–strain curves obtained from the numerical simulation and laboratory test under a confining pressure of 9 MPa are plotted in Figure 14. Comparing the stress–strain curves of the numerical simulation and experimental results, some differences can be found; for example, the stress–strain curves of the numerical simulation have no obvious nonlinear elastic phase in the pre-peak stage. The numerical simulation curve is also not obvious in the softening stage before reaching the stress peak. Analyzing the reasons for these observations, we found that the test sample as a geological material has heterogeneous characteristics due to weak structures such as pores, defects and bedding planes. However, the numerical simulation idealizes the material and quantifies the parameters of the bedding surface, resulting in a certain difference between the numerical simulation curve and the experimental curve. However, by comparing and analyzing the experimental curve and the numerical simulation curve, we find that the general trend of the stress–strain curve is similar, and the position of the stress peak is basically the same, as is the change trend of the elastic modulus. It shows that the microscopic parameters used in the numerical simulation are accurate and reliable, that the model can reflect the mechanical properties of coal with different bedding angles, and at the same time, it can well simulate the deformation process of coal.



In order to explore the relationship between strength and bedding angle, the relationship between the peak strength and bedding angle of the laboratory test and numerical simulation test is plotted in Figure 15. It can be found that the peak strength shows a U-shaped change trend, whether it is a laboratory test or a numerical simulation, which is basically consistent with the results of coal with different bedding planes [29]. When the bedding angle is 0°, the peak strength is higher. When the bedding angle is rotated clockwise to 30°, the peak strength of the laboratory test decreases by 23.01%, and the peak strength of the numerical simulation test decreases by 29.04%. When the bedding angle is converted from 30° to 45°, the decline rates of the laboratory test and numerical simulation slow down slightly, to 19.42% and 28.99%, respectively. However, when the bedding angle changes from 45° to 60°, the peak strength decreases to the lowest value, and the decrease rate exceeds 30% in the second angle section. Within the bedding angle from 60° to 90°, the peak strength has a relatively large recovery. The relationship between the peak strength and the bedding angle is consistent between the laboratory test and the numerical simulation, indicating that the peak strength reaches the lowest value when the bedding dip is 60°. Therefore, when the bedding angle is 60°, the adverse effect on coal strength is the greatest.




5.2. Evolution of the Microcracks


The contact force chains and the crack distribution at the failure stage of coal with different bedding angles are exhibited in Figure 16. It can be seen from the trend of the main failure surface that the failure characteristics of the coal sample are mainly represented by shear failure along the bedding angles.



The rigid spherical particles on the shear slip surface are severely squeezed, and then dislocated. The spaces between the particles are increased, thus weakening the contact force of the particles and resulting in the disappearance of the local contact force chain on the shear failure surface (red circle in Figure 16). Some blank areas are formed (orange circle in Figure 16), the rigid spherical particles in the blank areas do not bear the load, and the contact force gradually decreases until there is no load. The coal sample shows local cracking and spalling on the macroscopic view, and the sample undergoes tensile and shear failure. Around the blank area, the contact force chains recombine and form new branches, providing the coal sample with certain plastic characteristics. In the vicinity of the main crack (black line in Figure 16), a large number of tensile and shear cracks extend to the boundary of the sample, which leads to the coal falling into multiple pieces after being destroyed. In general, the development trend of microcracks shown by the numerical simulation is similar to the fracture characteristics of the samples in the test. It shows that the numerical simulation can describe the failure characteristics of the sample well.



In order to explore the microcrack development pattern, the test curve of the coal sample with a 0° bedding angle is selected for analysis. The evolution of deviatoric stress and shear and tensile microcracks are recorded during loading, as presented in Figure 17. It can be seen that tensile cracks and shear cracks develop simultaneously at the pre-peak stage and the number of shear cracks is larger, resulting in the shear failure of the samples. At the post-peak stage, due to the development of microcracks and the formation of the main shear failure surface, the number of tensile cracks increases exponentially along the failure surface. By monitoring the number of cracks, it is found that the samples underwent shear failure in a macroscopic view, but there is a large number of tensile cracks inside the samples.





6. Discussion


The research on the strength characteristics of coal under different stress states is of great scientific significance to guarantee the safety of coal mines. In order to better predict the strength variation trend of rock under different stress states, researchers introduced different strength criteria to study the strength characteristics of rock [30,31]. In this study, it is found that the power function strength criterion is most applicable to describe the strength characteristics of coal. Relevant researchers also found the applicability of the power function strength criterion in the study of the strength characteristics of different rocks [32,33]. Rock is a heterogeneous mass, and it is very important to grasp the variation characteristics of rock strength in engineering projects.



The extensive bedding planes have a significant influence on the mechanical properties of rock. Many researchers have carried out studies on rocks with different bedding angles that are common in engineering, such as coal [34,35], slate [26], sandstone [36] and shale [37]. Related studies have found that the strength of the rock presents a U-shaped change trend under the change of the bedding angle. When the bedding angle is 0° and 90°, the strength value of the rock is relatively high, which is consistent with the research conclusion of this paper. Therefore, a sufficient study of the influence of bedding plane can not only ensure the safety of construction, but also have a profound impact on the efficient mining and utilization of mineral resources. Meanwhile, it is proved to be incorrect to ignore the influence of bedding angle on rocks in the past.



In recent years, the rapid development and progress of numerical simulation technology have promoted the research of rock mechanics. It enables people to have a more intuitive understanding of the deformation and failure process of rocks. However, there are many pores in different shapes and sizes distributed in the rock, and these pore structures lead to the deviation between the numerical simulation and the experimental curve [38,39]. Therefore, controlling the error of numerical simulation within a small range to analyze the results of numerical simulation and experiment can add research methods of rock mechanics. It has become a research trend to analyze the deformation and failure characteristics of rocks through numerical simulation [40]. In this paper, the combination of numerical simulation and experiment is well realized, and the difference of bedding influence is analyzed. This enables a clearer understanding of the bedding angle of coal.




7. Conclusions


In this paper, coal collected from Shanxi, China was chosen in order to report the mechanical properties with different bedding angles. To comprehensively understand its mechanical properties, the triaxial compression test, uniaxial compression test and numerical simulations were conducted. Based on the test results and numerical simulation, the following conclusions can be drawn.



The elastic modulus of coal in triaxial tests shows a power function growth relationship with confining pressure. Poisson’s ratio decreases exponentially with the confining pressure. The strength properties of coal can be described by the Power function strength criterion. Due to the influence of initial micro-fractures, the deformation properties of coal are relatively discrete, and there are irregular intermediate short-term peaks. In general, with the increase in confining pressure, coal gradually shows plastic deformation properties.



The properties of peak strength at different bedding angles roughly showed a U-shaped changing trend. The maximum value occurred at a bedding angle of 0°, whereas the minimum value occurred at a bedding angle of 60°. By the fitting of the experimental data, it is found that the single plane of weakness theory can fit the relationship between peak strength and bedding angle of coal samples well.



The numerical simulation and test results prove that the failure forms of coal samples with different beddings are complicated and are mainly represented by tensile and shear failure. The numerical simulation curve conforms well to the experimental curve in terms of overall trend, indicating that the DEM can better simulate the different bedding coal failure characteristics.



Here, we mainly conducted triaxial compression tests of coal samples with different bedding angles and found that the deformation properties and failure characteristics are discrete. In future studies, an acoustic emission system will be used to monitor samples with different bedding angles and grasp the development of cracks during failure. A comprehensive and systematic understanding of the influence on the mechanical properties of coal warrants further study in the future.
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Figure 1. Initial materials and molded samples. (a) Initial materials. (b) Molded samples. 
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Figure 2. Angle relationship between the drill bit and the rock samples. 
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Figure 3. TFD-2000 microcomputer servo-controlled triaxial rheological testing machine. 
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Figure 4. Deviatoric stress–strain curves of sample with 0° under confining pressure of 6 MPa. 
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Figure 5. The variation between deviatoric stress and strain of samples with 0° under different confining pressures. (a) radial strain (ε3). (b) axial strain (ε1). 
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Figure 6. Fitting results of peak strength under different strength criteria. 
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Figure 7. Mohr circles of triaxial compression test under different confining pressures. 






Figure 7. Mohr circles of triaxial compression test under different confining pressures.



[image: Minerals 12 00345 g007]







[image: Minerals 12 00345 g008 550] 





Figure 8. The relationship between elastic modulus, Poisson’s ratio and confining pressure. 
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Figure 9. Failure patterns of triaxial compression test under different confining pressure. (a) 3 MPa. (b) 6 MPa. (c) 9 MPa. (d) 12 MPa. 
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Figure 10. Deviatoric stress–strain curves of coal samples with different bedding angles under confining pressure of 9 MPa. (a) 0°. (b) 30°. (c) 45°. (d) 60°. (e) 75°. (f) 90°. 
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Figure 11. Comparison of coal samples with different bedding angles before and after failure. (a) 0°. (b) 30°. (c) 45°. (d) 60°. (e) 75°. (f) 90°. 
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Figure 12. Deviatoric stress-axial strain curves of coal samples with different bedding angles under confining pressure of 9 MPa. 
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Figure 13. Variation in peak stress of coal samples with different bedding angles. 
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Figure 14. Deviatoric stress–strain curves of coal with different bedding angles in the numerical simulation and laboratory test. (a) 0°. (b) 30°. (c) 45°. (d) 60°. (e) 75°. (f) 90°. 
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Figure 15. Comparison of numerical simulation and laboratory test results. 
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Figure 16. Failure pattern of coal with different bedding angles. (a) Contact force chain of 0°; (b) Contact force chain of 30°; (c) Contact force chain of 45°; (d) Contact force chain of 60°; (e) Contact force chain of 75°; (f) Contact force chain of 90°; (g) Main cracks of 0°; (h) Main cracks of 30°; (i) Main cracks of 45°; (j) Main cracks of 60°; (k) Main cracks of 75°; (l) Main cracks of 90°. 
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Figure 17. Crack evolution during triaxial loading with bedding angle 0°. 
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Table 1. Geometric information of coal samples and the experimental projects.
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Sample No.

	
Diameter

/D (mm)

	
Height

/H (mm)

	
Density

/ρ (g/cm3)

	
Confining Pressure

/σ3 (MPa)

	
Bedding Angle

/θ (°)






	
D1-1

	
25.05

	
52.04

	
1.331

	
0

	
0




	
S3

	
25.12

	
50.85

	
1.742

	
3




	
S6

	
25.33

	
52.77

	
1.589

	
6




	
S9

	
25.35

	
52.43

	
1.323

	
9




	
S12

	
25.04

	
51.30

	
1.405

	
12




	
B1-1

	
25.38

	
52.28

	
1.366

	
9

	
0




	
B1-2

	
25.11

	
52.40

	
1.316

	
30




	
B1-3

	
25.16

	
51.94

	
1.300

	
45




	
B1-4

	
25.34

	
52.16

	
1.279

	
60




	
B1-5

	
24.97

	
52.39

	
1.372

	
75




	
B1-6

	
25.06

	
52.34

	
1.303

	
90
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Table 2. Mechanical test results of samples with 0°.
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	Sample No.
	Confining

Pressure

/σ3 (MPa)
	Peak Deviatoric Stress

/σcm (MPa)
	Peak Axial Strain

/ε1m (mm/mm)
	Peak Radial Strain

/ε3m (mm/mm)
	Peak Volumetric Strain

/εvm (mm/mm)
	Elastic

Modulus

/E (GPa)
	Poisson

Ratio

/μ





	D1-1
	0
	10.27
	3.28
	−1.87
	−0.45
	1.83
	0.43



	S3
	3
	31.47
	6.75
	−4.94
	−3.13
	2.41
	0.36



	S6
	6
	41.08
	12.87
	−14.47
	−16.08
	2.57
	0.31



	S9
	9
	46.88
	7.02
	−5.35
	−3.67
	2.63
	0.27



	S12
	12
	55.25
	8.32
	−4.43
	−0.55
	2.75
	0.25
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Table 3. Mechanical test results of samples with different angles at 9 MPa.
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	Sample No.
	Bedding Angle

/θ (°)
	Peak

Deviatoric Stress

/σcm (MPa)
	Peak Axial Strain

/ε1m (mm/mm)
	Peak Radial Strain

/ε3m (mm/mm)
	Peak

Volumetric Strain

/εvm (mm/mm)
	Elastic

Modulus

/E (GPa)
	Poisson

Ratio

/μ





	B1-1
	0
	47.68
	2.10
	−1.11
	−0.11
	2.63
	0.27



	B1-2
	30
	36.71
	4.66
	−2.90
	−1.14
	1.82
	0.26



	B1-3
	45
	29.58
	6.96
	−4.96
	−2.96
	1.64
	0.25



	B1-4
	60
	18.40
	4.53
	−2.55
	−0.56
	1.91
	0.27



	B1-5
	75
	26.15
	1.93
	−1.24
	−0.54
	2.44
	0.35



	B1-6
	90
	44.56
	1.77
	−1.60
	−1.44
	2.76
	0.39
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Table 4. Micro-parameters of numerical model.
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	Minimum Particle

Radius

/mm
	Particle Density

/kg·m−3
	Stiffness Ratio of Particles
	Friction Coefficient of Particles
	Normal Strength of Contact Bonding

/MPa
	Tangential Strength of Contact Bonding

/MPa





	0.24
	1360
	1.5
	0.57
	4.0
	2.0
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Table 5. Micro-parameters of bedded particles.
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	Particle Normal

Stiffness/

Gpa·m−1
	Particle Tangential

Stiffness

/Gpa·m−1
	Friction Coefficient of Particles
	Normal Strength of

Contact Bonding

/MPa
	Tangential Strength of Contact Bonding

/MPa





	660
	560
	2.9
	1.0
	3.0
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