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Abstract

:

The stability of the composite structures formed by coal pillar and roof rock is of great significance to safe production and sustainable development of coal mines. In order to explore the failure and instability mechanisms of coal–rock combinations (CRCs) with varying rock-to-coal height ratios, uniaxial compression tests of CRCs with varying rock-to-coal height ratios were performed via laboratory tests and numerical simulation of particle flow tests, and the mechanical response and failure mechanisms of CRC were comprehensively investigated with regard to their strength, failure characteristics, crack and energy evolution. The results show that the stress thresholds for the crack initiation, uniaxial compressive strength, and elastic modulus of CRCs rose with the decreasing coal-to-rock height ratio, and the fragmentation degree of the coal samples increased with rock-to-coal height ratio. The instability and failure of CRCs are the result of the interaction between the strength of sandstone and coal at the interface and the strength of sandstone and coal far from the interface region; in addition, they are influenced by the distribution range of microfractures during the loading process. The point effect and slip effect formed by coal failure cause sandstone split failure and shear failure, respectively. The number of cracks, macrocrack length, total input energy, elastic strain energy, and dissipated strain energy all reduce first and then increase as the coal thickness reduces. CRCs still have a certain load-bearing capacity in the post-peak stage, mainly due to their strong load-bearing skeleton structure and the friction between particles in the fracturing area, which can resist external forces.
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1. Introduction


Coal pillars are left surrounding the mining field to ensure coal resources’ safe and efficient mining. The stability of the combined system of these coal pillars and their overlying rock strata determines the safety of the face, the overlying strata, and even the surface. Once the combined system is damaged and destabilised, it can result in many catastrophic events, including rock bursts [1,2,3,4,5], coal and gas protrusions [6,7], sudden surface collapse [8,9,10,11] and other dynamic hazards. Meanwhile, a large number of mining engineering practices demonstrate that the initiation, propagation, and coalescence of meso cracks in CRCs are essential factors leading to the instability and failure of CRCs, and play a vital role in the macro mechanical behaviour of CRCs [12,13,14,15,16]. Therefore, a better understanding of the crack initiation, propagation, and coalescence process can aid in studying the mechanical characteristics and the progressive failure mechanism of CRCs in underground coal mines.



To study the mechanical behaviour of CRCs, many researchers have simplified the interlayer between the roof and floor rock and coal pillar, including coal–rock composite materials, rock–coal composite materials and rock–coal–rock composite materials. Bai et al. studied the progressive failure characteristics and mechanisms of different types of CRC samples using uniaxial compression experiments [17]. Tan et al. investigated the evolution of microcracks and failure characteristics of roof rock–coal–floor rock sandwich composite samples under uniaxial loading using an acoustic emission system [18]. Yin et al. studied the effect of lithology on strength, macro failure initiation, energy evolution, and failure characteristics by conducting uniaxial compression tests on fine sandstone–coal, coarse sandstone–coal and oil shale–coal biomaterial samples [19,20]. Chen et al. used acoustic emission devices and digital cameras to monitor the fracturing and failure propagation process of coal–oil shale composite samples with high strength and a low elastic modulus under uniaxial compression [21]. Yang et al. constructed rock–coal–rock composite structures with different coal thicknesses, and used theoretical analysis and physical similarity simulations to investigate the influencing law and the mechanism of coal thickness’s effect on compressive strength [22]. Liu et al. established a damage constitutive model of rock–coal and rock–coal–rock composite samples by connecting the damage body with Newtonian body [23]. In addition, the effects of interface angle, prefabricated fractures, confining pressure, and loading rate on the strength and failure characteristics of rock–coal composite samples were studied [24,25,26,27,28]. The lithology, strength, and combined forms of coal and rock bodies have an important influence on the deformation and failure of CRCs. Therefore, the study of the failure characteristics of CRCs with varying rock-to-coal height ratios can reveal the deformation failure mechanisms of CRCs with varying rock-to-coal height ratios from both a macroscopic and microscopic perspective, which is of great significance for coal mine safety.



As the proportion of coal in the combination decreases, the preparation of laboratory test samples is more complex, and the strength and Young’s modulus of coal have significant discreteness, making the randomness of the test results large [29,30]. However, due to its low cost and wide feasibility, the numerical simulation method has become a popular research method for studying the mechanical properties of rock fracture. Compared with theoretical analysis and laboratory tests, numerical simulation can more effectively capture meso mechanical behaviour and crack expansion and evolution in the failure process of CRCs. Hoek and Martin, Yang et al., Luo et al., Wu et al., and Chen et al. studied the failure characteristics of CRCs under uniaxial compression using a three-dimensional discrete element method [31,32,33,34,35]. Wang et al. established a discrete element method model combined with stress–gas coupling, and compared and studied the related mechanics properties of single coal samples and combination samples under stress–gas coupling, such as axial stress, crack generation, and failure mode [36]. Tian et al. used FLAC3D 7.0 numerical simulation software to study the mechanical characteristics of coal–rock composite structures under different interface connection modes [37]. Ma et al. established coal–rock and rock–coal–rock composite samples with different height ratios of coal to rock using PFC 4.0 software, and studied the differences in mechanical and energy evolution characteristics of coal–rock composites with different height ratios of coal to rock [38,39]. Yin et al. investigated the effects of joint length and angle on the uniaxial compressive strength, acoustic emission, and failure characteristics of rock–coal composites using PFC2D 3.0 numerical simulation software [40]. However, previous studies have focused primarily on coal–rock composite models’ overall mechanical properties and macroscopic damage. There are limited investigations into the strength properties and progressive damage mechanisms of CRCs with varying coal-to-rock height ratios, particularly research on the initiation, propagation, coalescence, and penetration of cracks in composite materials with varying coal-to-rock height ratios. Therefore, it is important to understand the influence of varying coal-to-rock height ratios on the destruction and instability mechanisms of CRCs from a microscopic point of view.



In this paper, firstly, we conducted physical experiments to explore the mechanical properties of CRCs with various coal-to-rock height ratios. Then, we constructed a discrete element method (DEM) model of CRCs with varying rock-to-coal height ratios, proposed a method for creating the initial compression stage in the numerical simulation process, and determined the micro-mechanical parameters of the DEM model using physical macroscopic mechanical properties via the trial-and-error method. The impact of the height ratio of coal to rock on the failure mode of CRCs is investigated based on failure characteristics, the evolution process of microcracks, energy characteristics, and contact force chain evolution. In addition, the effect law of the coal–rock height ratio on the failure mode of coal–rock combinations is revealed.




2. Physical Test of CRCs


2.1. Test Equipment and Methods


The field prototype of CRCs came from the Zhaogu coal mine in Henan Province. Figure 1 presents a field geological histogram of the coal seam, which is combined with its roof rock as a structural model of the CRC. The coal seam is mainly hard coal, and its roof is sandstone. The average thicknesses of the coal seam and its roof rock are 5.29 and 6.27 m. The coal–rock combination structure can be categorized into varying rock-to-coal height ratios based on the range of coal thickness and roof thicknesses.



The sandstone and coal samples collected on site were brought to the laboratory. First, 50 mm diameter cylindrical specimens of coal blocks and sandstone were extracted using a drilling coring machine and cut to the required height for the test, utilising a cutting machine; a rock grinder smoothed the specimens’ ends. For the uniaxial compression mechanical test, sandstone and coal samples were cut into ϕ50 × 100 mm standard cylinder pieces and labelled R and C, respectively, including three rock and three coal samples. Based on the high ratios of sandstone–coal (5:5, 6:4 and 7:3), AB super glue ϕ50 × 100 mm standard cylinder pieces were employed to test the mechanical properties of CRC with various height ratios of coal to rock, with three pieces for each sample [19,21]. Figure 1 depicts the samples of each type used in this study.



The uniaxial compression tests were conducted using an RMT-150B electro-hydraulic servo rock mechanics testing system. This testing apparatus is located at the Testing and Analysis Research Center of Henan Polytechnic University, and has a maximum axial load capacity of 1000 kN. During the experiment, the loading platen was moved downwards to apply pressure to the specimen. The loading mode was displacement-controlled, with a loading rate of 0.005 mm/s. The test equipment is shown in Figure 2.




2.2. Experimental Test Results


Table 1 lists the basic physical and mechanical parameters of single standard sandstone and coal samples and CRCs with different height ratios of coal to rock, as determined by a uniaxial compression test. Figure 3 compares the mechanical curves of CRC with various coal-to-rock height ratios.



Table 1 indicates that the coal–rock combinations’ uniaxial compressive strength and elastic modulus grow gradually as the proportion of coal drops. The uniaxial compressive strength and elastic modulus of CRC with varying height ratios of coal to rock are less than those of a single standard sandstone sample, and higher than those of a single standard coal sample. The stress–strain curves of standard sandstone samples, coal samples and coal–rock combination samples were compared, as shown in Figure 2. It can clearly be seen that there are significant differences in the peak axial strain of these three sample types. Among them, the peak axial strain of the standard sandstone sample is the smallest, ranging from 0.72% to 0.82%. The peak axial strain of coal sample is the largest, which is distributed between 1.89% and 2.47%. The peak axial strain of coal–rock composite samples is between 0.84% and 1.33%, and the peak vertical strain of CRC gradually decreases with the increase in the rock–coal height ratio. According to the shape of the stress–strain curve, the rock sample, coal sample, and CRC all experienced the compaction stage, and then entered the elastic stage. When the rock sample is close to the peak strength level, it shows obvious plastic deformation, and when the stress reaches the peak, it drops sharply. Hard coal has a denser structure and fewer micro-structural planes, and the instability duration during the loading process is short and sudden. Similarly, when the stress reaches the peak, it also drops sharply, and the coal sample shows obvious elastic brittleness characteristics throughout the process. After the CRC enters the post-peak stage, the curves of samples 55-2, 64-1, and 73-3 show the same decreasing form as that of coal samples. In addition, samples 55-3, 64-2, 64-3, 73-1, and 73-2 appeared as a transient stress platform, and then the curve decreased rapidly and vertically, indicating that these samples had completely failed.



The uniaxial compressive strength of specimen 55-1 has significantly decreased. This is primarily attributable to the significant growth of the primary flaws in the coal body of the structural sample, which will form a stress concentration around the fracture surface to accelerate the destruction of the structure, thereby reducing the strength of the coal sample in the CRC. Hence, the primary fractures also affect the uniaxial compressive strength of the coal–rock structure to some degree.





3. Generation Method of CRC Models and Calibration of the Microscopic Particle Parameters


3.1. Particle Flow Code


Particle flow software (PFC 5.0) is a discrete element method for studying the characteristics of granular media by simulating their movement and interaction. Particle flow software provides two fundamental bonding models: the contact bonding model (CBM) and the parallel bonding model (PBM) [41,42]. The contact bonding model can be regarded as a pair of springs with constant normal and tangential directions at the bonding point between particles; the bonding range is minimal, and the spring has a specific tensile and shear strength, as shown in Figure 4 [43]. In the parallel bonding model, the interparticle is viewed as bonding material with mutual elastic action established within a particular range. Figure 5 indicates that the interparticle transmits both force and torque [44]. When the contact bonding model is used, the tensile strength of the bond is zero once the bond is broken in tension, regardless of whether the particles are in contact.



Therefore, assuming particle contact is maintained in the contact bond model, bond failure cannot significantly affect the macro stiffness, which is impossible for rocks. When the parallel bonding model is used, if either the maximum normal stress or the maximum tangential stress exceeds the corresponding parallel bonding strength, the parallel bonding will be destroyed, and the contact stiffness and bonding stiffness create the macro stiffness. Using parallel bonding during tension or shear fracturing can more accurately simulate the stress failure of coal–rock materials. Accordingly, this paper utilises a parallel bonding model. When the parallel bond is formed, the force       F   i    ¯    and the bending moment       M   i    ¯    are initialise to 0, and       F   i    ¯    as follows [45]:


     F i   ¯  =    F i n   ¯  +    F i s   ¯   



(1)







The effects of normal stress (    σ  ¯   ) on parallel bonds and tangential stress (    τ  ¯   ) can be calculated as follows:


   σ ¯  = −    F i n   ¯  / A +  |     M i   ¯   |   R ¯  / I  



(2)






   τ ¯  =    |   F i s   |   ¯  / A +  |     M t   ¯   |   R ¯  / J  



(3)




where     R  ¯    is the parallel bonding length;         M   t    ¯      is the torque; and J is the moment of inertia of the polar [46,47].



When the stress of parallel bonding exceeds the bonding strength, the bonding will fail, and the normal and tangential stresses will generate tensile and shear microcracks, respectively, by surpassing their corresponding bonding strength.




3.2. Presence of Initial Microcracks


Many studies have demonstrated that the parallel bond model has significant advantages for simulating rock materials [48,49]. These simulations did not identify the initial crack closure phase. This study introduces the surface concept of two adhesive particles to imitate the existing opening crack [50] (Figure 6). As axial stress increases, the opened microcracks are progressively forced to re-contact, causing the cracks to progressively close (Figure 6b), which ultimately leads to the compaction stage.



The total effective length L of the crack surface is illustrated in Equation (4), and the crack width Gr is determined by Equation (5).


  L =   ∑  j = 1  n    l j     



(4)






   G r  =  G c  +  G s   



(5)




where lj is the length of the jth crack; Gc is the contact gap determined by the positions of particles; and Gs is surface gap determined by positions of notional surfaces (Figure 6a). An ergodic search was performed for all the particle contact points in the rock specimens. Thereafter, the current value of the contact gap Gcv was obtained. In addition, a contact model property that leaves the constitutive model unchanged was obtained:


   G c  = k  G  c v    



(6)




where k is the reference gap coefficient.



For contacts that have no initial overlap (Gc = 0) and are unbonded, the contact force begins at zero and continues to compress until the two particles move a sufficient distance apart (Gc < kGcv), a phenomenon known as crack closure.




3.3. Calibration of Sandstone and Coal Microparticle Parameters


The initial compaction stage of the stress–strain curve is attained in the simulation process by writing the FISH function. The micro parameters are repeatedly calibrated through many simulation trials (trial and error approach) to guarantee that the numerical simulation results are consistent with the physical samples’ macro mechanical properties. By comparing the stress–strain curve of the laboratory uniaxial compression test of sandstone and coal with the findings of the uniaxial numerical simulation test, Figure 7 indicates that the peak stress, peak strain, elastic modulus, and other essential parameters have a strong correlation. Table 2 lists the mechanical parameters of sandstone and coal acquired via modelling and experimentation. Table 3 displays the microscopic parameters of CRC particles simulated numerically.



Figure 7 and Table 2 illustrate that via the final calibration of the micro parameters, the macro mechanical properties of the test specimen are recovered to a greater extent. Although the compressive strength, elastic modulus, and Poisson’s ratio derived from the physical experiment contain some errors, the deviation is insignificant. Numerous calculations are required to obtain microscopic parameters that correspond with physical experiments more accurately.




3.4. Model Construction of CRCs with Different Height Ratios of Coal to Rock


The model dimensions are 50 mm wide and 100 mm high. The minimum and maximum particle radii are 0.3 mm and 0.4 mm, respectively, to improve the calculation efficiency and reduce the number of particles. A total of 13,450 round particles of various scales are produced. The particle contact density is identical to the measured density, and the coal sample and sandstone have densities of 1300 kg/m3 and 2600 kg/m3, respectively. Two rigid walls serve as loading plates at the top and bottom. Figure 8 shows a schematic diagram of the coal and rock combination model (taking 5:5 as an example).



Establishment method for coal–rock association:




	(1)

	
A ball model with the same dimensions as the standard specimen in physical experiments was developed. To maintain the simulation’s accuracy, all the parameters of the initial modelling must be consistent.




	(2)

	
Grouping by various coal-to-rock height ratios and assignment of micro parameters based on calibration results. The bonding surface parameters are determined according to the mechanical properties at the interface of the CRC (the analysis results in Section 4.2), with a large number of simulation trials (trial-and-error method). Table 4 displays the micro parameters of the bonding surface. The assignment of bonding parameters is based on the particle range, where the ‘Cmat’ command follows the principle of assignment from large to small, and the ‘Contact’ command from small to large. Group 1 comprises the rock, group 2 the coal, and group 3 the interlayer.




	(3)

	
Uniaxial compression experiments were conducted on assemblages with various coal-to-rock height ratios by eliminating the two side walls and keeping the upper and lower loading plates.











4. Mechanical Properties of RCR


4.1. Stress–Strain Curve


The simulated axial stress–strain curve is compared to the experimental data, as revealed in Figure 9. As can be seen, the numerical simulation outcomes are more consistent with the laboratory test outcomes, which all pass through the initial compaction stage, linear elastic stage, and macro damage stage. Comparing R:C = 5:5, R:C = 6:4, and R:C = 7:3 demonstrates the feasibility of the parameters, and the CRC is simulated under the conditions of R:C = 8:2 and R:C = 9:1, depending on this parameter. Figure 9d indicates that the uniaxial compressive strengths of CRCs ranging from R:C = 5:5 to R:C = 9:1 were 49.41 MPa, 50.48 MPa, 53.64 MPa, 61.19 MPa, and 73.94 MPa, respectively, and the moduli of elasticity were 4.26 GPa, 5.03 GPa, 6.15 GPa, 9.73 GPa, and 11.13 GPa, respectively. The uniaxial compressive strength (UCS) and elastic modulus decline steadily as the coal proportion increases, but remain higher than those of single standard coal. The simulation findings for five types of coal–rock composite materials agree with the laboratory observation findings [51,52].



Figure 10 shows the UCS of the CRC specimens after failure with the coal thickness. To determine the effect of coal thickness on the compressive strength, the best fitting equation is obtained using non-linear regression, and the relationship between the compressive strength and the coal thickness can be described using an exponential equation, as follows:


  y = 47.39 + 53.25  e  − 0.07 x    



(7)








4.2. Results of Theoretical Analysis of Strength Characteristics


To determine the relationship between coal and rock strength and the failure mode of the combined body, the stress state of each element in the combined model at various positions is analysed, as shown in Figure 11. The sandstone and coal in the CRC are bonded as a single unit using the strong adhesive. It is assumed that there is no relative displacement between sandstone and coal at the interface after deformation, and the thickness of the interface is disregarded. The horizontal strain of sandstone and coal under uniaxial loading can be derived utilising Hooke’s law, as follows:


   ε  2  s ′    =  ε  3  s ′    −  μ s   σ  1  s ′    /  E s   



(8)






   ε  2  c ′    =  ε  3  c ′    −  μ c   σ  1  c ′    /  E c   



(9)




where ε2s′, ε3s′, ε2c′, ε3c′ are the strain of sandstone and coal in a horizontal direction, respectively; μs and μc are Poisson’s ratio of sandstone and coal, respectively; σ1s′ and σ1c′ are the axial stress of sandstone and coal, respectively; and Es and Ec are the elastic moduli of sandstone and coal, respectively.



The relationship between elastic modulus and Poisson’s ratio of sandstone and coal is μs < μc and Es > Ec, respectively. Equations (8) and (9) indicate, based on the previous assumptions and the relationship between the elastic modulus and Poisson’s ratio of sandstone and coal, that sandstone and coal have various Poisson effects and create bond-constraining forces near their interface, which reduce as the distance from the interface increases. Figure 11b demonstrates that coal causes tensile stress (σ2s and σ3s) in the sandstone near the interface, whereas the sandstone induces compressive stress (σ2c and σ3c) in the coal.



The stress and lateral strain levels of sandstone and coal near the interface meet the following relationships based on continuous deformation conditions, the static equilibrium relationship, and generalized Hooke’s law [21,53]:


   σ  2 s   =  σ  2 c   = −  σ  3 s   = −  σ  3 c   =  K  s c    σ ′   



(10)






   σ  1 s   =  σ  1 c   =  σ ′   



(11)






   ε  2 s   =  ε  3 s   =  ε  2 c   =  ε  3 c    



(12)




where σ′ is the same axial stress of sandstone and coal near the interface; σ1s and σ1c are the axial stress values of sandstone and coal near the interface, respectively; ε2s, ε3s, ε2c, and ε3c are the lateral strain values of sandstone and coal near the interface, respectively; and     K   s c   =     E   s     μ   c   −   E   c     μ   s       E   s   ( 1 −   μ   c   ) +   E   c   ( 1 −   μ   s   )     is the coefficient of bond-constraining forces at the interface.



Accordingly, the sandstone and coal stress state near the interface changes from a unidirectional compression state to a three-dimensional compression–tension and three-dimensional compression due to the bond-constraining forces of the combination interface, i.e., the lateral strain constraint. However, the area far away from the interface remains in a condition of unidirectional compression due to the absence or weakness of bond-constraining forces, namely:


   {       σ  1  s ′    =  σ  1  c ′    =  σ ″         σ  2  s ′    =  σ  3  s ′    =  σ  2  c ′    =  σ  3  c ′    = 0        



(13)




where σ″ is the same axial stress of sandstone and coal outside the interface region; σ2s′, σ3s′, σ2c′, and σ3c′ are the stress of sandstone and coal in two principal horizontal directions outside the interface region, respectively. Tan et al. and Song et al. employed the Griffith strength criterion to determine the limit stress of sandstone and coal near and far from the interface region, as follows [51,53]:


   {       σ  1 ′   =  σ  1 s u   > 0        σ  3 ′   = −  K  s u    σ  1 s u   < 0        



(14)






   {       σ  1 ′   =  σ  1 c u   > 0        σ  3 ′   =  K  s c    σ  1 c u   > 0        



(15)






   {       σ  1 ′   =  σ  1 s  u ′    =  σ  1 c  u ′    > 0        σ  3 ′   = 0        



(16)




where σ1′ and σ3′ are the maximum and minimum principal stress, respectively; σ1su and σ1cu are the ultimate compressive strength of sandstone and coal near the interface, respectively; and σ1su′ and σ1cu′ are the ultimate compressive strength of sandstone and coal outside the interface region.



To obtain the ultimate compressive strength of sandstone and coal near and far from the interface region, it is proposed that the UCS of both materials is known and subjected to uniaxial stress σ, while the interface bond-constraining forces are in the limit equilibrium state. Mohr strength condition expressions for sandstone and coal are computed according to the Mohr strength theory, as follows:


   σ  1 ′   =  f s   σ  3 ′   +  σ  s u    



(17)






   σ  1 ′   =  f c   σ  3 ′   +  σ  c u    



(18)




where fs and fc are the internal friction coefficients of sandstone and coal, respectively; σsu and σcu are the UCS of sandstone and coal, respectively.



The ultimate compressive strength of sandstone and coal near the interface can be calculated using Equations (14), (15), (17) and (18), respectively, as follows:


   σ  1 s u   =  σ  s u   / ( 1 +  K  s u    f s  )  



(19)






   σ  1 c u   =  σ  c u   / ( 1 −  K  s c    f c  )  



(20)







Similarly, the ultimate compressive strength of sandstone and coal outside the interface region can be determined utilising Equations (16), (17) and (18), respectively:


   σ  1 s  u ′    =  σ  s u    



(21)






   σ  1 c  u ′    =  σ  c u    



(22)







As the sandstone and coal beyond the interface are exposed to unidirectional compression, their strengths can be described as σsu and σcu, respectively. Using the calculation equation of the UCS of non-standard samples and considering various height ratios of coal to rock, we can obtain the following:


   {       σ  s u   =  σ s  ( 7 + 2 D / H ) / 8        σ  c u   =  σ c  ( 7 + 2 D / H ) / 8        



(23)




where D and H are the diameter (mm) and height (mm) of sandstone and coal in the coal–rock structure.



The strength law of CRC under different height ratios of coal to rock is defined using Equations (19)–(23) as follows:


   σ  1 s u   <  σ  1 s  u ′     



(24)






   σ  1 c u   >  σ  1 c  u ′     



(25)







Equations (24) and (25) reveals that the bond-constraining forces diminish the strength of sandstone near the interface, which is less than σ1su′, but the strength of coal near the interface increases to greater than σ1cu′. Figure 12 depicts the relationship curve between the UCS of sandstone and coal determined at the interface and outside the interface of the CRC with different coal thickness, using Equations (24), (25) and (28), and Table 1. Obviously, the UCS of σ1su’ and σ1su has a marked exponential function regression relationship with coal thickness, and the correlation coefficients (R2) are all greater than 0.999, whereas the UCS of σ1cu’ and σ1cu has a good negative exponential function regression relationship with coal thickness, and the correlation coefficients (R2) are all greater than 0.997.



Figure 12 demonstrates that as the coal thickness reduces, the UCS values of σ1su′ and σ1su gradually decrease, whereas the UCS values of σ1cu′ and σ1cu exhibit an increasing trend. This is because the coal near the interface, when subjected to bond-constraining forces, is in a condition of three-dimensional compression, and is difficult to fracture. When the R:C is 5:5, 6:4, 7:3, and 8:2, respectively, the UCS of sandstone at each position is greater than that of coal far from the interface region, so that under uniaxial compression, the middle coal will generate radial tensile stress when pressed, making it easy for tensile fracture to occur, with rib spalling predominating, as illustrated in Figure 13b. When the middle portion of the coal is destroyed, cracks emerge in the bottom and upper parts, respectively, causing the coal’s and sandstone’s gradual deterioration (8:2) near the base and boundary. The coal’s instability contributes to the complex’s instability as a whole.



However, the sandstone at the interface changes from unidirectional stress to a three-dimensional compression tension, leading the sandstone at the interface to collapse earlier than the sandstone far away from the interface. When R:C = 9:1, the UCS of the sandstone near the interface is less than the UCS of the coal sample at the interface and the sandstone and coal outside the interface region, respectively, so that the sandstone at the interface is destroyed first after the CRC is compressed.





5. Progressive Failure Mechanism of RCR


5.1. Morphological Characteristics of Crack Propagation and Failure Modes


In the CRC-loading process, many macrocracks are formed due to the shear–tension interconnection. These can be divided into tensile and shear macrocracks according to the crack direction and relative motion direction of the blocks on both crack sides [54]. If the macro fracture is vertical or sub-vertical (that is, parallel to the loading direction), and the blocks on both sides of the fracture are separating (that is, opening), it can be defined as tensile failure. If the macro crack is inclined and the blocks on both sides of the crack are sliding, it can be verified as shear failure. Figure 13 and Figure 14 show the final failure results of physical experiment and numerical simulation, respectively. In comparing the numerical simulation results with the laboratory experimental results, we can observe that the failure modes of the two are basically consistent. To avoid redundancy, only important results are given here. According to the simulation results, the crack propagation law and failure mode of different coal rock structures are studied. In Figure 13, the black and red areas are tension cracks and shear cracks, respectively. The serial numbers in Figure 13 represent not only the macro damage sequence, but also the macro crack damage form. For example, the number ④ on the coal and sandstone is the fourth group of macro cracks, representing shear failure.



Figure 14 depicts that when R:C = 5:5, microcracks are initiated in the middle and lower parts of the coal, showing a random dispersion distribution. This is because the strength of the coal far from the interface region is the smallest, which is consistent with the theoretical analysis. The local microcrack ① at the middle part’s left side of the coal forms a rib spalling failure after initiation, propagation, and coalescence, proving the occurrence of tensile failure. Furthermore, the cracks extend downward and merge with those near ② to form shear failure ③. The coal includes macroscopic shear damage ④ upon the successive propagation and coalescence of microcracks, which do not reach the sandstone. With the increase in the axial strain, the coal sample’s left side is damaged and unstable, causing the stress to concentrate on the right side, so that the coal experiences extrusion failure ⑤ and extends downward to form shear failure ⑥ that converges with ④ to form a V-shaped failure.



When R:C = 6:4, the crack initiation and propagation mainly occur in the coal far away from the interface region, with the coal fragmentation degree exceeding that of R:C = 5:5. The tensile failure ①, shear failure ②, shear failure ③, and shear failure ④ converge to form a roughly W-shaped macro failure, in which the crack tip located near ④ does not touch the sandstone, and the macrocrack length is less than that of R:C = 5:5. When R:C = 7:3, the crack length is less than that of R:C = 6:4, because the strength of coal samples near the interface increases significantly with the decrease in coal proportion, limiting the crack propagation.



When R:C = 8:2, due to the low strength of the coal–rock away from the interface region and the sandstone near the interface, the coal’s initiation cracks are mainly located in the middle and lower parts, and the sandstone microcracks are mainly distributed near the interface. Once the failure is caused by the crack propagation and coalescence in the coal body, it converges with the sandstone failure area near the interface, followed by upward splitting damage to the sandstone.



When R:C = 9:1, the microcracks are mainly distributed on the sandstone near the interface at the initial loading stage. The macro fracture initiation occurs on the sandstone at the interfaces (① and ②), which is mainly due to the coal’s relatively high strength and the sandstone’s minimum strength at the interface (as previously analysed), namely σ1su < σ1cu’ < σ1su’ < σ1cu. As the axial stress increases, the sandstone no longer breaks, and the coal sample starts breaking. The sandstone failure occurs after the coal sample failure, and the microcracks within the coal sample expand and coalesce, and then converge with the sandstone’s local breakage area to cause the sandstone’s overall failure. Ultimately, the macroscopic failure patterns of the assemblage are crushing failure ② and shear failure ④ for the coal, and shear failure (③ and ⑤) and small range splitting failure ⑥ for the sandstone.



In summary, when the rock-to-coal height ratio is 5:5, 6:4 and 7:3, with the decrease in the coal proportion, the increase in the strength of the coal sample near the interface limits its crack propagation, and the macrocrack length decreases. The mechanical behaviour of the coal is mainly shear failure, and the sandstone is not damaged. When the rock-to-coal height ratio is 8:2 and 9:1, the sandstone’s strength near the interface decreases significantly as the rock proportion increases. The coal sample macrocracks converge with the local failure area of the sandstone near the interface, causing the overall sandstone failure, which is categorised as split and shear failures.



Figure 15 shows the CRC failure displacement cloud diagram with different rock-to-coal height ratios under uniaxial compression. It can be seen in comparing the horizontal displacement cloud diagram that the Λ-shaped failure zone after coal sample failure forms a point effect, inducing a split failure in the sandstone. The slip effect formed in the shear failure zone causes the sandstone shear failure.




5.2. Evolution Laws of Microcracks


Figure 9d shows that when R:C = 8:2, the stress drop phenomenon occurs prior to the peak value. In order to further understand the relationship between the crack evolution law, failure characteristics, and stress–strain curve of the CRC, the variation in crack evolution with stress–strain curve during the entire coal–rock assemblage loading is investigated, taking the R:C = 5:5 and R:C = 8:2 as examples, as shown in Figure 16. Generally, the tangent modulus is calculated as follows:


    E ′   ( n )   =   s t r e s s ( n + 1 ) − s t r e s s ( n )   s t r a i n ( n + 1 ) − s t r a i n ( n )    



(26)




where n is the data point.



As shown in Figure 16a, when R:C = 5:5, points A and B represent 60% and 80% of the pre-peak value, respectively, point C is the peak value, and points D, E, F, and G represent 80%, 60%, 40%, and 10% of the post-peak value, respectively. At the initial loading stage, the CRC undergoes compaction and elastic stages, during which the initial spaces between particles gradually close to each other, and the tangent modulus gradually increases, resulting in a concave stress–strain curve. Upon crack closure, the stress–strain curve is approximately linear in the elastic phase, and the tangential modulus is almost unchanged (O-A stage). As the axial stress increases, new cracks begin to form due to the applied stress with less inter-particle stress damage, and a few wide cracks appear in the dispersion distribution state. The stress-induced cracks steadily increase at stages A, B, and C upon crack initiation. As the axial stress increases, more randomly distributed cracks occur. The tangential modulus decreases significantly due to the high number of new cracks. When the stress reaches C, the average contact force between the coal particles reaches a maximum value, and the cracks gradually expand to form a local crack stage. At this time, local microcracks are connected to cause coal spalling. At the post-peak stage, the tangent modulus becomes negative with the drop in the axial stress. When the strain reaches point F, the specimen forms a V-type macrocrack zone, while when it reaches point G, the number of cracks is at its peak.



As shown in Figure 16b, when R:C = 8:2, at point B loading, the microcrack distribution is small in number and range, mainly in the coal sample’s lower left part, leading to the local instability and stress drop upon the cracks’ connection, which forms the first peak. The stress drops to point C, and the load-bearing capacity increases after mutual adjustment between the particles. The stress reaches the second peak at point D with the increase in the microcrack distribution range, resulting in the peak average contact force between coal particles. At the post-peak stage, the number of cracks in coal samples increases rapidly, and each local fracture coalesces, further intensifying the coal–rock damage. When the strain is at point F (60% after the post-peak), the sample forms a W-type macrocrack zone in the coal sample, leading to the tensile failure of sandstone from the bottom to the top once the crack in the coal sample has coalesced. When the strain is at point G (40% after the post-peak), the cracks continue to propagate, and their number continues to increase. When the strain is at point H (10% after the post-peak), the number of cracks reaches its maximum.



From the above analysis, it can be seen that the damage and failure process of CRCs can be divided into five stages: the ① original crack closure stage, ② microcrack initiation stage, ③ microcrack dispersion and distribution stage, ④ crack gradual expansion to form the local cracks stage, and ⑤ instability and failure stage caused by the connection of each local crack. The cause of CRC instability and failure is the interaction between the roof sandstone and the coal sample, and is also determined by the distribution range of microcracks in the loading process, which is the main reason for the stress drop in the specimen before the peak.




5.3. Number of Cracks


Figure 17 shows the variation in the number of tensile and shear cracks with the change in the vertical stresses for the five coal–rock combinations with R:C = 5:5 to R:C = 9:1. The stress thresholds for crack initiation were 51.85% (25.62 MPa), 51.93% (26.21 MPa), 50.08% (26.87 MPa), 44.20% (27.04 MPa), and 60.22% (44.53 MPa) of peak stress for CRC from R:C = 5:5 to R:C = 9:1, respectively. Obviously, the crack initiation stress increases with the decrease in coal proportion, which proves that the crack resistance and compressive strength of the CRC are improved with the reduction in the coal proportion.



As shown in Figure 17a, in stages I and II, the initial spacing between particles is closed first, then the particles adjust and squeeze each other, and no cracks appear at this stage as the interparticle contact force is less than the interparticle bonding strength. In stage III, as the axial stress increases, when the inter-particle contact force is greater than the bonding strength between particles, microcracks begin to emerge in a dispersion distribution state, as mainly tensile cracks, not shear cracks. At this time, the number of microcracks is increasing slowly. In stage IV, the shear cracks begin to emerge, and the tension cracks continue to increase and expand. In stage V, the peak and post-peak stage, each local crack is connected and converged, and the overall damage after continuous penetration causes a dramatic increase in the number of shear and tensile cracks. Therefore, the crack evolution of CRC with different coal-to-rock height ratios can be divided into five stages: stage I, compaction stage; stage II, elastic stage; stage III, stable development stage; stage IV, unstable development stage; and stage V, extremely unstable post-peak stage.



Table 5 shows statistics for the number of tension and shear cracks of coal and rock in combination with different rock-to-coal height ratios. According to Table 5, the failure of coal in the CRCs was mainly caused by tension cracks. When R:C = 5:5, the number of tensile cracks and shear cracks in coal is the highest (1341 and 156, respectively). When R:C = 6:4, the number of tensile cracks and shear cracks in coal is the least (1116 and 147, respectively). When R:C = 9:1, the number of tensile cracks and shear cracks in the rock is the largest (879 and 44, respectively), and the total number of cracks in the composite is the largest (1552). With the rock-to-coal height ratio increasing from 5:5 to 9:1, the number of fractures in the combination decreases first and then increases. This is because as the proportion of coal samples decreases to a certain extent, the ability of roof rock to consume external load energy due to axial compression deformation becomes more substantial, the damage degree of coal samples and sandstones gradually increases, and the coal samples become extensively broken. In this case, many cracks exist.




5.4. Effect of Coal Thicknesses on Energy Evolution in RCR Composite Samples


The damage and failure of coal and rocks is a state instability phenomenon driven by objects and external environmental energy. During the CRC-loading process, the external energy is constantly input, with part of it being transformed into dissipated strain energy, which is represented by the CRC plastic deformation, microcrack initiation, expansion, and other meso damage, and other parts being stored in the CRC in the form of elastic strain energy. When the input energy reaches its energy storage limit, it releases a part of the elastic strain energy, causing the overall failure of the rock. According to the first law of thermodynamics (assuming that there is no heat exchange between the CRC and the outside when the external force does work), the total input energy generated by the external force subjected to the composite material is defined as follows [55].


   U o  =  U d  +  U e   



(27)




where Ue is the elastic strain energy stored in the rock that can be released; Ud is the dissipated strain energy in the rock damage and failure process, and the correlation is shown in Figure 18.



As shown in Figure 19, the shaded part depicts the energy stored in the CRC in the form of elastic strain energy Ue. Ud is the dissipative strain energy for partial energy conversion. The rock element energy calculation formula under triaxial compression is as follows [56].


   U o  =    ∫ 0   ε 1      σ 1  d  ε 1  +       ∫ 0   ε 2      σ 2  d  ε 2  +       ∫ 0   ε 3      σ 3  d  ε 3      



(28)






   U e  =  1  2  E ¯     [   σ 1 2  +  σ 2 2  +  σ 3 2  − 2  v ¯   (   σ 1   σ 2  +  σ 2   σ 3  +  σ 1   σ 3   )   ]   



(29)




where     E  ¯    and     v  ¯    are the average values of the unloading elastic modulus and Poisson’s ratio, respectively.



When CRC is subjected to uniaxial compression, σ2 = σ3 = 0, the dissipated strain energy is


   U e  =  σ 1 2  / 2  E ¯   



(30)







The results of the stress–strain curves from the numerical simulations are taken into the above equations to calculate the total input energy Uo, elastic strain energy Ue, and dissipated strain energy Ud for the CRCs with different coal-to-rock height ratios. Figure 18 shows the variation in the total input energy Uo, elastic strain energy Ue and dissipated strain energy Ud with CRC strain with different coal-to-rock height ratios.



It can be seen from Figure 18 that the energy evolution curves of CRC with different coal-to-rock height ratios show a similar trend: the total input energy, elastic strain energy, and dissipated strain energy of CRC show a nonlinear growth trend with the increase in the axial stress level during compression, in which Uo and Ud increase slowly, then rapidly with the axial strain curve, and the peak value changes very violently at the pressure point. As the sample enters the elastic deformation phase, the CRC total input energy with different coal-to-rock height ratios increases approximately linearly with strain (Figure 18a). When the coal proportion decreases from 5:5 to 6:4, the maximum total input energy shows a downward trend. On the other hand, when the coal proportion reduces from 6:4 to 9:1, the maximum total input energy shows an upward trend, with a maximum peak value of 369.5 KJ/m3 at R:C = 9:1 and a minimum peak value of 277.3 KJ/m3 at R:C = 6:4. Differing from the Uo, Ud vs. axial strain curve, with the decrease in coal proportion, the accumulated elastic strain energy rises rapidly before the peak strength (Figure 18b), and the peak elastic strain energy decreases first and then increases. The peak accumulated elastic strain energy decreases first when the coal proportion reduces from 5:5 to 8:2, and gradually increases when the coal proportion decreases from 8:2 to 9:1, reaching a minimum value of 192.4 kJ/m3 at R:C = 8:2 and a maximum value of 286.5 kJ/m3 at R:C = 5:5. Once the peak strength is reached, the accumulated elastic strain energy decreases considerably until it disappears in the numerical simulation tests, regardless of the change in the ratio of coal to rock.



With the decreases in coal proportion, the peak dissipated strain energy of the CRC samples with different coal-to-rock height ratios decreases first and then increases. When the coal proportion decreases from 5:5 to 6:4, the peak dissipated strain energy decreases first. When the coal proportion decreases from 6:4 to 9:1, the peak dissipated strain energy gradually increases (Figure 18c). The minimum peak dissipated strain energy is 274.8 kJ/m3 at R:C = 6:4. Dissipative strain energy is closely related to CRC deformation and failure. Therefore, from the energy evolution perspective, the greater or smaller the thickness of the coal, the more severe the damage.



It should be pointed out that with the decrease in coal proportion, the coal sample and sandstone destruction degree increases, and the coal sample breaking rate rises. This can be attributed to the high strength of the coal near the interface under the increased rock-to-coal height ratio, and the accumulated energy coal before being destroyed. When the sandstone near the interface is damaged to a certain extent, the fractures of the sandstone near the interface lead to coal fracture development, resulting in rapid energy release in coal. At the same time, the decrease in the coal proportion means an increase in the sandstone volume, accumulating a certain amount of energy near the interface before failure. Under the mutual destruction of the sandstone and coal, the coal destruction accelerates. Therefore, as the coal proportion decreases, the overall combined strength increases significantly, and the reduction in damage rises sharply.




5.5. The Evolution of the Microscopic Structure of the Force Chain


The contact force chain is an important medium used to maintain the overall continuity and stability of the CRC, and is the core pathway for transferring overburdening loads and mining stresses. Contact force chains can be divided into two categories: strong force chains and weak force chains. The thicker the force chain, the stronger the force chain, and the more detailed the force chain, and vice versa. The strong force chain plays a stabilising role, and the weak chain plays a fixing auxiliary role. This energy stabilises the strong force chain (stabilising the unstable state), and contributes to their reconstruction. By analysing the force chain evolution of the contact force during the CRC axial loading with different coal-to-rock height ratios, the law of the transmission evolution of the contact force within the CRC is revealed. In Figure 20, the red represents the contact force chain of the rock mass, and the blue represents the contact force chain of the coal mass.



As shown in Figure 20, we take R:C = 5:5 as an example. At the initial stage of loading, more, finer, and interconnected and intersected contact force chains are generated within the coal and rock along the axial direction. With the increase in vertical stress, the load borne by the CRC gradually increases, and the density of the inter-particle contact force chains intensifies. In the third and fourth stages of fracture development, the microcrack distribution is wide, the number is small, and there is no coalescence; hence, there is no impact on the evolution of the force chain (Figure 21a). When the stress reaches its peak value, the CRC reaches its maximum bearing capacity, and the overall force chain becomes thicker and stronger. The contact force chain on the coal’s left side is damaged due to the failure of the coal spalling upon connecting the local cracks, and the force chain in the adjacent damage area is locally concentrated (Figure 20b).



In the post-peak stage, when the stress is reduced to 80% of the peak, shear damage occurs through the fracture coalescence on the coal sample’s left side, the force chain in the adjacent area is concentrated, and the contact force chain on the coal body’s right side is weakened. At this time, the loading centre of gravity shifts to the right, and the contact force chain in the rock mass gradually concentrates to the right (Figure 20c). As the stress decreases to 60% of the peak, the contact force of the coal body on the right side weakens, which leads to the failure of this area. The contact force chain adjacent to the failure area is concentrated, with a structure similar to a skeleton forming on the left side of the coal body (Figure 20d) [34]. When the loading ends, the contact force chain in the coal body further breaks, offsets, and reconstructs, leading to the weakening and destruction of the strength of the contact force chain over a wider range. After the instability and failure of the CRC, the rock mass quickly releases energy, making the internal contact force chain weaken in a large area, and the force chain is concentrated towards the two top ends of the skeleton in the coal.



Figure 21 shows the final results of the evolution of force chains in CRCs with different coal-to-rock height ratios. It can be seen that the contact force chain inside the coal body in structural bodies with different height ratios is more likely to fracture, and the microcracks are more likely to expand in the coal body. Moreover, the evolution of the contact force chains corresponds to the expansion and penetration of the microcracks, both of which gradually evolve to form macroscopic rupture zones in the coal body. Due to the different crack propagation capabilities and angles, the failure forms of sandstone are different, showing splitting, shear failure, or non-occurrence. At the end of loading, as the proportion of the coal body decreases, the contact force chain in the coal body is weakened, and the degree of crushing is increased. It is worth mentioning that even in post-peak stage, the CRC still has a certain load-bearing capacity, mainly due to its strong load-bearing skeleton structure and the friction between particles in the fracturing area, which resists external forces.





6. Discussion


In recent years, with the gradual depletion of shallow mineral resources, resource development is continuously moving towards deeper parts of the earth [57,58]. In high-stress environments in deep parts of mines, many disasters are essentially the result of the overall destructive destabilization of the coal–rock assemblage system [59,60]. Therefore, the study of the failure and instability mechanisms of CRCs under loading is of vital significance in guiding the safe production of coal mines and the sustainable development of the coal mining industry.



Due to differences in lithologic characteristics, interface structures, and effect sizes, the complexity of studies on the mechanical responses and failure mechanisms of CRCs is greatly increased. Numerical simulation method has become a reliable research method for studying the mechanical properties of rock fractures due to its low cost and good feasibility. In this paper, we constructed a model for the initial closure behaviour of rock fractures under uniaxial compression, and solved the problem that the stress–strain curves simulated in previous discrete element method were usually linear at the initial stage. According to the national standard GB/T23561.7-2009 for the determination of the physical and mechanical properties of coal and rock, the CRC sample in this paper was machined into ϕ50 × 100 mm cylinders [61]. If the dimensions of the simulation need to be further in-depth and consistent with actual case dimensions, it may be difficult to use the PFC 4.0 simulation software to achieve a current PFC software simulation of standard specimens’ microscopic fracture behaviour; this, alongside the damage mechanism, is very good, differing from that of FLAC3D 7.0 simulation software [44,46,62]. Zhang et al. [63] simulated a simplified rock–coal–rock specimen, and the results obtained were approximately the same as the field 2 damage pattern; it can thus be considered that the fracture behaviour and the damage mechanism of the simulated combined specimen can be obtained from field references.



However, there are certain limitations in this study. First, it is necessary to further study the mechanical properties of CRCs with different interfacial bonding parameters, and to consider changes in CRC strength under the conditions of built-in fractures in coal or rock. Second, it may be necessary to change the amounts of coal and rock in CRCs to further improve the composite strength model of CRCs of different sizes, particularly through quantitative analyses, which will also be our next step.




7. Conclusions


In this paper, the mechanical properties, failure mechanisms, crack propagation laws, energy characteristics, and force chain evolution of CRCs with different coal-to-rock height ratios under uniaxial compression were studied synthetically via physical experiments and numerical simulations, which is vital for safe mining, the protection of the eco-environment in mining areas, the sustainable development of the mining industry, and economic growth. The following conclusions are drawn:




	(1)

	
The stress thresholds for crack initiation, UCS, and the elastic modulus of the CRCs rose with the decreasing coal-to-rock height ratio. Interfacial adhesion interaction enhances the strength of coal near the interface, and decreases the strength of sandstone near the interface.




	(2)

	
The point effect and slip effect formed via coal failure cause sandstone split failure and shear failure, respectively. The instability and failure of CRCs are the result of the interaction between the strength of sandstone and coal at the interface and the strength of sandstone and coal far from the interface region; in addition, they are influenced by the distribution range of microfractures during the loading process.




	(3)

	
The number of cracks decreases and then increases with the reduced coal thickness. Similarly, the total input energy Uo, elastic strain energy Ue, and dissipated strain energy Ud decrease and then increase with the reduction in coal thickness. When the thickness of the coal pillar is small or large, the CRC is unstable.




	(4)

	
The CRC still has a certain load-bearing capacity in the post-peak stage, mainly due to the strong load-bearing skeleton structure and the friction between particles in the fracturing area that resists external forces.
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Figure 1. Coal–rock combination field prototype and structural model. 
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Figure 2. Testing equipment. 
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Figure 3. Stress–strain curves of the different types of samples. 
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Figure 4. Normal and tangential mechanical responses of CBM [39]. (Modified from references of the ltasca Consulting Group inc. 2004). 
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Figure 5. Schematic diagram of parallel bond [44]. 
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Figure 6. The initial crack between particles. (a) Position of the two notional surfaces; (b) opening of microcracks, modified from Figure 4. 
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Figure 7. Calibration of microscopic parameters under uniaxial compression. (a) Coal; (b) rock. 
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Figure 8. Schematic diagram of the coal and rock combination model. 






Figure 8. Schematic diagram of the coal and rock combination model.



[image: Sustainability 15 15175 g008]







[image: Sustainability 15 15175 g009] 





Figure 9. Stress–strain curves of coal and rock combined bodies under uniaxial compression. (a) R:C = 5:5; (b) R:C = 6:4; (c) R:C = 7:3; (d) different proportions. 
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Figure 10. The UCS of the CRC specimens after failure with the coal thickness. 
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Figure 11. (a) Stress state of the roof–coal pillar structure; (b) element near the interface between coal and rock. 
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Figure 12. Variations in the ultimate compression strength of CRC at different positions with the coal thickness. 
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Figure 13. Comparison of coal and rock combination with different height ratios before and after loading. (a) Before loading; (b) after loading. 
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Figure 14. Numerical simulation results of CRC with different rock-to-coal height ratios. (a) R:C = 5:5; (b) R:C = 6:4; (c) R:C = 7:3; (d) R:C = 8:2; (e) R:C = 9:1. 
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Figure 15. Failure displacement cloud image. (a) R:C = 5:5; (b) R:C = 6:4; (c) R:C = 7:3; (d) R:C = 8:2; (e) R:C = 9:1. 






Figure 15. Failure displacement cloud image. (a) R:C = 5:5; (b) R:C = 6:4; (c) R:C = 7:3; (d) R:C = 8:2; (e) R:C = 9:1.



[image: Sustainability 15 15175 g015]







[image: Sustainability 15 15175 g016] 





Figure 16. Relationship between crack morphology and stress–strain response. (a) R:C = 5:5; (b) R:C = 8:2. 
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Figure 17. Variation in the number of tensile and shear cracks with the change in vertical stress of different coal–rock ratios. (a) R:C = 5:5; (b) R:C = 6:4; (c) R:C = 7:3; (d) R:C = 8:2; (e) R:C = 9:1. 
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Figure 18. Relationship between CRCs with different coal-to-rock height ratios, energy and strain. (a) Total input energy Uo; (b) elastic strain energy Ue; (c) dissipated strain energy Ud. 
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Figure 19. Relationship between dissipative strain energy and accumulated elastic strain energy in CRC. 
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Figure 20. Force chain distribution of CRCs in the compression process at R:C = 5:5. (a) Pre-peak: 60% of the peak; (b) the peak; (c) post-peak: 80% of the peak; (d) post-peak: 60% of the peak; (e) post-peak: 10% of the peak. 
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Figure 21. The final results of force chain distributions of coal and rock combined bodies with different coal–rock height ratios. (a) R:C = 5:5; (b) R:C = 6:4; (c) R:C = 7:3; (d) R:C = 8:2; (e) R:C = 9:1. 






Figure 21. The final results of force chain distributions of coal and rock combined bodies with different coal–rock height ratios. (a) R:C = 5:5; (b) R:C = 6:4; (c) R:C = 7:3; (d) R:C = 8:2; (e) R:C = 9:1.



[image: Sustainability 15 15175 g021]







 





Table 1. Mechanical properties results of samples.
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	No.
	Size/mm × mm
	Mass/g
	Uniaxial Compressive Strength

σ/MPa
	Axial Peak Strain

ε/%
	Elastic Modulus

E/GPa





	R-1
	ϕ49.15 × 100.63
	498.3
	110.51
	0.72
	21.67



	R-2
	φ49.21 × 100.69
	501.8
	87.53
	0.82
	23.15



	R-3
	φ49.32 × 100.32
	500.2
	99.56
	0.78
	25.99



	C-1
	φ49.51 × 98.56
	235.7
	44.57
	2.47
	2.31



	C-2
	φ49.94 × 100.38
	245.3
	44.08
	1.89
	2.76



	C-3
	φ49.77 × 99.48
	240.8
	42.45
	2.15
	2.50



	55-1
	φ49.40 × 101.01
	369.6
	34.36
	1.07
	4.59



	55-2
	φ49.15 × 101.39
	375.7
	42.91
	1.23
	4.62



	55-3
	φ49.02 × 100.89
	380.2
	45.28
	1.25
	4.82



	64-1
	φ49.14 × 100.20
	390.4
	46.91
	1.33
	5.80



	64-2
	φ49.20 × 99.98
	399.8
	40.74
	1.01
	6.17



	64-3
	φ49.08 × 100.36
	395.6
	48.21
	1.10
	6.12



	73-1
	φ49.04 × 100.30
	425.8
	46.32
	0.84
	7.34



	73-2
	φ49.16 × 100.38
	422.3
	48.69
	1.02
	5.15



	73-3
	φ49.36 × 99.75
	423.4
	50.95
	0.97
	7.04










 





Table 2. Simulation and testing results of the basic mechanical parameters.
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Item

	
Uniaxial Compressive Strength/MPa

	
Elastic Modulus/GPa

	
Poisson’s Ratio






	
Sandstone

	
Simulation

	
110.88

	
19.63

	
0.213




	
Experiment

	
110.51

	
21.67

	
0.198




	
Coal

	
Simulation

	
44.21

	
2.59

	
0.342




	
Experiment

	
44.08

	
2.76

	
0.318











 





Table 3. Microparameters of rock and coal in PFC2D tests.
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Item

	
Parameter

	
Coal

	
Sandstone






	
Linear contact

	
Contact model modulus/Pa

	
3.2 × 109

	
2.3 × 1010




	
Contact stiffness ratio

	
2.0

	
2.0




	
Friction coefficient

	
0.5

	
0.55




	
Parallel bond

	
Bonding modulus/Pa

	
3.84 × 108

	
4.60 × 109




	
Bonding stiffness ratio

	
1.2

	
1.5




	
Normal bond strength/Pa

	
1.75 × 107

	
4.5 × 107




	
Tangential bond strength/Pa

	
1.88 × 107

	
4.8 × 107




	
Frictional coefficient/°

	
25.0

	
29.0











 





Table 4. Microparameters of bonding surface in PFC2D tests.
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	Item
	Parameter
	Value
	Item
	Parameter
	Value





	
	Contact model modulus /Pa
	1.0 × 109
	
	Bonding modulus/Pa
	2.0 × 108



	Linear contact
	Contact stiffness ratio
	2.0
	
	Bonding stiffness ratio
	1.5



	
	Friction coefficient
	0.55
	Parallel bond
	Normal bond strength/Pa
	3.5 × 107



	
	
	
	
	Tangential bond strength/Pa
	3.5 × 107



	
	
	
	
	Frictional coefficient/°
	50.0










 





Table 5. The number of tensile and shear cracks of coal and rock in CRC.
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R:C

	
Crack_Tension

	
Crack_Shear

	
Number of Cracks




	
Coal

	
Rock

	
Coal

	
Rock






	
5:5

	
1341

	
2

	
156

	
0

	
1499




	
6:4

	
1114

	
2

	
147

	
0

	
1263




	
7:3

	
1118

	
5

	
153

	
0

	
1276




	
8:2

	
1179

	
51

	
153

	
3

	
1386




	
9:1

	
510

	
879

	
119

	
44

	
1552
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