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Abstract


In this manuscript, the numerical coal-rock combined bodies with different height ratios of rock part to coal-rock combined body (HRRC) were established by particle flow code (PFC) firstly, and then the influence of different HRRC on mechanical properties and numerical acoustic emission (AE) characteristics of coal-rock combined bodies were investigated. Finally, the damage constitutive model of the coal-rock combined body was discussed. The research results show that with the increase of the HRRC, the UCS and the elastic modulus (E) of the combined coal-rock bodies increased. The failure of coal-rock combined bodies is mainly focused on the coal body. The evolution law of AE hits of coal-rock combined bodies have three stages, named stable stage, rapid ascending stage, and rapid descending stage. The damage variable curves of coal-rock combined body have two stages, named slowly damage stage and sharply damage stage. The damage constitutive relation based on AE hits can well reflect the stress-strain relationships with a lower HRRC. However, for a higher HRRC, the damage constitutive equation is not accurately and the damage of the rock part in the coal-rock-combined body should be considered.
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1. Introduction


With the increase of mining scale and intensity, rock bursts, coal-gas outburst, and other coal mine disasters are becoming more common [1,2,3,4]. According to statistics [5], from 2004 to 2016, a total of 20,980 coal mine accidents occurred in China, and most of them were caused by the damage of coal pillars. Coal pillar is a part of the coal-rock mass system, and its failure and instability is the result of the interaction of coal and rock mass, and is a weakening process of gradual development [6]. Therefore, it is of great engineering significance to study the mechanical characteristics and damage mechanism of coal-rock combined bodies to prevent the instability of coal pillars.



Many scholars have carried out a lot of research work on coal-rock combined bodies and obtained many interesting results. For example, Newman [7] found that the designed coal pillar has the potential for lateral expansion, and the friction along the interface between top and floor rock and coal is very important for rock burst. Liu et al. [8] carried out numerical simulations on the coal-rock series combination model and the results show that the combined coal-rock sample can reflect the basic mechanical phenomena in the process of rock burst. Li et al. [9] studied the impact tendency of single coal sample and coal-rock combination, and the results show that the impact tendency index of coal-rock combination is higher than that of the single coal sample. Zuo et al. [10] investigated the deformation and failure behavior of a rock-coal-rock combined body containing a weak coal inter-layer under different confining pressures and found that with increasing confining pressure, the failure strength of a rock-coal-rock combined body gradually increases, and the failure mechanism of the coal interlayer also changes, from mixed crack damage under low confining pressures, to parallel crack damage under medium confining pressures, and finally to single shear crack damage or integral mixed section damage under highly-confining pressures. Guo et al. [11] explored the influence of coal thickness on the mechanical behavior and the failure characteristics of rock-coal-rock (RCR) mass by particle flow code (PFC2D), and the result show that the failure mechanism of RCR specimen is different under different coal thicknesses and confining pressures.



Under the action of external load, cracks will occur in coal and rock mass, and stress waves will be released in the process of crack propagation, that is, the so-called acoustic emission phenomenon. Many scholars monitor the crack propagation in the coal and rock loading process by acoustic emission-charge signal, as an auxiliary means to study the mechanical properties of coal-rock mass [12,13,14,15]. For example, Tan et al. [14] studied the influence of homogeneity on the rock-burst tendency and on AE characteristics of coal-rock combination body, and the result show that the more inhomogeneous the coal-rock combined body is, the shorter the lasting time in the active period of AE characteristics will be. Yin et al. [15] analyzed the effects of joint angle on the acoustic emission characteristics of coal-rock combined body, and the result show that with an increase in the included angle α between the loading direction and joint plane direction, the AE duration time first decreases and then increases.



The above literature studied coal-rock assemblages from the mechanical and acoustic point of view, which is of great significance to the safety and stability control of coal pillars in mines. However, at present, the research on the instability mechanism of coal-rock mass is not enough to completely control mine disasters, and the research on damage evolution law and model of coal-rock combination is less. Therefore, in this manuscript, the numerical coal-rock combined bodies with different height ratios of rock part to coal-rock combined body (HRRC) were established based on PFC firstly, and then the influence of different HRRC on mechanical properties and AE characteristics of coal-rock combined bodies were investigated. Finally, the damage constitutive model of the coal-rock combined body was discussed. The research results are helpful to further control coal and rock disasters in mines.




2. Numerical Model of Combined Coal-Rock by Particle Flow Code


2.1. Particle Flow Code (PFC)


Particle flow code was established based on discrete element method by Cundall and Strack [16] in 1979 and it has been widely used in geotechnical engineering, geological engineering and mining engineering [17,18,19,20,21]. In PFC, the coal, rock, or coal-rock combined mass are characterized by particles and bonds, and there are two bonds, named contact bond (CB) and parallel bond (PB), which can be used to represent the connection between model grains, as shown in Figure 1 [19,20]. The CB model (Figure 1a) is point contact and it cannot resist bending moment. The contact bond model is generally suitable for simulating soil materials. However, the PB model (Figure 1b) can resist bending moment due to the area contact between particles and it is suitable to simulate rock, coal or other solid materials. In this paper, the coal-rock combined bodies were established based on PB models.




2.2. Meso-Mechanical Parameters of Combined Coal-Rock Model


In PFC, the macro-mechanical parameters, such as compressive intensity and elastic modulus, are represented by the meso-parameters, such as particle diameter, contact modulus of particles, the strength and cohesive force of bonds, etc., and theses parameters cannot be directly obtained from experimental data [20]. Therefore, before numerical simulation, PFC meso-parameters need to be adjusted to obtain macro-parameters which are close to the macro-parameters of experimental data. Owing to the limitation of the laboratory test condition, the meso-parameters of numerical rock specimens (Table 1) provided by Zhang et al. [22] and the meso-parameters of numerical coal specimens (Table 2) provided by Wang et al. [23] were used in this paper to simulate coal-rock combined bodies. In their articles, they compared the stress-strain curves and failure modes of real rock specimen and real coal specimen with numerical rock and coal mass, as shown in Figure 2 and Figure 3. It can be seen that the meso-parameters of numerical rock mass and coal mass can represent the macro-mechanical properties of real rock and coal mass approximately, and the parameters listed in Table 1 and Table 2 can be used to simulate the coal-rock combined bodies.




2.3. Numerical Acoustic Emission (AE) Based on Bonds Breakages


Under the action of external load, cracks will occur in coal and rock mass, and stress waves will be released in the process of crack propagation, that is, the so-called acoustic emission phenomenon. Acoustic emission originates from crack propagation in the coal-rock mass and for PFC numerical coal-rock models, the crack propagation is based on “bond breakages”. In the process of compression, the parallel bond will break when the stress intensity transmitted between the particles exceeds the bonding strength between the particles [15,22] and a numerical AE event occurs (an AE hits). Note that the numerical acoustic emission of PFC simulation is different from the acoustic emission monitored by the actual test, but there are similarities, which can reflect the destruction process of the material from a mesoscopic perspective [24,25,26,27]. In this paper, the AE characteristics of different coal-rock combined bodies are analyzed based on the number of AE hits (equal to the number of bonds breakages).




2.4. Numerical Combined Coal-Rock Model


In order to study the mechanical properties, AE characteristics and damage constitutive relation of combined coal-rock, in this paper, seven coal-rock combined models with different HRRC were established, as shown in Figure 4. The HRRC is defined as follow.


  H R R C =    h  r o c k      H  t o t a l      



(1)




where, hrock is the height of the rock in the coal-rock combined body, and Htotal is height of the coal-rock combined body.



The HRRC are equal to 0, 0.2, 0.4, 0.5, 0.6, 0.8, and 1.0, respectively. In the tests, the loading is applied by moving the top wall, and the loading rate of all the models is 0.05 m/s.





3. Result Analysis


3.1. Mechanical Behavior of Coal-Rock Combined Bodies


Figure 5, Figure 6 and Figure 7 shows the stress-strain curves, uniaxial compressive strength (UCS), and elastic modulus (E) of coal-rock combined bodies with different HRRC. It can be seen that along with the increase of the HRRC, the UCS and the E of the combined coal-rock bodies increase. When the HRRC is equal to 0.0, 0.2, 0.4, 0.5, 0.6, 0.8, and 1.0, the UCSs of the combined coal-rock bodies models are 31.29 MPa, 31.57 MPa, 31.95 MPa, 32.44 MPa, 32.97 MPa, 34.99 MPa, and 80.81 MPa, and the E are 7.87 GPa, 8.91 GPa, 10.03 GPa, 10.08 GPa, 12.26 GPa, 13.76 GPa, and 17.39 GPa, respectively. The difference of UCS between coal-rock combined bodies (HRRC = 0.2, 0.4, 0.5, 0.6, 0.8) and coal specimen is very small, less than 4 MPa, and this shows that the strength of the coal-rock combined bodies is mainly determined by the strength of the coal body. As for E, the increase is gradual with the increase of HRRC, and this illustrates that the influence of HRRC of coal-rock combined bodies on the E is higher than on UCS. These research results are corresponding to the conclusions of Zuo et al. [28]. In addition, from Figure 5, it can be seen that the stress-strain curve will fluctuate several times when near to the UCS with HRRC equal to 0.8. The authors believe that this is related to the failure mode of coal and rock mass, and the possible causes will be discussed in Section 3.2.




3.2. Failure Mode of Coal-Rock Combined Bodies


During the process of compression, the parallel bond will break when the stress intensity transmitted between the particles exceeds the bonding strength between the particles and the aggregation of bond breakages forms the failure mode of coal-rock combined bodies. Figure 8 depicts the failure modes of coal-rock combined bodies with different HRRC. Form the figure, it can be seen that the failure of coal-rock combined bodies mainly focuses on coal body, and this shows that the failure modes of coal-rock combined bodies are mainly controlled by coal body, as the strength characteristics described in Section 3.1. Besides HRRC = 0.0 and 1.0, the failure modes of coal-rock combined bodies are similar, like the “V” shape and the opening of “V” become larger as HRRC increases. The reason is that with the increase of HRRC, the ratio of width to height of coal body becomes larger and larger, and the larger the ratio of width to height, the larger the damage width of coal body. Note that when HRRC = 0.8, the failure parts of rock mass and coal mass expand outward, which is the reason for the peak fluctuation of the stress-strain curve when HRRC = 0.8. When HRRC is equal to 0.0, the failure modes have an inverted “V” or inverted “Y” shape. When HRRC equals to 1.0, the rock mass is inclined to splitting failure.




3.3. AE Characteristics of Coal-Rock Combined Bodies


Figure 9 shows the stress-strain-AE hits curves of coal-rock combined bodies with different HRRC. It should be noted that AE hits or the accumulated AE hits come from the breakage of bonds, and the numerical acoustic emission of PFC simulation is different from the acoustic emission monitored by the actual test. Apart from HRRC = 0.8, the evolution law of AE hits of coalrock combined bodies are similar. The evolution law of AE hits of coal-rock combined bodies have three stages, named stable stage, rapid ascending stage, and rapid descending stage. The stable stage of AE hits refers to the breakages of bonds of the combined coal-rock body is slightly and continuously and it mainly occurs before the peak stress of the stress-strain curve; the rapid ascending stage of AE refers to the breakages of bonds of the combined coal-rock body, which rapidly increases, and this stage occurs around the peak stress of the stress-strain curve; while the rapid descending stage of AE refer to the breakages of bonds of the combined coal-rock body, which reaches the max (no or little new damage will occur), and this stage occurs after the peak stress of the stress-strain curve.



The maximum AE hits number of the stress-strain-AE hits curves and the total accumulated AE hits number decrease with the increase of HRRC (except HRRC = 1.0). As the HRRC increases from 0.0 to 1.0, the maximum AE hits numbers of the stress-strain-AE hits curves are 27, 18, 17, 15, 14, and 12, and the total accumulated AE hits numbers are 3907, 3529, 3033, 2669, 2452, and 2346, respectively. The reason is that the higher the HRRC, the higher the UCS of coal-rock combined body and the harder to from cracks, which is where the AE hits originate. When HRRC = 1.0, the maximum AE hits number of the stress-strain-AE hits curve is 29, and the total number of acoustic emission events number is 3790. The reason is that the amount of energy accumulated around the peak stress of the stress-strain curve of coal rock combined body with HRRC equals to 1 is higher than other coal-rock bodies, and the number of bond breakages caused by the release of energy is larger.



As for HRRC = 0.8, the evolution law of AE hits curve and accumulated AE hits curve is different from the others, and they fluctuate with the fluctuation of the stress-strain curve. The reason also comes from the failure modes of this coal-rock combined body (the failure of the rock part in the coal-rock combined body). In addition, this phenomenon illustrated that the AE hits have an interior relation with the stress, strain and damage of coal-rock combined bodies.





4. Damage Constitutive Model of Coal-Rock Combined Bodies


4.1. Damage Variable Based on AE Hits


Damage variables (D) can reflect the extent of damage of materials, and many parameters are used to defined it, such as yield stress, cracks, density, elastic coefficient, AE characteristics, etc. [29,30,31,32,33,34]. In this manuscript, the AE hits parameter is used to define the damage variables.


  D =  n N   



(2)




where N is the total AE hits number of the coal-rock combined body when it fails completely, n is the total AE hits number of the coal-rock combined model from the original point to a specific time.



Owing to that it, it is hard to judge if a specimen is damaged completely during the failure process, the damage variable needs to be modified, and the modified damage variable can be expressed as [34,35]:


  D = k  n N   



(3)




where k is the damage variable correction factor and it can be normalized as:


  k = 1 −    σ r     σ c     



(4)




where σc is the peak stress of the combined coal-rock bodies during compression, and σr is the residual strength of the combined coal-rock bodies during compression.



Based on the AE hits parameter, the damage variable of the combined coal-rock body under uniaxial compression condition is established as Equation (5).


  D =  (  1 −    σ r     σ c     )   n N   



(5)







Figure 10 shows the damage variable curves of coal-rock combined bodies with different HRRC by Equation (5). It can be seen that the damage variable curves of coal-rock combined body have two stages. The first stage is where the damage variable increases slowly, and it corresponds to the stage of stable AE hits evolution, named the slowly damage stage. The second stage is where the damage variable increases sharply, and it corresponds to the stages of rapid ascending and rapid descending AE hits evolution, named the sharply damage stage. The watershed between the two stages is the asterisk (*) in the figure. In the slowly damage stage, as HRRC increases (expert HRRC = 1.0), the damage variable of the combined coal-rock bodies becomes shorter, and the reason is that the higher the HRRC, the lesser the coal composition, which is easier to damage in a smaller stress environment. As for the sharply damage stage, as the HRRC increases (expert HRRC = 0.8), the change of damage variable of the combined coal-rock bodies is similar. The damage variable curve fluctuating in the sharply damage stage of HRRC is equal to 0.8, and the reason for this is also related to the failure of the rock part in the coal-rock combined body.




4.2. Damage Constitutive Model of Coal-Rock Combined Bodies Based on AE Hits


From the failure modes of coal-rock combined bodies (Figure 8), it can be seen that for the combined coal-rock, the rock usually remains relatively intact (or with little damage) and the coal body is destroyed seriously. The UCS of the combined coal-rock is larger than that of the single coal body and lesser than that of the single rock body. The peak stress and elastic modulus are closely related to the HRRC, the strength and elastic modulus of the coal-rock combined bodies increase as HRRC increases. Therefore, the combined coal-rock model cannot be simply regarded as a damage body or an elastic body and should be regarded as a combined body of a damage body and an elastic body [36]. Figure 11 is the damage constitutive model of coal-rock combined body, considering the coal as a damaged body and the rock as an elastic body. The elastic modulus of Equations (1) and (2) are the elastic modulus of the single rock and the single coal, respectively.



As an elastic body, the constitutive model of the rock can be expressed as:


   σ 1  =  E 1   ε 1   



(6)







As a damage body and based on the strain equivalence principle [37], the damaged constitutive model of the coal can be established as:


   σ 2  =  E 2   ε 2  ( 1 − D )  



(7)




where D is the damage variable of the coal body defined by the parameters of AE hits.



According to Figure 11, the damage body stress σ2, the strain ε2, and the elastic body stresses σ1 and strain ε1 satisfy the following relationship:


   {    σ =  σ 1  =  σ 2      ε = H R R C ⋅  ε 1  + α  ε 2       



(8)




where α = 1 − HRRC.



Bringing Equations (5)–(7) into Equation (8), the damage constitutive equation for coal-rock combined bodies can be expressed as:


  σ =    E 1   E 2  ε  (  1 −  (  1 −    σ r     σ c     )   n N   )    ( 1 − H R R C )  E 1  + H R R C ⋅  E 2   (  1 −  (  1 −    σ r     σ c     )   n N   )     



(9)







Figure 12 shows the stress-strain curves of numerical test results and fitting results according to Equation (9), with different HRRC. It can be seen that the stress-strain curves tested from numerical simulation are in good agreement with the stress-strain curves obtained from Equation (9), except for the HRRC = 0.8. As for the coal-rock combined body with HHRC, it is equal to 0.8; the fitting curve has a certain deviation, and the reason for this is that the rock part of the coal-rock combined body with HRRC = 0.8 is damaged and expands outward and the damage of the rock part is not considered in the damage constitutive equation (Equation (9)) for coal-rock combined bodies. It is indicated that the damage constitutive relation based on Equation (9) can well reflect the stress-strain relationships with a lower HRRC. However, for a higher HRRC (such as 0.8 or larger than 0.8), the damage constitutive equation is not accurately and the damage of the rock part in the coal-rock-combined body should be considered.





5. Conclusions


In this manuscript, the acoustic emission characteristics and damage constitutive model of coal-rock combined bodies with different HRRC are investigated by particle flow code; some conclusions are drawn as follows:




	(1)

	
With the increase of the HRRC, the UCS and the E of the combined coal-rock bodies increase. The difference of UCS between coal-rock combined bodies (HRRC = 0.2, 0.4, 0.5, 0.6, 0.8) and coal specimen is very small, less than 4 MPa, and this shows that the strength of the coal-rock combined bodies is mainly determined by the strength of the coal body. As for E, the increase is gradual with the increase of HRRC, and this illustrates that the influence of HRRC of coal-rock combined bodies on the E is higher than on UCS.




	(2)

	
The failure of coal-rock combined bodies mainly focuses on the coal body, and this shows that the failure modes of coal-rock combined bodies are mainly controlled by the coal body. Besides HRRC = 0.0 and 1.0, the failure modes of coal-rock combined bodies are similar and have a “V” shape, and the opening of “V” become lager with the increase of the HRRC. When HRRC = 0.8, the failure parts of rock mass and coal mass expand outward, which may be the reason for the peak fluctuation of the stress-strain curve when HRRC = 0.8. When HRRC is equal to 0.0, the failure modes have an inverted “V” or inverted “Y” shape. When HRRC is equal to 1.0, the rock mass is inclined to splitting failure.




	(3)

	
Apart from HRRC = 0.8, the evolution law of AE hits of coal-rock combined bodies are similar. The evolution law of AE hits of coal-rock combined bodies have three stages, named the stable stage, rapid ascending stage, and rapid descending stage. The maximum AE hits number of the stress-strain-AE hits curves and the total accumulated AE hits number decrease with the increase of HRRC (except HRRC = 1.0). As for HRRC = 0.8, the evolution law of the AE hits curve and accumulated AE hits curve is different from the others, and they fluctuate with the fluctuating of the stress-strain curve. The reason also comes from the failure modes of this coal-rock combined body.




	(4)

	
The damage variable curves of coal-rock combined body have two stages, named slowly damage stage and sharply damage stage. In the slowly damage stage, with the increase of HRRC (expert HRRC = 1.0), the damage variable of the combined coal-rock bodies becomes shorter. As for the sharply damage stage, with the increase of HRRC (expert HRRC = 0.8), the damage variables of the combined coal-rock bodies are similar. The damage variable curve fluctuates in the sharply damage stage of HRRC and is equal to 0.8, and the reason for this is also related to the failure of the rock part in the coal-rock combined body.




	(5)

	
The damage constitutive relation based on Equation (9) can well reflect the stress-strain relationships with a lower HRRC. However, for a higher HRRC (such as 0.8 or larger than 0.8), the damage constitutive equation is not accurately and the damage of the rock part in the coal-rock-combined body should be considered.
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Figure 1. Contact bond (CB) and parallel bond (PB) models of particle flow code [19,20]. (a) Contact bond model (CBM); (b) Parallel bond model (PBM). 
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Figure 2. Comparison of stress-strain curves and failure modes of real rock specimen and PFC rock specimens [22]. (a) Stress-strain curves; (b) Failure modes. 
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Figure 3. Comparison of stress-strain curves and failure modes of real coal specimen and PFC coal specimens [23]. (a) Stress-strain curves; (b) Failure modes. 
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Figure 4. The combined coal-rock models with different HRRC. (a) HRRC = 0.0; (b) HRRC = 0.2; (c) HRRC = 0.4; (d) HRRC = 0.5; (e) HRRC = 0.6; (f) HRRC = 0.8; (g) HRRC = 1.0. 
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Figure 5. Stress-strain curves of numerical coal-rock combined bodies with different HRRC. 
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Figure 6. UCS of coal-rock combined bodies with different HRRC. 
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Figure 7. Elastic modulus of coal-rock combined bodies with different HRRC. 
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Figure 8. Failure modes of numerical coal-rock combined bodies with different HRRC. (a) HRRC = 0.0; (b) HRRC = 0.2; (c) HRRC = 0.4; (d) HRRC = 0.5; (e) HRRC = 0.6; (f) HRRC = 0.8; (g) HRRC = 1.0. 
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Figure 9. Stress-strain-AE hits curves of coal-rock combined bodies with different HRRC. (a) HRRC = 0.0; (b) HRRC = 0.2; (c) HRRC = 0.4; (d) HRRC = 0.5; (e) HRRC = 0.6; (f) HRRC = 0.8; (g) HRRC = 1.0. 
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Figure 10. Curves of damage variable of coal-rock combined model. 
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Figure 11. The damage constitutive model of coal-rock combined body. 
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Figure 12. Fitting stress-strain curves of coal-rock combined bodies with different HRRC. (a) HRRC = 0.0; (b) HRRC = 0.2; (c) HRRC = 0.4; (d) HRRC = 0.5; (e) HRRC = 0.6; (f) HRRC = 0.8; (g) HRRC = 1.0. 
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Table 1. Meso-parameters of numerical rock model [22].
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	Parameter
	Value
	Parameter
	Value





	Minimum particle diameter (mm)
	0.4
	Porosity
	0.1



	Particle diameter ratio
	1.5
	Parallel bond friction angle (°)
	38



	Density (kg/m3)
	2440
	Parallel bond tensile strength (MPa)
	27.8



	Contact modulus of the particle (GPa)
	4.0
	Normal critical damping ratio
	0.5



	Parallel bond Deformation modulus (GPa)
	27
	Parallel bond Cohesive force (MPa)
	39



	Contact bond gap (mm)
	0.05
	Stiffness ratio
	1.0










 





Table 2. Meso-parameters of numerical coal model [23].
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	Parameter
	Value
	Parameter
	Value





	Minimum particle diameter/mm
	0.3
	Porosity
	0.1



	Particle diameter ratio
	1.66
	Coefficient of friction
	0.46



	Density/(kg/m3)
	1800
	Parallel bond Compressive strength/MPa
	10



	Contact modulus of the particle/GPa
	1.0
	Parallel bond friction angle/degree
	25



	Parallel bond Deformation modulus/GPa
	12
	Parallel bond Cohesive force/MPa
	16



	Contact bond gap/mm
	0.05
	Stiffness ratio
	1.0



	Normal critical damping ratio
	0.5
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