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Abstract

:

Most coal and gas outbursts occur in the coal thickness variation zone. However, it is difficult to illustrate the mechanism of outbursts in coal thickening areas by physical simulation experiments. In this study, a coupled multi-field model, established by considering the stress–strain field, gas transport field and damage field, was used to investigate the evolution of stress, gas pressure and plastic failure zones under different variation gradients and amplitudes of coal thickness. The simulation results show that the stress peak at the coal thickening transition zone caused by mining is higher than that at the constant thickness coal seam. The stress peak at the coal thickening transition zone decreases from 18.8 MPa to 16.9 MPa with the increase in the transition zone from 0 m to 10 m under the constant coal thickness variation from 3 m to 7 m; while it increases from 16.2 MPa to 19.3 MPa with the increase in the transition zone from 2 m to 10 m under the constant coal thickness variation gradient of 45°. Similarly, the plastic deformation volume of the coal seam between the driving face and the coal thickening interface increases with the increase in the coal thickness variation gradient and amplitude. In addition, the gas pressure in the fracture declines slower in the coal thickness variation zone affected by the higher coal thickness variation gradients or amplitudes. The mechanism for outbursts occurring in the increasing coal thickness area was further discussed, and combined with the simulation results for the energy principle of outbursts. Compared with the constant thickness coal seam, the elastic energy increases from 1.85 MJ to 1.94 MJ, and the free gas expansion energy increases from 24.19 MJ to 50.57 MJ when the coal thickness varies from 3 m to 13 m within a 10 m transition zone. The variation of coal thickness causes higher stress, higher gas pressure and low coal strength, which triggers outbursts more easily. The research could provide the theoretical support to prevent and control outbursts in coal seam thickening areas during mining.
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1. Introduction


Coal as a non-renewable energy source is still a dominant type of energy consumption in China, and its exploitation plays an essential role in energy support. However, coal and gas outbursts (hereafter as “outbursts”) are among the most dangerous disasters that can occur during mining, which not only influences coal exploitation, but also threatens the safety of personnel [1]. Moreover, the probability of outburst accidents increases with the increase in mining depth [2]. Thus, the mechanism, prevention and control of outbursts has been a focus for research worldwide. Previous research has shown that the occurrence of outbursts is due to the comprehensive role of the stress factor, gas factor and coal body factor [3,4,5]. Based on field locations where outbursts had occurred, Shu et al. [6] proposed a novel idea that the outbursts mainly occurred in a special geological structural environment, in which these three factors cooperated to initiate the outburst during mining. Among the 84 outburst accidents in China during 2008–2018, the outbursts occurring in the crustal stress area, fault area and coal thickness variation area constituted 30.95%, 22.62% and 22.62%, respectively [7]. Therefore, investigating the mechanism for outbursts in the special geological structural environment is of great significance for preventing and controlling the outbursts.



The special geological structural environment mainly includes the crustal stress zone, fault zone and coal thickness variation zone [8,9,10,11]. Previous researchers investigated the mechanism for outbursts in the crustal stress zone by the numerical simulation method and experimental tests, mainly from the perspective of energy instability [12,13,14,15,16]. In the crustal stress zone, the existence of deformed (tectonic) coal has an important effect on outbursts. The low strength of tectonic coals made the threshold value of critical gas pressure for outbursts lower than that of normal coals [17]. Lots of gas desorption volumes for deformed coals could provide enough energy for the migration of coal and gas during the outbursts’ development [18]. The mechanical failure mechanism for a combination of deformed coal and normal coal was analyzed based on the force analysis, Mohr–Coulomb criterion and uncoordinated deformation equation, with the simulation result proving that the failure is more probable to generate at the interface between the deformed coal and normal coal [19]. By establishing the multi-physical coupling model, the distribution of horizontal stress, gas pressure and plastic failure for normal coal, deformed coal and a combination of deformed coal with normal coal was simulated [20]. The results of numerical simulation showed that the combination of deformed coal and normal coal has a larger horizontal tensile stress and plastic failure zone, whose outburst energy is 149 times than that of normal coal.



Meanwhile, massive, interesting investigations focused on the mechanism for fault-induced outbursts [21,22,23,24,25]. From the perspective of geological factors, the existence of tectonic coal, lower permeability and higher gas content in the footwalls of a reverse fault were the principal factors causing the outbursts [23,25,26]. From the perspective of mining disturbance, the dynamic evolution of stress, gas pressure, permeability and plastic failure mainly controlled the outbursts [27,28,29,30]. Wang et al. [22,31] combined physical simulation and numerical simulation to study the stress evolution around the fault and illustrate the mechanism for fault slips induced by coal mining. The results indicated that the higher horizonal stress is the main reason for fault slips, which provides the dynamic pressure source for the outburst occurrence. Cai et al. [21] illustrated the mechanism for fault-induced coal bursts under mining-induced static and dynamic stresses using experimental tests, numerical modelling and in-suit micro-seismic monitoring. Compared with investigations into the mechanism for outbursts in the ground stress area and fault area, the investigation of the outburst mechanism in the coal thickness variation area is insufficient. Ma et al. [32] studied the effect of coal thickness on the strength, elastic modulus and energy evolution of a coal–rock combination. Álvarez-Fernández et al. [33] employed numerical modelling to analyze the effect of local change in coal seam thickness on the surrounding stress. However, how the stress, gas pressure and plastic failure zone evolve, and what the mechanism for energy instability in outbursts is in the coal seam thickening area during mining were rarely reported and still need further investigation.



To illustrate the mechanism for outbursts occurring in the coal thickening areas, a coupled multi-field model was first established by considering the stress–strain field, gas transport field and damage field (in Section 2). Based on the multi-field model, the evolution of stress, gas pressure and plastic failure zone under different variation gradients and amplitudes of coal thickness were investigated by using numerical simulation results (in Section 3). The mechanism for outbursts occurring in the coal thickness variation areas was then discussed, combined with the numerical simulation results and the energy principle of outbursts (in Section 4). Finally, the conclusions in Section 5 were drawn, including that the research could provide the theoretical support required to prevent and control outbursts in coal seam thickening area during mining.




2. Theory


Mining disturbance is the direct cause of outbursts, which change the distribution of stress and gas pressure in front of the mining roadway [34]. The distribution of stress and gas pressure is related to the gas flow in the coal seams. Therefore, the multi-field coupling model is the key to understanding the mechanism for outbursts in coal seam thickening areas. In this study, a multi-field coupling model was established by considering the stress–strain field, gas transport field, failure criterion and the following assumptions.




	
Coal is an homogeneous and isotropic material, with a dual porosity including matrix pore and fracture;



	
Methane is taken as the only and ideal gas in the coal seam, whose flow in the coal fracture and matrix obeys Darcy’s law and Fick diffusion law, respectively;



	
The effect of time on gas adsorption and desorption is neglected, which means that the gas adsorption and desorption occurs instantaneously;



	
The effect of water on permeability is negligible.








2.1. Governing Equation of Coal Deformation


The stress-balance equation and geometric equation of coal deformation can be expressed as [35,36]:


          σ   i j , i   +   F   j   = 0         ε   i j   =   1   2       u   i , j   +   u   j , i            



(1)




where subscripts i, j stand for the main direction; Fj means the body stress in the j direction; εij means the strain component; ui is the displacement component in the i direction; and uj is the displacement component in the j direction.



With the mining process, the effective stress varied with the change of gas pressure. The strain of coal occurred due to the variation of effective stress, gas adsorption and desorption. Considering the above factors comprehensively and Hooke’s law, the constitutive equation between the stress and strain can be written as [37,38]:


    ε   i j   =   1   2 G     σ   i j   −     1   6 G   −   1   9 K       σ   k k     δ   i j   +     α   m     p   m     δ   i j   +   α   f     p   f     δ   i j     3 K   +     ε   s     δ   i j     3    



(2)




where σij is the total stress tensor; G and K indicate the shear modulus and bulk modulus of coal; σkk is the sum of the three normal stress component; δij is the Kronecker delta (δij = 1 as i = j and 0 in other cases); αf and αm are the effective coefficient for the fracture and matrix; pf and pm are the gas pressure in the fracture and matrix; and εs is the sorption-induced volumetric strain of the coal body.



The parameters in Equation (2) can be expressed as [39,40]:


  G =   E   2 ( 1 + υ )    



(3)






  K =   E   3 ( 1 − 2 υ )    



(4)






    α   m   =   K     K   m     −   K     K   s      



(5)






    α   f   = 1 −   K     K   m      



(6)






    K   m   =     E   m     3 ( 1 − 2 υ )    



(7)






    K   s   =     K   m     1 − 3   ∅   m   ( 1 − v ) / 2 ( 1 − 2 υ )    



(8)






    ε   s   =     ε   m a x     p   m       p   m   +   p   L      



(9)




where E and υ are the Young’s modulus and Poisson’s ratio of coal; Em, Km and Ks are the elastic modulus of coal matrix, bulk modulus of coal matrix and bulk modulus of coal skeleton [41];     ∅   m     is the porosity of coal matrix;     ε   m a x     is the maximum sorption-induced volumetric strain of the coal body; and pL is the Langmuir-type pressure of the sorption-induced volumetric strain.



By substituting Equation (2) into Equation (1), the Navier-type equation was modified as [42]:


  G   u   i , j j   +   G   1 − 2 v     u   j , j i   −   α   m     p   m , i   −   α   f     p   f , i   − K   ε   s , i   +   F   i   = 0  



(10)







The Equation (10) is a couple model of coal deformation, which comprehensively considers the effects of gas pressure variation in coal fracture and matrix and sorption-induced volumetric strain.




2.2. Governing Equation of Gas Flow


The governing equation of gas flow in the coal includes the gas diffusion equation and gas seepage equation. The gas diffusion occurs in the coal matrix, while the seepage occurs in the coal fracture. Based on the Fick diffusion law, the continuous equation of gas flow in the coal matrix can be expressed as [40]:


    ∂   m   m     ∂ t   +   M   τ R T       p   m   −   p   f     = 0  



(11)




where M is the gas molar mass; τ is the coefficient of gas transfer between coal fracture and matrix; R is the ideal gas constant; T is the gas temperature; and mm is gas mass per unit volume in the coal matrix, which can be expressed as:


    m   m   =   a b   p   m     1 + b   p   m       M     V   s t d       ρ   c   +   M   R T     p   m     ∅   m    



(12)




where a and b are the gas adsorption constant; Vstd is the gas molar volume; and     ρ   c     is the density of coal. By substituting Equation (12) into Equation (11), the matrix gas pressure can be expressed as:


    ∂   p   m     ∂ t   =   − (   p   m   −   p   f   ) (   V   s t d   ×   ( 1 + b   p   m   )   2   )   τ ( a b R T   ρ   c   +   ∅   m     V   s t d   ×   ( 1 + b   p   m   )   2   )    



(13)







Based on the Darcy’s law, the gas mass conservation in the coal fracture can be expressed as [43]:


    ∂   m   f     ∂ t   − ∇ (   M   R T     p   f     k   μ   ∇   p   f   ) =   M ( 1 −   ∅   f   ) (   p   m   −   p   f   )   τ R T    



(14)




where µ is the dynamic viscosity of gas; k is the permeability in the coal fracture;     ∅   f     is the fracture porosity; and mf is the gas mass in the coal fracture, which can be expressed as:


    m   f   =   ∅   f     M   R T     p   f    



(15)







By substituting Equation (15) into Equation (14), the fracture gas pressure can be expressed as:


    p   f     ∂   ∅   f     ∂ t   +   ∅   f     ∂   p   f     ∂ t   + ∇   −   k   μ     p   f   ∇   p   f     =   ( 1 −   ∅   f   ) (   p   m   −   p   f   )   τ    



(16)







The permeability in the coal fracture and fracture porosity are related with the effective stress and gas adsorption strain, which are evolved with the coal strain stage. During the mining process, the coal body in front of the roadway was damaged. Therefore, the equation of permeability in the residual strain stage was used, which can be expressed as [20]:


  k =   k   0   ( 1 + D ξ ) e x p   − 3   C   f   [ ∆   σ  −  −   α   f     ∆ p   f   −   α   m     ∆ p   m   +   K ∆   ε   s     ( 1 −   f   m   )   ]    



(17)




where D is the damage variable;   ξ   is the increase coefficient of permeability after the stress peak point; Cf is the fracture compressibility; and fm is the proportion of matrix sorption deformation.



According to the cubic law between the fracture porosity and permeability, the equation of the fracture porosity can be expressed as:


    ∅   f   =   ∅   f 0     ( 1 + D ξ )     1  /  3     e x p   −   C   f   [ ∆   σ  −  −   α   f     ∆ p   f   −   α   m     ∆ p   m   +   K ∆   ε   s     ( 1 −   f   m   )   ]    



(18)




where     ∅   f 0     is the initial fracture porosity.




2.3. Governing Equation of Coal Damage


The stress state and gas pressure state in front of the roadway varied with the coal mining activities. When the stress meets the maximum tensile failure criterion or Mohr–Coulomb criterion, the tensile failure or shear failure occurs in the coal body. The damage criterion function can be expressed as [13]:


          F   1   = −   σ   3   −   f   t 0           F   2   =   σ   1   −   σ   3     1 + s i n φ   1 − s i n φ   −   f   c 0          



(19)




where F1 and F2 are the functions of stress state, and their zero value indicates that the coal suffers tensile damage and shear damage, respectively; σ1 and σ3 are the maximum principal stress and minimum principal stress; ft0 and fc0 are the uniaxial tensile strength and uniaxial compressive strength; and φ is the friction angle of the coal.



When the F1 or F2 equals to zero, the coal body experiences tensile failure or shear failure. Based on the elastic damage theory, the elastic modulus of coal would decrease linearly with the damage variable:


    E   t   = E ( 1 − D )  



(20)




where Et is the elastic modulus of damaged coal; and D is the damage variable, which can be expressed as:


  D =       1 −         ε   t 0       ε   1         n         F   1   = 0   a n d   d   F   1   > 0       0       F   1   < 0   a n d     F   2   < 0       1 −         ε   c 0       ε   3         n         F   2   = 0   a n d   d   F   2   > 0        



(21)




where εt0 and εc0 are the maximum tensile principal strain and the maximum compressive principal strain; n is a constant, here n = 2; and dF1 > 0 and dF2 > 0 mean the continuous loading state after the damage is reached.



Equations (10), (13), (16)–(19) and (21) constitute the multi-field coupling mathematic model of outbursts, which has been verified by our previous research [40,44].





3. Numerical Simulation


3.1. Geometric Models and Parameters


Comsol software was used to solve the multi-field governing equations in our study. To embed the theory into the Comsol platform, we used the solid mechanics and PDE modules built into the platform. The solid module can solve the stress–strain constitutive equation. The PDE modules can solve the gas seepage and gas diffusion equations. The model diagram is shown in Figure 1, which is composed with the coal seam at the middle part and rock layers at the upper and lower parts. The initial excavation height of the roadway is 3 m. The excavation width of the roadway is 4 m. The vertical stress with 10 MPa is loaded under the roof, while other sides are supported by the roller. The gas pressure at the face of the roadway is set as 0.1 MPa. The center line of the roadway is defined as the monitoring line. The location of coal thickness variation is 80 m away from the initial excavation location. Two modes of coal thickness variation were simulated to investigate the evolution characteristics of stress, gas pressure and plastic failure zone. One mode is different change gradients of coal thickness with the same variation amplitude from 3 m to 7 m. The change gradient can be determined by the length of the thickening transition zone (Figure 1A). For the same change amplitude, the gradient increases with the decrease in the length of the thickening transition zone. Another mode is different change amplitudes of coal thickness with the same change gradient, varying from 3 m to 5 m, 7 m, 9 m, 11 m and 13 m (Figure 1B). All constant parameters used in the model are summarized in Table 1.




3.2. Analysis of Simulation Results


3.2.1. Characteristics of the Vertical Stress Evolution


To compare the different characteristics of the vertical stress evolution under the constant coal seam and coal thickness variation zone, due to the excavation disturbance, the simulation was conducted at different driving locations. Figure 2 and Figure 3 present the characteristics of the vertical stress evolution for the coal thickness variation, with different gradients and different amplitudes under different driving locations, respectively. The result that there is a stress peak in front of the driving face is similar to that found in the previous research [11]. There is also a stress concentration in the coal thickness variation transition zone when the driving location is 30 m and 50 m, far away from 80 m. This stress concentration is the original stress in the thickness variation transition zone and is related to the effective elastic module in the coal thickness variation zone [45].



Compared with the stress peak in the constant coal thickness, whether thick coal seam or thin coal seam, the stress peak in the coal thickness variation transition zone is higher when the driving location is at 78 m. However, the stress peak is lower when the driving location is in the coal thickness variation zone shown in Figure 2E,F and Figure 3. The result may be related to the uneven distribution of the elastic module of coal in the coal thickness variation zone [45]. The stress peak at the coal thickness variation transition zone is also different for different variation gradients and variation amplitudes when the driving location is at 78 m. Figure 4 further compares the influence of coal thickness change gradients and change amplitudes on the stress peak when the driving location is at 78 m. From Figure 4A, the maximum vertical stress ranges from 18.8 MPa to 16.9 MPa, decreasing with the decrease in the coal thickness variation gradient; while the maximum vertical stress ranges from 16.2 MPa to 19.3 MPa, increasing with the increase in the coal thickness variation amplitude (Figure 4B). This phenomenon indicates that outbursts occur more easily in the coal thickness variation zone at higher gradients or higher amplitudes.




3.2.2. Distribution of the Plastic Failure Zone


The coal thickness variation not only influences the stress evolution, but also damages the coal adjacent to the coal thickness variation transition zone, which can be revealed by the plastic failure. Figure 5 and Figure 6 show the distribution of plastic failure under different variation gradients and variation amplitudes when the driving face is at 78 m from the coal thickness variation transition zone. The plastic failure is biggest close to the driving face and decreases gradually with distance.



In order to compare the influence of coal thickness variation gradients and variation amplitudes on the plastic failure zone, the plastic deformation volume of coal was obtained by calculating the volume fraction of the damage variable greater than zero, as depicted in Figure 7. The plastic deformation volume of coal decreases from 12.48 m3 to 10.82 m3 with a decrease in the coal thickness variation gradient (Figure 7A) and increases from 11.13 m3 to 12.68 m3 with an increase in the coal thickness variation amplitude (Figure 7B). This result demonstrates that the damage to the coal in front of the driving face is more serious at the coal thickness variation zone at higher gradients or higher amplitudes.




3.2.3. Characteristics of the Gas Pressure Evolution


The influence of excavation on gas pressure is related to the distance to the heading face. The gas pressure increases gradually from 0.1 MPa at the driving face to the initial gas pressure, forming the gas pressure gradient between the driving face and coal seam [13]. The gas pressure gradient is related to the gas seepage and gas expansion energy that contribute to an outburst. According to the rules of outburst prevention and control, the minimum distance for anti-burst measures should be 5 m ahead of the driving face. Therefore, the 83 m point in the monitoring line is regarded as the monitoring point.



The evolution of gas pressure in the matrix and in the fracture at the monitoring point is shown in Figure 8. The gas pressure in the fracture declines quickly in the initial stage and then declines gradually (Figure 8B,D), which may be due to lots of the free gas in the fracture and some desorption gas being released at the initial stage, followed by a slow gas flow for the decreasing free gas and the gas pressure gradient between the fracture and the matrix, while the gas pressure in the matrix declines steadily (Figure 8A,C). With the increase in time, the impact of coal thickness variation on gas pressure can be clearly seen. From Figure 8A,B, the gas pressure in the matrix and fracture at 30 min decreases with the decrease in the coal thickness variation gradient, which indicates that the higher coal thickness variation gradient causes more gas to be retained in the coal seam. From (Figure 8C,D), the gas pressure in the matrix and fracture at 30 min increases with the increase in the coal thickness variation amplitude, which indicates that the higher coal thickness variation amplitude also causes more gas to be retained in the coal seam. The results are related to the influence of coal thickness variation on stress distribution. The higher the coal thickness variation gradient or amplitude, the higher the peak stress in the coal thickness variation zone [46]. Higher stress leads to lower permeability, causing more gas to be retained and higher gas pressure in the zone [47,48].






4. Discussion


From the simulation results, the coal thickness variation has an important effect on the distribution of stress, gas pressure and the plastic failure zone ahead of the driving face, which relate to the occurrence of outbursts. In recent years, the degree of outburst initiation has been evaluated from the perspective of energy principles [1]. The energy contributing to the outburst initiation mainly includes the elastic energy and free gas expansion energy, called outburst energy. The elastic energy relates to the ground stress in three directions, the elastic module and Poisson’s ratio of coal, which can be expressed as:


    E   e   =       σ   1     2   +     σ   2     2   +     σ   3     2   − 2 ν (   σ   1     σ   2   +   σ   1     σ   3   +   σ   2     σ   3   )   2 E    



(22)




where Ee is the elastic energy per unit volume of coal; and σ1, σ2, σ3 are the principal stresses in three directions.



The free gas expansion energy relates to the fracture gas pressure, which can be expressed as:


    E   g   =     p   a     V   g       γ   n   − 1   [         p   f       p   a             γ   n   − 1     γ   n       − 1 ]  



(23)






    V   g   =     V   p     p   f     T   0     T   p   a   Ζ    



(24)




where     E   g     is the free gas expansion energy per unit mass; Vg is the free gas content calculated by Equation (24); pa is the atmospheric pressure;     γ   n     is the adiabatic coefficient, 1.25 [6]; Vp means the pore volume per unit mass; T0 and T are the temperature under the standard condition and coal seam; and Z means the gas compressibility coefficient.



According to the rule that the distance of overhead cover required for local anti-burst measures at the mining face is 10 m, the outburst energy is analyzed for areas 10 m ahead of the heading face. The simulation results for stress and fracture gas pressure are used to calculate the elastic energy and free gas expansion energy. The coal thickness varying from 3 m to 13 m with a 10 m transition area is used as an example to illustrate the evolution of outburst energy under different driving locations. Figure 9 presents the variation of elastic energy and free gas energy in areas 10 m ahead of the heading face. From Figure 9, the elastic energy and the free gas expansion energy increase from 1.85 MJ and 24.19 MJ when the driving location is 30 m to 1.94 MJ and 50.57 MJ when the driving location is 78 m close to the coal thickness variation transition zone. This result indicates the coal thickness variation has an important impact on the free gas expansion energy.



In order to further illustrate the influence of the coal thickness variation gradient and amplitude on the outburst energy, the free gas expansion energy per unit mass was calculated in areas 10 m ahead of the heading face at 78 m, as shown in Figure 10. With the decrease in the coal thickness variation gradient, the free gas expansion energy per unit mass of coal ranges from 0.109 MJ/t to 0.104 MJ/t; while the free gas expansion energy per unit mass of coal ranges from 0.104 MJ/t to 0.108 MJ/t with the increase in the coal thickness variation amplitude. The results further prove that the higher the coal thickness variation gradient or amplitude is, the higher the outburst risk is.



Based on the above discussion, the mechanism for outbursts in the coal seam thickening area can be inferred from Figure 11. Compared with the constant thickness coal seam, the stress peak is higher in the coal thickness variation transition zone, which increases the elastic energy. The higher stress peak also decreases the permeability, causing more free gas to be retained in the coal thickness variation zone, which increases the free gas expansion energy. In addition, the coal in the coal thickness variation zone may be deformed, which can contribute to the development of an outburst [20].




5. Conclusions


To illustrate the mechanism for outbursts in the coal thickening area during mining, a coupled multi-field model was first established by considering the stress–strain field, gas transport field and damage field. Based on the multi-field model, the evolution of stress, gas pressure and plastic failure zone under different variation gradients and amplitudes of coal thickness were investigated using numerical simulation. The mechanism for outbursts occurring in area of increasing coal thickness was discussed, combined with the numerical simulation results and the energy principle of outbursts. The main conclusions drawn are as follows.




	(1)

	
The stress peak at the transition zone of coal thickness variation during mining is higher than that at the constant coal thickness. The higher the coal thickness variation gradient or amplitude, the higher the stress peak at the transition zone of coal thickness variation.




	(2)

	
The plastic deformation volume of coal decreases with the decrease in the coal thickness variation gradient, and increases with the increase in the coal thickness variation amplitude.




	(3)

	
Affected by the higher coal thickness variation gradient or amplitude, the fracture gas pressure declines slower in the coal thickness variation zone, which increases the free gas expansion energy and the risk of outburst initiation.




	(4)

	
Compared with the constant thickness coal seam, outbursts occurring in the coal thickness variation zone are due to higher stress, higher gas pressure and lower coal strength, which forms higher elastic energy, higher free gas expansion energy and lower criteria for outburst initiation.









Based on the conclusions obtained from the results and discussion, the measures of advance pressure relief and gas extraction in the coal thickness variation zone should be further emphasized. In addition, other auxiliary measures should be taken to improve coal strength and restrain gas desorption to ensure mining safety in coal thickening areas.
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Figure 1. Diagram of coal thickness variation. 
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Figure 2. The evolution of stress under different coal thickness variation gradients. 
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Figure 3. The evolution of stress under different coal thickness variation amplitude. 
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Figure 4. Influence of coal thickness variation gradient and amplitude on the peak stress at 78 m driving location. 
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Figure 5. Plastic failure zone affected by different coal thickness variation gradients at 78 m driving location. 
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Figure 6. Plastic failure zone affected by different coal thickness variation amplitudes at 78 m driving location. 
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Figure 7. Influence of coal thickness variation gradient and amplitude on the plastic deformation volume of coal at 78 m driving location. 
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Figure 8. Influence of coal thickness variation gradient and amplitude on gas pressure at 78 m driving location (A): Evolution of gas pressure in the matrix in different coal thickness variation gradients; (B): Evolution of gas pressure in the fracture in different coal thickness variation gradients; (C): Evolution of gas pressure in the matrix in different coal thickness variation amplitudes; (D): Evolution of gas pressure in the fracture in different coal thickness variation amplitudes). 
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Figure 9. Evolution law of coal outburst potential within 10 m in front of roadway. 
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Figure 10. Influence of coal thickness variation gradient and amplitude on the free gas expansion energy of unit mass coal at 78 m driving location. 
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Figure 11. Schematic diagram of energy distribution and evolution during excavation of coal thickness variation region. 
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Table 1. Constant parameters used in the simulation model.
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	Name
	Symbol
	Value





	Young’s module of coal
	E
	2713 MPa



	Young’s module of rock
	Es
	8423 MPa



	Bulk module of coal matrix
	Km
	12.4 MPa



	Poisson’s ratio of coal
	υ
	0.32



	Poisson’s ratio of rock
	υr
	0.25



	Maximum sorption-induced strain
	     ε   m a x     
	0.011



	Langmuir-type pressure of the sorption strain
	pL
	5.14 MPa



	Gas molar mass
	M
	16 g/mol



	Ideal gas constant
	R
	8.31 J/(mol K)



	Gas temperature
	T
	327.5 K



	Coefficient of gas transfer
	τ
	794,880 s



	Maximum gas adsorption capacity
	a
	5.278 × 10−2 m3/kg



	Adsorption constant
	b
	1.36 × 10−6 Pa−1



	Gas molar volume
	Vstd
	0.0224 m3/mol



	Coal density
	ρc
	1400 kg/m3



	Rock density
	ρr
	2500 kg/m3



	Viscosity coefficient of methane
	μ
	1.84 × 10−5 Pa s



	Matrix porosity
	     ∅   m     
	0.045



	Initial fracture porosity
	     ∅   f 0     
	0.012



	Initial permeability
	k0
	1 × 10−16 m2



	Fracture compressibility
	Cf
	1.36 × 10−6 Pa−1



	Increase coefficient of permeability
	   ξ   
	55



	Proportion of matrix sorption deformation
	fm
	0.1



	Uniaxial tensile strength of coal
	ft0
	0.5 MPa



	Uniaxial compressive strength of coal
	fc0
	3.47 MPa



	Uniaxial tensile strength of rock
	fst0
	3.53 MPa



	Uniaxial compressive strength of rock
	fsc0
	26.7 MPa



	Internal friction angle of coal
	φ
	35°



	Internal friction angle of rock
	φr
	40°
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