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Abstract

:

One of the challenges that urgently needs to be addressed, both in current times and in the future, is to improve the heading speed of coal roadways. The roof instability of the heading face is the main factor restricting the rapid heading of coal roadways. Based on the theory of thin plate, a mechanical model of the roof in the heading face is established, the distribution law of deflection, stress, and internal force is discussed, and the supporting principle of the roof is clarified. Through a Flac3D numerical simulation, the main influencing factors of roof stability in the heading face are analyzed, including ground stress, surrounding rock strength, roadway section, unsupported distance, etc., and the regression analysis of each factor is carried out by evaluating the amount of roof subsidence. The results show that the maximum tensile stress and the corresponding bending moment of the roof appear at the fixed supported edge, and the maximum compressive stress and the maximum value of the corresponding bending moment appear at the center of the roof slightly close to the simply supported edge. In the on-site construction process, the position close to the fixed supported edge needs to be supported first. The roof subsidence has a positive exponential relationship with the stress level, a negative exponential relationship with the surrounding rock strength, a quadratic functional relationship with the roadway section, and a logarithmic relationship with the unsupported distance. In fractional support, the initial partial support can timely reduce the roof span and partially recover the confining pressure. Under certain geological and production conditions, the use of fractional support can not only effectively maintain the stability of the roadway but also speed up the heading speed. According to the research results, it is determined that in the auxiliary transportation roadway of the Caojiatan Coal Mine, the 122,110 working face adopts the fractional support model, the maximum roof subsidence is 18 mm, the roof is stable, and the monthly progress is more than 1000 m, which significantly improves the roadway heading speed.
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1. Introduction


More than 90% of coal mines in China are produced by well mining, and the total length of new roadways is more than 12,000 km per year. The safe and rapid heading of various kinds of underground roadways is the premise of safe and efficient mining of coal mines [1,2,3]. However, the average monthly progress of comprehensive heading face in China is less than 200 m, and the average ratio of the excavation team and comprehensive mining team is 3.1:1 [4,5,6]. The level of advancement in coal roadway heading technology, equipment, and mechanization is obviously behind that of coal mining technology and equipment, and the mining proportion is seriously unbalanced. Improving the speed of roadway excavation is one of the urgent tasks to be carried out in coal mines both in current times and in the future.



Heading and supporting technology and equipment are key for the determination of the heading speed. Anchor and cable support is the main supporting method of Chinese coal mine roadways. According to the geological and production conditions of coal mine roadways in our country, the complete technology of anchor bolt support has been developed, which is widely applied in different types of roadways and achieves good technical and economic benefits [7,8,9,10]. However, there are still some problems that need to be solved, such as complex supporting processes, large supporting density, slow supporting speed, too many people, and low efficiency. At present, the main heading equipment of coal roadways in China includes cantilever tunneling machines, continuous miners, and excavation-and-anchor combined units [11]. Cantilever heading machines are widely used in China, accounting for more than 90% of the tools used. When this technology is used, the heading and support need to be repeatedly transposed and interfere with each other, resulting in low heading speed, most of which is 200–500 m/month [12]. With the aim to ensure the stability of the surrounding rock in the cave-head area, increasing the unsupported distance appropriately to reducing the transposition frequency of the heading and support are one of the methods used to improve the heading speed of cantilever heading machines [13]. Continuous miners are more used in the working face, where two roadways are driven at the same time. When one roadway reaches the maximum unsupported distance, the continuous miner will withdraw from the roadway and continue to drive into the adjacent roadway through the contact roadway. This roadway is permanently supported by a bolt drill. Therefore, this technology requires a long-distance, unsupported roof (generally 10–20 m) to ensure the heading speed. This technology is adopted in the Shendong Mining area with better geological conditions, and the average coal roadway progress reaches 2000 m/month [14]. As the most advanced rapid coal roadway heading equipment at present, excavation-and-anchor combined units have the characteristics of one-cut cutting of the whole section, temporary support on board, parallel excavation and support, continuous transportation, etc. [15,16,17]. Although parallel excavation and support are realized, the unsupported distance required by the rock-cutting part is generally 2~3 m [18]. To summarize, in order to improve the heading speed, the heading and support are generally separated in space and synchronized in time, which puts forward new requirements for the stability analysis of the surrounding rock in the heading face.



In view of the stability of the surrounding rock in unsupported areas of the heading face, experts and scholars mainly studied the determination methods of reasonable unsupported distance [19,20,21,22]. Bai Jianbiao [23] used the difference method to analyze the relationship between the roof stress distribution law and the void roof distance and evaluated the roof stability in the void roof area according to the relationship between the roof stress and its compressive/tensile strength. Yang Sen [24,25] established the mechanical model of the roof in the heading face, analyzed the deformation and failure characteristics of the surrounding rock in an unsupported area, and determined the limit of unsupported distance in the roadway heading process. Chu Xiaowei [26] analyzed the deformation characteristics of the heading head roof, and based on the roof beam model, proposed a method to determine the reasonable gap distance. However, in addition to the unsupported distance, the stability of the surrounding rock in unsupported areas of the heading face is also affected by geological factors and heading parameters such as ground stress, surrounding rock strength, roadway section size, and support parameters [27,28,29]; hence, the existing research cannot support the theoretical demand for the rapid heading of roadways.



In conclusion, there is a contradiction between the present demand for various excavation support systems and the existing research on the roof stability of the heading face, which is more focused on the determination of reasonable unsupported distance and not on the analysis of the system. In view of this contradiction, in this paper, we adopted the methods of theoretical analysis and numerical simulation, studied the influence on the different parameters of roof stability such as ground stress, surrounding rock strength, roadway section size, support parameters, and unsupported distance, and concluded the research with the application of our proposed method in the 122,110 working face of the auxiliary transport roadway of the Caojiatan Coal Mine, which provides a certain reference for the realization of the stability and control mechanisms of the surrounding rock in the rapid heading of coal roadways.




2. Theoretical Analysis of Roof in Heading Face


2.1. Mechanical Model of Roof in Heading Face


After roadway excavation, the surface surrounding rock of the heading face changes from three-way loading to single-side unloading, which decreases the bearing capacity of the shallow surrounding rock. At the same time, the stress redistribution of roadway excavation makes the surrounding rock of the heading face gradually deteriorate from shallow to deep. Therefore, the research object of roof stability during heading is mainly aimed at the direct roof located in the shallow layer. In general, the coal measure strata are sedimentary rock series, and the roadway roof is generally stratified obviously, and the thickness of each stratification is much smaller than the roadway span. Therefore, the roof in the heading face can be simplified as a thin plate model.



A thin plate mechanical model of the heading face is established, as shown in Figure 1, in which “a” is the length of the unsupported roof area, “b” is the width of the roadway, and “h” is the thickness of the roof. The following assumptions are made: (1) in each heading cycle, the roof of the heading cavity is stable to meet the assumptions of continuity, uniformity, elasticity, and small deformation; (2) the front and the two sides of the coal pillar of the heading face can provide enough support for the unsupported roof, while the supporting force of the bolt (cable) at the rear of the unsupported area is relatively small; that is, the direct roof of the cave-head area meets the boundary conditions of three sides that are fixed supports, and one side is simply supported; (3) the roof load is the uniform load calculated according to the buried depth.



According to the mechanical model in Figure 1 and the boundary conditions:


      ω  |     x = 0   = 0 ,    (     ∂ 2  ω   ∂  x 2     )   |     x = 0   = 0       ω  |     x = a   = 0 ,    (    ∂ ω   ∂ x    )   |     x = a   = 0       ω  |     y = ±  b 2    = 0 ,    (    ∂ ω   ∂ y    )   |     y = ±  b 2    = 0      }   



(1)







According to Galerkin’s method [30], the deflection expression is set as:


  ω =  C 1   ω 1   



(2)




where C1 is a constant, and ω1 is the first-order deflection function:


   ω 1  = x    (   x 2  −  a 2   )   2     (   y 2  −    b 2   4   )   2   



(3)







The above equation satisfies all boundary conditions.



According to the principle of virtual work:


     ∬ A   D  (   ∇ 4  ω  )   ω 1  d x d y =    ∬ A   q  ω 1        d x d y  



(4)




where A is the integral interval; D is the bending stiffness;   D =   E  h 3    12 ( 1 −  μ 2  )    , where E is the elastic modulus, and μ is Poisson’s ratio;    ∇ 4    is the heavy harmonic operator; q is the roof load.



By substituting Equations (2) and (3) into Equation (4), constant C1 can be obtained by integration, and then the deflection ω can be expressed as:


  w =   8085 q x    (   x 2  −  a 2   )   2     (   y 2  −    b 2   4   )   2    128 D  (  336  a 5  + 176  a 3   b 2  + 165 a  b 4   )     



(5)







Then, the expressions of each stress component and internal force can be obtained from Equations (6) and (7):


       σ x  = −   E z   1 −  μ 2     (     ∂ 2  ω   ∂  x 2    + μ    ∂ 2  ω   ∂  y 2     )       σ y  = −   E z   1 −  μ 2     (     ∂ 2  ω   ∂  y 2    + μ    ∂ 2  ω   ∂  x 2     )     }   



(6)






       M x  = − D  (     ∂ 2  ω   ∂  x 2    + μ    ∂ 2  ω   ∂  y 2     )       M y  = − D  (     ∂ 2  ω   ∂  y 2    + μ    ∂ 2  ω   ∂  x 2     )     }   



(7)






       Q x  = − D  ∂  ∂ x    (   ∇ 2  ω  )       Q y  = − D  ∂  ∂ y    (   ∇ 2  ω  )     }   



(8)








2.2. Analysis of Deformation and Stress Characteristics of the Roof in Heading Face


The commercial mathematics software MATLAB R2021a produced by MathWorks company (Natick, MA, USA) was used to compile the above formula, and the main calculation parameters shown in Table 1 were selected to analyze the deformation and stress characteristics of the unsupported roof in the heading face.



Figure 2 shows the deflection distribution diagram of the unsupported roof in the heading face.



It can be seen from Figure 2 that, under the action of uniform load q and boundary conditions, the deflection of the roof in the heading cavity head area is symmetrical around the middle line of the roadway width, and the deflection of the side near the simply supported edge is larger, with a maximum value of 11 mm at (1.4, 0).



The distribution law of roof stress and the internal force in the heading face is shown in Figure 3.



According to the distribution of each stress and the internal force in Figure 3, it can be seen that the maximum values of tensile stress on the fixed supported edges (3, 0) and (1.4, ±3) are the tensile stress values of σx = 34.8 MPa and σy = 6.7 MPa, respectively, and the corresponding bending moments are Mx = 9.8 MN∙m and My = 1.8 MN∙m, respectively. The maximum values of compressive stress appear on (1.4, 0) and (3,0), which are σx = −14.7 MPa and σy = −7.0 MPa, respectively, and the corresponding bending moments are Mx = −4.6 MN∙m and My = 2.0 MN∙m, respectively. The maximum value and minimum value of the transverse shear Qx at (0, 0) and (3, 0) are Qx = −6.3 MPa∙m and Qx = 19.6 MPa∙m, respectively, and the maximum value and minimum value of the transverse shear Qy at (1.4, −2.1) and (1.4, 2.1) are Qy = ±3.5 MPa∙m, respectively.



As shown in Figure 4, the relationship between the unsupported distance and roof stress in the heading face shows that changes in the roof stress and bending moment are basically consistent in the unsupported roof distance model. The roof stress and bending moment increase with the increase in the unsupported distance. The maximum value of the maximum tensile stress and the corresponding bending moment appears at the fixed supported edge. The difference is that the maximum value of the roadway axial direction (x direction) is located at the midline of the roadway width, and the maximum value of the roadway inclination direction (y direction) is close to the simply supported edge. The maximum compressive stress and corresponding bending moment appear in the center of the roof, but the compressive stress in the axial direction of the roadway is closer to the simply supported edge. Since the roof is compressive, not tensile, the fixed edge will be the first to undergo tensile failure, leading to roof instability. As the unsupported distance increases, the transverse shear stress of the roof will also increase. The transverse shear stress in the axial direction of the roadway is monotonic, and the maximum value appears at the boundary of both sides. However, the transverse shear stress on the roadway inclination is not monotonic, it will first increase and then decrease from the fixed supported edge to the roadway center, and the maximum value appears near the fixed supported edge. To summarize, in the process of site construction, it is necessary to first support the most dangerous area.





3. Analysis of Roof Stability in Heading Face


3.1. Numerical Model


Using FLAC3D software from ITASCA (Minneapolis, MN, USA), a numerical model was established according to the typical geological conditions of the Caojiatan Coal Mine. The numerical model and the thickness are shown in Figure 5. The roadway is driven along the coal seam floor, and the mechanical parameters of the coal seam, roof, and floor are shown in Table 2. The elastic modulus and Poisson’s ratio of each rock layer were obtained by reducing the uniaxial compression test results in the laboratory. The reduction criteria were GSI and the Hoek–Brown failure criterion. The buried depth of the roadway was 300 m, the vertical stress was 7.5 MPa, and the maximum and minimum horizontal principal stresses were 2.0 and 1.2 times the vertical stresses, respectively. The maximum horizontal principal stress was perpendicular to the axial direction of the roadway. The roadway section was rectangular with a width of 5.5 m and a height of 4.5 m. According to the size of the roadway section and the influence range of the heading face, the model size was selected as width × height × thickness = 55.5 × 50 × 25 m. The normal displacements of the four sides and the bottom surface of the model were fixed, and the stress boundary was used for the top surface to simulate the overburden pressure.



In order to simulate the evolution process of the stress and displacement fields of the heading face, a tunnel was excavated and supported step by step, and 25 excavation and supporting steps were divided, with each step excavating 1 m. The bolts and cables were simulated by a cable structure unit built in Flac3D 5.0. The diameter of the bolt was 20 mm, and the length was 2400 mm. The cable was 17.8 mm in diameter and 6500 mm in length. Roof bolt row spacing was 1000 mm, each row with six bolts, with 1000 mm spacing, and all the bolts had a vertical roof arrangement. Two sides had a bolt row spacing of 1000 mm, each row with four bolts, with 1000 mm spacing, and all were in the vertical roadway arrangement. Roof anchor cables were arranged 2-0-0-2, spacing was 2400 mm, row spacing was 3000 mm, and all were in the vertical roadway roof arrangement.




3.2. Stress and Deformation Distribution Characteristics of Roof in Heading Face


The distribution of the principal stress tensor during excavation is shown in Figure 6. The displacement distribution is shown in Figure 7. The three-way stress change curve at 1 m above the center of the roof is shown in Figure 8. The relation curve between the roadway roof displacement and the distance to the heading face is shown in Figure 9.



It can be seen from Figure 6, Figure 7, Figure 8 and Figure 9 that after roadway excavation, the stress around the heading face was redistributed. The stress concentration zone appeared around the top angle of the roadway heading face, and the stress reduction zone appeared in the front and rear roofs of the caving face. The stress reduction area in the front of the working face was small and changed little with the advance of the working face. In the rear of the working face, the stress reduction area within 2 m adjacent to the working face was small. With the continuous expansion away from the working face, the stress increase area was constantly transferred to the deep surrounding rock, and the stress distribution basically remained stable after a certain distance. The horizontal stress at 1 m above the middle of the roof and the axial stress of the roadway first increased and then decreased with the increase in the operation time step, while the vertical stress was always in a downward trend. The displacement of the roof began to obviously increase when the advanced working face was equal to the roadway width. In the newly excavated 2 m range, the roof and floor displacements were small, and the distribution range was not large. With the further distance away from the heading face, the roof subsidence continuously increased, and the displacement of the surrounding rock was basically stable when the roadway width reached 2 times.




3.3. Analysis of Influencing Factors for Roof Stability of Heading Face


A test scheme was designed with the parameters of ground stress level, surrounding rock strength, different roadway sections, and different unsupported distances. According to the vertical stress, the ground stress level was set as 3.75 MPa, 7.5 MPa, 15 MPa, and 25 MPa, corresponding to the buried depth of 150 m, 300 m, 600 m, and 1000 m, respectively. The maximum and minimum horizontal principal stresses were still set as 2.0 and 1.2 times the vertical stresses. The roof strength was characterized by cohesion, respectively, set at 0.5 MPa, 3.5 MPa, 6.5 MPa, and 9.5 MPa. The section size is represented by the roadway width, and four groups of schemes with roadway widths of 3.5 m, 4.5 m, 5.5 m, and 6.5 m were, respectively, set. As for the unsupported distance, four groups of schemes with void head distances of 1 m, 3 m, 5 m, and 12 m were set. The size and boundary conditions of the test model were the same as those of the aforementioned model, and the test scheme is listed in Table 3.



The regression analysis of each factor was carried out according to the roof displacement, and the results are shown in Figure 10.



The roof subsidence had an exponential relationship with the stress level, and the subsidence increased with the increase in stress. It had a negative exponential relationship with the strength of the surrounding rock and significantly decreased with the increase in the strength of coal and rock in a certain range. However, when the strength exceeded a certain value, the amount of subsidence could not be effectively reduced by increasing again. It had a quadratic functional relationship with the roadway section and increased with the increase in roadway width. It had a logarithmic relationship with the void top distance. With the increase in void top distance, the amount of subsidence gradually increased.




3.4. Influence of Support on Roof Stability of Heading Face


In the basic model, the bolt and anchor cable supports were installed all in one step after the heading face was drilled for 3 m. In order to improve the speed of the heading, the setup of the support was divided into two steps. After the roadway was excavated, some of the bolts were first installed, and all the bolts and cables were set up behind the boring machine. According to the above analysis, the support system should first be set up at the side of the fixed boundary, so the fractional bolt and cable support scheme shown in Figure 11 was simulated. When the heading face was drilled for 3 m, the four bolts near the two sides were first installed on the roof. Then, after the heading face was gradually pushed forward for 12 m, the two bolts and cables located in the alley at 1 m position were completed and excavated.



The relation curve between the roadway roof displacement and distance to the heading face under the basic model and the fractional support model is shown in Figure 12. Due to the untimely support of some of the bolts and cables, the roof displacement of the fractional support was greater than that of the basic model’s support installed in one step. It can be seen that improving the heading speed by dividing support was at the cost of influencing the supporting effect of the bolt and cable. At the same time, a numerical test with an unsupported distance of 12 m was also carried out. Compared with the fractional support, the roof subsidence when the void roof distance was 12 m was larger than that of the one-step installed support of 12 m. Therefore, the initial partial support in the fractionated support still played a certain role in controlling the roof stability, and its action mechanism was as follows: The roof span was reduced in time, and the confining pressure was partially restored. It can be seen that under certain geological and production conditions, the use of fractional support can not only effectively maintain the stability of the roadway but also speed up the heading speed.





4. Engineering Verification


4.1. Geological Overview


The 122,110 working face of the Caojiatan Coal Mine mainly exploits a 2-2 coal seam [31,32]. As shown in Figure 13, the thickness of the 2-2 coal seam is 9.68~11.69 m, the average thickness is 10.63 m, the roof is siltstone with an average thickness of 11.00 m and post stone of 9.54 m, the floor is siltstone with an average thickness of 4.67 m and post stone of 2.43 m, the buried depth is 316.19~344.93 m, the average buried depth is 333.43 m, and the auxiliary transportation roadway of this working face is a rectangular roadway with a section width of 6.50 m and a height of 4.55 m. During the heading period, the roadway is driven along the floor, and the thickness of the top coal is about 6 m.



The Caojiatan Coal Mine has simple geological conditions and is less affected by tectonic areas. However, the thickness of the coal seam is large, the roadway is driven along the floor, the direct roof is the coal body with low strength, and the roadway section is large. When the roof support with a more conservative support scheme was adopted, the construction process restricted the heading speed, but once a long unsupported distance and weakly supported scheme were chosen, the excavation disturbance of the large section roadway and the unloading effect often resulted in a larger range of surrounding rock damage and fracture extension and even roof falling phenomenon [33,34], also limiting the heading speed. Hence, it is necessary to find the balance between supporting parameters and the surrounding rock stability, determine the reasonable heading and supporting parameters, and improve the heading speed.




4.2. Roadway Construction Technology and Process


Following a previous study, an EJM270/4-2-type excavating anchor machine was used to cut and support the roof during the heading of the 122,110 auxiliary transport roadway in the field application. The method of split support was adopted to realize parallel operation between cutting and supporting the roof bolts. As shown in Figure 14, the row distance between roof bolts was 1200 × 1000 mm, and there were six supporting bolts on the roof, numbered ①, ②, ③, ④, ⑤, ⑥ from left to right. The excavation-and-anchor combined unit first supported ①, ②, ⑤, and ⑥ roof bolts, and the bolt trolley made up the remaining ③ and ④ roof bolts by adjusting the position of the slip frame of the drilling rig. Roof bolts ①, ②, ⑤, and ⑥ provided permanent support with a minimum roof control distance of ≤2 m and maximum roof control distance of ≤3 m; roof bolts ③ and ④ had permanent support lags ①, ②, ⑤, and ⑥ bolts at 12 m. The row spacing between the roof anchor cables was 2400 × 3000 mm, with two top anchor cables in each row. The minimum distance of the anchorage cable’s permanent support to the head was 21.8 m, and the maximum was 22.8 m. The field application showed that the monthly footage reached more than 1000 m.




4.3. Monitoring and Analysis of Roof Deformation during Heading


An AKM-20 acoustic multipoint displacement meter was used for the monitoring of the tunnel surrounding roof deformation. During the monitoring, a magnetic anchorage head was installed in the designated position of the surrounding rock. Through the electromagnetic principle, the acoustic probe received the position information of the magnetic ring installed in the rock mass to monitor the movement and deformation of the surrounding rock inside, as shown in Figure 15.



It can be seen from Figure 16 that the roof was stable, and the deformation was small in the heading influence period. The maximum deformation of the roof was 18 mm, and the deformation mainly occurred in the early stage of the surrounding rock exposure. In the first 3 hours of monitoring, the deformation of the roof and the two sides, respectively, reached 78% of the total deformation when the excavation of the 122,110 auxiliary transportation roadway was completed (at this time, the excavation working face had been pushed 836 m past the measuring station). At the same time, it can be seen from Figure 9 that the surrounding rock deformation occurred gradually, the shallow surrounding rock deformation was large, the deep surrounding rock deformation was small, and the deformation range of the roof during the heading period was about equal to the roadway span.





5. Discussion and Conclusions


5.1. Discussion


In view of the shortcomings of the existing research, this paper established a mechanical model of the heading face roof based on the thin plate theory. Through analyzing the deflection, stress, and internal force of the roof, it was proposed that the position near the fixed supported edge should be supported first in the field construction process. Through a FLAC3D numerical simulation, the main influencing factors of roof stability in the heading face were analyzed, including ground stress, surrounding rock strength, roadway section, void roof distance, etc., and the regression analysis of each factor was carried out by evaluating the amount of roof subsidence. It was found that the roof displacement had a positive exponential relationship with stress level, a negative exponential relationship with the surrounding rock strength, a quadratic functional relationship with the roadway section, and a logarithmic relationship with void roof distance. In the fractional support model, the initial partial support could timely reduce the roof span and partially recover the confining pressure. Under certain geological and production conditions, the use of fractional support can not only effectively maintain the stability of the roadway but also speed up the heading speed.




5.2. Conclusions


In this paper, through theoretical analysis and numerical simulation, the roof stability of the heading face was studied. Finally, the research results were revealed for the 122,110 working face auxiliary transport roadway of the Caojiatan Coal Mine, and the following conclusions were drawn:




	(1)

	
The analytical formula of the roof deflection, stress, and internal force of the heading face was derived from the thin plate theory. It was found that the largest tensile stress and the corresponding bending moment in the fixed boundary in the roof, the maximum compressive stress, and the corresponding maximum bending moment appeared in the center of the roof and slightly closer to the hinged boundary. The transverse shear stress in the axial direction of the roadway was monotonic; however, the transverse shear stress on the roadway inclination was not monotonic, and it first increased and then decreased from the fixed support edge to the roadway center. Thus, it is necessary to first support the position close to the fixed support edge.




	(2)

	
After roadway excavation, the stress concentration zone appeared at the top angle of the heading face, and the stress reduction zone appeared in the middle of the front and rear roofs of the working face. The displacement of the surrounding rock began to obviously increase when the advanced working face was equal to about half of the roadway width. In the newly excavated 2 m range, the roof and floor displacements were small. With the increasing displacement of the surrounding rock away from the heading face, it was basically stable when it reached 2 times the roadway width.




	(3)

	
The main factors affecting the roof stability of the heading face were studied, including ground stress, surrounding rock strength, section size, and unsupported distance. The regression analysis of each factor was carried out according to the roof subsidence. The roof subsidence had a positive exponential relationship with the stress level, a negative exponential relationship with the surrounding rock strength, a quadratic functional relationship with the roadway section, and a logarithmic relationship with the unsupported distance.




	(4)

	
Due to the untimely support of some of the bolts and cables, the displacement of the surrounding rock was greater than that of the one-step installed support but less than that of the same long unsupported distance roof model. It can be seen that the initial local support in the fractional support still had a certain effect on the control of roof stability, and its action mechanism was as follows: The roof span was reduced in time, and the confining pressure was partially restored. Therefore, under certain geological and production conditions, the use of fractional support can not only effectively maintain the stability of the roadway but also speed up the heading speed.




	(5)

	
According to the theoretical analysis and numerical simulation results, field verification was carried out. The 122,110 working face of the Caojiatan Coal Mine’s auxiliary transportation roadway adopted the divided support. The maximum roof subsidence was 18 mm, the roof was stable, and the monthly progress was more than 1000 m, which significantly improved the roadway heading speed.
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Figure 1. Thin plate model of direct roof in heading face. 
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Figure 2. Deflection distribution characteristic of unsupported roof in heading face. 
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Figure 3. Distribution of roof stress and internal force in heading face: (a) stress; (b) ending moment; (c) transverse shear stress. 
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Figure 4. Relationship between roof force and unsupported distance in heading face: (a) stress; (b) bending moment; (c) transverse shear stress. 
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Figure 5. Numerical model. 
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Figure 6. Distribution characteristics of principal stress tensor of heading face (stained with σ1). 
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Figure 7. Displacement distribution characteristics of heading face. 






Figure 7. Displacement distribution characteristics of heading face.



[image: Energies 15 07588 g007]







[image: Energies 15 07588 g008 550] 





Figure 8. Three-way stress change curve of roof in heading face. 
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Figure 9. Relationship between roof displacement and heading face position. 
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Figure 10. Fitting curve of single factor displacement of heading face roof. 
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Figure 11. Schematic diagram of roof support completed in two steps. 
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Figure 12. Curve between roadway roof displacement and distance to heading face. 
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Figure 13. Geological survey of 122,110 auxiliary transport roadway. 
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Figure 14. The 122,110 auxiliary transport roadway heading and support diagram. 






Figure 14. The 122,110 auxiliary transport roadway heading and support diagram.



[image: Energies 15 07588 g014]







[image: Energies 15 07588 g015 550] 





Figure 15. Schematic diagram of acoustic multipoint displacement meter equipment and roof installation. 
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Figure 16. Measured curve of roof displacement during heading of 122110 auxiliary transportation roadway. 
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Table 1. Main calculation parameters.
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	a/m
	b/m
	h/m
	E/Gpa
	q/MPa





	3.0
	6.5
	1.3
	1.5
	7.5
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Table 2. Roof and floor strata around simulated entry and mechanical parameters.
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	Lithology
	Elasticity Modulus/GPa
	Poisson’s Ratio
	Cohesion

/MPa
	Internal Friction

Angle/°
	Strength of

Extension/MPa





	Post stone
	7.70
	0.20
	7.96
	26.26
	2.33



	Siltstone
	6.44
	0.12
	8.41
	23.51
	2.51



	2-2 Coal seam
	1.32
	0.13
	6.50
	31.52
	0.92
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Table 3. Roof and floor strata relative to simulated entry and mechanical parameters.
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Influence Factor

	
Vertical

Stress

	
Cohesion

	
Roadway

Width

	
Unsupported

Distance




	
Serial

Number






	
1

	
Base Package

	
7.5 MPa

	
6.5 MPa

	
5.5 m

	
3 m




	
2

	
Vertical stress group

	
3.75 MPa

	
6.5 MPa

	
5.5 m

	
3 m




	
3

	
15 MPa

	
6.5 MPa

	
5.5 m

	
3 m




	
4

	
25 MPa

	
6.5 MPa

	
5.5 m

	
3 m




	
5

	
Cohesion group

	
7.5 MPa

	
0.5 MPa

	
5.5 m

	
3 m




	
6

	
7.5 MPa

	
3.5 MPa

	
5.5 m

	
3 m




	
7

	
7.5 MPa

	
9.5 MPa

	
5.5 m

	
3 m




	
8

	
Roadway width group

	
7.5 MPa

	
6.5 MPa

	
3.5 m

	
3 m




	
9

	
7.5 MPa

	
6.5 MPa

	
4.5 m

	
3 m




	
10

	
7.5 MPa

	
6.5 MPa

	
6.5 m

	
3 m




	
11

	
Unsupported distancegroup

	
7.5 MPa

	
6.5 MPa

	
5.5 m

	
1 m




	
12

	
7.5 MPa

	
6.5 MPa

	
5.5 m

	
5 m




	
13

	
7.5 MPa

	
6.5 MPa

	
5.5 m

	
12 m
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