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Abstract

:

Aiming to advance a support problem for roadways used with the longwall coal mining method, the S1202 working face of the Ningtiaota Coal Mine is taken as the engineering background. The monitoring and analysis of bolt force, anchor cable force and surrounding rock deformation of two types of roadways within the whole advance pressure influence range are carried out in the present paper. Based on this, a numerical calculation model consistent with the field is established, and numerical comparison tests under different influencing factors are carried out. The rationality of the numerical test results is verified by using the field monitoring data. At the same time, quantitative evaluation indexes, such as characterization deformation, are established, and the deformation law of roadways surrounding rocks under different advance passive support forces is analyzed. The advance support mechanism of the roadway used with the longwall coal mining method is clarified. The test shows that under the condition of no advance passive support, the maximum characteristic deformation of surrounding rock in the haulage roadway and ventilation roadway is 7.1 cm and 10.1 cm, respectively. The above surrounding rock deformation still meets the requirements of on-site safety production. The research results can provide experimental support for the advance support parameters of the roadway used with the longwall coal mining method.
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1. Introduction


Coal is an important consumer energy in the world, accounting for 27% of the global primary energy consumption structure in 2019. Underground mining methods mainly include short wall mining method and longwall mining method. Longwall mining method is widely used around the world due to its high productivity and good ventilation performance. This mining method [1,2,3,4,5,6,7] needs to excavate two mining roadways in advance and reserve one roadway pillar to mine one working face. In the process of coal mining, the roadway surrounding rock in a certain range in front of the coal mining face is affected by the superposition of mining stress and in situ stress. The influence range of this superimposed stress is named the advance pressure influence range, which results in the roadway support system facing great challenges [8,9].



At present, the advance support forms of active anchor mesh support and passive hydraulic prop (support) are generally adopted within the scope of advance influence [10,11,12,13,14]. Wang et al. [12,13] optimized the support parameters of the anchor mesh and hydraulic prop within the advance pressure influence range in the Suncun Coal Mine. Tan et al. [14] studied the deformation and failure characteristics of the roadway affected by the advance pressure in Daichiba Coal Mine, and put forward the technical scheme of using a hydraulic prop with anchor mesh cable.



The above experts avoided the surrounding rock damage caused by the advance pressure of the working face by erecting dense props (support) [15,16]. However, this form restricted the safe, intelligent and efficient production of coal, and there were some problems, such as the high cost and construction efficiency. Therefore, it is urgent to clarify the advance support mechanism of the roadway of the longwall coal mining method, and coordinate the coupling support relationship between active support [17] and passive support, so as to gradually optimize the advance passive support until the advance passive support is cancelled.



On this basis, the S1202 working face of Ningtiaota Coal Mine is taken as the engineering background. The quantitative evaluation index is established to analyze the evolution law of stress and displacement of the roadway surrounding the rock under different advanced passive support parameters by using the combination method of the field test and numerical test. The mechanism of advance support in longwall mining roadways is clarified, which lays the foundation for the optimization of advance support parameters.



Engineering Background


Ningtiaota Coal Mine is located in Western China, with a design annual output of 20 Mt/a, which is a typical 10 million ton modern mine. The strike length of the S1202 working face of the mine is 4000 m, and the dip length is 339 m. The main mining is 2-2 coal, the average coal thickness is 4.2 m and the average buried depth is 162 m. The basic roof of the working face is mainly fine sandstone with an average thickness of 16.65 m; the immediate roof is mainly siltstone, with an average thickness of 3.50 m; the immediate floor is mainly siltstone, with an average thickness of 5.83 m; and the basic floor is mainly fine sandstone with an average thickness of 9.08 m. The rock stratum of the working face is shown in Figure 1.



The roadway is designed as a rectangular section, with a clear width of 5800 mm and a clear height of 3500 mm. In terms of the active support of the roadway, the bolt mesh support was adopted for the haulage roadway and ventilation roadway. The roof bolt was Φ 22 × 2500 mm, row spacing 1700 × 1000 mm, and the roof anchor cable was Φ 17.8 × 7000 mm, spacing 3000 mm. In terms of the advance passive support of the roadway, ZTC10696/27/50 advance hydraulic support was adopted for the haulage roadway and ventilation roadway, with the working resistance of 0.1 MPa. The specific support parameters are shown in Figure 2.



A comprehensive monitoring section is arranged 100 m in front of the haulage roadway and ventilation roadway to monitor the displacement of roadway surrounding rock and the force of the supporting components within the whole advance pressure influence range, as shown in Figure 2. The specific layout of the monitoring section was as follows: infrared anchor dynamometers were installed at the end of roadway roof cables and bolts to continuously monitor the force change of the supporting components. Displacement monitoring points were arranged at the roadway roof, roadway floor and the middle of the two sides to continuously monitor the roof and floor convergence deformation and convergence deformation of the two sides. The displacement change curve of the roadway surrounding rock within the whole advance pressure influence range is shown in Figure 3a, the force change curve of the anchor cable is shown in Figure 3b and the force change curve of bolt is shown in Figure 3c. The “-” of the abscissa in Figure 3 represents the front of the working face, that is, the advance working face.



According to the analysis in Figure 3:



(1) With the advance of the working face (−100 m~0 m), the roof and floor convergence and convergence deformation of the 2 sides show an increasing trend. In the whole advance process, the maximum value of the roof and floor convergence deformation is 7.4 cm, and the convergence deformation of the 2 sides is 7.1 cm in the haulage roadway, as shown in Figure 3a. The maximum value of the roof and floor convergence deformation is 8.9 cm, and the convergence deformation of the 2 sides is 7.6 cm in the ventilation roadway. The above data show that the deformation of the roadway surrounding rock can meet the requirements of safety production during the service period of the whole working face.



(2) With the advance of the working face (−100 m~0 m), the force of the bolt and anchor cable in the 2 roadways shows an overall growth trend, as shown in Figure 3b,c.



① In terms of the bolt force: within 17.3 m to 0 m in advance (−17.3 m~0 m), the bolt force begins to significantly increase, and the maximum force of the bolt is 21.1 kN in the haulage roadway. Within 26.6 m to 0 m in advance (−26.6 m~0 m), the bolt force begins to significantly increase, and the maximum force of the bolt is 17.0 kN in the ventilation roadway. The breaking force obtained from the laboratory test of this kind of bolt is 213 kN, so its strength utilization rate is 10.0% and 13.8%, respectively.



② In terms of the cable force: within 18.7 m to 0 m in advance (−18.7 m~0 m), the cable force begins to significantly increase, and the maximum force of the cable is 138.3 kN in the haulage roadway. Within 24.9 m to 0 m in advance (−24.9 m~0 m), the cable force begins to significantly increase, and the maximum force of the cable is 144.1 kN in the ventilation roadway. The breaking force obtained from the laboratory test of this kind of cable is 320 kN, so its strength utilization rate is 43.2% and 45.0%, respectively.



The above data show that under the current active and passive support conditions, the deformation of the roadway surrounding rock can meet the on-site safety production, and the bolt (cable) cannot give full play to its support efficiency.





2. Numerical Test of the Advance Support Mechanism


Based on the field test, in order to clarify the advance support mechanism of the longwall mining roadway in the coal mine and optimize the advance passive support parameters, the numerical test research on the advance support mechanism was carried out.



2.1. Schematic Design


In this section, the roadway section size, bolt (cable) support parameters and advance passive support distance are taken as the invariants. The selection of their simulation data in the numerical test were the same, and the values were consistent with the field. The values of the roadway section size and bolt (cable) support parameters are shown in Figure 2. The advance passive support distance was selected as 0~20 m. The research was carried out with the passive support force of the hydraulic support as the variable. There were 4 types of schemes in the test, including the original passive support force (scheme I), 2/3 passive support force (scheme II), 1/3 passive support force (scheme III) and no passive support force (scheme IV). The specific parameters are shown in Table 1.




2.2. Establishment of Model and Evaluation Index


(1) Model establishment



A numerical calculation model consistent with the field conditions is established, and the calculation range is 480 m × 200 m × 200 m (length × wide × high) by FLAC 3D, as shown in Figure 4. The bottom of the model is fixed, the side restricts the horizontal movement, and the initial stress is applied to make the test face reach the in situ stress level. The Mohr Coulomb constitutive model is adopted for the surrounding rock, cable and bolt are simulated using the cable element, and the uniform load is adopted for simulating the advanced hydraulic support. The physical and mechanical parameters of each rock stratum are shown in Table 2.



The excavation simulation is presented according to the sequence of “coal mining in S1201 working face→retaining 15 m coal pillar→excavation of haulage roadway and ventilation roadway in S1202 working face→coal mining in S1202 working face”. The surrounding rock displacement monitoring is carried out for the haulage roadway and ventilation roadway of the S1202 working face in the whole process.



(2) Establishment of the quantitative evaluation index



In order to compare and analyze the displacement change law of the roadway surrounding rock under different schemes, the quantitative evaluation index, such as the surrounding rock characteristic deformation, Davg, is established to better optimize the advance passive support parameters.


   D  a v g   =  ∑  n = 1   n = i    (     D   i - r f    +  D   i - s       2 n     )   



(1)




where    D  a v g     is the characteristic deformation of the roadway surrounding rock of each scheme, cm. The larger the    D  a v g    , the worse the control effect of the roadway surrounding rock. The smaller the    D  a v g    , the better the control effect of the roadway surrounding rock; n is the number of displacement monitoring sections.    D   i - r f      is the roof and floor convergence deformation of section i in the roadway, cm.    D   i - s      is the convergence deformation of the two sides of section i in the roadway, cm.




2.3. Result Analysis


(1) Comparison between the numerical test and field test



It can be seen from the analysis in Figure 5 that the variation law of the roof and floor convergence deformation of the haulage roadway and ventilation roadway in the numerical simulation is similar to that in the field test. The maximum values of the roof and floor convergence deformation in the ventilation roadway are 9.1 cm and 9.0 cm, respectively, in the numerical simulation and field test. The difference rate is 1.1%. The maximum values of the roof and floor convergence deformation in the haulage roadway are 5.8 cm and 7.4 cm, respectively, in the numerical simulation and field test. The difference rate is 22.9%. The above variation rules and data show that the numerical simulation established by using the field parameters in this section can reflect the field situation to a certain extent. Therefore, the further research on the optimization of the advance passive support parameters was carried out based on the numerical model.



(2) Numerical test on the optimization of the advance support



The numerical comparison tests of the haulage roadway and ventilation roadway were carried out according to the designed test scheme. The deformation law of the surrounding rock within the advance pressure influence range of the haulage roadway is shown in Figure 6, and the deformation law of the surrounding rock within the advance pressure influence range of the ventilation roadway is shown in Figure 7.



(1) Analysis of the monitoring results of the haulage roadway



According to the analysis in Figure 6:



① With the coal mining of the working face, the roof and floor convergence deformation and convergence deformation of the two sides of the haulage roadway show an increasing trend within the range of −100 m~0 m. This phenomenon is particularly obvious within the range of −20 m~0 m, as shown in Figure 6a,b. Therefore, it can be determined that the advance pressure influence range of the haulage roadway is −20~0 m.



② Within the scope of the advance pressure influence, the surrounding rock deformation of the haulage roadway gradually increases, with the support force of the advance support gradually decreasing (scheme I~scheme IV). The maximum value of the roof and floor convergence deformation of the haulage roadway increases from 5.8 cm to 8.1 cm, and the maximum value of the convergence deformation of the two sides increases from 3.2 cm to 6.2 cm, as shown in Figure 6a,b. The results show that with the decrease in the advance support force, the advance influence pressure on the roof of the haulage roadway is more obvious.



③ The characteristic deformation of the haulage roadway of each scheme is 4.5 cm, 5.2 cm, 6.0 cm and 7.1 cm, respectively. With the decrease in the support force of the advance support, the increased rates of the characteristic deformation are 15.5%, 15.4% and 18.3%, respectively, as shown in Figure 6c. It shows that the deformation of the surrounding rock of the haulage roadway increases the most when 1/3 support force decreases to 0 support force. However, the characterization deformation is only 7.1 cm, which meets the requirements of safe production, which provides support for the field support system without advance support.



(2) Analysis of the monitoring results of the ventilation roadway



According to the analysis in Figure 7:



① With the coal mining of the working face, the roof and floor convergence deformation and convergence deformation of the two sides of the ventilation roadway show an increasing trend within the range of −100 m~0 m. This phenomenon is particularly obvious within the range of −20 m~0 m, as shown in Figure 7a,b. Therefore, it can be determined that the advance pressure influence range of the ventilation roadway is −20~0 m.



② Within the scope of advance pressure influence, the surrounding rock deformation of the ventilation roadway gradually increases with the support force of the advance support gradually decreasing (scheme I~scheme IV). The maximum value of the roof and floor convergence deformation of the ventilation roadway increases from 9.1 cm to 11.4 cm, and the maximum value of the convergence deformation of the two sides increases from 5.6 cm to 8.7 cm, as shown in Figure 7a,b. The results show that with the decrease in the advance support force, the advance influence pressure on the roof of the ventilation roadway is more obvious.



③ The characteristic deformation of the ventilation roadway of each scheme is 7.3 cm, 8.0 cm, 8.9 cm and 10.1 cm, respectively. With the decrease in the support force of the advance support, the increased rates of the characteristic deformation are 9.6%, 11.3% and 13.5%, respectively, as shown in Figure 7c. It shows that the deformation growth range of the surrounding rock of the ventilation roadway increases gradually with the decrease in the support force of the hydraulic support. However, the maximum value of the characterization deformation is only 10.1 cm, which meets the requirements of safe production, which provides support for the field support system without advance support.





3. Research Discussion


(1) During the mining period of the working face, the characteristic deformation of the ventilation roadway was 1.4 times that of the haulage roadway. The reason could be that there was a 17 m coal pillar on the right side of the ventilation roadway, and the stress on the pillar was concentrated. Therefore, it is suggested that an asymmetric design should be carried out for two roadways when designing the roadway support parameters, and the support of the roadways adjacent to the coal pillars should be strengthened.



(2) Within the influence range of the advance pressure, the passive support by hydraulic support (prop) and active support by the bolt (cable) play the role of supporting the surrounding rock together. For the roadway with a small influence range of the advance pressure and a small deformation value of the surrounding rock during the whole service period, the optimization of the advance passive support parameters can be studied by gradually reducing the support force or increasing the spacing. If the engineering site plans to further optimize the advance passive support parameters, the active support can be strengthened until the advance passive support is cancelled. Since the advance passive support needs manual work, the roadway active support can be completely realized by mechanization. Canceling the advance passive support can provide an idea for the development of the unmanned working face in the future.




4. Conclusions


(1) Taking the S1202 working face of the Ningtiaota Coal Mine as the engineering background, the monitoring and analysis of the existing active and passive support system within the whole advance pressure influence range was carried out. The deformation of the surrounding rock and the variation law of the component force of the two kinds of roadway were analyzed. Based on the analysis of the above data, the advance pressure influence range of this kind of engineering was clarified, which was about 0~20 m in front of the coal mining face. The conditions for optimizing the parameters of the advanced passive support were determined.



(2) The numerical calculation model consistent with the field was established, which was verified and calibrated by the field monitoring data. Based on this, numerical comparative tests under different influencing factors were carried out. The quantitative evaluation indexes, such as the characterization deformation, were established, and the deformation law of the roadway surrounding rock under different passive support forces was analyzed. The maximum value of the characterization deformations of the two roadways were only 7.1 cm and 10.1 cm, which provided support for the field support system without advance passive support.



(3) The surrounding rock deformation of the roadway near the coal pillar was significantly higher than that near the solid coal. The deformation is more severe under the mining influence, especially in the advance pressure influence range. The main reason is that the coal pillar in this area is obviously squeezed by caving rock beam in the gob. In the design of the active and passive support parameters, the asymmetric design of the two roadways should be carried out, focusing on strengthening the support of the roadways near the coal pillar.
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Figure 1. Working face parameters and rock stratum histogram. 
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Figure 2. Roadway support parameter. 






Figure 2. Roadway support parameter.
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Figure 3. Roadway surrounding rock monitoring within the advance pressure influence range. (a) Displacement curve of the surrounding rock. (b) Force variation curve of the anchor cable. (c) Force variation curve of the bolt. 
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Figure 4. Numerical calculation model. 
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Figure 5. Comparison curve between the numerical test and field test. (a) Deformation of the haulage roadway. (b) Deformation of the ventilation roadway. 
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Figure 6. Comparison of the surrounding rock deformation of the haulage roadway in each scheme. (a) Roof and floor convergence deformation. (b) Convergence deformation of the two sides. (c) Comparison of the quantitative evaluation index of each scheme. 
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Figure 7. Comparison of the surrounding rock deformation of the ventilation roadway in each scheme. (a) Roof and floor convergence deformation. (b) Convergence deformation of the two sides. (c) Comparison of the quantitative evaluation index of each scheme. 
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Table 1. Numerical test scheme of the advance support mechanism.
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Scheme No.

	
Support Force of Hydraulic Support

	
Invariant






	
I

	
0.1 MPa

	
Roadway section size, bolt (cable) support parameters, support distance of hydraulic support




	
II

	
0.067 MPa




	
III

	
0.034 MPa




	
IV

	
0 MPa
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Table 2. Physical and mechanical parameters of each rock stratum.






Table 2. Physical and mechanical parameters of each rock stratum.





	Lithology
	Bulk Density γ/(kN/m3)
	Elastic Modulus E/GPa
	Poisson’s Ratio μ
	Cohesion/MPa
	Internal Friction Angle/(°)





	Fine sandstone
	23.1
	11.38
	0.23
	1.27
	40.91



	Siltstone
	24.1
	17.58
	0.19
	1.87
	38.29



	Coal
	12.6
	7.59
	0.18
	0.85
	39.69
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