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Abstract

:

In view of the problems associated with the poor stability of coal walls, coal slide and leakage of top-coal at the tunnel excavation working face under a soft and extra-thick coal roof, the surrounding rock at the tunnel excavation working face must be strengthened. The theoretical analysis of rock pressure, numerical simulation and other methods were comprehensively used to study the coal-wall-slicing mechanism. Given the characteristics of a soft and extra-thick coal roof, the combined supporting technology of “coal wall water injection + metal roof frame” is proposed. The findings show that in the process of roadway excavation, the coal–rock junctions of the wall and the middle part of the roof are weak areas that are prone to spalling and therefore need to be strengthened. Laboratory tests determined the moisture content of the coal body during tunneling to provide data for the parameter design of coal wall water injection. Safe and efficient excavation of the roadway was ensured by injecting water into the coal wall in combination with a metal roof protection skeleton. The application of this technology not only effectively prevents rib spalling but improves control of the deformation of the surrounding rock. During 40 days of field observation, the maximum deformation of the roof was 24.8 mm, and the distance between the two roadway walls was 21.5 mm. The deformation of the roadway was controlled within a safety zone. The application of this technology reduced the repair rate of the roadway and improved the efficiency of the roadway excavation. It brought significant economic benefits and provides an important reference for similar mines.
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1. Introduction


Coal production is important for both the national economy and people’s livelihoods, and coal mine safety is a prerequisite for coal production. In the process of roadway excavation under soft and extra-thick coal seams, the roof and floor of the coal body are prone to wall and roof collapse [1,2,3]. The presence of coal wall slices increases the difficulty of supporting the walls and roof. If these are not well controlled, they will cause the fall of roof coal and “roof leakage” [4,5]. The difficulties are not limited to the heading face but can also cause safety incidents, which result in huge losses to safe and efficient coal mining and significantly impede improvement in production efficiency [6,7,8]. Many scholars and experts have investigated the mechanism and laws relating to coal wall caving and advanced scientific research in this area [9,10,11]. Studies have observed the mechanism and regularity of rib spalling of roadways in extremely soft and thick coal seams [12,13,14,15]. The research results have revealed the local rib spalling mechanism of the surrounding rock but do not cover the influence of the coal seam dip angle on the rib spalling of the surrounding rock [16]. The literature has studied soft and extra-thick coal seams and concluded that in the process of roadway excavation, roof fracture can easily occur as the bearing capacity of the coal and rock mass is weakened, resulting in collapse of the surrounding rock and roof fall [17,18]. Prevention of soft coal wall spalling can be addressed in the following three ways. Firstly, the tunneling process can be optimized. Secondly, the speed of tunneling can be accelerated. Finally, advance support can be provided in a timely way. The above measures are not effective in isolation, and they must be coordinated with each other and with the actual project in order to achieve better construction results. Because of the poor self-supporting capacity of soft coal, it is particularly important to use physical and chemical methods to improve the properties of the coal itself to prevent coal wall clumps. Coal wall water injection is an effective method to change the properties of coal. The literature shows that coal seam water injection can increase the cohesion and shear resistance of coal bodies and reduce the development of plastic zones in the coal–rock mass [19,20]. These studies conclude that water injection has positive effects on the stability of soft coal seams [21,22,23,24]. Building on previous studies, the research objectives of our study are the prevention and control of coal wall caving in the roadway under loose soft and thick coal seams in order to reduce the driving roadway repair rate and improve production efficiency.




2. Numerical Simulation Calculation


2.1. Engineering General Situation


It is known from geological survey borehole data that the Luling coal mine 3811 heading face of the 8# and 9# coal merges in most areas. There is a gangue between the 8# coal and 9# coal. The thickness of the 8# coal seam is 1.8–14.25 m, with an average thickness of 8.25 m. The thickness of the 9# coal seam is 0.2–3.3 m, with an average thickness of 1.51 m. The coal seam dip angle is 13–22°, with an average dip angle of 16°. The gangue thickness between the 8# coal and the 9# coal is approximately 1.4–4.27 m, and the average thickness is approximately 1.2 m. The position of 8# coal and 9# coal in the section with the roadway is shown in Figure 1.




2.2. Establishment of a Calculation Model


We used the engineering and geological data relating to the Luling coal mine heading face to study the development and evolution trends of stress, displacement, and plastic zones after roadway excavation. FLAC3D software (Minneapolis, Minnesota, MN, USA) was utilized to create models for the numerical calculations. According to the elastic–plastic theory, the influence range of roadway excavation was fully considered, and a range five times greater than the roadway radius was appropriately selected as the model boundary. In this model, the coordinate system was as follows: the X-axis was horizontal to the direction of the roadway excavation, the Y-axis was in line with the roadway excavation direction, and the Z-axis was vertical drift and upwards represented a positive value. The numerical simulation setting was    l X    = 50 m,    l Y    = 100 m, and    l Z    = 50 m. The upper part of the model was a free boundary, where other boundaries of the model were set as single constraint boundaries. The depth of the roadway was 600 m. Applied pressure on the upper boundary was    σ Z    = 14.25 MPa. The side pressure coefficient was   λ = 1.2  . Firstly, the stress state of the original rock was simulated, and the displacement was reset to zero after the stress reached equilibrium, and then the roadway was excavated and calculated to achieve equilibrium. The cable structure was used to simulate the anchor rod and cable, and the beam structure element was used to simulate the support of the U-shaped shed. The calculations were carried out using the Mohr–Coulomb elastoplastic constitutive model in order to study the stress, displacement, and the development of the plastic zone at different positions in the process of roadway excavation. The location of the heading head was 0 m, 1.2 m, 2.4 m. Through numerical simulation, the stress environment of different positions in the process of excavation was understood, and the location prone to slip was clear to provide the theory instruction for the anti-slip site. We added geometry of the numerical simulation to make it easier to read. The revised part has been marked in red. In this numerical calculation, the initial geostatic stress was first balanced, and then the roadway was excavated. The simulated roadway was set as a trapezoidal roadway. The parameters of the model were calculated until a balance was achieved. The calculation model is shown in Figure 2.




2.3. Analysis of Numerical Results


In this paper, the stress field, horizontal displacement field, and the development plastic zone range of surrounding rock at different positions in relation to the excavation roadway were studied. The physical and mechanical parameters of the coal and rock were obtained from the collected borehole columnar data. The numerical calculation model of the trapezoidal roadway was established. The numerical calculation model has 9 strata. The physical and mechanical parameters of the coal and rock are shown in Table 1.




2.4. Analysis of Numerical Results


2.4.1. Analysis of the zz-Stress Field


The zz-stress contour in the different ranges of heading faces is shown in Figure 3. After roadway excavation, the stress was redistributed and released in the central area of the roadway roof and floor to form a pressure relief area. A stress concentration area formed in the two bottom corners of the roadway. Because to the 16° dip angle of the coal and rock stratum, the stress relief and concentration area were asymmetric. The vertical stress at a position 2.4 m away from the excavation head was significantly greater than that at the excavation head, and the maximum vertical stress was about 21.759 MPa. The stress concentration factor was calculated to reach 1.43. The stress concentration area was behind the excavation head, indicating that timely support was required after roadway excavation.




2.4.2. Analysis of the xx-Stress Field


The xx-stress contour in the different ranges of heading faces is shown Figure 4. After roadway excavation, the horizontal stress at different ranges from the excavation head showed the same trend, and the stress values were significantly different. After roadway excavation, a certain range of the shallow surrounding rock formed a pressure relief area, the vertical stress concentration appeared in the roadway roof and floor, and the stress reduction area appeared at the side of the roadway as a result of excavation and was asymmetric because of the coal seam inclination. The reason for this was that the upper part of the roadway had a thick coal roof that was of low intensity and large inclination, resulting in coal and rock with low strength and fracture joints caused by mining. The roof and slope became increasingly loose and broken during roadway excavation. The concentration of horizontal stress led to the failure of the coal and rock mass near the roadway once it exceeded the ultimate strength, resulting in spalling the roadway excavation process. At the same time, stress reduction appeared at the coal–rock interface, resulting in the obvious difference between vertical stress and horizontal stress at the coal–rock interface. The stress distribution difference caused destruction and spalling in the coal–rock interface area. Therefore, the coal–rock interface area needed to be strengthened in the excavation process of this area.




2.4.3. Analysis of the xz-Stress Field


The xz-stress contour in the different range of heading faces is shown in Figure 5. The shear stress is the interaction force of any internal section in the process of force and deformation of an object. In the process of roadway excavation, the distribution law of shear stress at different positions behind the excavation head is the same. The shear stress at the four corners of the roadway was “diagonally symmetrical”, which showed the distribution characteristics of a “double core” shape. Shear stress was the smallest in the direction almost perpendicular to the dip angle of the coal seam. The minimum shear stress area appeared around the roadway almost parallel with the coal seam, and the roof area was significantly larger than the floor area, indicating that the vertical stress had a significant impact on it after roadway excavation. The dip angle influenced the distribution of shear stress around the roadway, and the dip angle of the coal seam was an important factor that could not be ignored. Because the rock had better compression but weak tensile and shear properties, the shear stress concentration area caused the development of longitudinal fractures in the coal and rock mass, reducing the integrity of the slope area and the strength of coal and rock mass. The shear stress 2.4 m behind the excavation head was greater than at the excavation head. Once the driving position became the free face, the shear failure caused the coal to slide from the side, which explained why the side appeared in the driving face of the soft and extra-thick coal seam.




2.4.4. Development and Evolution of the Plastic Zone in the Rock Surrounding the Roadway


The plastic zone contour in the different range of heading faces is shown in Figure 6. At the position of roadway excavation, the failure mode in the near area of the roadway floor and roof was mainly a tensile failure. In the areas farther away from the roadway, the failures were in the form of past shear, present shear, and past tension. At a distance of 1.2 m behind the heading face, the area close to the roadway was mainly a shear failure, and the external area was a past shear failure. At 2.4 m behind the heading face, the two sides of the roadway along the dip direction of the coal seam showed shear failure, and a past shear failure appeared in a large area of the roof and floor. The main reason for this was that the original three-dimensional stress state was changed into a two-dimensional stress state due to the generation of the free face after the excavation of the roadway, This greatly reduced the strength and bearing capacity of the surrounding rock, which specifically showed that the coal and rock mass at the top and side was loose and broken, and the side was prone to spall.



Through the numerical calculations relating to roadway excavation in soft and extra-thick coal seams, it could be seen that the coal slope mainly occurred in places where the coal and rock connected with the roadway. The development range of stress concentration area and plastic zone could be better understood through numerical simulation. It could better guide the prevention of coal wall spline, which could increase the tunnelling rate, speed up the production schedule, and improve engineering quality.






3. Study of Coal Wall Water Injection to Prevent Splicing


3.1. Mechanism to Modify Coal Wall Water Injection


After the roadway was excavated, many cracks would be produced in the surrounding rock of the roadway due to unloading. After effective coal seam water injection, the seam became a three-phase aggregate composed of solid particles, pore water, and air. The research and experimental results showed that the mechanical properties of the coal were clearly changed; the elasticity and strength of the coal were reduced, whereas its plasticity was increased. Thus, the pressure distribution at the front of the roadway was changed. The high pressure was transferred to the deep coal seam, and the pressure concentration coefficient was reduced. According to the effective stress principle of soil mechanics, the stress produced by an external load on a three-phase medium was transmitted through the contact of solid particles, and the total external stress was borne by coal particles and pore fluid. When the coal seam reached the pore water pressure, the stress surface followed the relationship:


  S =  S 1  +  S 2   



(1)







In the formula,  S  is the area of the coal unit, the unit is m2;    S 1    is the area of the particle contact point, the unit is m2; and    S 2    is the area of pore water, the unit is m2.



Water is fluid, and it flows under the action of external force and gravity. Pore water pressure is different in terms of the internal particles of a coal and rock mass. The total stress, pore water pressure, and effective stress have the following relationship:


  σ =   Σ  P  S V    S  + P  



(2)







In the formula,  P  is pore water pressure, the unit is MPa;  σ  is total stress, the unit is MPa; and    P  S V     is the normal force acting on the contact point of solid particles, the unit is N. Therefore, the force on solid particles in a loose coal seam decreases after water injection and effectively relieves the stress on the coal wall, thereby enhancing the stability of the coal wall and reducing the occurrence of the sidewall.




3.2. Determination of Water Injection Parameters


3.2.1. Determination of Moisture Content of Coal


We took raw coal samples from the coal seam of the excavation roadway and sealed them to ensure they were in pristine condition for moisture content testing at the laboratory. The original moisture content of the coal refers to the ratio of the moisture content of the coal in the natural state to the solid mass. The original moisture content of the coal was measured according to the determination method of physical and mechanical properties of coal and rock GB/T23561.6-2009, and the preparation of coal samples was in accordance with Geotechnical test method standard (GB/T50123-1999). Firstly, coal samples with a particle size not greater than 6 mm and a weight of 1 g, were into the drying oven. These were heated at 105~110 °C for 24 h and then weighed, and the moisture content was calculated according to the mass loss of the coal samples. Experimental equipment included: an electrothermal drying oven with an automatic temperature control device and blower, balance (precision 0.001 g), ring knife, and plastic wrap. The electric drying oven is shown in Figure 7.



The moisture content of the coal sample was calculated as follows:


  ω =    m 2  −  m 3     m 3  −  m 1    × 100  



(3)







In the formula:    m 1    is the weight of the volume bottle, the unit is g;    m 2    is the weight of the volumetric flask and the original coal sample, the unit is g; and    m 3    is the weight of the volumetric flask and coal sample after drying, the unit is g.



Photographs of the test weighing of the coal samples are shown in Figure 8. From the experiment, we established that the moisture content of the raw coal sample was 3.858%. Relevant literature [25,26] indicated that coal particles had better cohesion with a water content in the range of 4–5%, guaranteeing the high strength of a coal seam. Thus, water injection was required.




3.2.2. Water Injection Depth


According to previous research, it could be seen that cracks develop near the destruction zone of a coal seam. Therefore, water injection in the destruction and fracture development zone could not only ensure the spread of water molecules because of the fracture development, but also make full use of the water to wet the coal seam. To ensure the formation of a certain strength and thickness of the bonding layer within the scope of the broken zone after water injection in the working face, it was necessary to ensure that the water injection did not affect the normal tunneling of the heading face, for example by making sure that the depth of the water injection hole was greater than the width of the broken zone. The amount of drilling in the working face and the labor intensity of the workers should also be considered. From the analysis above, the width of the roadway broken zone was 3.58 m, which determined that the depth of the water injection hole was 4–5 m.




3.2.3. Water Injection Hole Layout


The numerical calculation showed that the stress concentration area of the rock surrounding the roadway and the foundation crushing area was in the coal–rock junction area. The position where the coal wall was prone to spall was 1.2 m away from the roadway roof. The wetting radius needed to be taken into consideration. The height of the optimized borehole from the heading face roof was 1.32 m, and the spacing of water injection holes should be determined according to the wetting radius of water. There were two wetting modes: no repetitive wetting and repeated wetting, as shown in Figure 9.



When the coal seam was not wetted repeatedly (Figure 9a), the water injection pressure gradually decreased away from the water injection hole. When the wetting radius of two water injection holes were tangent, the water injection holes were:


  S = 2 R  



(4)







In the formula,  S  is the water injection hole spacing, the unit is m;  R  is the wetting radius of coal, the unit is m. Figure 9b shows the repeated wetting method. This water injection method was most often used in actual production to ensure full wetting of the coal, but with this method, the water injection limit could easily be exceeded, and the water injection volume was critical. According to the wetting characteristics of water and the nonlinear reduction law between water injection pressure P and the distance between water injection holes, the full wetting range of each water injection hole was approximately R/3 (the shaded part in Figure 9a), where the other 2R/3 ranges needed to be wetted repeatedly. The spacing of water injection holes was:


    l = 2 R − a     a = 2 R / 3     l = 4 R / 3    



(5)







In the formula,  a  is the repeated wetting area, the unit is m; and  l  is the water injection spacing, the unit is m. From the water injection test on the coal wall of the excavation face in the Luling coal mine, it was found that the wetting radius of water was approximately 2.5 m. Considering the condition of the surrounding rock and the section size of the roadway, the repeated wetting mode was comprehensively considered. Three water injection holes were designed and constructed in one section.






4. Industrial Test


4.1. Metal Roof Skeleton


In the soft broken zone and the coal roadway excavation, the most common support methods are shed support, concrete arch support, and anchor mesh shotcrete combined with shed support. These support methods are labor intensive, high cost, and low efficiency. Because of the special geological conditions of the soft and thick coal roof in the Luling coal mine, problems encountered in the excavation process were slope and roof leakage. Although water injection during the process of excavation could alleviate the problem of side deviation to a certain extent, it had little effect on subsequent maintenance. Therefore, it was necessary to strengthen the support of the surrounding rock and maintain the stability. A row of pipe seam steel pipes could be constructed on the roof to form a “metal skeleton for advanced roof protection” and reinforcement of some areas affected by mining in front of the excavation. The schematic diagram of supporting section of metal roof skeleton is shown in Figure 10.



The construction process was as follows:




	(1)

	
The two sides of the three-cores arch formed by the U-shaped shed beam were placed in the roadway side coal seam so that the top of the U-shaped shed beam was in contact with the coal seam. The two sides of the U-shaped shed beam were set in the rock stratum to improve the stability.




	(2)

	
In the roof coal seam, the advanced skeleton anchor bolt was driven under its cover as support. The length of the advanced skeleton anchor bolt was 3 m per section. The specific requirements were as follows: The layout position of the advance skeleton anchor bolt was closed to the top of the head-on U-shaped shed beam, and the construction was carried out using an air drill, an anchor drill, and an air hammer. The spacing between the advanced skeleton anchor bolts was 100~150 mm. The skeleton angle and direction of all advanced skeleton anchor bolts were consistent to ensure that a plane was formed which was at an angle of 3~5° to the roadway roof. After construction with the advance skeleton anchor bolts was completed, the steel belt and anchor cable were used at its tail end for reinforcement, and the angle between the anchor cable and the advanced skeleton anchor bolt was 65~80°. When the advanced skeleton anchor bolt was erected forward, the U-shaped shed beam should be close to the upper metal skeleton. After construction of the stubble pressing position, the construction of the metal skeleton for the next section was carried out again under the adjacent U-shaped shed beam at the head, and the two adjacent U-shaped shed beams were erected by descending 150~200 mm in turn. Each group of advanced skeleton anchor bolts were constructed in a cycle of four sheds, and the steel belt and anchor bolts were used for secondary reinforcement between the third and the fourth sheds. The depth of the anchor end of the anchor cable into the stable rock stratum was not less than 1.5 m, and the row spacing between the anchor cables was 1200 mm × 1200 mm (split layout). The layout of the anchor rod, the anchor cable, and the steel belt with the advanced metal skeleton is shown in Figure 11.









The advanced metal skeleton for roof protection could effectively prevent roof leakage and caving and improve the integrity of the roof and the strength of the surrounding rock. It effectively resolved the problem effects caused by passive shed support and low tunneling efficiency. The process and method changed the traditional manual excavation and relied only on passive support. The small cycle manual wedge impact roof protection operation was also changed to a combination of large cycle hollow advanced skeleton and anchor bolted metal roof protection skeleton. The three-core arch of the U-shaped steel shed was well adapted to supporting large sections of the roadway under the thick coal roof and provide a guarantee for the transportation of fully mechanized mining equipment in the mining process. The implementation of an advanced skeleton for the roof improved the overall stability of the roadway, facilitated roof control, and effectively avoided the caving of loose coal in the roadway. It also achieved the integrated and rapid construction of main excavation processes, improved excavation efficiency under the thick coal roof, reduced labor intensity, and greatly improved mining safety.



The three-core arch U29 steel support was adopted. The specification was composed of three sections of U29 steel (one section of top beam and two sections of column legs). The arc length of the top beam was 4152 mm, the chord length was 4001 mm, the arc length of the curved section of column leg was 1128 mm, the length of the straight leg was 2573 mm, and the total length of column leg was 3901 mm. The bottom width was 5069 mm, the height was 3300 mm, and the specification of the welded iron shoe for the support shed leg was 150 mm × 150 mm × 20 mm, The double reactance net: length × width = 2000 mm × 1100 mm; the diamond mesh: length × width = 2500 mm × 700 mm; and the iron backplate, length × width × thickness = 800 mm × 40 mm × 7 mm. Iron backplates were used for each shed. The pull rod and iron back plate were made of the same material, The length of the pull rod was 450 mm, the width was 50 mm, and the thickness was 10 mm. The strength of anchor cable was 1860 MPa, with a breaking load of ≥353 kN. The length of the anchor cable was adjusted according to the coal thickness to ensure that the depth of the anchor cable into the rock was not less than 2 m. The roadway support diagram is shown in Figure 12.




4.2. Support Effect Evaluation


Following the use of water injection, advanced roof protection, and U-shaped shed support technology, statistics were collected and observations of surrounding rock and deformation of the rib were carried out during excavation. Data relating to the two sides of the roadway and roof subsidence were obtained. The effect on the roadway after the adoption of this support scheme is shown in Figure 13.



The deformation of the surrounding rock in the early stage of roadway excavation was very large, and it was basically in a stable state after 25 days of construction. The cumulative amount of roof convergence was 24.8 mm, and the cumulative amount of convergence of the two sides was 21.5 mm, both within the scope of safety and controllability. With this support method, the phenomena of roof leakage and rib spalling during roadway excavation were reduced, the construction progress of the roadway was accelerated, and the safety and efficiency of roadway construction were guaranteed.



The roadway supporting effect diagram is shown in Figure 14. From observation of the roadway excavation process, the phenomenon of spalling was effectively controlled, and the working environment of workers was greatly improved.





5. Conclusions


In this paper, numerical simulation, theoretical calculation, and site monitoring were combined to study the stress environment of surrounding rock, water injection process parameters, and support modes near the heading head of a soft and ultra-thick coal seam roadway. The main conclusions are as follows:




	(1)

	
Based on numerical calculation, the central area of the roof and floor after roadway excavation was found to be the pressure relief area, and the stress concentration area appeared in the two bottom angles and sidewalls. The side showed asymmetric characteristics because of the influence of the coal seam dip angle.




	(2)

	
From tests of the coal in the Luling coal mine, the moisture content of the coal was found to be 3.858%, which did not reach the optimum moisture content. The strength of coal could therefore be improved by appropriate water injection.




	(3)

	
According to the engineering geological characteristics of the Luling coal mine, the construction technologies of water injection, metal steel pipe roof protection, and shed support were proposed, which enhanced the roof stability and accelerate the tunneling efficiency.




	(4)

	
Site monitoring of the surrounding rock of roadway after support showed a maximum roof deformation of 24.8 mm. The two-side displacement was 21.5 mm. These data indicated that the surrounding rock deformation was in the safe range.
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Figure 1. Section sketch of the heading roadway. 
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Figure 2. Numerical calculation of 3D model. 
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Figure 3. The zz-stress contour in the different range of heading faces. 
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Figure 4. The xx-stress contour in the different range of heading faces. 
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Figure 5. The xz-stress contour in the different range of heading faces. 
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Figure 6. The plastic zone contour in the different range of heading faces. 
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Figure 7. Electrothermal drying oven. 
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Figure 8. Test weighing pictures. 
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Figure 9. Wetting modes of water and coal. 
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Figure 10. Schematic diagram of supporting section of metal roof skeleton. 
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Figure 11. Reinforcement layout of the advanced metal skeleton and roof. 
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Figure 12. The site construction supports drawing of metal roof skeleton. 
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Figure 13. Deformation of the surrounding rock. 






Figure 13. Deformation of the surrounding rock.



[image: Processes 10 01835 g013]







[image: Processes 10 01835 g014 550] 





Figure 14. Roadway supporting effect diagram. 
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Table 1. Coal and rock mass parameters.






Table 1. Coal and rock mass parameters.





	Lithology
	Bulk Modulus

/GPa
	Elastic Modulus

/GPa
	Cohesive

/MPa
	Internal Friction Angle/°
	Tensile Strength

/MPa
	Volumetric Weight

/N·m−3





	Sandstone
	1.333
	1.000
	2.78
	36
	2.20
	2673



	Mudstone
	6.080
	3.470
	1.2
	29.8
	0.61
	2261



	Siltstone
	1.083
	8.125
	2.75
	38
	1.84
	2461



	Fine-sandstone
	2.210
	1.153
	2.5
	32
	2.40
	2730



	8# and 9# coal
	4.294
	2.702
	1.25
	32
	1.15
	1380
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