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Abstract

:

In order to find the optimal expansion effect of a new curing expansion material so that it can better meet the requirements of the efficient sealing of drilled holes, the expansion and creep characteristics of the new curing expansion material were studied. Based on the creep results of graded loading, the Kelvin–Volgt model was selected to analyze its mechanical parameters, and a new “concentric ring” reinforcement sealing method was proposed. Numerical simulation was employed to analyze and discuss the reinforcement radius and depth of the “protective wall rock hole ring” in the “concentric ring” model, and on-site application experiments were carried out in a soft coal seam. The results show that the “concentric ring” reinforcement sealing method can effectively solve the problems of easy collapse and stress concentration instability in the sealing section of soft coal seams, ensuring long-term and efficient sealing of gas extraction boreholes in soft coal seams. When the diameter of the extraction drilling hole is 100 mm, the optimal reinforcement radius for the “protective wall rock hole ring” is 0.16–0.18 m. A reasonable reinforcement depth of the “protective wall rock hole ring” for drilling in soft coal seams is about 0.8–1 times the width of the roadway. In the on-site application process, experimental boreholes using “concentric ring” reinforcement sealing technology did not show any collapse phenomena, and the volume fraction of extracted gas remained above 30% for the first 30 days. Moreover, the gas volume fraction on the 30th and 60th days was 2.5 times and more than 3 times that of bag sealing boreholes using expanded cement, further proving that the sealing quality of boreholes using “concentric ring” reinforcement sealing is higher.
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1. Introduction


Gas extraction plays a crucial role in improving the efficiency of underground mining and solving safety issues in mine production. Numerous facts have proven that gas extraction from coal seams can effectively improve mining efficiency and reduce gas disasters at the source. The effectiveness of gas control indicates that gas pre-extraction can effectively eliminate the problem of gas concentration exceeding the limit in high-gas mine tunnels, and reduce and eliminate the risk of gas outbursts in the mining face from the source [1,2,3]. After years of research and practice, technologies such as hydraulic fracturing, hydraulic cutting, deep hole blasting, and liquid CO2 fracturing have achieved certain results in transforming formation stress, expanding the pressure relief range and increasing coal seam permeability [4,5,6,7,8]. However, there are still many problems with the technology and process of gas extraction in Chinese mines at present. The average gas extraction rate in mines is still less than 30% and the level of gas extraction and utilization is still relatively low [9,10,11,12]. One important reason is that there are many and widely distributed soft coal seam mines in China, and the low strength and poor stability of soft coal seams have led to the problem of difficult sealing of gas extraction boreholes in soft coal seams, which has directly led to the current situation of poor gas extraction efficiency in soft coal seams.



The prerequisite for coal seam gas extraction is to conduct drilling. Due to their own characteristics, soft coal seams are prone to instability, deformation, and even collapse in the borehole opening area under complex environmental disturbances such as gas fields, stress fields, and mining disturbances, as shown in Figure 1. On-site investigation in a soft coal seam mine found that hole collapse often occurs at the hole mouth after drilling and retreating from the soft coal seam, which leads to problems such as the inability to lower the pipe and seal the hole soon enough after drilling is completed, and further dredging and digging the hole will cause great waste from both economic and time perspectives. The large number of gas leakage channels generated by the collapsed hole section also pose great risks to the safety of mines.



In recent years, a large amount of domestic and international research has focused on the stability of extraction drilling and reinforcement and sealing technology. Albooyeh et al. [13] pointed out its impact on drilling stability by studying the rheological properties of drilling fluids. Zhang et al. [14] studied the relationship between borehole collapse pressure and influencing factors. Zheng et al. [15] studied the mechanical parameters of borehole collapse under the action of different types of drilling fluids. Kurlenya et al. [16] proposed a method of blocking coal seam gas drainage holes using barrier shielding. Zhai et al. [17] analyzed the deformation and instability mechanisms of soft coal seams with high gas content and easy outburst during drilling. They believed that the soft structure at the borehole wall was prone to instability and damage, and pointed out that the essential reasons for these phenomena were the stress in the surrounding rock layers of the tunnel and the stress distribution in the borehole. Hashemi et al. [18] studied the effects of different factors on the displacement of pore wall particles. Qi et al. [19] studied the role of stress contour lines in predicting the location, range, depth, and contours of cracks or collapsed wellbore walls. Zhai et al. [20] studied the relationship between coal stress and borehole diameter. Zhang et al. [21] studied the deformation of drilling holes during the process of drilling reinforcement through numerical simulation. They believed that drilling reinforcement would reduce the displacement around the drilling holes and improve the stability of the drilling holes. Zhou et al. [22] established a drilling mathematical model considering gas leakage and used this model to calculate the relationship between extraction concentration and crack width. Papanastasiou et al. [23] discussed a borehole failure model based on fracture mechanics and layer buckling theory, and studied the relationship with experimental data. Wang et al. [24] studied the mechanism of coal seam air leakage and the effects of time, active support pressure, and drainage pressure on air leakage. They proposed an active support sealing method using double expansion materials as sealing materials. Xiang et al. [25] proposed “integrated sealing and isolation” sealing technology, which solved the technical problem of forming gas leakage channels after sealing cracks. On the basis of the traditional “bag-type pressure grouting method” one-time sealing process, Sun et al. [26] proposed an integrated technology concept of sealing and gas leakage disposal.



However, the above studies are all based on stability and reinforcement sealing technology after drilling holes. These technologies and theories make it difficult to solve the problem of easily collapsing holes during drilling, which makes it impossible to seal them. This also leads to unclear and reasonable solutions for hole collapse in the position of drilling holes in soft coal seams, resulting in unsatisfactory sealing effects for gas extraction drilling holes in soft coal seams. We propose a new type of “concentric ring” reinforcement sealing method based on the stability research results of an existing extraction drilling sealing section combined with existing reinforcement sealing technology research. Meanwhile, key parameters such as reinforcement range and depth are studied through numerical simulations. On this basis, on-site industrial application experiments are carried out in a soft coal seam. These studies have significant theoretical value and practical significance for efficient gas extraction and utilization in soft coal seam mines.




2. Methodology


After drilling in soft coal seams, the sealing section of the hole collapses, causing the sealing to fail and the stress concentration to become unstable, resulting in the rapid failure of the sealing drilling extraction effect. This not only blocks the passage of gas emissions and flow, seriously affecting the efficiency of gas extraction, but also increases the difficulty of sealing engineering [27,28]. From this, it can be seen that a reinforcement sealing technology that can stabilize the position of the borehole sealing section to prevent hole collapse and effectively support the stress concentration area of the sealing section to resist deformation is of great significance for improving the effectiveness of gas extraction in soft coal seam mines.



2.1. Physical Model of “Concentric Ring” Strengthening Sealing


The sealing of gas extraction boreholes in soft coal seams in China mainly adopts organic material sealing and “two plugs and one injection” sealing. According to previous research results, the existing sealing methods for gas extraction boreholes in soft coal seams cannot achieve efficient sealing of boreholes; it is neither possible to ensure the complete stability of the soft coal seam orifice section nor possible prevent instability and deformation of the stress concentration area in the sealing section.



Solutions to the instability of underground drilling in coal mines mainly include two aspects. On the one hand, from the perspective of drilling, they include improving drilling tools, such as using high-power drilling rigs that are triangular, spiral, etc., or improving pressure air chip removal and dry–wet mixed drilling to improve slag removal efficiency and ultimately ensure the hole formation rate. On the other hand, casing is used to protect the hole, but this method has high material and transportation costs, and it is difficult to recover the casing in soft coal seams. The above methods cannot fundamentally prevent the collapse of the sealing section of soft coal seam drilling holes and the instability and deformation of the stress concentration area. Considering the shortcomings of current sealing technologies in China and the experience of foreign sealing technologies, based on technical ideas such as roadway spray support and drilling reinforcement technology, we propose a new type of “concentric ring” reinforcement sealing method, as shown in Figure 2. This shows, with the center point of the coal seam drilling hole as the center, a “grouting sealing ring” and a “protective wall rock hole ring” outwards in sequence. The “grouting sealing ring” is made through a “two plugs and one injection” grouting process, located in the stress concentration area of the drilling sealing section. The “protective wall rock hole ring” is achieved by pre-grouting the protective wall holes, located in the damaged area of the sealing section of the drilling hole.



The basic technical principle is as follows: (1) The main idea is to transform the fragmented and unstable “coal hole” in the borehole area of soft coal seams into a denser and more stable “rock hole” and to use conventional drilling machines to drill 5–10 m. (2) Using large-diameter drilling to expand the reinforcement section, it was found through on-site testing that the diameter of the expansion hole should generally be increased by 10–20 cm on the basis of the pre-drilled diameter. (3) The grouting system is used to reinforce the fractured area (pre-reinforced section) of the initial drilling area. After the reinforced section is completely solidified, conventional extraction drilling is carried out, ultimately forming a “protective wall rock hole“. The “protective wall rock hole” can effectively enhance the stability of the initial drilling area and prevent borehole collapse.



On the basis of completing the “protective wall rock hole” mentioned above, a grouting system is used to reinforce and seal the stress concentration area with “two plugs and one injection” grouting. Through double pressure grouting before and after, not only can the early sealing of air leakage cracks at the hole opening be achieved, but also the cracks generated in the stress concentration area can be effectively sealed.



Overall, the “concentric ring” reinforcement sealing process not only shortens the sealing length and saves materials such as bag seals, but also technically ensures reasonable and orderly drilling and sealing processes.




2.2. Mechanical Model of “Concentric Ring” Strengthening Sealing


As shown in Figure 3, after drilling in the coal seam of the mine, the direction along the drilling hole diameter is sequentially divided into a crushing zone, plastic zone, elastic zone, and original rock stress zone. The reinforcement area of the “protective wall rock hole” can effectively prevent deformation of the coal body around the hole and avoid blockage, collapse, and shrinkage of the borehole. In order to facilitate the analysis of the “concentric ring” reinforcement sealing model, the following basic assumptions are made:




	(1)

	
The coal body around the drilling hole is homogeneous and continuous, and is an isotropic ideal elastic–plastic body with a plasticity condition of Mohr–Coulomb guidelines.




	(2)

	
The self-weight of the coal body around the borehole is not considered, and the horizontal stress of the original rock is uniformly distributed.




	(3)

	
Drilling is considered to be horizontally arranged and sufficiently long, with a circular cross-section and a lateral pressure coefficient of 1 around the borehole. The stress in the coal and rock mass is isotropic and isobaric.




	(4)

	
Regardless of the damage caused by the drilling of the “protective wall rock hole ring” section, drilling and grouting reinforcement are carried out simultaneously.









As shown in Figure 3, the boundary conditions of the plastic zone of the coal body around the reinforced borehole for the sealing section “protective wall rock hole ring” are


   σ r p  =  P j   











The radius of the plastic zone at the mouth of the reinforced drilling sealing section can be obtained by


   R p  =  r 0        (  σ 0  + C cot φ ) ( 1 − sin φ )    P j  + C cot φ         1 − sin φ   2 sin φ      



(1)




where    σ r p    is radial stress in the crushing zone around the borehole, MPa; Pj is the pre-reinforcement stress, MPa; Rp is the radius of the plastic zone, m; r0 is the drilling radius, m;    σ 0    is the original stress, MPa; C is the cohesive stress, Mpa; and φ is internal friction angle, °.



Displacement of the elastic–plastic zone at the orifice of the reinforced drilling sealing section


   u 0  =   sin φ   2 G    r 0  (  σ 0  + C cot φ )       (  σ 0  + C cot φ ) ( 1 − sin φ )    P j  + C cot φ         2 sin φ   1 − sin φ      



(2)




where    u 0    is the displacement of the elastic–plastic zone at the orifice and G is the coal shear modulus, MPa.



Stress in the damaged area of the borehole sealing section after reinforcement is


       σ r s  = (  P j  )   (  r   r 0    )     2 sin φ   1 − sin φ          σ θ s  = (  P j  )   (  r   r 0    )     2 sin φ   1 − sin φ     ×   1 + sin φ   1 − sin φ        



(3)




where    σ r s    is radial stress in the failure zone of the orifice, MPa;    σ θ s    is tangential stress in the failure zone of the orifice, MPa; and r is the distance from the center point of the borehole, m.



Similarly, for the stress concentration location of the sealing section, as shown in Figure 4, after completing bag-type “two plugs and one injection” sealing grouting, the grouting sealing support stress acts on the crushing area; the boundary conditions of the “grouting sealing ring” of the sealing section are


   σ r p  =  P i   











The radius of the plastic zone in the grouting sealing area is


   R p  =  r 0        (  σ 0  + C cot φ ) ( 1 − sin φ )    P i  + C cot φ         1 − sin φ   2 sin φ      



(4)




where Pi is the grouting sealing support stress, MPa.



Displacement of the elastoplastic zone in the grouting sealing area


   u 0  =   sin φ   2 G    r 0  (  σ 0  + C cot φ )       (  σ 0  + C cot φ ) ( 1 − sin φ )    P i  + C cot φ         2 sin φ   1 − sin φ      



(5)







Stress in the failure zone of the grouting sealing area is


       σ r s  = (  P i  )   (  r   r 0    )     2 sin φ   1 − sin φ          σ θ s  = (  P i  )   (  r   r 0    )     2 sin φ   1 − sin φ     ×   1 + sin φ   1 − sin φ        



(6)







Equations of equilibrium:


        ∂  σ x    ∂ x   +   ∂  τ  y x     ∂ y   +  f x  = 0       ∂  σ x    ∂ y   +   ∂  τ  x y     ∂ x   +  f y  = 0      



(7)







Plane strain equation:


       ε x  =   ∂ u   ∂ x        ε y  =   ∂ v   ∂ y        γ  x y   =   ∂ v   ∂ x   +   ∂ u   ∂ y        



(8)







Strain equation around the borehole:


       ε x  =   1 −  μ 2   E     σ x  −  μ  1 − μ    σ y         ε y  =   1 −  μ 2   E     σ y  −  μ  1 − μ    σ x         γ  x y   =   2   1 + μ    E   τ  x y        



(9)







Compatible equations:


     ∂ 4  ϕ   ∂  x 4    + 2    ∂ 4  ϕ   ∂  x 2  ∂  y 2    +    ∂ 4  ϕ   ∂  y 4    = 0  



(10)




where σx is the plane stress component of the x-axis, MPa; σy is the plane stress component of the y-axis, MPa; τxy is the shear stress, MPa; εx is the plane strain component of the x-axis; εy is the plane strain component of the y-axis; γxy is the shear strain; u is the displacement along the x-axis, m; v is the displacement along the y-axis, m; μ is the Poisson’s ratio of the surrounding rock of the tunnel; and ϕ is the stress function.



With the above analysis, it can be found that for a coal body in the “protective wall rock hole ring” area of the sealing section, due to the pre-reinforcement and sealing of the surrounding area of the drilling hole before drilling, the hole opening reinforcement stress Pj of the drilling hole and changes in its physical characteristics are given in advance at the hole opening position. From Equations (2) and (3), it can be observed that, due to the reduction in displacement u0 in the elastic–plastic zone around the drilled hole after reinforcement, the relative displacement of the drilling surrounding rock is also reduced to a certain extent. In particular, the stress concentration in the pressure relief zone around the sealing section orifice is improved, and gas extraction drilling is more stable in the reinforcement area, which can effectively ensure the stability of the sealing section orifice position after drilling.



At the same time, it can be observed that for the stress concentration area of the sealing section, due to the existence of the support stress Pi of the high-strength sealing material in the bag-type “two plugs and one injection”, as shown in Equation (4), radius Rp of the plastic zone is reduced, which allows the drilling surrounding rock to be in a relatively stable elastic deformation state within a larger range. Therefore, the stress concentration area of the drilling sealing section after reinforcement can be obtained. High-strength sealing materials can effectively resist the deformation and instability of drilling holes under a load.





3. Results and Discussion


3.1. Numerical Simulation Study of the “Concentric Ring” Strengthening Sealing Model


Numerical simulation is an indispensable tool in research and exploration. The previous section analyzed the “concentric ring” reinforcement sealing model of the drilling sealing section. However, in actual gas extraction and sealing engineering, key technical parameters such as the radius and depth of the “protective wall rock hole ring” at the sealing section hole position directly affect the effectiveness of drilling reinforcement sealing. Therefore, this section focuses on research and analysis of the main parameter indicators of the reinforced sealing model. Due to limitations of the size of the testing machine and indoor testing, it is not easy to conduct in-depth quantitative analysis and research. Therefore, the numerical simulation method is used to study the relationship between the radius of the “retaining wall rock hole ring” and the deformation under load under ideal conditions. At the same time, a reasonable reinforcement radius of the “protective wall rock hole ring” is obtained by studying the law between the size of the broken zone in the sealing section and the stress concentration radius.



3.1.1. Study of the Radius of the “Protective Wall Rock Hole Ring”


	(1)

	
Model Building







Taking the gas extraction boreholes in this coal seam as the modeling object, the extraction boreholes are arranged on one side of the tunnel and the pre-reinforcement radius of the “protective wall rock hole ring” for reinforcement and sealing are studied. A geometric model diagram is shown in Figure 5. COMSOL Multiphysics 5.6 numerical simulation software is employed to deduce the deformation of surrounding rock under stress during drilling, establish a three-dimensional coal seam model, and analyze the stress and displacement around the hole. The selected model is 70 m × 3 m × 18 m; the cross-section of the roadway is horseshoe-shaped, with a spacing of 6 m between the arches on both sides. The drilling hole diameter for extraction is 0.1 m, with a depth of 50 m. The range of the pre-reinforced sealing radius is 0.12 m–0.2 m, and the pre-reinforced sealing length is 5 m.



The numerical simulation adopts free tetrahedral mesh partitioning, as shown in Figure 6 and Table 1. The entire geometric area is customized with mesh vertices of 133,574, tetrahedral elements of 725,626, edge elements of 4208, and vertex elements of 24. The minimum unit mass is 0.2503, the average unit mass is 0.6964, and the mesh volume is 3670 m3.



The radius of the tunnel in the geometric model is much larger than the diameter of the extraction drilling hole. The coal body is subjected to the stress of the original rock, and the tunnel excavation will cause stress concentration around the tunnel, resulting in displacement around the drilling hole in the grouting reinforcement section. Due to the fact that the length of the tunnel is much greater than the radial size of the tunnel, all stress and deformation components on the tunnel cross-section are functions of plane coordinates, which are approximately assumed not to change with the length of the tunnel. Considering the surrounding support of the tunnel, based on ideal elastic–plastic theory, a model is established for the loading of the reinforcement section after tunnel excavation. The calculation model is shown in Figure 7, and combined with on-site practice and experimental testing, the boundary conditions and initial parameters are shown in Table 2.



In the substitution of boundary conditions, displacement boundary conditions are     ( u )  s  = 0   and     ( v )  s  = 0  . The stress boundary condition is the top load equation: FA = ρh. And the overburden stress is set at 20 MPa.



	(2)

	
Discussion







According to the calculated distribution of displacement D around the borehole, as shown in Figure 8 and Figure 9, it was found that due to stress concentration, displacement occurred at the borehole opening, with a displacement range of 62–68 mm. Due to the first pre-reinforcement of the borehole in the reinforced section after reinforcement and sealing, the bearing capacity of the borehole’s main stress direction increased, and displacement D around the borehole decreased with the increase in reinforcement radius. Moreover, due to the effect of principal stress, the upper displacement around the hole is more severe.



Due to the reinforcement of the “protective wall rock hole” section of the borehole, the reinforcement section around the borehole bears the maximum principal stress direction and resists the deformation effect of the maximum principal stress on the borehole. The displacement u at the top of the borehole shows a decreasing trend from the borehole opening to the interior of the borehole, as shown in Figure 10. It can be observed that displacement u generated by the borehole at the borehole opening is the largest, and when the reinforcement radius r is at least 0.12 m, the displacement at the top of the borehole is 12.8 mm. This also reflects, on the one hand, that the position of the borehole opening is prone to deformation and collapse. Due to the setting of the drilling reinforcement depth at 5m in the simulation test model, displacement u of the drilling hole at 5 m inside the hole is the smallest, only about 5 mm. The drilling stability is good, which has an important impact on solving the deformation and instability of the drilling hole in the sealing section.



As shown in Figure 11, different reinforcement radii r also have a significant impact on the variation in displacement u at the top of the borehole. It can be seen that as the reinforcement radius r increases from 0.12 m to 0.2 m, displacement u at the top of the borehole at different positions within the borehole shows a decreasing trend. Therefore, a larger reinforcement radius can make the borehole more stable, which is of great significance for solving the problem of poor gas extraction caused by the instability of the sealing section. In order to further determine the effect of the reinforcement radius, the variation pattern of different reinforcement radii r and displacement u at the top of the borehole is plotted in Figure 12. It can be seen that as the reinforcement radius increases, displacement u at the top of the borehole gradually decreases from fast to slow. When the reinforcement radius r decreases from 0.2 m to 0.12 m, displacement u at the top of the borehole increases from 0.538 mm to 0.236 mm. From the variation pattern, it is found that when the reinforcement radius r is greater than 0.16 m, the displacement at the top of the borehole decreases slowly. Based on the actual situation on-site and a comparison of the displacement changes, it can be concluded that the optimal reinforcement radius r for the “protective wall rock hole ring” should be between 0.16 m and 0.18 m when the extraction borehole diameter is 100 mm.




3.1.2. Study of the Depth of the “Protective Wall Rock Hole Ring”


	(1)

	
Model Building







In order to explore a reasonable value for the pre-reinforcement depth for the “protective wall rock hole ring”, a simulation experiment was conducted using FLAC3D 7.00 numerical simulation software. The experimental physical model arranges coal seam drilling holes parallel to one side of the tunnel, and the length of the tunnel is much larger than the diameter of the extraction drilling hole. The coal body is subjected to the stress of the original rock, and the tunnel is excavated in the coal seam. The extraction and drilling holes are arranged horizontally on one side of the tunnel. The physical model is shown in Figure 13, and the stress situation of the model tunnel and drilling holes is analyzed using the FLAC3D 7.00 numerical simulation method.



Establishing a model in FLAC3D software, and based on the on-site soft coal seam situation, the model adopts parameters as shown in Table 3. Combined with the actual engineering situation, the model load is 15 MPa, the borehole diameter is 100 mm, the length is 7500 mm, and the tunnel diameter H is 5–9 m (divided into five groups as shown in Table 4). The circular tunnel is located in the center of the model, and the extraction borehole is located on the right side of the circular tunnel. The borehole is arranged perpendicular to the tunnel. The vertical displacement of the bottom surface of the model is fixed, and the horizontal displacement on both sides is fixed, as shown in Figure 14. The model uses the Mohr–Coulomb yield criterion to determine failure:


  f =  σ 1  −  σ 3    1 + sin φ   1 − sin φ   − 2 C     1 + sin φ   1 − sin φ      



(11)




where σ1 and σ3 are the maximum and minimum principal stresses, MPa. When f > 0, the material undergoes shear failure; when σ3 ≥ σT, the material undergoes tensile failure.



	(2)

	
Discussion







Using the null model to set up the tunnel, the displacement of the left, right, bottom, front, and rear surfaces of the fixed model is 0, and the overburden stress is 15 MPa. The stress distribution around the tunnel can be calculated, as shown in Figure 14. According to relevant research on the division of stress in tunnel drilling, the redistribution of stress generated after tunnel excavation does not change much for σx and σy, but changes significantly for σz. Therefore, the distribution of σz is mainly calculated.



Figure 15 shows the distribution changes of vertical stress σz at different depths of the borehole. It can be seen from the figure that the vertical stress σz of the borehole rapidly increases to its maximum at around twice the diameter of the tunnel, which is the stress concentration area of the borehole. Due to the fact that the stress concentration area is located at the critical elastic–plastic position of the coal body around the drilling hole, it is determined that the stress concentration area inside the on-site drilling hole generally appears in an area about twice the width of the tunnel. For gas extraction drilling in soft coal seams, the coal body in the pressure relief zone where the stress decreases is severely broken, and the coal wall often deforms and collapses inside the drilling hole. At the same time, a large number of gas leakage channels are also generated, seriously affecting the gas extraction effect. Therefore, in order to effectively prevent the collapse and instability of the sealing section in the soft coal seam, the depth of the “protective wall rock hole ring” should exceed the range of the damaged area inside the borehole.



Due to the numerous factors that affect the size of the fractured zone in the borehole, such as the depth of coal seam burial, coal properties, mining disturbance, and support methods, the formation and development of fracture plasticity are all affected. This article focuses on the influence of tunnel radius. On this basis, this article summarizes the relevant literature on the relationship between the size of the pressure relief failure zone and the stress concentration plastic zone in soft coal seam boreholes using methods such as theoretical calculation, drilling debris quantity, and drilling observation, as shown in Table 5. Based on the analysis of existing research and the numerical simulation results of FLAC3D for the location of stress concentration in boreholes, it is proposed that a reasonable pre-reinforcement depth of the “protective wall rock hole ring” for soft coal seam boreholes should be around 0.8 to 1 times the tunnel width.





3.2. Field Application of the “Concentric Ring” Strengthening Sealing Method


An on-site test was conducted in the N2106 transportation roadway of a mining area in Shanxi Province, China. The coal body of the working face has a firmness coefficient fc < 0.5, which makes it a soft coal seam. The N2106 transportation roadway has no special geological structure, and the on-site measured coal seam gas content is 7.82 m3/t, with a total gas emission of 2.16 m3/min. On-site drilling is gas extraction drilling along the coal seam, which is drilled from the N2106 transport roadway towards the coal body of the working face. The hole is opened from the upper side of the tunnel, perpendicular to the tunnel, and continuously extends into the coal body. Each drilling hole should be sealed and integrated into the gas extraction network in a timely manner after construction. The coal body in the experimental area has not been disturbed by mining, and its strength is relatively weak, belonging to a soft coal seam. The layout of the experimental boreholes is shown in Figure 16.



This on-site test was divided into three groups, each consisting of ten boreholes. The first group used ordinary cloth-bag-type “two plugs and one injection” sealing technology, and the sealing material used was an ordinary expanded cement sealing material. The second group adopted a new reinforcement sealing technology, and its sealing material was an ordinary expansion cement sealing material. On the basis of adopting new reinforcement sealing technology, the third group used new sealing materials for grout sealing. The three sets of test boreholes were recorded as A1–A10, B1–B10, and C1–C10, respectively.



In this on-site test, a total of 13 boreholes were sealed using the ordinary bag-type “two plugs and one injection” sealing technology, and 10 boreholes were effectively drilled. Among those, 7 boreholes experienced collapse at the hole mouth after drilling back and were later cleared through secondary drilling. Using new reinforcement and sealing technology to seal 16 boreholes, we effectively drilled 10 boreholes without any occurrence of hole collapse at the borehole opening position. There were 12 boreholes sealed with new reinforcement sealing technology and materials, and 10 effective boreholes were drilled without any collapse at the borehole opening.



In order to investigate the on-site application effect of new reinforcement sealing technology and new sealing materials, more than 30 coal seam extraction boreholes were constructed in the N2106 working face with an inclination angle of −1–2° and an angle of 90 ° with the centerline of the tunnel. The designed depth of the boreholes was 130 m, and the average depth of the completed boreholes was 127 m. According to the research results of the new sealing technology, drill bits with a diameter of 140 mm were selected for drilling the new reinforced sealing holes in Groups B and C, with a pre-reinforcement depth of 6 m, and the hole opening was sealed with expansion capsules for reinforcement grouting. The sealing depth of drilling holes in Group A was 16 m, and the sealing depth area of bag sealing in Groups B and C was 6–16 m. Under the same conditions, three sets of test boreholes were monitored on-site for a period of three months.



According to the three-month gas concentration detection results of three sets of testing boreholes at the underground site, as shown in Figure 17, Figure 18 and Figure 19, the interval between testing boreholes was one day, and the final average value was taken for each shift on the same day of testing.



By comparing and analyzing Figure 17, Figure 18 and Figure 19, it can be found that after 30 days of extraction, the concentration of test boreholes in Group A decreased to within 30%. The average concentration of boreholes in Group A at 30 days of extraction was 21.2%, and the gas concentration in boreholes decreased significantly from 30 to 60 days of extraction. The average concentration of extraction at 60 and 90 days of extraction was only 10.1% and 2.0%, respectively. The gas concentration in the test boreholes of Group B was basically above 30% within 30 days before extraction, but after 30 days of extraction, most boreholes began to decline and decrease to within 30%. The average gas concentration on the 60th day of extraction was 18.4%. After 60 days of extraction, the gas concentration in Group B boreholes was relatively low, with an average concentration of only 10.9% at 90 days. The test boreholes in Group C ensured a gas extraction concentration of over 30% at 60 days before extraction, with high stability and sustainability of gas concentration. The gas concentration at 30 days of extraction was 53.9%, and the average gas concentration at 60 days of extraction was still greater than 30%.



In order to improve and compare the sealing effect of three test boreholes, four representative boreholes were selected from each group after 30 days of extraction. The negative pressure at the orifice and the pure gas flow rate that characterized the sealing quality were selected for comparative analysis. The comparison results are shown in Figure 20. It was found that under the same extraction time conditions, the gas concentration extracted from Group C was significantly higher than the other two groups, fully demonstrating that the use of new reinforcement sealing technology and new sealing materials greatly improved the gas extraction effect.



According to comprehensive comparison of the sealing effect parameters of the three test boreholes according to Table 6, it can be found that the negative pressure at the orifice of the Group C boreholes was significantly higher than that of the other two test boreholes. Based on the concentration and mixed flow rate, the final gas pure flow rate was calculated, and the gas pure flow rate of Group C was also significantly higher than that of the other two groups. In addition, the suction negative pressure of the N2106 working face was 15 kPa, and the negative pressure at the orifice of the Group C test boreholes still maintained a high level after 30 days of extraction. This indicates that the sealing quality of the Group C test boreholes was stable for a long time and there would be no collapse or leakage.



Based on the above analysis, it can be concluded that the testing drilling hole of Group C using new reinforcement sealing technology and materials ensured a good gas extraction effect for a long time. Compared to Group A, which used a conventional bag-type with two plugs and one injection to test the sealing effect of the drilling hole, Group B used a new reinforcement sealing technology to avoid collapse before sealing the drilling hole, and the drilling hole also had a better sealing effect compared to the testing drilling hole of Group A due to the double grouting and pre-reinforcement of the broken coal body. However, due to the inherent defects of the sealing material, it could not resist the instability of the drilling sealing section, so the test drilling hole of Group B could not guarantee a high extraction level for a long time.





4. Conclusions


	(1)

	
The physical and mechanical model of “concentric ring” reinforcement sealing can improve the stress concentration in the pressure relief area around a sealing section hole, and gas extraction drilling after drilling is more stable in the reinforcement area. This can effectively ensure the stability of the sealing section hole position after drilling, and high-strength sealing materials can effectively resist the deformation and instability of drilling after being loaded. This technology can be further promoted and applied to drilling, sealing, and material development in other fields.




	(2)

	
The relationship between the radius of the borehole tunnel and the radius of the peak point of borehole stress was mastered through numerical simulation experiments. It was found that a reasonable reinforcement depth of the “protective wall rock hole ring” in soft coal seam boreholes should be about 0.8–1 times the width of the tunnel. When the diameter of the extraction drilling hole is 100 mm, the optimal reinforcement radius for the “protective wall rock hole ring” should be between 0.16 m and 0.18 m.




	(3)

	
“Concentric ring” reinforcement sealing technology can effectively prevent hole collapse at the sealing section of the drilling hole. When combined with highly compressive and deformation-resistant material, the gas concentration in an experimental drilling hole on the 30th and 60th days is 2.5 and more than 3 times that of a cloth-bag–sealing drilling hole with expanded cement, respectively. The negative pressure and pure gas flow rate results of the hole also prove that the “concentric ring” reinforcement sealing effect is better.
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Figure 1. Instability of the sealing section of the drilling hole in soft coal seam extraction: (a) borehole collapse; (b) drilling deformation. 
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Figure 2. Physical model of “concentric ring” reinforced sealing. 
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Figure 3. Mechanical model of the “protective wall rock pore ring” at the sealing section orifice position. 
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Figure 4. Mechanical model of the “grouting sealing ring” at the stress concentration position of the sealing section. 
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Figure 5. Geometric model of numerical simulation. 






Figure 5. Geometric model of numerical simulation.



[image: Processes 12 00293 g005]







[image: Processes 12 00293 g006] 





Figure 6. Grid partitioning of numerical simulation. 
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Figure 7. Mechanical model of tunnel drilling. 
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Figure 8. Displacement distribution diagram of the pre-reinforced drilling calculation model. 
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Figure 9. Distribution of displacement of pre-reinforced sealed drilling holes: (a) pre-reinforcement radius r = 120 mm; (b) pre-reinforcement radius r = 140 mm; (c) pre-reinforcement radius r = 160 mm; (d) pre-reinforcement radius r = 180 mm; (e) pre-reinforcement radius r = 200 mm. 
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Figure 10. Variation of top displacement of drilling holes with different reinforcement radii as a function of drilling depth. 
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Figure 11. Influence of reinforcement radii at different hole depths on the displacement at the top of the drilling hole. 
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Figure 12. Variation in displacement at the top of the orifice with reinforcement radius. 
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Figure 13. FLAC3D physical model of tunnel and borehole. 
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Figure 14. FLAC3D calculation model for tunnels and boreholes. 
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Figure 15. Distribution of σz stress at different depths of drilling holes. 
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Figure 16. Layout of the N2106 working face at the testing site. 
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Figure 17. Test results of drilling holes in Group A. 
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Figure 18. Test results of drilling holes in Group B. 
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Figure 19. Test results of drilling holes in Group C. 
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Figure 20. Average gas extraction concentration of three test boreholes. 
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Table 1. Grid unit properties.






Table 1. Grid unit properties.





	Maximum Unit Size
	Minimum Unit Size
	Maximum Unit Growth Rate
	Curvature Factor
	Narrow Area Resolution





	0.5 m
	0.01 m
	1.5
	0.6
	0.5










 





Table 2. Model calculation parameters.
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	Model
	Elastic Modulus/Pa
	Poisson’s Ratio
	Density/kg·m−3





	Coal
	2.713 × 109
	0.3
	1350



	Reinforcement section of “protective wall rock hole”
	2.5 × 1010
	0.15
	2250










 





Table 3. Coal body mechanical parameters.
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	Density/kg·m−3
	Bulk Modulus/MPa
	Shear Modulus/MPa
	Internal Friction Angle/°
	Tensile Strength/MPa
	Cohesion/MPa





	1520
	5400
	2330
	29.6
	0.4
	0.6










 





Table 4. Model tunnel parameters.






Table 4. Model tunnel parameters.





	Model Grouping
	Model A
	Model B
	Model C
	Model D
	Model E





	Tunnel diameter/mm
	5000
	6000
	7000
	8000
	9000










 





Table 5. Field data statistics of pressure relief failure zone and stress concentration zone [29,30,31,32,33,34].
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	Location of On-Site Research
	Radius of Plastic Zone Rp/m
	Radius of Pressure Relief Failure Zone Rs/m
	Rs/Rp





	Working face 53,103 of the Changcun Coal Mine
	14
	6
	0.43



	Return air lane 603 of the Qujiang Coal Mine
	9
	3.9
	0.43



	Roadway 530 of the Xujiagou Coal Mine
	9.5
	5.3
	0.56



	Fully mechanized mining face 4310 of the Changping Mine
	20
	10
	0.50



	Fully mechanized caving face 6302 of the Baodian Coal Mine
	15
	6.5
	0.43



	Fully mechanized mining face 4101 of the Nanling Mountain Coal Mine
	12
	6
	0.50










 





Table 6. Test results of drilling parameters and sealing effect.
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	Drill Hole Number
	Drilling Type
	Drilling Depth/m
	Sealing Material
	Sealing Section Length/m
	Negative Pressure at the Orifice/kPa
	Pure Gas Flow Rate/m3·min−1





	A2
	Coal seam drilling
	126
	Expansive cement
	16
	7.4
	0.027



	A4
	Coal seam drilling
	128
	Expansive cement
	16
	5.9
	0.024



	A7
	Coal seam drilling
	124
	Expansive cement
	16
	8.7
	0.031



	A8
	Coal seam drilling
	130
	Expansive cement
	16
	6.1
	0.026



	B1
	Coal seam drilling
	127
	Expansive cement
	6–16
	8.5
	0.038



	B3
	Coal seam drilling
	129
	Expansive cement
	6–16
	10.1
	0.053



	B4
	Coal seam drilling
	129
	Expansive cement
	6–16
	9.4
	0.043



	B6
	Coal seam drilling
	126
	Expansive cement
	6–16
	9.0
	0.041



	C2
	Coal seam drilling
	125
	New sealing materials
	6–16
	12.5
	0.068



	C3
	Coal seam drilling
	127
	New sealing materials
	6–16
	13.1
	0.076



	C6
	Coal seam drilling
	128
	New sealing materials
	6–16
	13.2
	0.077



	C7
	Coal seam drilling
	125
	New sealing materials
	6–16
	11.8
	0.067
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