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Abstract

:

To improve the effect of gas drainage, with the aim of overcoming the problem of air leakage of conventional sealing materials, this study proposed the concept of gas drainage borehole sealing with active support and developed a new type of sealing material with the properties of permeability, fluidity, expansibility, early strength and compressive resistance through orthogonal tests. Using a specially designed active support testing device, this study analyzed the development law of borehole fracture under the action of active support force, which was then verified via field tests at a mine in Henan Province, China. The results show that the higher the expansion rate, the smaller the internal friction angle and cohesion, which is reflected in the sharp decline in the peak strength of the sealing material. The active support force of the sealing material has a significant time effect. It increases rapidly at first, before its growth rate slows down and tends toward a certain value. The greater the active support force provided by the sealing material, the smaller the radius of the plastic zone and breakage zone; this observation is also true of the displacement around the borehole. The active support force of sealed boreholes can effectively inhibit the development of cracks around the hole and reduce the generation of gas leakage channels. Under the action of the same burial depth and active support force, the larger the mechanical parameters of rock, the smaller the radius of the plastic zone and the breakage zone, as well as the smaller the displacement around the borehole. As has been proven by engineering practice, under the same conditions, the gas drainage concentration of the new sealing material is 47.5%, which is 84.8% higher than that of the original sealing material.
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1. Introduction


The mining of coal resources in deep mines is likely to face the predicament of “five highs and two disturbances”. In particular, the gas outburst caused by coal seams of high gas and low permeability seriously restricts the safe production and sustainable development of mines [1,2]. The fundamental way to effectively solve the problem of gas outburst is gas pre-pumping, and the key method that determines the effect of gas pre-pumping is the quality of sealing [3,4,5,6,7]. According to the statistics, the pre-pumping concentration of gas in about 65% of high-gas mines is lower than 30%, which can be attributed to the poor sealing quality of boreholes for gas drainage [8].



Currently, the commonly used sealing materials in China include polyurethane, cement-based material and high-water material [9,10,11,12]. As a polymer foaming material, polyurethane has the advantages of being lightweight, having a large expansion rate and being simple to operate. However, due to its poor permeability, it can not penetrate into the micro-fissures and fractures around the boreholes; due to its low strength and large compression deformation, it cannot provide support for the boreholes, thus causing poor borehole stability and gas leakage channels around the boreholes [13]. In addition, the foam rate of polyurethane is too high, frequently resulting in an insufficient sealing depth. In this case, the borehole and the roadway plastic zone would be connected to a gas leakage zone [14,15]. High-water material is widely used in goaf filling because of its simple filling process and low filling cost. In recent years, it has also been used in downhole sealing [16]. With the increase in the water–cement ratio, the grouting property and permeability of the high-water-content expansion material increased, while the strength and timeliness decreased [17]. However, the weathering characteristics of high-water materials lead to the weakening of the sealing effect with the extension of the extraction time [18]. Cement-based material is cheap and can be adjusted by adding additives; thus, it is widely used in borehole sealing. Scholars both at home and abroad have conducted a lot of research into the performance of cement-based sealing material [19,20,21,22]. As cement-based material is injected into the borehole, the surrounding rock is blocked and reinforced, thus greatly improving the gas-pumping effect [23,24]. However, the cement-based material can hardly provide active support for the borehole, which leads to its failure to reduce or inhibit the development of fractures during the initial sealing of the borehole. In the later stage of pumping, the cement-based material is prone to the phenomenon of water loss shrinkage, which reduces the gas-pumping effect [25]. The most common sealing materials used in mining are mainly made of expanded cement, although the traditionally used expanded cement has poor fluidity, low strength and certain shrinkage after setting, which creates slurry in the sealing material in the early stage of drilling and means that sealing cannot be fully injected into the cracks of coal and rock mass. Moreover, the shrinkage of the expanded cement after setting provides a new air leakage channel, which leads to only a small improvement in the stability of drilling. The gas leakage channel also reduces the efficiency of gas extraction [26].



In view of the shortages of different types of sealing materials, scholars have conducted a lot of research into the sealing materials used in extraction drilling in recent years. Kazuki [27] and Norachai [28] et al. studied the effect of the molecular structure of a high-efficiency water-reducing agent on the fluidity of a cement slurry sealing material, and the study showed that a smaller molecular structure was helpful in causing the dispersion of cement particles and improved the fluidity of the fluid slurry sealing material. When the polycarboxylic acid superplasticizer content is between 1.8 and 2.4%, the fluidity of the experimental cement is greatly increased. Gullu et al. [29] studied the effect of geopolymer sealing materials on the rheological properties of cement slurry. The rheological properties of cement slurry decreased with the increase in the water/binder ratio. Li et al. [30] studied the sealing performance of the sealing material used in pulverized coal drilling, and the research showed that the smaller the water/material ratio, the greater the expansion degree. According to the expansibility, strength and cost of the pulverized coal sealing material, the optimum composition ratio of the pulverized coal drilling sealing material was determined to be 70% fly ash and 30% dosage. At this time, the expansion rate and maximum compressive strength of the sealing material are 6% and 7.30 MPa, respectively. However, in the process of the development of sealing materials, no modification method has been found to improve the fluidity, strength and expansion of the sealing material at the same time. In the past, the development of sealing materials focused on improvements in a certain aspect of performance, and no sealing materials with high fluidity, high strength and expansion properties were developed. Therefore, in view of the problems existing in conventional sealing methods, this study started by studying the source of sealing gas leakage and proposed the concept of the active support sealing of gas drainage boreholes. On this basis, a new type of sealing material with permeability, fluidity, expansibility, early strength and compressive resistance was developed, which could provide active support for boreholes. Using this new material, crack development around the borehole could be inhibited, thus improving the efficiency of gas drainage in the later stage.




2. Sealing Material Preparation Based on Orthogonal Test


2.1. The Concept of Borehole Active Support Sealing


With the gas drainage borehole taken as a miniature circular roadway, the concept of borehole active support and sealing is proposed. Figure 1 is the schematic diagram of active support sealing. To be specific, with the help of grouting pressure, the primary active support force is applied to the borehole. The secondary active support force is applied to the borehole surrounding the rock depending on the expansibility of the sealing material in the later stage, so as to inhibit the development of cracks around the borehole. As the sealing material permeates into the cracks of the broken surrounding rock, the borehole can be sealed and reinforced accordingly.




2.2. Raw Materials and Test Method


2.2.1. Selection of Raw Materials


To prepare a new sealing material with high expansibility, early strength and fluidity, Portland cement, quicklime, an accelerating agent, expanding agent, and fly ash are used to design the mix ratio of sealing materials, as is shown in Figure 2.



	(1)

	
Ordinary Portland Cement (OPC)







OPC of grade PO42.5 is used as the binder material for the sealing material.



	(2)

	
Lime







The CaO in lime reacts with the hydration product of cement, namely sulphoaluminate calcium, to produce ettringite. The more ettringite is produced, the higher the strength of the material. Additionally, the heat released during lime hydration accelerates the reaction of the material.



	(3)

	
Fly Ash







Fly ash mainly comes from the combustion of coal in thermal power plants. It has a small particle size, low density, and acts as a suspending agent that can reduce the water seepage rate of the sealing material. It also partially replaces some cement, reducing material costs.



	(4)

	
Expanding Agent







Cement-based materials tend to shrink due to water seepage, which can cause air-leakage channels to form between the sealing material and the borehole wall. Adding expanding agents to the material can compensate for the reduction in volume caused by water seepage, reducing the development of borehole fractures and providing additional support resistance. The expansion agent used in this experiment is a calcium sulfoaluminate expansion agent (CSA) produced by Wuhan Sanyuan Special Building Materials Co., LTD. (Wuhan, China), which is prepared by calcium sulfoaluminate (CAS), calcium aluminate (CA) and an appropriate amount of natural anhydrite and activator.



	(5)

	
Set Accelerator







The hydration reaction of cement is slower. Therefore, adding a set accelerator to the material can shorten the initial setting time. The set accelerator adopted is the PCS-3 rapid-setting and early-strength agent.




2.2.2. Test Method


The test contents include the material mobility, bleeding rate, initial setting time, expansion rate and compressive strength. The test scheme is shown in Figure 3.



	(1)

	
Fluidity







Before the test, prepare a smooth sheet with a side length of 50 cm, a truncated cone mold and a steel rule. Wipe the smooth sheet and the truncated cone mold with a wet rag, then pour the prepared slurry into a slightly wet truncated cone mold and smooth the slurry with a steel rule. After smoothing, quickly lift the truncated cone mold. The maximum diameter of the two directions perpendicular to each other of the slurry flow expansion is measured with a steel ruler, and the average value is taken as the fluidity of the slurry.



	(2)

	
Bleeding rate







For the bleeding rate of the material, refer to JC/T2153-2012 Test Method for Cement Bleeding Water. The test steps are as follows: weigh the mass    M 1    of the measuring cylinder, pour the prepared slurry into the measuring cylinder, weigh the total mass    M 2    of the measuring cylinder and the slurry, and then wait for 30 min for each interval.



The volume of bleeding is observed for 5 min until the bleeding disappears, and the water droplets are poured into a 25 mL measuring cylinder with a glue head dropper to read the mass    W b    of the water. The formula for calculating the bleeding rate of the material is as follows:


   B w  =    W b    (  M 2  −  M 1  ) ω    



(1)




where  ω  denotes the moisture content of the slurry.



	(3)

	
Initial setting time







The test instrument used for the initial setting time of the material is a Vicar instrument. The test steps are as follows: place a small glass plate at the bottom of the test mold, record the time of initial mixing slurry, and then pour the prepared good slurry into the test mold. After a period of time, the test begins. When the scale number is observed to be about 4 mm, record this moment as the initial setting time of the material.



	(4)

	
Expansion rate







The test method used for the expansion rate of the sealing material is the standard JC/T 313-2009 Test Method for the expansion rate of expansion cement. The test mold is 25 mm × 25 mm × 280 mm, and the length change value of the test block is measured by the length ratio instrument.



	(5)

	
Compressive strength







The prepared test block was put into a standard curing box for 28 days. The size of the sample was a cube with a side length of 70.7 mm. The SNAS uniaxial testing machine was used to test the uniaxial compressive strength of the material.





2.3. The Design of Orthogonal Test


In the orthogonal test, the water/cement ratio, the content of quicklime, fly ash, accelerating agent, and expanding agent were set as influence factors. With the comprehensive consideration of the test scheme and actual needs, this study selected four levels of these five influence factors to conduct the orthogonal test. In total, 16 groups of tests were conducted. The influence factors and their respective levels are shown in Table 1. The content of each factor is denoted by their ratio with Portland cement.




2.4. Analysis of Orthogonal Test Results


Table 2 shows the results of the sixteen groups of orthogonal tests. As can be seen, the fluidity of every water/cement ratio is greater than 250 mm. According to the relevant literature, the grouting material fluidity can meet the pumping requirements when it is greater than 140 mm [31]. Therefore, the fluidity of the materials is not considered in the comprehensive analysis of the orthogonal test. According to the comprehensive analysis based on the orthogonal test of the borehole sealing material in Figure 4a, the bleeding rate and initial setting time increase with the increase in the water/cement ratio; this is because, with the increase in the water/cement ratio, the water content in the material increases, which speeds up the water emission rate on the surface of the material, so the bleeding rate increases, and the relative contact area between the water and cement particles decreases; the reaction rate between the cement particles will slow down, and the initial setting time of the material will increase. In addition, the expansion rate and compressive strength decrease with the increase in the water–cement ratio; this is because the water/cement ratio increases and the porosity of the material increases, which leads to a reduction in the expansion rate and compressive strength of the concrete. For the borehole sealing grouting material, the smaller the bleeding rate is, the better. Ideally, the material is expected to set and solidify after the end of grouting. Generally, the time from adding the water and mixing material to the end of grouting is 20~40 min, so the water-cement ratio is 0.9:1. As can be seen from Figure 4b, with the increase in the quicklime content, the bleeding rate decreases first and then increases, and the expansion rate increases first and then slowly decreases. When the quicklime content is 0.2, the sealing material performs better in terms of the initial setting time, compressive strength, bleeding rate and expansion rate. Accordingly, the quicklime content is set to 0.2. As is shown in Figure 4c, the impact of the fly ash content on the compressive strength and expansion rate is small, and the initial setting time increases with the increase in the fly ash content. When the fly ash content is 0.3, the bleeding rate is relatively low and the initial setting time short. Therefore, the fly ash content is set to 0.3. From Figure 4d, it can be seen that the content of accelerating agent exerts a relatively weak influence on the compressive strength and expansion rate of the material; by contrast, its influence on the initial setting time and bleeding rate of the material is much stronger. With the increase in the accelerating agent content, the bleeding rate and initial setting time decrease significantly. When the accelerating agent content is greater than 0.15, the downward trend in the initial setting time is weakened. Accordingly, the content of the accelerating agent is set to 0.15. As can be seen from Figure 4e, the expanding agent exerts its greatest influence on the compressive strength and expansion rate. As the content of expanding agent increases, the compressive strength significantly decreases, whereas the expansion rate increases correspondingly. Therefore, the value near the intersection of the two curves of compressive strength and expansion rate should be selected for the expanding agent content. Accordingly, the expansion agent content is set to 0.2. To sum up, the contents of these raw materials are as follows: water-cement ratio: 0.9:1, quicklime: 0.2, fly ash: 0.3, accelerating agent: 0.15, and expanding agent: 0.2.





3. Analysis of Mechanical Characteristics of Sealing Material


3.1. TriAxial Strength and Deformation Characteristics


Based on the ratio of the sealing materials obtained via orthogonal tests, the test specimens with different expansion rates, namely, 0%, 1%, 3% and 5%, were obtained by changing the content of expanding agent. The MTS815 electronic servo test system was used to conduct triaxial tests on the specimens, as shown in Figure 5. This test system mainly consists of oil sources, a testing machine, a confining pressure control cabinet, and a data acquisition system. The test specimens for the triaxial test were in a standard cylinder with a diameter of 50 mm and a height of 100 mm. The actual test scheme is as follows: Triaxial tests are carried out on the specimens with an expansion rate of 0%, 1%, 3% and 5%, respectively, and the loaded confining pressure grade gradients are 1 MPa, 2 MPa, and 3 MPa. Three tests are conducted for each group of specimens, with a total sample size of 36 specimens. The confining pressure is loaded at a rate of 0.01 MPa/s until it reaches the set value and then remains unchanged. Then the vertical load is applied via displacement control. In order to reflect the gradual and natural loading in the field, the loading rate was set at 0.01 mm/s until the specimen was damaged.



The triaxial test results for the sealing materials with different expansion rates are shown in Figure 6. As can be seen, the properties of the sealing materials change significantly with the size of the confining pressure. At a low confining pressure, the materials show the characteristics of brittle materials, and the stress decreases significantly with the increase in strain after specimen failure. When the confining pressure is relatively higher, the material shows the characteristics of a viscous material, and the post-peak stress is still more than 90% of the peak stress. With the increase in the confining pressure, the peak strength of the material also increases significantly. When the expansion rate is 1% and the confining pressure is 3 MPa, the peak strength is 10.14 MPa, and the corresponding peak strain increases as well. In general, the larger the lateral stress is, the more the curve of the elastic phase shifts to the left on the stress–strain curve. Accordingly, the greater the confining pressure is, the greater the elastic modulus of the material becomes and the stronger the deformation resistance of the material is. The annular strain of the specimen decreases with the increase in the confining pressure. Under the same confining pressure condition, the larger the expansion rate of the material is, the smaller the annular strain is. With the increase in the confining pressure, Poisson’s ratio of the specimen decreases gradually. This is because the lateral pressure exerted on the specimen restricts its circumferential deformation to a certain extent under the higher confining pressure. The specimen’s Poisson’s ratio displays a downward trend with the increase in the expansion rate. This is because the larger the expansion rate of the specimen is, the more pores there are in the specimen, and the higher the compaction degree is under triaxial compression.



Figure 7 shows the curve of the elastic modulus of the sealing materials with different expansion rates when the confining pressure changes. As can be seen from the figure, the elastic modulus increases as the confining pressure rises; the higher the expansion rate is, the more the elastic modulus increases with the rise of the confining pressure. At a confining pressure of 3 MPa, the elastic modulus of the specimen with an expansion rate of 0% reaches 12.74 GPa, 38.6% higher than that of uniaxial compression. Similarly, at the same confining pressure, the elastic modulus of the specimen with an expansion rate of 5% reaches 1.53 GPa, 50% higher than that of uniaxial compression. By contrast, the increase in amplitude is greater than that of 0%. The larger the elastic modulus of the sealing material is, the greater its deformation resistance becomes, which is high.



According to the triaxial test data, the variation curve for the peak stress and confining pressure is shown in Figure 8. With the increase in the lateral stress, the peak stress of the specimen displays a linear growth trend. The lower the expansion rate of the sealing material is, the greater the slope of the variation curve of peak stress and confining pressure appears. In other words, with the increase in the confining pressure, the peak stress of the specimen with a lower expansion rate witnesses a sharper increase.



Based on the triaxial test data of the specimens at different confining pressures, the Mohr’s circle strength envelope of stress was drawn to obtain its internal friction angle and cohesion, as shown in Table 3. With the increase in the expansion rate, the cohesion and internal friction angle of the specimens decrease accordingly. This is because the increase in the expansion rate leads to larger and more pores inside the specimen, which reduces the friction force and bite force between the particles of the specimen. The peak strength of the material decreases significantly due to the rapid decrease in the internal friction angle and cohesion. Different from the uniaxial failure mode, under the action of lateral stress, the triaxial failure mode is mainly shear failure.




3.2. Analysis of Active Support Force of Sealing Material


In order to study the active support force of sealing materials with different expansion rates, an active support force testing device is designed, which is mainly composed of an upper baseplate, lower baseplate, bolts and cylinder, as shown in Figure 9. The test mechanism of this device is as follows: The mixed grout is poured into a cylinder with an inner diameter of 50 mm. After a hydration reaction, volume expansion occurs in the grout, and the resulting expansive force is applied to the inner wall of the cylinder, resulting in the deformation of the inner wall. Four strain gauges are uniformly pasted around the cylinder wall to obtain the deformation. The expansive force of different sealing materials can be obtained by formula conversion, and the active support force calculation formula of sealing materials is [32] expressed as follows:


  p =   E ε     ( r + δ )  2  −  r 2      2 ( 1 −  μ 2  )  r 2    ,  



(2)




where p denotes the expansive force, MPa; E represents the elastic modulus of the cylinder, MPa; μ is Poisson’s ratio; r denotes the inner diameter of the cylinder, mm; and δ refers to the thickness of the cylinder wall, mm.



Figure 10 shows the active support force–time curve of sealing materials with different expansion rates. As can be seen, the active support force of the sealing materials has a significant time effect. It increases rapidly at first, and then its growth rate slows down and tends toward a certain value. For the sealing materials with different expansion rates, the greater the expansion rate is, the greater active support force the material generates. When reacting for 24 h, the material with an expansion rate of 5% can provide an active support force of 1.44 MPa, and that of 3% and 1% can provide 0.68 MPa and 0.46 MPa, respectively. The maximum active support force that the material with an expansion rate of 5% can provide reaches 2.63 MPa, and that of 3% and 1% reaches 2.1 MPa and 1.4 MPa, respectively.





4. Engineering Application


4.1. General Situation of the Working Face


The 2404 belt bottom drainage roadway is located in the west wing of Shunhe Coal Mine. The layout area of the roadway is a monoclinic structure, and the strata are inclined to NW with a dip angle of 13~18°. Along the direction of tunneling, the apparent dip angle of the stratum is a 9~13° rise. The roadway is mainly located in the siltstone strata, 12 m below the No.2 coal floor, and its bedding relationship is shown in Figure 11. According to the drilling and sampling results in the west wing of Shunhe Coal Mine, the gas content of the No.2 coal seam in this area is 10.05 m3/t, and the gas pressure is 0.56 MPa.




4.2. Theoretical Analysis of Borehole Areas under Active Support Force


According to the concept that the gas drainage borehole is taken as a miniature round roadway, when the borehole is excavated, a broken ring plastic zone would be formed around the borehole. In other words, a fissure field is formed, as shown in Figure 12. The radius of the plastic zone around the borehole and that of the breakage zone can be calculated using Equations (2)–(4) [21].


   R p  =  R 0        (  p 0  + c cot φ ) ( 1 − sin φ )   (  p 1  + c cot φ )         1 − sin φ   2 sin φ     ,  



(3)






   R s  =  R 0        (  p 0  + c cot φ ) ( 1 − sin φ )   ( 1 + sin φ ) (  p 1  + c cot φ )         1 − sin φ   2 sin φ     ,  



(4)






  μ =    R 0  sin φ   2 G       (  p 0  + c cot φ )    1  sin φ         1 − sin φ       1 − sin φ   2 sin φ         (  p 1  + c cot φ )     1 − sin φ   2 sin φ       ,  



(5)







The 2404 belt bottom drainage roadway adopts the method of drilling through strata. The borehole passes through mudstone and siltstone. Via the coring test of the borehole rock, its mechanical parameters are obtained and shown in Table 4. The burial depth of the 2404 belt bottom drainage roadway is 700 m, its ground stress is 17.5 MPa and the diameter of the borehole is 94 mm. The radius of the plastic zone of the borehole, that of the borehole breakage zone, and the displacement around the borehole can be calculated in two scenarios: with or without active support force. The calculation results are shown in Table 5.



As can be determined from Table 5, with the increase in the active support force provided by the sealing material, the radius of the plastic zone and breakage zone decreases accordingly; the displacement around the borehole also displays a similar changing trend. This indicates that the active support force of the sealed borehole can effectively inhibit the development of cracks around the hole and reduce the generation of a gas leakage channel. At the same time, the mechanical properties of the borehole rock also have a great influence on the development of a borehole fissure. Under the action of the same burial depth and active support force, the larger the mechanical parameters of the rock are, the smaller the radius of the plastic zone and the breakage zone is, and the smaller the displacement around the borehole is.




4.3. The Project Examples of Borehole Areas under Active Support Force


The borehole sealing test was conducted in the 2404 belt bottom drainage roadway of Shunhe Coal Mine. The bag-type borehole sealing device employed in this test was featured with “two plugging and two injections”; at the same time, the expansive cement-based material developed for this test was also used. In total, 28 boreholes were drilled, 24 of which were effective. Through the analysis of underground gas drainage data, it was found that the gas drainage concentration gradually decreases with the passage of the drainage time. Therefore, the drainage time with a high gas concentration and the negative pressure in the borehole were used to evaluate the sealing effect of the borehole. The 90-day gas drainage concentration and the negative pressure in the 24 boreholes were statistically analyzed, and then the analysis results were compared with the data for sealing with ordinary cement slurry. The results are shown in Figure 13 and Figure 14, respectively.



Through the analysis and comparison of Figure 13 and Figure 14, it can be determined that, with the application of the bag-type borehole sealing device, both the gas drainage concentration and negative pressure in the borehole are higher than those obtained with the original sealing technology. When the bag-type borehole sealing device is applied, the average drainage concentration during the first 15 days is 84.11%, displaying a relatively high stability and continuity; by contrast, the average drainage concentration when using the original sealing technology is 73.2%. When the drainage lasts for 90 days, the gas drainage concentration with the bag-type borehole sealing device is 47.5%, while that of the original sealing technology is only 25.7%. The gas drainage concentration is increased by 84.8%. It shows that the bag-type borehole sealing device featured with “two plugging and two injections” has a good sealing effect when using the newly developed expansive sealing material. Similarly, when the bag-type borehole sealing device is applied, the negative pressure is also higher than that when the original sealing technology is used. In addition, with the original sealing technology, the negative pressure decreases as the drainage time increases, indicating the existence of a gas leakage channel in the process of drainage.





5. Conclusions


	(1)

	
Based on the active support sealing concept of the gas drainage borehole, orthogonal tests were conducted to explore the mix ratio design of the sealing materials. On this basis, this study revealed the effects of the water/cement ratio, quicklime content, fly ash content, accelerating agent content and expanding agent content on the bleeding rate, fluidity, initial setting time, compressive strength and expansion rate of the sealing material. Through comprehensive analysis, the optimal combination of each factor is as follows: water/cement ratio: 0.9:1, quicklime content: 0.2, fly ash content: 0.3, accelerating agent content: 0.15, and expanding agent content: 0.2.




	(2)

	
The properties of the sealing materials vary significantly with the confining pressure. At a higher confining pressure, the material exhibits viscous material characteristics. Under the same confining pressure condition, the higher the expansion rate is, the smaller the annular strain is. The higher the expansion rate is, the smaller the internal friction angle and cohesion are, which is reflected by the sharp decline in the peak strength of the sealing material. The active support force of the sealing material has a significant time effect. It increases rapidly at first, and then its growth rate slows down and tends towards a certain value. The maximum active support force that the material with an expansion rate of 5% can provide reaches 2.63 MPa, and that of 3% and 1% reaches 2.1 MPa and 1.4 MPa, respectively.




	(3)

	
According to the active supporting force theory of sealing materials, with the increase in the active support force provided by the sealing material, the radius of the plastic zone and breakage zone decreases accordingly; the displacement around the borehole also displays a similar changing trend. This indicates that the active support force of the sealed borehole can effectively inhibit the development of cracks around the hole and reduce the generation of a gas leakage channel. At the same time, the mechanical properties of the borehole rock also have a great influence on the development of a borehole fissure. Under the action of the same burial depth and active support force, the larger the mechanical parameters of the rock are, the smaller the radius of the plastic zone and the breakage zone, and the smaller the displacement around the borehole.




	(4)

	
By analyzing the on-site gas drainage concentration and negative pressure, the bag-type borehole sealing technology featured with “two plugging and two injections” are more effective than the traditional sealing technology used in mining. When the drainage lasts for 90 days, the gas drainage concentration with the bag-type borehole sealing device is 47.5%, increasing by 84.8%. Similarly, when the bag-type borehole sealing device is applied, the negative pressure is also higher than that using the traditional sealing technology.
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Figure 1. The schematic diagram of active support sealing. 
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Figure 2. Raw materials for test: (a) Portland cement; (b) quicklime; (c) accelerating agent; (d) expanding agent; (e) fly ash. 
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Figure 3. Test scheme. 
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Figure 4. Comprehensive analysis diagram of orthogonal test of sealing material: (a) water/cement ratio; (b) quicklime content; (c) fly ash content; (d) accelerating agent content; (e) expanding agent content. 
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Figure 5. MTS815 electronic servo test system. 
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Figure 6. Triaxial compressive stress–strain curves for specimens with different expansion rates: (a) with an expansion rate of 0%; (b) with an expansion rate of 1%; (c) with an expansion rate of 3%; (d) with an expansion rate of 5%. 
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Figure 7. The relation curve of the confining pressure and elastic modulus. 
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Figure 8. The relation curve of peak stress and confining pressure. 
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Figure 9. The active support force testing device. 
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Figure 10. The active support force–time curve of sealing materials with different expansion rates. 
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Figure 11. Stratigraphic columns. 
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Figure 12. Stress distribution map of round borehole surrounding rock. I—breakage zone; II—plastic zone; III—elastic zone; IV—in situ stress zone. 






Figure 12. Stress distribution map of round borehole surrounding rock. I—breakage zone; II—plastic zone; III—elastic zone; IV—in situ stress zone.



[image: Applsci 13 08338 g012]







[image: Applsci 13 08338 g013 550] 





Figure 13. The comparison of gas drainage concentration. 
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Figure 14. The comparison of negative pressure in the borehole. 
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Table 1. The factors and their levels in the test.
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	Factors
	the Water-Cement Ratio
	the Content of Quicklime
	Fly Ash
	Accelerating Agent
	Expanding Agent





	level 1
	0.9:1
	0.12
	0.20
	0.05
	0.05



	level 2
	1:1
	0.16
	0.30
	0.10
	0.15



	level 3
	1.1:1
	0.20
	0.40
	0.15
	0.25



	level 4
	1.2:1
	0.24
	0.50
	0.20
	0.35
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Table 2. The results of orthogonal tests.
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	Groups
	Bleeding Rate/%
	Fluidity/mm
	Initial Setting Time/h
	Compressive Strength/MPa
	Expansion Rate/%





	1
	8.93
	292
	10.63
	4.88
	0.73



	2
	4.63
	266
	5.77
	3.12
	2.87



	3
	2.03
	256
	2.08
	1.88
	4.83



	4
	1.54
	260
	1.67
	1.03
	6.77



	5
	2.00
	304
	3.17
	0.99
	6.58



	6
	0.25
	315
	1.55
	1.53
	4.85



	7
	10.7
	297
	12.05
	2.82
	2.85



	8
	7.34
	293
	7.10
	4.22
	0.86



	9
	3.08
	318
	3.00
	2.71
	2.40



	10
	3.52
	306
	3.17
	4.18
	0.80



	11
	8.05
	326
	8.63
	0.96
	6.77



	12
	11.97
	330
	13.50
	1.27
	4.78



	13
	8.87
	312
	10.20
	1.28
	4.47



	14
	13.56
	323
	14.63
	0.75
	6.50



	15
	0.85
	334
	3.75
	4.12
	0.77



	16
	7.22
	315
	3.13
	2.48
	2.60










[image: Table] 





Table 3. Internal friction angle and cohesion of specimens with different expansion rates.
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	Expansion Rate
	0%
	1%
	3%
	5%





	Cohesion C/MPa
	1.81
	1.63
	1.20
	0.58



	Internal friction Angle φ/°
	25
	23
	16
	10
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Table 4. The mechanical parameters of mudstone and siltstone.
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	Rock
	Internal Friction Angle   φ  
	Cohesion c
	Shear Modulus/MPa





	mudstone
	30
	1.20
	347.2



	siltstone
	36
	2.75
	812.5
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Table 5. The radius of the plastic zone and breakage zone, and the displacement around the borehole.
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Rock

	
Borehole Radius/mm

	
Active Support Force/MPa

	
Plastic Zone Radius/mm

	
Broken Zone Radius/mm

	
Surrounding Displacement/mm






	
mudstone

	
99

	
2.63

	
135.5

	
99.7

	
16.9




	
2.10

	
143.9

	
104.2

	
17.9




	
1.40

	
157.7

	
111.2

	
19.6




	
0

	
204.0

	
130.8

	
25.5




	
siltstone

	
99

	
2.63

	
104.9

	
89.2

	
4.0




	
2.10

	
108.1

	
91.9

	
4.1




	
1.40

	
113.1

	
96.1

	
4.3




	
0

	
126.3

	
107.4

	
4.8
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