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Abstract

:

Compared with the traditional supporting materials such as the bolts, mesh, and concrete, thin spray-on liners (TSLs) have the advantages of improving impact energy bearing and absorption capacity of rocks. In this study, the uniaxial compressive mechanical response feature of white sandstone, yellow sandstone, and coal with different coating thickness of TSLs were investigated through laboratory tests and theoretical analysis. The hard segments and soft segments of TSLs induced microphase separation, and formed the physical cross-linking. The hard segment evenly dispersed in the soft segment, which improved the mechanical strength of the TSLs. The confining pressure was affected by the TSL-coated coal and rocks, which improved the mechanical strength of the rocks and coal under UCS loading. It was discovered that the uniaxial compressive strength (UCS) increases with an increase in the TSL coating thickness, and UCS increments of the coated white sandstone, yellow sandstone and coal were 4.6%, 25.51%, and 43.75%, respectively. The energy absorption capacities of the coated coal, and yellow and white sandstones gradually decreased with an increase in their TSLs coating thickness. Meanwhile, the energy-absorbing capacity of a coated rock reduced gradually as rock coating decreases. Furthermore, the energy-absorbing capacity of coal is greater than that of yellow sandstone or white sandstone. By increasing the coating thickness, the total and dissipative energies in the yellow sandstone, white sandstone, and coal specimens were gradually increased, and energy increment was significantly more in coal (2–3 times), while the elastic energy remained nearly unchanged.
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1. Introduction


With the development of deep excavation technologies for coal mine, problems such as high ground stress, high hydraulic pressure, high ground temperature and engineering excavation disturbance have emerged. These stresses destabilize coal strata, and cause frequent deep excavation disasters, especially rock burst [1] which refers to non-linear deformation of rocks caused by the elastic strain energy accumulated in them owing to severe excavation.



The rock burst mechanism has been researched by several universities and institutes [2]. It has caused geologic hazards and operation worker injuries and equipment unsafe. A rock burst accident scene accident diagram as shown in Figure 1. As an example of 12# mine of Pingdingshan Coal Group, rock burst prevention requires timely roadway and ground support after excavation, and changes in rock stress condition must be considered. Some traditional techniques including using rock bolts, shotcrete, and wire mesh, or a combination of these.



Rock bolt support techniques have been researched in China since 1956, and now they are a primary positive support technique used in mine excavation [3]. Rock bolts have a dominating effect, and initial stress and its dissipation play a decisive role in rocks support [4]; however, they have some limitations. Wire mesh can prevent small rocks from falling, and it diffuses the initial stress to the surrounding rocks by combing with plate and metal band, which is important to control loosening and deformation of surrounding rocks in the initial stage [5]. However, the yielding capacity support of wire mesh is effective when the surrounding rocks contain several deformations. Shotcrete seals the rock skin, thereby preventing rock weathering and slake reduction by bonding the joints and fractures. It is a brittle material that cannot withstand the rock tensile stress and can be destroyed easily; hence, it cannot stably support the rock and strata. Moreover, the thickness of shotcrete is more than 50 mm, which can be hazardous when it breaks and falls. Furthermore, its application has several problems such as low operation speed, increased dust, increased labor, high elasticity, and high logistic. Therefore, a new surface rock support technology with higher strength properties, rapid curing time and an improved yielding capacity is required to significantly improve rock stability.



A thin spray-on Liner (TSL) is a chemical membrane with a thickness of approximately 2–5 mm, which is sprayed onto the rock surfaces to support the rock mass [6]. TSLs comprise organic materials such as polyurethane, polyurea, acrylate, methacrylate and cementitious polymer. TSLs offer various advantages such as high adhesion properties, high tensile strength, prevention of air ingress in rocks and the ability to penetrate open joints and fractures of rock to be TSLs-rock composites [7,8,9,10,11]. They stick to the key loosen blocks of a rock mass and help interlock a fractured rock, and minimize the disintegration of loose rock. The support mechanism of TSLs presented in Figure 2.



Stacey and Lau’s study showed the mechanism of TSLs based on loading behavior and surface support behavior [13]. The support mechanism of a TSL are as follows [14,15,16,17,18]: (1) Basket mechanism [8,14,19]: The flexural and tensile strengths of a TSLs bearing the rock gravity load when it works as an independent support structure. It forms a bearing basket to support the loosened rocks or unstable key blocks. (2) Glue mechanism [15,17,20,21,22]: sprayed TSLs can penetrate the joints and fractures of a rock, adhere small rocks together as a whole like glue, and promote block interlock. (3) Wedge mechanism [14,18,23,24]: sprayed TSLs penetrate the joints and fractures and grout the dilatation space of crevices, such that friction force between rocks and strata restricts the rock from falling; hence, TSLs act as a wedge to improve the stability of rocks. (4) Membrane effect [15,16,25,26,27,28,29]: TSLs offer both the shotcrete and bolt mesh effects, and they can function as a sealing skin to prevent irregular gas emissions and water seeping from the ribs and can prevent further weathering. They rehabilitate highly stressed strata to stabilize the loosen rocks.



Although the uniaxial compression test conditions for the combination of TSLs and coal or rock have matured, there are few studies on the mechanical properties and energy evolution process of this combination. To address these issues, this study used professional equipment to control the slurry mixing ratio with high precision and an automatic spray gun to uniformly coat the specimen. The uniaxial compression experiment was performed on various combinations of TSLs and coal or rock, and the evolution law of elastic and dissipation energy during the failure of the coated rock specimen was analyzed. This study demonstrates the improvement of compressive properties of coal and rocks through TSLs coating, and to provides an experimental basis for the application of TSLs in the relevant support fields.




2. Mechanical Analysis of TSLs


2.1. Preparation and Tensile Testing of the TSLs


Generally, TSLs preparation involves mixing two materials. In this study, one was a pale-yellow sticky liquid, which was marked as A, and the other was a pale gray viscous liquid, marked as B. If A reacts smoothly with B, their viscosity is similar. The viscosities of A and B were 1479 mPa·s and 1493 mPa·s, respectively, which were measured using the NDJ-5S rotary viscometer (Shenzhen Dingxinyi Experimental Equipment Co., Ltd., Shenzhen, China).



A and B were blended and impinged in the reaction chamber at high temperature between 60–80 °C and pressure of approximately 10 MPa, and then sprayed into an elastic membrane. At this time, the TSL was bubbling and had a weak strength owing to a significant pressure difference.



To obtain the mechanical properties of the TSLs, it is necessary to perform tensile mechanical tests on them. A TSL sample was prepared by spraying materials A and B with a sprayer, as shown in Figure 3. The sample was stored in a container that could maintain a constant temperature and humidity, and then cut into a dumbbell shape with an electrohydraulic punching machine. Thereafter, its tensile strength was tested.



To determine the tensile properties of TSLs, ASTM D638 Type-IV dumbbell test specimens were molded and tested [30]. The dumbbell shape is shown in Figure 3; the thickness of the TSLs sprayed on the acrylate plate was approximately 3 mm, and the sample was leveled with a spatula to maintain a uniform thickness. To cure dry, and solidify the sample, it was stored in a container that maintain a constant temperature (25 °C and humidity (50%) for seven days.



After removing the sample from the container, it was cut with a CP-1 electrohydraulic punching machine in a dumbbell shaped mold. The scraper modified the sample surface to maintain a smooth outline. The constant load rate was 10 mm/min until the failure occurred.



The tensile loading of the sample induced the highest stresses in the narrow sections of the center parts. The specimen must self-align with the direction of the pull to prevent inaccurate results owing to eccentric loading, The tensile strength was tested under the displacement control mode, and the loading and displacement were recorded through the testing process. The result was only considered valid when the dumbbell specimen broke at the narrow section, Figure 4 shows the results of this experiment, wherein five specimens are valid damaged, and the breaking site of sample number 18 is not in the middle; hence, the breakage is invalid.



The tensile strength of TSLs, averaged tensile strength, elongation, and shore hardness of the TSLs are listed in Table 1.




2.2. SEM Analysis of the TSLs


According to the information presented in Table 1, the tensile strength of IV-TSL 16 is maximal and that of IV-TSL 18 is zero. The scanning electron micrograph of the fracture surface after curing both IV-TSL16 and IV-TSL 18 for seven days is shown in Figure 5. The hard segment and soft segments of TSLs cause microphase separation and form physical cross-links when material A reacts with B. Previously, the hard segment was dispersed evenly in the soft segment to improve the mechanical strength of the TSLs [31,32]. IV-TSL 16 was sprayed such that material A and B reacted completely; hence, the TSLs were stable. IV-TSL 18 exhibits a bump in the SEM, which prohibited an effective microphase separation, and its tensile strength was weak; therefore, it broke easily when tensile strength was applied to it.





3. Compression Test of the Combination of TSLs and Coal and Rock


3.1. Preparation of the Combination of TSLs and Coal-Rock


Preparation of the specimen: 18 samples of yellow sandstone and 15 samples of white sandstone were obtained from Sichuan Zigong, and 15 of coal were obtained from Zhaogu coal mine in Jiaozuo, Henan Province. These specimens were configured in cylinderical shape (D = 50 mm, H = 100 mm), and then used in UCS test.



The reaction of material A and B was performed in a Graco E-10 hp mini chamber. The specimens were then sprayed with different coating thicknesses of the obtained TSL, which were 2 mm, 3 mm, 4 mm, and 5 mm. Uncoated specimen and those coated with the TSL are shown in Figure 6. The specimen surface was leveled with a scraper to maintain a uniform thickness. The coated and uncoated specimens were solidified in a constant temperature (25 °C) and humidity (50%) curing box for seven days. The UCS experiments were conducted on MTS E45.305, and the loading velocity was 0.1 mm/min. The rock mass deformation destruction characteristics, acoustic emission spatial-temporal evolution pattern and micro destruction mechanism of coated and uncoated specimens were analyzed.




3.2. Primary Parameter Analysis


The average density of Zhaogu coal, white and yellow sandstones, respectively. 1.467 g/cm3, 2.440 g/cm3, and 2.322 g/cm3, its volatility range of 1.446–1.490 g/cm3, 2.418–2.455 g/cm3, 2.276–2.362 g/cm3, respectively. As shown in Table 2.



The primary wave (P-wave) indicated an astonishing property of the coal interior. Because the UCS has a positive correlation with the P-wave velocity under the uniaxial loading, P-wave was used to identify mechanical characteristics and estimate rock mechanism parameters [33,34,35].



After being curing for seven days, the specimens were tested under ultrasonic velocity. Yellow sandstone (HP), white sandstone (BP), and coal (MP) were classified into groups based on their coating thickness: 0 mm, 2 mm, 3 mm, 4 mm, and 5 mm. Each group contained three samples. As listed in Table 2, the average velocities of white sandstone, yellow sandstone, and coal were 2238.92 m/s, 1790.80 m/s and 1783.91 m/s, respectively. The P-wave velocity gradually increased with the density improvement of the specimen. It was maximal for the white sandstone and minimum for coal because the bigger grain clearance and porosity, the smaller the density of the specimen; therefore the ultrasonic attenuation was significant during its propagation.



From Table 2, it is evident that the elastic modulus and uniaxial compressive strength of white and yellow sandstone are significantly higher than that of coal. This could be because the sandstones are more compact than coal.




3.3. Loading System


MTS E45.305 loading system, the axial loading about 0–300 kN, loading velocity is 0.005–500 mm/min, which can record data and plot stress-strain curve in Figure 7.





4. Compression Test Results and Analysis


4.1. Analysis of Compressive Mechanical Properties of Specimens


	
Mechanical behavior of coal specimen coated with TSL.






Figure 8 shows a comparison of the stress-strain curves of the uncoated coal and those coated with 2 mm, 3 mm and 4 mm of TSL. Each group of 2 mm, 3 mm and 4 mm TSL coated coal had one specimen that broke due to wrong operation; therefore, these specimens’ curve were not included in the Figure 8. Compared with the uncoated coal, the UCS gradually increased with the coated thickness in the coated coal. It is evident that the stress-strain curve changes with the coating thickness and the shape of the uniaxial compressive stress-strain curve of the uncoated coal were sharper than those of coated specimen [36,37]. However, the curve shape of the coated coal was relatively round and gentle, the stress increased and decreased several times with the strain, and there was a step-like stress decreasing trend in the post-peak stage. The maximum peak stress (15.77 MPa) on the stress-strain curve of the uncoated coal was less than that on the coated coal (21.22 MPa (2 mm), 22.67 MPa (3 mm), 21.25 MPa (4 mm)). Thus, the stress gradually increased with the thickness of the TSL coating.



TSLs reinforce coal by imparting a confining pressure-like effect to limit its lateral deformation. Sprayed TSLs penetrate the cracks of the coal and provide considerable adhesive strength, which offers the potential support to its structure. Similar to the confining pressure load rendered by TSLs, the properties of the coal itself are also affected to a certain extent. The primary fractures inside the coal specimen are compacted by the confining pressure before the axial compression is applied. The higher the confining pressure, the better the fracture closure.



As evident from the curve of stress-strain shown in Figure 8, the TSL coating increased both the peak pressure and the residual strength of the coal specimens. Compared with uncoated coal, the peak pressure of coal coated with 2 mm, 3 mm and 4 mm of TSL improved by 34.56%, 43.75% and 34.75%, respectively. The post-peak pressure curve of TSL coated coals was more gradual than that of the uncoated coal, and a step-like pattern was observed on it, which indicates that the TSLs significantly improved the residual strength of the coal, and the confining pressure effect exerted by them reinforced the specimens.



	2.

	
Mechanical behavior of yellow sandstone specimen coated with TSL.







Figure 9 shows a comparison of the stress-strain curves of the uncoated yellow sandstone and those coated with 2 mm, 3 mm, and 4 mm of TSL. Similar to the results of the coal specimens, the UCS of the yellow sandstone specimen increased gradually with an increase in the coating thickness. In Figure 9, the uniaxial compressive stress-strain curve of the uncoated yellow sandstone was sharp, and the stress increased and decreased only once with the strain, whereas the curve of the coated ones was relatively round and gentle, and the stress increased and decreased several times with the strain. The peak stress (36.61 MPa) in the stress-strain curve of the uncoated yellow sandstone was less than that of the coated yellow sandstone (36.65 MPa (2 mm), 40.30 MPa (3 mm), 41.91 MPa (4 mm)). Thus, the stress gradually increased with the thickness of the TSL coating.



	3.

	
Mechanical behavior of white sandstone specimen coated with TSL.







Figure 10 shows a comparison of the stress-strain curves of the uncoated white sandstone and those with 2 mm, 3 mm, and 4 mm of TSL coating. Similar to the results of the coal specimens, the UCS of the white sandstone specimen increased gradually with the increasing in the coating thickness. The uniaxial compressive stress-strain curve of the uncoated white sandstone was sharp, whereas the curve of the coated white sandstone was relatively round and gentle, the stress increased and decreased several times with the strain, and a step-like stress decreasing trend in the post-peak stage was observed. The peak stress (41.9 MPa) in the stress-strain curve of the uncoated white sandstone was smaller than that of the coated white sandstones (38.17 MPa (2 mm), 43.05 MPa (3 mm), 43.83 MPa (4 mm)). Hence, the stress gradually increased with the TSL coating thickness.



According to the above Figures, the stress of the TSL-coated yellow and white sandstones improved significantly and increased with the TSL-coating thickness. The stress of coated coal also improved slightly, the suitable coating thickness was 2–3 mm.




4.2. Specimen Energy Evolution Analysis


	
Energy evolution analysis method






During the UCS experiment, the evolution of machine energy can be expressed by five different energies 5: Elastic energy is stored in the rock interior and escapes when the rock is deformed, it is the main source of energy disaster in rocks. Plastic energy occurs owing to the misalignment of the original crack and the yield of a secondary crack. Surface energy is the energy required for crack propagation when the fracture extends; hence, the plastic and surface energies are dissipative. Radiant energy will be produced when the coal and rock is loaded, and is a considerably lower than deformation energy. Kinetic energy will only be generated when the magnitude and rate of elastic energy release reach a certain level. To simplify the energy evolution of the rock during the uniaxial compression, kinetic and radiant energy were not considered. The plastic and surface energies combined to provide the dissipative energy [38,39,40].



According to some study of researchers, elastic energy is denoted as follows:


   U  s p   =    σ p 2    2 E    



(1)




where σp is stress on the curve, Usp is elastic energy on the stress-strain curve, and E is the elastic module. The dissipative energy can be calculated as the area under a stress-strain curve; therefore, the whole energy can be calculated as follows:


   W   ∑ p    =    ∫ 0   ε p     σ d ε     



(2)






  U =  U  s p   +  U  h p    



(3)




where  σ  is the stress of previous point  p , εp is the strain of point  p ,    U  h p     is the dissipative energy on the stress-strain curve, and  U  is the total energy on the curve.



	2.

	
Energy evolution analysis of yellow sandstone







As can be seen from Equations (1) and (2), The total, elastic, and dissipative energies can be obtained through the stress-strain curve data. To obtained these energies, Origin software (OriginLab Corporation, Northhampton, MA, USA) was used, as shown in Figure 11.



According to the law of conservation of energy, only elastic, and dissipative energies exist in the rock system. The elastic energy is primarily used to resist deformation and the dissipative energy is used for the initiation, expansion and development of the cracks in rock and coal, and their combined macroscopic effect is irreversible deformation.



As evident from Figure 11, the growth rate of initial dissipative energy of the yellow sandstone is higher than that of the elastic energy. In the initial deformation stage, the micro-crack closure and friction in the yellow sandstone consumed maximum energy. However, with an increase in deformation, the micro-cracks gradually closed; hence, the effective contact area inside the yellow sandstone increased, and the elastic energy accumulation and dissipative energy growth rates began to decrease. After the elastic curve crossed the dissipative energy curve, the growth rate of elastic energy gradually became more than that of dissipative energy, and the tendency of elastic energy is consistent with that of total energy. Although the dissipative energy curve increased slowly before the peak, it increased sharply after the peak. The total energy of uncoated yellow sandstone and the energy of those coated with 2 mm, 3 mm, 4 mm, and 5 mm of TSL was 0.2637 MJ/m3, 0.3255 MJ/m3, 0.32023 MJ/m3, 0.33706 MJ/m3, 0.39105 MJ/m3, respectively; the maximal elastic energy was 0.21246 MJ/m3, 0.20142 MJ/m3, 0.21684 MJ/m3, 0.21374 MJ/m3, and 0.16322 MJ/m3, respectively; the maximal dissipative energy was 0.21402 MJ/m3, 0.27522 MJ/m3, 0.29147 MJ/m3, 0.33623 MJ/m3, and 0.35126 MJ/m3, respectively. Therefore, it can be deduced that maximal dissipative energy increased with the coating thickness, and the ductile of TSL impart the confining pressure to specimen and reinforces to the yellow sandstone.



	3.

	
Energy evolution analysis of coal







The variation trend of the uncoated coal specimen is the same as that of the uncoated yellow sandstone. The initial dissipative energy of the TSL-coated coal is greater than its elastic energy. Some step-like patterns were observed after the peak of dissipative and elastic energy curves of the TSL-coated coal. Compared with the uncoated coal, the dissipative energy growth rate of TSLs coated coal increases greatly and less sharply after the peak. As evident from Figure 12, the total energy of uncoated coal and those coated with 2 mm, 3 mm, 4 mm of TSL was 0.07113 MJ/m3, 0.20807 MJ/m3, 0.18087 MJ/m3, and 0.21907 MJ/m3, respectively; the maximal elastic energy was 0.05863 MJ/m3, 0.07708 MJ/m3, 0.10076 MJ/m3, and 0.12464 MJ/m3, respectively; and the maximal dissipative energy was 0.06604 MJ/m3, 0.19157 MJ/m3, 0.15719 MJ/m3, and 0.18942 MJ/m3,respectively. Therefore it can be inferred that TSL sprayed with high pressure and penetrated the micro-cracks in coal adhered it together. TSL bonded the coal, which is anisotropic, absorbed some energy, and reinforced its strength. Furthermore, the strength of coal increased with the thickness of the TSL coating.



	4.

	
Energy evolution analysis of white sandstone







The variation trend of coated white sandstone specimen was the same as that of the coated yellow sandstone. There were some step-like patterns after the peak of dissipative and elastic energy curves of the TSL-coated white sandstone. Although the dissipative energy was low before the peak and increased slowly, after the peak, it increased sharply. As can be seen from Figure 13, The total energy of uncoated white sandstone and those coated with 2 mm, 3 mm, 4 mm was 0.29584 MJ/m3, 0.33794 MJ/m3, 0.33329 MJ/m3, and 0.34513 MJ/m3, respectively; the elastic energy was 0.23926 MJ/m3, 0.19359 MJ/m3, 0.21737 MJ/m3, and 0.23898 MJ/m3, respectively; the dissipative energy was 0.27082 MJ/m3, 0.28955 MJ/m3, 0.28877 MJ/m3, and 0.33785 MJ/m3, respectively. Furthermore, the TSL also significantly improved the residual strength of the white sandstone.





5. Discussion


The UCS improvement of TSL-coated coal over uncoated coal was more significant than that of coated white and yellow sandstone over their respective uncoated counterparts. Coal is anisotropic, and its elastic modulus and uniaxial compressive strength are less than that of the white and yellow sandstones. Sandstones are compacted rocks, and the increment of the UCS in their TSL-coated specimen is small unless the coating thickness is increased. The TSL-coated coal specimen appeared “fat” and swollen in the middle under uniaxial compression load, as shown in the Figure 6. The coal specimen could have been completely destroyed without TSL coating.



TSLs can penetrate the cracks and fissures to reinforce the strength of rocks and coal, the film covering on the surfaces of rock and coal has tensile and shear strength to support them.



With an increment in the coating thickness, the total and dissipative energies of the yellow sandstone specimen increased gradually, the elastic energy was nearly unchanged, and the total energy proportion decreased gradually. The total, dissipative, and elastic energies of coal specimen also increased gradually, and the total energy is approximately 2–3 times more than that of the uncoated coal specimen; thus, the difference was distinct. The total energy of white sandstone increases gradually, and the elastic and dissipative energies were nearly unchanged; the dissipative energy did increase a little but this increase was insignificant.



As evident from Figure 12, the total energy is exerted by the machine on the rock before the peak of the uniaxial compression, which indicates the energy absorbing capability of the rock. For coal specimens, because the total and elastic energies have a positive correlation with the coated thickness, when the total energy is added with the increment in the coating thickness, the energy absorbing capability improves. Elastic energy is energy stored when the rock is deformed, and its the magnitude is related to the rock’s characteristics and its elastic deformation. The rock will be destabilized and destroyed when the elastic energy which is stored inside the rock, attains its maximum extent.



With an increment in the coating thickness, the elastic energy in the peak of coal is increased, which indicates that both the energy of storage capacity and the energy-absorbing capacity increased. For the yellow sandstone, with an increment in the coating thickness, the total energy in the peak of yellow sandstone increased gradually but the elastic energy was nearly unchanged; therefore, the energy-absorbing capacity was increased. The total, elastic, and plastic energies of white sandstone were not varied; therefore, the energy-absorbing capacity was nearly constant. The energy-absorbing capacity of coal gradually decreased, and its strength reduced.



TSLs can improve the strength and total energy capacity of coal and rocks through different coating thickness, which can maintain and reinforce the stability of the coal and rocks. The suitable coating thickness is approximately 2–3 mm considering its cost and operation time. The TSLs’ performance can be adjusted based on the on-site different requirement.




6. Conclusions


In this paper, TSLs were prepared by controlling the mixing ratio of slurry with high precision, and uniaxial compression experiments were performed on the different thickness combinations of TSL coating on coal and rocks. The improvement in the mechanical properties of the TSL-coated rock specimens and the evolution law of elastic and dissipation energy during the failure process of the sample were analyzed. The following conclusions can be drawn from the study:




	(1)

	
The hard and soft segments of TSLs cause microphase separation and form the physical cross-linking, as seen in their microscopic images. The hard segment was dispersed evenly in the soft segment, which improved the mechanical strength of the TSL.




	(2)

	
The UCS improved with an increased thickness of TSL coating on coal, yellow sandstone, and white sandstone, and the improvements were more obvious because UCS was minimal. The UCS increment was 4.6%, 25.51%, and 43.75% in white sandstone, yellow sandstone, and coal, respectively. The confining pressure was affected by the TSL-coated coal and rocks, which improved the mechanical strength of the rocks and coal under UCS loading.




	(3)

	
Compared with the uncoated coal, the maximal stress resistance of coal coated with 2 mm, 3 mm, and 4 mm of TSLs improved 34.56%, 43.75%, and 34.75%, respectively. The post-peak pressure curves of TSL-coated coal and rocks were more gradual than that of their uncoated counterpart, and they had a step-like pattern, which indicated that the TSL significantly improved the residual strength of the coal and rocks, and increased the reinforcement effect of the confining pressure exerted by the TSL on the coal specimen. The reinforcement of TSLs will be weakened if they are debonded or delaminated from the coal and rock.




	(4)

	
With an increment in the coating thickness, the maximal total, and dissipative energies of yellow sandstone specimen were gradually increased, and the maximal elastic energy was nearly unchanged; The maximal total, elastic, and dissipative energies of TSL-coated coal increased 2–3 times than that of uncoated coal; thus, the increment in coated coal was significant. For the white sandstone, the maximal elastic energy was nearly unchanged, and the maximal total and dissipative energies increased. The energy-absorbing capacity of the coated rocks gradually reduced as the rock strength decreased, and it was higher in coal than that in the yellow and white sandstone. Because coal is an anisotropic material, its total energy is weaker than that of yellow and white sandstones. The TSL reinforcement was significantly more effective for coal.
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Figure 1. Diagram of rock burst scene accident. 






Figure 1. Diagram of rock burst scene accident.



[image: Sustainability 14 05909 g001]







[image: Sustainability 14 05909 g002 550] 





Figure 2. Support mechanism of TSL combined with rock matrix [12]. 
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Figure 3. Type IV Dumbbell specimen [30]. 
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Figure 4. Damage diagram of type IV dumbbell specimen. 
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Figure 5. SEM image of the fracture of IV-TSL specimens: (a) IV-TSL16 specimen, (b) IV-TSL18 specimen. 
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Figure 6. Different TSL uncoated and coated rock materials: (a) Coal specimens, (b) Yellow sandstone specimens, (c) White sandstone specimens. 
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Figure 7. Uniaxial compression test detection system. 
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Figure 8. Comparison of stress and strain curves of coal with different spray thickness: (a) TSL uncoated coal, (b) 2 mm TSL coated coal, (c) 3 mm TSL coated coal, (d) 4 mm TSL coated coal, (e) TSL coated coal with different thickness. 
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Figure 9. Stress-strain curves of yellow sandstone with different spray thickness: (a) TSL uncoated yellow sandstone, (b) 2 mm TSL coated yellow sandstone, (c) 3 mm TSL coated yellow sandstone, (d) 4 mm TSL coated yellow sandstone, (e) 5 mm TSL coated yellow sandstone, (f) TSL coated yellow sandstone with different thickness. 
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Figure 10. Comparison of stress and strain curves of white sandstone with different spray thickness: (a) TSL uncoated white sandstone, (b) 2 mm TSL coated white sandstone, (c) 3 mm TSL coated white sandstone, (d) 4 mm TSL coated white sandstone, (e) TSL coated white sandstone with different thickness. 
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Figure 11. Quantitative analysis of energy dynamics of yellow sandstone with different coated thicknesses: (a) TSL coated 0 mm, (b) TSL coated 2 mm, (c) TSL coated 3 mm, (d) TSL coated 4 mm, (e) TSL coated 5 mm. 






Figure 11. Quantitative analysis of energy dynamics of yellow sandstone with different coated thicknesses: (a) TSL coated 0 mm, (b) TSL coated 2 mm, (c) TSL coated 3 mm, (d) TSL coated 4 mm, (e) TSL coated 5 mm.



[image: Sustainability 14 05909 g011]







[image: Sustainability 14 05909 g012a 550][image: Sustainability 14 05909 g012b 550] 





Figure 12. Dynamic energy quantitative analysis of coal with different coated thicknesses: (a) TSL coated 0 mm, (b) TSL coated 2 mm, (c) TSL coated 3 mm, (d) TSL coated 4 mm. 
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Figure 13. Quantitative analysis of energy dynamics of white sandstone with different spray thickness: (a) TSL coated 0 mm, (b) TSL coated 2 mm, (c) TSL coated 3 mm, (d) TSL coated 4 mm. 
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Table 1. Test results of type IV dumbbell sample.
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Specimen Number

	
Curing Time/d

	
Tensile Strength/MPa

	
Average Tensile Strength/MPa

	
Elongation/%

	
Shore A

	
Shore D






	
IV-TSL12

	
7

	
23.79

	
24.44

	
526.49

	
91.5

	
45.5




	
IV-TSL13

	
7

	
25.53

	
434.71

	
91

	
46




	
IV-TSL14

	
7

	
23.63

	
313.89

	
92

	
45




	
IV-TSL15

	
7

	
21.84

	
228.19

	
91.5

	
45




	
IV-TSL16

	
7

	
27.41

	
401.09

	
92

	
45.5




	
IV-TSL18

	
7

	
NA

	
NA

	
NA

	
NA
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Table 2. Physical parameters of coal and rock without spraying and with different spraying thicknesses.
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Thickness TSL Coated mm

	
No.

	
M/g

	
Velocity m/s

	
Elastic Modulus GPa

	
Uniaxial Compressive Strength MPa

	
Density g/cm3






	
Coal

	
0

	
M2

	
275.5

	
1847.22

	
2.476

	
15.89

	
1.467




	
0

	
M3

	
274.0

	
1344.86

	
2.647

	
17.62

	
1.446




	
0

	
19

	
279.0

	
1837.61

	
2.356

	
13.80

	
1.467




	
2

	
MP1

	
276.0

	
1892.34

	
2.411

	
19.28

	
1.467




	
2

	
MP2

	
287.0

	
1742.40

	
NA

	
NA

	
1.470




	
2

	
MP3

	
271.0

	
1929.65

	
1.743

	
23.15

	
1.456




	
3

	
MP4

	
275.0

	
1821.82

	
2.715

	
22.03

	
1.462




	
3

	
MP5

	
287.0

	
1728.45

	
NA

	
NA

	
1.468




	
3

	
MP6

	
276.5

	
1869.53

	
2.696

	
23.31

	
1.484




	
4

	
MP8

	
279.5

	
1668.48

	
NA

	
NA

	
1.490




	
4

	
MP10

	
269.5

	
1920.42

	
2.003

	
22.34

	
1.456




	
4

	
MP11

	
279.0

	
1804.20

	
2.521.

	
20.16

	
1.466




	
White Sandstone

	
0

	
B1

	
469.3

	
2339.52

	
NA

	
NA

	
2.433




	
0

	
B3

	
471.0

	
2267.32

	
4.546

	
41.51

	
2.434




	
0

	
38

	
471.0

	
2180.94

	
4.388

	
42.30

	
2.440




	
2

	
BP4

	
467.9

	
2187.54

	
NA

	
NA

	
2.436




	
2

	
BP5

	
466.0

	
2184.88

	
3.811

	
38.42

	
2.430




	
2

	
BP6

	
469.3

	
2253.59

	
3.763

	
37.92

	
2.418




	
3

	
BP7

	
467.9

	
2200.44

	
4.252

	
42.99

	
2.426




	
3

	
BP8

	
471.4

	
2275.45

	
3.879

	
40.98

	
2.452




	
3

	
BP9

	
472.1

	
2227.99

	
3.570

	
45.18

	
2.453




	
4

	
BP10

	
472.2

	
2185.14

	
4.198

	
42.36

	
2.446




	
4

	
BP11

	
470.2

	
2258.71

	
NA

	
NA

	
2.455




	
4

	
BP12

	
472.1

	
2241.89

	
4.294

	
45.30

	
2.438




	
Yellow Sandstone

	
0

	
H1

	
428.3

	
1793.17

	
3.448

	
38.28

	
2.289




	
0

	
H2

	
428.2

	
1728.80

	
3.344

	
34.94

	
2.290




	
0

	
H3

	
441.7

	
1702.78

	
NA

	
NA

	
2.278




	
2

	
HP-4

	
427.5

	
1741.35

	
3.357

	
35.24

	
2.276




	
2

	
HP-5

	
448.0

	
1639.02

	
NA

	
NA

	
2.362




	
2

	
HP-6

	
429.5

	
1717.28

	
3.481

	
37.45

	
2.287




	
3

	
HP7

	
439.3

	
1717.79

	
NA

	
NA

	
2.344




	
3

	
HP8

	
449.4

	
1717.24

	
3.872

	
40.98

	
2.357




	
3

	
HP-9

	
440.0

	
1868.12

	
4.016

	
39.61

	
2.350




	
4

	
HP10

	
451.1

	
1718.00

	
4.197

	
42.36

	
2.361




	
4

	
HP-11

	
429.5

	
1725.17

	
NA

	
NA

	
2.287




	
4

	
HP12

	
430.5

	
1784.26

	
3.432

	
41.46

	
2.292




	
5

	
5

	
440.5

	
1900.44

	
3.762

	
46.40

	
2.371




	
5

	
7

	
442.5

	
2244.93

	
4.384

	
45.50

	
2.351




	
5

	
20

	
444.0

	
2107.28

	
NA

	
NA

	
2.358
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