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Abstract

:

The left-hand rolling-thread steel bolt has been proposed as a new bolt for controlling roadway surrounding rock. To explore the mechanism of a left-hand rolling-thread steel bolt in roadway surrounding rock control, its pretightening forces, tensile strengths, anchoring forces, and maximum working resistances were compared to normal right-hand full-thread steel bolts in the engineering context of the 1301 haulage roadway in the Daxing Coal Mine. Then, the left-hand threaded steel bolt was applied to the 1301 haulage roadway that the right-hand threaded steel bolt failed to control. The results indicated that due to the different effective tensile section area, the yield strength and tensile strength of the left-hand threaded steel bolt with the same material and diameter were more than 10% larger than those of the right-hand threaded steel bolt. Due to the different thread directions, the anchoring forces of the Φ18 and Φ20 left-hand threaded steel bolts were 46.2% and 33.3% greater than those of the right-hand threaded steel bolts, respectively. In the 1301 haulage roadway, the maximum pull-out force of the left-hand rolling-thread steel bolt with the same diameter was obviously greater than that of the right-hand full thread steel bolt. The displacements of the 1301 haulage roadway supported by the left-hand threaded steel bolt were not great. So, the left-hand threaded steel bolt can effectively control the surrounding rock in the 1301 haulage roadway.






Keywords:


left-hand rolling-thread steel bolt; right-hand full thread steel bolt; mechanical properties; supporting performances; deep and high stress roadway












1. Introduction


The purpose of controlling the surrounding rock in mine roadway is to ensure that excavations remain safe and open for their intended life span. There are many ways to control the rock that surrounds roadway, including active support and passive support. Passive support includes shed-type supports, wooden props, single hydraulic props, U-shaped steel supports [1,2,3], and concrete-filled steel tube supports [4,5]. Active support mainly includes bolt support, cable support, and grouting reinforcement [6,7]. Ordinary passive support can effectively control the shallow surrounding rock with less in situ stress [8]. The effect of passive support on controlling the deep surrounding rock with large in situ stress is not good [9,10]. Jansseune et al. [11] investigated the elastic failure of locally supported silos with U-shaped longitudinal stiffeners. Wang et al. [12] investigated the mechanical properties and deformation and failure mechanism of U-type confined concrete arch centering. A large number of engineering practices showed that rock bolting can effectively control the deep rock stratum with large in situ stress [13].



In 1872, a steel bar was first used to reinforce the rock stratum of mine roadway in North Wales, England. This was the embryonic form of bolt anchorage. By the 1940s, the application of rock bolting in underground engineering has been rapidly developed [14]. At present, rock bolting as an active support form is widely used in mine roadways, slopes, foundation pits, tunnels, and so on [15,16,17].



With the depletion of shallow coal resources, the depth of coal mining has gradually increased. The rock bolting can fully exert its advantages in deep roadway by improving the self-supporting capacity of the surrounding rock [18,19]. The pretightening force is the premise to ensure the effectiveness of active bolt support. By applying pretightening force to the bolt, the cohesion, internal friction angle, and equivalent deformation modulus of the surrounding rock in the anchorage range can be increased [20,21]. The wide application of prestressed bolts has resulted in a dramatic reduction in the number of fatalities due to roof fall accidents.



Many scholars have studied the mechanism of rock bolting to control the surrounding rock and optimized bolt support parameters. Micael et al. [22] investigated the strengthening of flat slabs with transverse reinforcement by the introduction of steel bolts using different anchorage approaches. Pedersen et al. [23] applied a finite element technique with super elements to solve the contact problem of the combined prestress and external load in an overall non-iterative way. Ana et al. [24] explored the use of dynamic testing of rock bolts in order to determine potentially broken bolts. Ding et al. [25] investigated the rock mass stability of large parallel tunnels in weak rocks by analyzing the corresponding monitoring data and field detection results. Li et al. [26] established a lateral vibration mechanics model for the structure and stress traits of bearing bolts, and analyzed the relation between lateral-vibration frequency and axial load.



At present, the most widely used bolt for controlling the rock surrounding a roadway is the right-hand full-thread steel bolt [27,28]. The right-hand full-thread bolts are made directly from threaded steel, and the machining process is simple. However, the thread pitch and thread rise angle of the full-thread bolts are large, resulting in a large friction force between the nut and the bolt rod when a pretightening force is applied. Therefore, it is difficult to apply a large pretightening force to a full-thread bolt. The on-site construction of roadway showed that the maximum pretightening force of full-thread bolts was 1–3 T, which obviously cannot meet the requirements for the active support of roadway surrounding rock. In addition, during the process of stirring resin by right-hand threaded bolts, the phenomenon of resin outflow often occurs, which significantly reduces the anchoring force of the bolts. This is due to the direction of the bolt threads [29,30,31]. Therefore, based on the shortcomings of the right-hand full-thread bolt, the left-hand rolling-thread bolt has been proposed as a new bolt for controlling roadway surrounding rock [32,33]. The left-hand rolling-thread bolts are machined from coal mine-specific left-hand threaded steel produced in a steel plant. The tail of the left-hand threaded steel is rolled through a thread rolling machine to reduce the pitch and rise angle of the thread, thereby improving the machining accuracy of the thread. So, the pretightening force, anchoring force, and tensile strength of the left-hand rolling-thread bolt are different from those of the right-hand full-thread bolt.



At present, the research and application of the left-hand rolling-thread steel bolts in mine roadway surrounding rock control are still in the initial stage. There is insufficient understanding about the superiority of the left-hand rolling-thread bolts over the right-hand full-thread bolts. There is a lack of research on the mechanism of the high pretightening force, high anchoring force, and high tensile strength of left-hand rolling-thread bolts. So, only by understanding the mechanism of the left-hand rolling-thread bolt can this technology be widely applied to mine roadways. Therefore, the research on the mechanism of the left-hand rolling-thread bolt is urgently needed.



The 1301 haulage roadway in Daxing Coal Mine was supported by normal right-hand full-thread steel bolts. However, the deformation of the rock surrounding the 1301 haulage roadway was large. This showed that the normal right-hand full-thread steel bolt cannot effectively control the stability of the surrounding rock in the 1301 haulage roadway. The 1301 haulage roadway is a deep and high-stress roadway. So, this paper is based on the 1301 haulage roadway for the engineering background.



To find an effective support structure for the 1301 haulage roadway, this paper systematically investigated the mechanism of the normal right-hand full-thread steel bolts and left-hand rolling-thread bolts in roadway surrounding rock control. The superiority of the left-hand rolling-thread steel bolts in comparison with the normal right-hand full-thread steel bolts in the roadway surrounding rock control was verified through engineering application. The left-hand threaded steel bolts can effectively control the stability of the surrounding rock in the 1301 haulage roadway.




2. Background


The Daxing Coal Mine is located in Zaozhuang county, Shandong Province, China. The ground level is +33.60 m. The major coal-bearing strata in the Daxing Coal Mine are composed of Taiyuan Formation, Lower Shihezi Formation, Shanxi formation, and Upper Shihezi Formation of Permo-Carboniferous. There are a total of 11 layers of coal in the Daxing Coal Mine. The thickness of the coal-bearing strata is about 1020 m. The thickness of coal seam is about 13.27–21.24 m. The total thickness of the workable seam is 7.3 m. The coal seam is a nearly horizontal coal seam of about 8°. The recoverable coal seams in the minefield are relatively stable. All of the recoverable coal seams are fat coking coals. Figure 1 shows the strata comprehensive histogram.



The second and third coal seam in the Daxing Coal Mine are the main mining objects. The buried depth of the main mining object is 532–876 m. The 1301 mining area currently is located on the second coal seam, with an average thickness of 4 m. The elevation of the 1301 haulage roadway in the 1301 mining area is −795.2 m. The position of the roadway is NW 309°. The in situ stress measurement at the 800-m level was carried out by the hydraulic fracturing technique. The results of in situ stress measurement are in Table 1. According to Table 1, the 1301 haulage roadway belongs to a deep high-stress roadway.



The height and width of the roadway are 3300 mm and 4200 mm, respectively. The rock surrounding the roadway is controlled by bolt-cable support. The bolts used in the 1301 haulage roadway were normal right-hand full-thread steel bolts. The support parameters were as follows: The sizes of the bolt and the cable were Φ20 mm × 2000 mm and Φ17.8 mm × 5300 mm, respectively. The diameter and length of the resin anchoring agent were 20 mm and 500 mm, respectively. The spacing-row distances of the bolts in the roof and the two sides of the roadway were 760 mm × 1000 mm and 700 mm × 1000 mm, respectively. The spacing-row distance of the cable was 1200 mm × 2000 mm. Figure 2 was the layout diagram of the roadway support parameters.



The deformation of the 1301 haulage roadway was large. The deformations of the local roof and sides were more than 1 m. The height of the 1301 haulage roadway was only 1.2–1.6 m (as shown in Figure 3). It showed that the load-bearing structure formed by the bolt-cable support and the surrounding rock cannot effectively resist the release of high ground stress. This supporting structure cannot meet the requirements of the 1301 haulage roadway surrounding rock control. It can be seen from the above supporting parameters that the above-mentioned support density has been relatively large. It is impossible to increase the support density in order to improve the surrounding rock control effect. So, improving the support performance of the single bolt is the only way. Therefore, it is urgent to find a new high-strength bolt instead of the normal right-hand full-thread steel bolt.



The left-hand rolling-thread bolts are machined from coal mine-specific left-hand threaded steel produced in a steel plant. The tail of the left-hand threaded steel is rolled through a thread rolling machine to reduce the pitch and rise angle of the thread, thereby improving the machining accuracy of the thread. As a result, the thread friction forces between the nut and bolt rod are reduced. In addition, the thread height of the left-hand threaded steel bolt with the same diameter is less than that of right-hand threaded steel bolt. The thread of the right-hand threaded steel is ring-shaped, and the thread of the left-hand threaded steel is only semi-ring shaped (as shown in Figure 4). So, the effective tensile section area of the left-hand threaded steel with the same diameter is larger than that of the right-hand threaded steel. The right-hand threaded steel bolt has an outward conveying force to the resin, and the left-hand threaded steel bolt has an inward conveying force to the resin. This results in the compactness between the resin and the left-hand threaded steel bolt being greater than that between the resin and the right-hand threaded steel bolt. Therefore, the pretightening force, tensile strength, and anchoring force of the left-hand rolling-thread steel bolt with the same material and diameter are larger than those of the right-hand full-thread steel bolt.



The difference between the left-hand rolling-thread steel bolt and right-hand full-thread steel bolt mainly includes two sides: the thread structure of the bolt tail (rolling thread and full thread) and the thread structure of the bolt rod (left-handed and right-handed). Therefore, in the following, the pretightening force of the rolling-thread and full-thread steel bolts, and the anchoring force and strength of the left-hand and right-hand threaded bolts were separately analyzed through experiments.




3. Experiments on Rolling-Thread and Full-Thread Steel Bolt


3.1. Pretightening Force Transformation Efficiency


The pretightening force on the bolt is achieved by applying a torque on the nut of the bolt. In order to investigate the relationship between the pretightening force on the bolt rod and the torque on the nut, the pretightening force transformation efficiency is proposed in this paper. The pretightening force transformation efficiency is the ratio between the pretightening force on the bolt and the torque on the nut. The pretightening force transformation efficiency is as follows:


η = FT



(1)




where η is the pretightening force transformation efficiency; F is the pretightening force of the bolt; and T is the torque applied to the nut of the bolt.



The most important factor affecting the pretightening force transformation efficiency of bolts is the thread friction forces. The thread structure and materials of the bolt rod and nut are the main factors determining the thread friction force. In addition, the friction forces between the nut and tray will also affect the pretightening force transformation efficiency. The friction forces between the nut and the tray can be reduced by installing a friction-reduction structure between the nut and the tray, such as a gasket. So, the frictional reduction structure can affect the pretightening force transformation efficiency of the bolts. Therefore, the pretightening force transformation efficiency is affected by the thread structure, the materials of the bolt rod and nut, and the frictional reduction structure:


f(η)=f(x,y,z)



(2)




where f(η) is the pretightening force transformation efficiency, f(x) is the thread structure, f(y) represents the materials of the bolt rod and nut; and f(z) is the frictional reduction structure.

	(1)

	
The thread structure has the most important effect on the conversion of the torque on the nut to the pretightening force on the bolt rod. Applying the same torque to the nut of bolts with different thread sizes can result in different pretightening forces on the bolt rod. The rise angles of different sizes of threads are different, resulting in different thread friction forces [34,35,36,37]. The greater the thread friction force, the smaller the pretightening force transformation efficiency.




	(2)

	
The materials of the bolt rod and nut are the second important factor affecting the pretightening force transformation efficiency. The material of the bolt rod is generally steel. The friction coefficients for the nuts and the bolt rod are different, depending on the materials with which they are made. The smaller the friction coefficient between the nut and the bolt rod, the more advantageous it is to convert the torque on the nut to the pretightening force on the bolt. In order to maximize the pretightening force transformation efficiency, the material with the minimum friction coefficient with steel should be selected to make the nut. The friction coefficients between the different materials for the nuts and the steel bolt rod are shown in Table 2. Table 2 shows that the friction coefficient between steel and ductile iron is the lowest, which is about 60% of the friction coefficient between steel and steel. Under the same thread structure and frictional reduction structure, the thread friction force of the bolt matching the ductile iron nut is 0.6 times that of the bolt matching the steel nut. Therefore, the pretightening force transformation efficiency of the bolt matching the ductile iron nut is the highest. At present, the nuts of the bolts used in mine roadways are mostly steel nuts [38,39,40,41], which is obviously disadvantageous for the high preload of bolts. Therefore, the bolt used in mine roadways should be matched with ductile iron nuts.




	(3)

	
Frictional reduction structure



The tail structure of the bolt for mining service mainly includes a tray, spherical washer, frictional reduction gasket, and nut. The frictional reduction structure is mainly a frictional reduction gasket. The frictional reduction gasket can reduce the frictional torque between the nut and spherical washer, thereby improving the pretightening force transformation efficiency of the bolt. At present, the material of the frictional reduction gasket mainly includes four kinds, namely PTFE, nylon 1010, modified nylon 1010, and high-density polyethylene [42,43,44,45,46]. The nylon 1010 gasket has the best frictional reduction effect.










3.2. Test on Torque-Pretightening Force of Rolling-Thread and Full-Thread Steel Bolt


The most important factor affecting the pretightening force transformation efficiency of bolts is the thread friction forces. The friction coefficient between different materials for the nuts and the bolt rod is clear, but the influence mechanism of the thread structure on the thread friction force is not clear. To more intuitively investigate the torque-pretightening force transformation efficiency of the rolling-thread steel bolt and the full-thread steel bolt, the test on the torque-pretightening force of the bolt was conducted in the Daxing Coal Mine. The measuring instruments included torque wrenches and pressure gauges. The pressure gauges were installed between the nut and the tray. The test equipments were as follows: the sensitivity of the GYS-300KN rock bolt ergometer (Ark Mines Ltd., Taian, China) was 7.05 με/kN. The receiver was a KBJ static strain gauge (Donghua Testing Company, jingjiang, China). The range and accuracy of the NB-2096 torque wrench were 30–500 N·m and ±3%, respectively. The test on the torque-pretightening force of bolt was shown as in Figure 5.



The rolling-thread steel bolt and full-thread steel bolt with diameters of Φ18mm and Φ20mm were selected for the torque-pretightening force test. The length of the bolts was 1800 mm. The bolt rods were made of Q500 steel. The nuts were made of ductile iron. The size of the tray was 150 mm × 150 mm × 10 mm. The frictional reduction gaskets made of Nylon 1010 were installed on the rolling- thread bolt and the full-thread bolt. The torque on the nut and the pretightening force on the bolt rod were respectively measured by the torque wrench and the rock bolt ergometer. The test result is shown in Figure 6.



The test results showed that under the same torque, the pretightening force of the rolling-thread steel bolt was much larger than that of the full-thread steel bolt. So, it is easier to apply a high pretightening force to the rolling-thread steel bolt than to the full-thread steel bolt.



Figure 6a shows that when the pretightening force of the Φ18 full-thread steel bolt reached 4 T, the pretightening force-torque curve started to rise rapidly. The maximum pretightening force of the Φ18 full-thread steel bolt was 4.5 T, corresponding to the torque of 355 N·m. At this time, the thread of the bolt tail was damaged significantly, and the torque on the nut cannot continue to increase. When the pretightening force of the Φ18 rolling-thread steel bolt reached 6.5 T, the pretightening force-torque curve started to rise rapidly. When the pretightening force of the Φ18 rolling-thread steel bolt reached 8 T, corresponding to the torque of 387 N·m, the bolt thread had not been destroyed. This showed that the pretightening force of the Φ18 rolling-thread steel bolt can continue to increase. When the pretightening force of bolts was 4.5 T, the pretightening force transformation efficiency of the Φ18 full-thread steel bolt was ηq=4.5/355=0.0127 T/N⋅m, and the pretightening force transformation efficiency of the Φ18 rolling-thread steel bolt was ηg=4.5/190=0.0237 T/N⋅m. ηg/ηq=1.866. So, the pretightening force transformation efficiency of the Φ18 rolling-thread steel bolt was 1.866 times that of the Φ18 full-thread steel bolt.



Figure 6b shows that when the pretightening force of the Φ20 full-thread steel bolt reached 4 T, the pretightening force-torque curve started to rise rapidly. The maximum pretightening force of the Φ20 full-thread steel bolt was 5 T, corresponding to the torque of 400 N·m. At this time, the bolt thread was damaged significantly, and the torque on the nut cannot continue to increase. When the pretightening force of the Φ20 rolling-thread steel bolt reached 7 T, the pretightening force-torque curve started to rise rapidly. When the pretightening force of the Φ20 rolling-thread steel bolt reached 8 T, corresponding to the torque of 345 N·m, the bolt thread had not been destroyed. It showed that the pretightening force of the Φ20 rolling-thread steel bolt can continue to increase. When the pretightening force of bolts was 5 T, the pretightening force transformation efficiency of the Φ20 full-thread steel bolt was ηq=5/400=0.0125 T/N⋅m, and the pretightening force transformation efficiency of the Φ20 rolling-thread steel bolt was ηg=5/196=0.0255 T/N⋅m. ηg/ηq=2.04. So, the pretightening force transformation efficiency of the Φ20 rolling-thread steel bolt was 2.04 times that of the Φ20 full-thread steel bolt.



Therefore, the pretightening force-torque transformation efficiency of the rolling-thread steel bolt is far greater than that of the full-thread steel bolt, by a factor of about 1.7 to 2.1. The reason is that the thread pitch and thread rise angle of the full-thread steel bolt are large, resulting in poor assembly precision between the nut and the bolt rod. The thread pitch and thread rise angle of the rolling-thread bolt are small, so the assembly precision between the nut and the bolt rod is high. The low pretightening force of the full-thread steel bolt reduces the active support effect of the bolt. However, the thread rolling steel bolt can exert a pretightening force of more than 8 T, which can guarantee the active support effect of the bolt.





4. Experiments on Left and Right-Hand Threaded Steel Bolts


4.1. Tensile Test of Left and Right-Hand Threaded Steel Bolt


To investigate the tensile properties of left-hand and right-hand threaded steel bolts, the left-hand and right-hand threaded steel bolts with the material of Q335 steel and the diameters of Φ18 and Φ20 were selected for tensile tests in the laboratory. The tensile tests were carried out through employing a 300-kN CSS44100 electronic universal testing machine (Jinan liangong test technology company, Jinan, China, as indicated in Figure 7). A selected EDC100 digital controller produced by the German DOLI company (Tianjin, China) was used as the electric measuring and controlling system of a machine with the loading rate of 0.2 mm/min. The same experiments were carried out three times. Then, the representative curves were selected for analysis, as shown in Figure 6 and Figure 7. The tensile test curves of the left-hand and right-hand threaded steel bolts with the diameter of Φ20 are shown in Figure 8. The tensile test curves of the left-hand and right-hand threaded steel bolts with the diameter of Φ18 are shown in Figure 9. The reason for the large displacement of the bolt in Figure 9a was that the end of the bolt slid in the test, but the bolt finally broke. So, the bolt slip had no effect on the yield strength and tensile strength of the bolt. The test was effective.



Figure 6 and Figure 7 showed that the left-hand and right-hand threaded steel bolts first passed through the elastic deformation stage to reach the yield strength. Then, it entered the plastic deformation stage, reaching its maximum tensile strength and shrinking damage. Figure 8 showed that the yield strength and tensile strength of the Φ20 left-hand threaded steel bolt were 126.7 KN and 186.7 KN, respectively. The yield strength and tensile strength of the Φ20 right-hand threaded steel bolt were 99.8 KN and 149.7 KN, respectively. Figure 9 showed that the yield strength and tensile strength of the Φ18 left-hand threaded steel bolt were 94.8 KN and 150.9 KN, respectively. The yield strength and tensile strength of the Φ18 right-hand threaded steel bolt were 89.6 KN and 130.0 KN, respectively. By comparison, the yield strength and tensile strength of the Φ20 left-hand threaded steel bolt were respectively 26.95% and 24.72% higher than those of the Φ20 right-hand threaded steel bolt. The yield strength and tensile strength of the Φ18 left-handed thread steel bolt were respectively 5.8% and 16.08% higher than those of the Φ18 right-hand threaded steel bolt. Due to the sliding of the Φ18 left-hand threaded steel bolt rod in the tensile test, the measured yield strength of the bolt was lower than the actual yield strength.



The effective tensile section areas of the left-hand and right-hand threaded steel bolts are shown in Figure 10. Due to the different thread shape and thread height, the effective tensile section area of the left-hand threaded steel bolt with the same diameter was more than 10% larger than that of the right-hand threaded steel bolt. The yield stress and breaking stress of the same type steel are uniform. So, the greater the effective tensile section area of the bolt with the same material, the greater the strength. Normally, the yield strength and tensile strength of the left-hand threaded steel bolt with the same material and diameter were more than 10% higher than those of the right-hand threaded steel bolt.




4.2. Anchorage Test of Left-Hand and Right-Hand Threaded Steel Bolts


The screw thread directions of the left-hand and right-hand threaded steel bolts are different, resulting in different directions of the conveying force of the bolt to the resin during the process of stirring the resin by bolt. So, the resin stresses of the left-hand and right-hand threaded steel bolts are different, resulting in different anchoring forces of the left-hand and the right-hand threaded steel bolt with the same material and diameter. To investigate the anchorage performance of left-hand and right-hand threaded steel bolts, the pull-out tests were conducted by employing a 300-KN CSS44100 electronic universal testing machine (as indicated in Figure 7).



The left-hand and right-hand threaded steel bolts with the material of Q335 steel, the length of 1800 mm, and the diameters of Φ18 and Φ20 were selected for anchorage tests. The bolt hole in mine roadways was simulated by the steel tube with the diameter of 28 mm and the length of 400 mm. The resin type was K2530. The stirring time of the resin was 40 s. The tests were started 30 min after stirring. The gripping length of the testing machine was 180 mm. The loading rate of the testing machine was 0.086 mm/s. The same experiments were carried out three times. Then, the representative curves were selected for analysis, as shown in Figure 11 and Figure 12. Figure 11 shows the anchorage test diagram of the left-hand and right-hand threaded steel bolts. The displacement-load curves of the pull-out tests are shown in Figure 12.



Figure 12 showed that the anchoring forces of the Φ18 left-hand and right-hand threaded steel bolts were 136 KN and 93 KN, respectively. The anchoring force of the Φ 18 left-hand threaded steel bolt was 46.2% greater than that of the right-hand threaded steel bolt. The anchoring forces of the Φ20 left-hand and right-hand threaded steel bolts were 144 KN and 108 KN, respectively. The anchoring force of the Φ20 left-hand threaded steel bolt was 33.3% greater than that of the right-hand threaded steel bolt. Therefore, the screw thread directions had a significant effect on the anchoring force of the bolts. The anchoring force of the bolt has a positive correlation with the compactness between the resin and the anchoring section. During the process of stirring the resin by bolt, the screw thread direction of the right-hand threaded steel bolt was the same as the stirring direction of the bolt. So, an outward conveying force of the bolt to the resin was generated, causing the resin to overflow outward. The compactness between the resin and the anchoring section of the right-hand threaded steel bolt gradually decreased, which seriously reduced the anchoring force of the resin. However, the screw thread direction of the left-hand threaded steel bolt was different from the stirring direction of bolt in the process of stirring the resin by bolt. An inward conveying force of the bolt to the resin was generated, causing the compactness between the resin and the anchoring section of the bolt to gradually increase. So, the anchoring force was increased. Therefore, the anchoring forces of the left-hand threaded steel bolts with the same material and diameter were significantly greater than those of the right-hand threaded steel bolts.





5. Pull-Out Test in the Field


To compare and analyze the supporting performance of the the normal right-hand full-thread steel bolt and left-hand rolling-thread steel bolt, four groups of bolt pull-out tests were carried out in the 1301 haulage roadway. The left-hand rolling-thread bolt and right-hand full-thread bolt with the material of Q335 and the diameters of Φ18 × 1800 mm and Φ20 × 1800 mm were selected. The size of the tray was 150 mm × 150 mm × 8 mm. The diameter of the drill was 28 mm. The tests were started 40–50 min after installing the bolt. The pull-out tests in the 1301 haulage roadway were performed by an HC-10/20/30 pull-out apparatus (as shown in Figure 13). The pull-out apparatus consisted of an adapter, sleeve, tension rod, hydraulic chuck, flat washer, fitting nut, dial gauge, support bar, and so on. The schematic diagram of the bolt pull-out test is shown in Figure 14. The relationship between the pull-out force and the displacement of bolts in the pull-out test is shown in Figure 15.



As shown in Figure 14, the pull-out force applied to the bolt was F. In the initial stage, when the pull-out force was less than the axial force of the bolt, there was a pressure between the nut and the tray. When the pull-out force was equal to the axial force of the bolt, the pressure between the nut and the tray was zero. As the pull-out force continued to increase, the dial gauge reading began to change. Therefore, the pull-out force when the dial gauge reading began to change was the initial axial force of the bolt.



Figure 15a showed that the pretightening force of the Φ18 left-hand rolling-thread bolt was between 3–4 T. When the drawing force was between 4–15 T, the bolt was in the elastic stage. When the drawing force was greater than 15 T, the displacement of the bolt increased rapidly, indicating that the drawing force reached the yield stress of the bolt rod or anchoring agent, and plastic deformation began to occur. The pretightening force of the Φ18 right-hand full-thread bolt was between 1–2 T. When the drawing force was between 2–9 T, the bolt was in the elastic stage. When the drawing force was greater than 9 T, the drawing force reached the yield stress of the bolt rod or anchoring agent, and plastic deformation began to occur. Therefore, the maximum working resistance of the Φ18 left-hand rolling-thread bolt was obviously greater than that of the Φ18 right-hand full-thread bolt.



Figure 15b shows that the pretightening force of the Φ20 left-hand rolling-thread bolt was between 3–4 T. When the drawing force was between 5–20 T, the bolt was in the elastic stage. When the drawing force was greater than 20 T, the displacement of the bolt increased rapidly, indicating that the drawing force reached the yield stress of the bolt rod or anchoring agent, and the plastic deformation began to occur. The pretightening force of the Φ20 right-hand full-thread bolt was between 1–2 T. When the drawing force was 2–13 T, the bolt was in the elastic stage. When the drawing force was greater than 13 T, the drawing force reached the yield stress of the bolt rod or anchoring agent, and plastic deformation began to occur. Therefore, the maximum working resistance of the Φ20 left-hand rolling-thread bolt was obviously greater than that of the Φ20 right-hand full-thread bolt.



Generally, the maximum working resistance of the left-hand rolling-thread steel bolt with the same material and diameter was obviously greater than that of the right-hand full-thread steel bolt. This was because the left-hand rolling-thread bolt has a greater anchoring force and tensile strength than the right-hand full-thread bolt.




6. Application


According to the above test and analysis, it can be clearly seen that the left-hand rolling-thread steel bolt has greater advantages than the right-hand full-thread steel bolt regarding surrounding rock control. The pretightening force transformation efficiency is the ratio between the pretightening force on the bolt and the torque on the nut. The pretightening force-torque transformation efficiency of the rolling-thread steel bolt is far greater than that of the full-thread steel bolt. It is easier to apply a high pretightening force to the rolling-thread steel bolt than to the full-thread steel bolt. Due to the different thread shape and thread height, the yield strength and tensile strength of the left-hand threaded steel bolt with the same material and diameter are more than 10% higher than those of the right-hand threaded steel bolt. Due to the different screw thread directions, the anchoring forces of the left-hand threaded steel bolts with the same material and diameter are significantly greater than those of the right-hand threaded steel bolts.



In order to analyze the effects of the left-hand rolling-thread steel bolt in field applications, the test roadways with two sections of 50 m were selected in the 1301 haulage roadway, which was named as the test roadway. The roadway support parameters are both shown in Figure 2. The surrounding rock of the test roadway was controlled by Φ20 left-hand rolling-thread steel bolts. The observation stations 1# and 2# were set up in the test roadway. The distances of the roof floor and the two sides of the test roadways were measured by the laser range finder once every two days within 20 days, and then once every four days after 20 days. Figure 16 shows the deformations of the test roadway surrounding rock. Figure 17 shows the test roadway after the stability of the surrounding rock.



Figure 16a showed that the maximum deformations of the roof floor and the two sides of observation station 1# were 142 mm and 108 mm, respectively. Figure 16b showed that the maximum deformations of the roof floor and the two sides of observation station 2# were 115 mm and 103 mm, respectively. The surrounding rocks of observation station 1# and observation station 2# were basically stable on the 23rd and 19th days, respectively. So, the deformations of the roof floor and the two sides of the roadway were not large. Figure 17 showed that the surrounding rock structure of the test roadway was complete. Compared with Figure 3, the surrounding rock control effect of the test roadway supported by the left-hand threaded steel bolt was obviously better than that of the roadway supported by the normal right-hand full-thread steel bolt. The reason was that the anchoring force and tensile strength of the left-hand rolling-thread steel bolt were greater than those of the right-hand full-thread steel bolt. Therefore, the left-hand rolling-thread steel bolts can can effectively control the stability of the surrounding rock in the 1301 haulage roadway of Daxing Coal Mine.




7. Conclusions


	(1)

	
The pretightening force transformation efficiency is the ratio between the pretightening force on the bolt and the torque on the nut. The factors affecting the pretightening force transformation efficiency of the bolts include the thread structure, the bolt rod and nut materials, and the frictional reduction structure. It is easier to apply a high pretightening force to the rolling-thread steel bolt than to the full-thread steel bolt.




	(2)

	
Due to the different thread shape and thread height, the effective tensile section area of the left-hand threaded steel bolt with the same diameter is more than 10% larger than that of the right-hand threaded steel bolt. So, the yield strength and tensile strength of the left-hand threaded steel bolt with the same material and diameter are more than 10% higher than those of the right-hand threaded steel bolt.




	(3)

	
The anchoring forces of the Φ18 and Φ20 left-hand threaded steel bolt were 46.2% and 33.3% greater than those of the right-hand threaded steel bolt, respectively. Due to the different screw thread directions, the anchoring forces of the left-hand threaded steel bolts with the same material and diameter are significantly greater than those of the right-hand threaded steel bolts.




	(4)

	
In the 1301 haulage roadway, the maximum pull-out force of the left-hand threaded steel bolt with the same diameter was obviously greater than that of the right-hand threaded steel bolt.




	(5)

	
The surrounding rock control effect of the test roadway supported by left-hand threaded steel bolts was obviously better than that of the roadway supported by the normal right-hand threaded steel bolts. The left-hand threaded steel bolts can can effectively control the stability of the surrounding rock in the 1301 haulage roadway of the Daxing Coal Mine.







The left-hand rolling-thread bolts are machined from coal mine-specific left-handed threaded steel produced in a steel plant. So, the processing materials of the left-hand rolling-thread bolts are not extensive. At present, many mines have not used left-hand rolling-thread bolts, and they do not recognize their advantages. Therefore, it is necessary to make those designing the mines understand the left-hand rolling-thread bolt by theoretical analysis and experimental research, and then apply it widely.
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Figure 1. Strata comprehensive histogram of the Daxing Coal Mine. 
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Figure 2. Layout diagram of the 1301 haulage roadway support parameters (units: mm). 
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Figure 3. Broken roadway supported by normal right-hand threaded steel bolt. 
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Figure 4. Right-hand and left-hand threaded steel bolts. 
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Figure 5. Test on torque-pretightening force of bolt. 
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Figure 6. Test curve of torque-pretightening force. (a) Φ18 bolt; (b) Φ20 bolt. 
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Figure 7. 300-kN CSS44100 electronic universal testing machine. 
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Figure 8. Force-displacement curves of the left-hand and right-hand threaded steel bolts with the diameter of Φ20. (a) Left-hand threaded steel bolts; (b) right-hand threaded steel bolts. 
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Figure 9. Force-displacement curves of the left-hand and right-hand threaded steel bolts with the diameter of Φ18. (a) Left-hand threaded steel bolts; (b) right-hand threaded steel bolts 
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Figure 10. The effective tensile section area of left-hand and right-hand threaded steel bolt. 






Figure 10. The effective tensile section area of left-hand and right-hand threaded steel bolt.



[image: Metals 09 00346 g010]







[image: Metals 09 00346 g011 550]





Figure 11. Anchorage tests of the left-hand and right-hand threaded steel bolts. 
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Figure 12. Displacement-load curves of the left-hand and right-hand threaded steel bolts. (a) Φ20 thread steel bolts; (b) Φ18 thread steel bolts. 
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Figure 13. Pull-out test in the 1301 haulage roadway. 
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Figure 14. Schematic diagram of the bolt pull-out test. 
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Figure 15. Relationship between the pull-out force and displacement of bolts in the pull-out tests. (a) Φ18 thread steel bolt; (b) Φ20 thread steel bolt. 
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Figure 16. Deformation of the test roadway surrounding rock. (a) Observation station 1#; (b) observation station 2#. 
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Figure 17. Test roadway after the stability of the surrounding rock. 
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Table 1. Results of geostress measurement.
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	Name
	Buried Depth (m)
	Vertical Stress (MPa)
	Maximum Horizontal Principal Stress (MPa)
	Direction of Principal Stress





	In situ stress
	800
	31.2
	22.6
	N6°E
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Table 2. Friction coefficients between different materials for the nuts and steel bolt rod.






Table 2. Friction coefficients between different materials for the nuts and steel bolt rod.





	Materials
	Steel and Wear-Resisting Cast Iron
	Steel and Gray Cast Iron
	Steel and Steel
	Steel and Ductile Iron





	Friction coefficient
	0.10–0.12
	0.12–0.15
	0.11–0.17
	0.07–0.10











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file26.jpg
bolt tray,

((

um\;

sleev/

hydraulic
cylinder






media/file8.jpg
 —

Ly
2aock ol ergometer
S

4orgue wreach
S-pressure gauge.






media/file27.png
bolt\“ |

bolt tray

/ 5

—

‘~ ..r‘-

P ‘.'

.‘.4’. '.'f"'.':' : "'.;.: ;"-‘ - .' .. | "“: ‘:
TR S BRI
IR s Tt S B S

Y/

nut
\

sleeve /

hychallli(/

it





media/file13.png
AN ANNANNNNNN

7
st miw
N //////////////\///

a4

7

Wil il A






media/file31.png
160

—
N
o
T
.\
.\
T
[ ]
—
N
o
T

[
N
o
v T v
|
—
()
o
I

o
o
!
NN
[
N\
o
o
—

2
N3

Roadway deformation/ mm
3
N
Roadway deformation /mm
3
I

o
)
]
AN
[ ]
N
o
l LJ

—— roof-floor deformation

N
o
l L)

20F Z ¢ —m— roof-floor deformation —@— two sides deformation
ol .4.’/' —e— two sides deformation 0 _
1 N 1 M 1 N 1 N 1 2 1 N 1 2 1 2 [ N [ N 1 N [ N 1 N | 2 1 2 1 2
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Observation time/ day Observation time /day

(a) (b)





media/file12.jpg
&  Waawiaiii i






media/file18.jpg
d thread steel bolt

N

right-ha

left-hand thread steel bolt






media/file9.png
N

|-tray

2-rock bolt ergometer
3-nut

4-torque wrench
S-pressure gauge






media/file14.jpg
nnnnnnnnnnnnnnnnnnnnnnnnnn





media/file20.jpg
/





media/file23.png
@18 right-hand thread
@18 left-hand thread

@20 right-hand thread 140 b
@20 left-hand thread

Displacement /mm Displacement /mm

(a) (b)





media/file5.png





media/file15.png
200.0

180.0

160.0

1400

120.0

100.0

80.0

60.0

40.0

20.0

0.0

. Pm: 149.7kN

PeH: 102.2kN
Pel: 99.8kN

bisplacement/ mm

(b)





media/file19.png
left-hand thread steel bolt

right-hand thread steel bolt





media/file28.jpg
"Displacement of bolts/ mm

18 s g v ot
18 g nans i vens ot

ORI

Draving force! T

@

50 T
Orawing force/ T

)

20t g e b
i irieviebert






media/file2.jpg
cable

metal net






media/file32.jpg





nav.xhtml


  metals-09-00346


  
    		
      metals-09-00346
    


  




  





media/file11.png
e/Nm

Torque valu

w B
0 o
o o

N w
(o) o
o o

—_ —_ N
o N o
o o o

0
o

—ml— ®18 rolling-thread bolt
—0— ®18 fully-thread bolt

1 . 2 3 4 3} 6 7
Pretightening force /T

(a)

Torque value /N m
- RN N N w w B
o (&) o (&) o (&) o
o o o o o o o

(&)
o

T

—ml— ®20 rolling-thread bolt
—0— ©20 fully-thread bolt

o

—\-l o

3

4 5 6 7 8

Pretightening force /T

(b)






media/file6.jpg





media/file24.jpg
adapter

sleeve

tension

hydraulic
chuck

flat washer
fitting nut

dial gauge

support
bar





media/file29.png
Displacement of bolts/ mm

°
/-
[
-/
v
.
°
S M
o [
/ n
A -
n
[ e
S
o
_® _ m —m— ®18 left-hand rolling-thread bolt
o n"H —@— d18 right-hand fully-thread bolt
1 2 1 1 2 1 2 1 2 1 2 1 2 1 2
2 4 6 8 10 12 14 16

Drawing force/ T

(a)

18

Displacement of bolts/ mm

4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

Drawing force/ T

(b)

°
- | |
| |
_ o /
/ A
e m
B ./0/. /./l/.
o © "
e _m—N
= . /O/././l/.
||
R ‘ —=— 20 left-hand rolling-thread bolt
/ e —eo— ®20 right-hand fully-thread bolt
o I P P PR TP TP B
0 2 4 6 8 10 12 14 16 18 20 22





media/file1.png
Age

PS

Thickne

‘ ss/m

'Av A ;;N t

|
Il

1L

9~13

6.23

30.9

Rock

Lithology

alluvium

The surface is cultivated soil. The bottom is
mainly clay. Rich in iron, manganese nodules.

Grit stone

The layered structure is'mai'nly composed of
quartz feldspar. The fracture is developed.

medium-
sandstone

It is a thick-thin structure with a grayish-
white color and is composed of quartz

feldspar. Secondly, the other dark-colored
minerals are clay cementation and partly
parallel bedding.

0.5~25 mudstone

It is thin layered argillaceous structure with plant fossils.

The 2th coal seam mainly consists of bright

490 2th coal coal and semi-bright coal with lamellar.
—— It is greyblack and is a massive structure
——— 71 mudstone  containing plant fossils and carbonaceous.

7 24  fine sandstone 1tis layered structure with partislly mudstone interlayer.

st 1 2% mudstone A massive structure with plant fossils and carbonaceous.

33 3thcoal  The 3th coal seam is mainly clarain and vitrain.
—_ | 17 A l_nudst.one_‘_éo?tains uneven parallel bedding and plant fossils]

It is a light gray layered structure that

3.6 fine sandstone  contains plant fossils and pyrite locally.
———— | 32 sandy mudstone It is a dark gray layered structure.
=—] It is gray black and contains thin fine
= 15.2 s sandstone and brachiopod fossils in the lower

it

!

part.






media/file10.jpg
8888

‘Torque value N m
§

8 8

018 g e b
it iered

v
o

-~

2 lng aveag ok

=

Protightening orce T

@

g

R
Protightning force T

®)





media/file7.png





media/file33.png





media/file16.jpg





media/file3.png
bolt

760

metal net

00€€

760

4200

002

00.L

00.L

bolt

00.

00.L





media/file22.jpg
0,

o —— 1 rghand e
" ctsienhandtass
1)
g™
|
°
R ) R
Oisplcement mm Dislacament fmem

(a) (b)





media/file17.png
PeH: 94.8kN.

80

120

Pel: 91.7kN

160

(a)

200

240

280

Displacer

320

nent/ mm

[l
360 400

200.0 @y

180.0

160.0

1400

120.0

100.0

80.0

60.0

40.0

200

Force/ KN

Pel: 89.6kN

| Pm: 130.014“

Displacement/ mm

0.0‘1'!!lllllllllllllllllllllllllllllll
0

8 16 24 32 40 48

(b)

Illllllllllllll'.

56 64 72

80





media/file4.jpg





media/file30.jpg
Roadway deformationy mm_
oss8si8ii

|

Roadway dsormation i

3 s 2 8

o ot or deeatan

e S o e dternon
e o s gelomatin "
ORI RN )

Observation timel day

@

Observaton time iday

®





media/file25.png
tension

.
rod hydraulic
chuck
flat washer
fitting nut
dial gauge

\support

bar





media/file0.jpg
Uthology

he sorace s cutvted s Thebotoms
may oy, ih i v, manganerenodes

o5 comuone | e ibed siuciue s comporedof
St edpa The o s devioped

e ki srctre with grayih-

it calor s compered of s

sandtone {udtpw. econdy, e othrdark coored

s e r oy comentation snd oty
Pt becder

s

0525 mutone s an e vy o s

The 2 col seam maily const of bight

40 e e o con i e

i grepinck and o massve schre
73| mudtone . contaringplant sl and cabonaceous.

T ) T ———
17 mditone A s e o s cosescn

[ IR YT

|k o o

30 et e o e o
R T T
[E—

11| i e Sachepotontinriove






media/file21.png





