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Basalt fiber-reinforced polymer bars are lightweight composite materials with high strength, low density, and excellent corrosion resistance. The anchor system made from basalt fiber-reinforced polymer bars is worthy of being developed and expected to be used in rock anchoring projects. In this work, four different basalt fiber-reinforced polymer anchor systems were designed, the influences of different design parameters on the ultimate bearing capacity of the anchor system were investigated through tension tests, and the failure modes of different anchor systems were elucidated. The test results indicated that failure modes, such as the transverse fracture of these bars and debonding of the bonding medium, were widely present in the wedge-modified anchor system and the steel-pipe-protected anchor system. These two anchor systems performed poorly with the wedge anchorage, whereas the basalt fiber-reinforced polymer bars protected by seamless steel pipes burst under the tension imposed by a universal testing machine. The threaded steel-pipe-bonded anchor system and the steel strand–basalt fiber-reinforced polymer bar composite anchor system had maximum anchorage efficiency coefficients of 97.7% and 98.5%, respectively. The bars in the corresponding test groups all exhibited burst failure, indicating that these two anchoring structures achieved effective anchorage of the basalt fiber-reinforced polymer bars.
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1 INTRODUCTION
Prestressed anchor cables have been widely applied as an effective rock mass reinforcement method in slopes (Koca et al., 2011; Yang et al., 2015; Xu et al., 2018), tunnels (Gao et al., 2016; Sun et al., 2019), mine roadways (Cao et al., 2020; Shan et al., 2022), dams (Brown, 2015), geological disasters (Zheng H. et al., 2021; Xia et al., 2022; Yin et al., 2022), and other projects (Tistel et al., 2017; Zheng K. et al., 2021). Prestressed anchor cables are usually made of steel strands or high-strength steel wires. Steel is prone to stress corrosion in humid environments and brackish groundwater (Zhu et al., 2022), leading to a loss in the prestress of the anchor cable (Wang et al., 2019; Ma et al., 2021). After a substantial loss of prestressing, the stability of the rock mass is affected, easily causing a series of geological disasters, such as landslides or the collapse of underground cavities (Yi et al., 2014; Wang et al., 2018; Guo et al., 2020; Li et al., 2020; Zhu et al., 2020). In rock engineering, prestressed anchor cables are always buried deep in rock masses. Their corrosion conditions are detected using non-destructive techniques (Furse et al., 2009; Xu and Li, 2011; Ivanović and Neilson, 2013; Shi et al., 2018), significantly increasing the anchor cable operation and maintenance costs. The durability of prestressed anchor cables has recently become a topic of major interest in the rock anchoring field. Many studies have attempted to protect steel anchor cables by coating the cable with resin or zinc (Zhang, 2015; Meikle et al., 2017). However, these protective treatment methods can only prolong the service life of the anchor cables and cannot fundamentally resolve the problem of corrosion.
Basalt fiber-reinforced polymer (BFRP) bars are an advanced high-strength material. Their tensile strength is approximately 3–4 times higher than that of ordinary rebar, and their density is approximately 1/3–1/4 of that of prestressed steel bars. They can not only resist static loads, but also resist dynamic loads including fluctuating pressure (Zheng et al., 2022), explosion (Feng et al., 2017), and blast vibration (Zhou et al., 2023). Moreover, since they are resistant to acid and alkali corrosion (Inman et al., 2017; Xu et al., 2019; Li et al., 2021; Mohamed et al., 2021), BFRP bars could provide a reliable way to solve the corrosion of steel prestressed anchor cables. Therefore, they are expected to be widely applied in the rock anchoring field. In recent years, BFRP bars have mainly been applied in structural engineering. The use of BFRP bars can improve the stiffness and crack resistance of concrete sections, the structures durability of concrete (Wu and Yamamoto, 2013), and the yielding and ultimate load of the structure (Wang et al., 2015). Moreover, it is indicated from the blast experiments that the engineering structures reinforced with BFRP bars have a higher loading-bearing capacity (Lan et al., 2022; Zhao et al., 2022). BFRP bars are mostly used to make bolts in the field of geotechnical engineering. Although the bonding performance between the BFRP bolt and the grouting body is slightly worse than that of the steel bolt, the ultimate bearing capacity (UBC) of the BFRP bolt and the steel bolt is close. When applying it in the loess slope, the failure mode of the BFRP bolt anchor system is controlled by the relative interface strength of the bolt anchor system (Feng et al., 2019a; Feng et al., 2019b). It is indicated from the field support tests that BFRP bolts can be effectively applied to soil slope support (Zhao et al., 2016; Gao et al., 2017).
Since BFRP was developed after aramid fiber-reinforced polymer, carbon fiber-reinforced polymer, and glass fiber-reinforced polymer, the anchorage used for BFRP bars is still in its infancy. Aramid fiber-reinforced polymer has poor creep resistance and is prone to large deformation under long-term load. When glass fiber-reinforced polymer is bonded with alkaline concrete, a slow chemical reaction will occur, so it is not particularly suitable for bonding with concrete directly. Carbon fiber-reinforced polymer is expensive and has a poor ability to coordinate deformation with concrete. But BFRP bars perform well in these aspects, so it is valuable to develop the BFRP anchor system. When using the industrial wedges applicable to steel strand anchor cables and GFRP anchor cables to tension BFRP bars, the anchoring efficiency of BFRP bars is between 59% and 79% (Motwani et al., 2020), so these existing wedges cannot be used directly. A variable-stiffness composite wedge suitable for BFRP bars was designed to improve the anchoring efficiency by Wang et al. (2020) and Shi et al. (2022). This wedge is wound with organic materials of different stiffnesses from the loading end to the free end. When using this wedge to hold the BFRP bar, the anchoring efficiency could reach as high as 91%, so this wedge can effectively avoid the notch effect and increase the UBC of the BFRP anchor system.
Although the use of the variable-stiffness composite wedge in applications has been shown to be feasible, this special wedge still cannot be widely applied due to its complex processing requirements. To produce a BFRP anchor system with a good anchoring effect and low processing difficulty, in this study, we designed four different BFRP anchor systems, investigated the impact of different design parameters on their UBCs, and elucidated the failure modes of the different anchor systems.
2 LOAD TRANSFER MATERIAL OF THE BFRP ANCHOR SYSTEMS
Anchoring structures for FRP bar anchor systems can be either mechanical or bonded. In mechanical anchoring structures, the stiffness of the wedge affects the stress of its tip. When the wedge stiffness is very high, a notch effect will appear at the tip, and the FRP bar will fail through transverse fracture, preventing its UBC from being reached. In bonded anchoring structures, the bonding strength of each interface in the anchoring cable structure is affected by the bonding material strength. When the bonding material strength is low, the bonding interface fails first without destroying the FRP bars. Regardless of whether a mechanical or bonded anchoring structure is used, it is critical to select an appropriate wedge material and bonding material for load transfer. In the manufacturing of these anchoring structures, different types of epoxy resins to prepare eight kinds of load transfer materials were used, i.e., Type A-G resins. Their mixing ratio designs are shown in Table 1.
TABLE 1 | Mixing ratio design of load transfer materials.
[image: Table 1]To evaluate the strength and hardening characteristics of the load transfer materials, a large number of resin samples were prepared with curing times of 7, 14, and 28 days according to the mixing ratios of the eight materials mentioned above. The preparation process involved six steps: dosing materials, blending, pouring, curing, demolding, and polishing and cutting. The samples were demolded 48 h after pouring and then maintained at a temperature of 18°C ± 2°C and humidity of 50%. Upon completion, the YBZ2×2(1.5)-50(63) oil pump with the YDC-650 center hole jack was used for a UCS test. The key process for the preparation of load transfer materials and the mechanical test is shown in Figure 1A. Each group contained three epoxy resin material samples to eliminate the errors resulting from sample discreteness. Furthermore, the ratio of the UCS of the material at 7 days to that at 28 days were selected to evaluate the early strength. The test results are shown in Figure 1B.
[image: Figure 1]FIGURE 1 | UCS test preparation steps and test results of different loading transfer materials: (A) UCS test preparation steps, (B) UCS test results of eight loading transfer materials.
As shown in Figure 1B, Type D resin has the highest UCS, and after 7 days of curing, the strength of Type H resin can reach more than 95% of the final UCS. According to the early strength ratio of the eight resins, Type B, D, and F resins have high UCS and a high hardening efficiency. Hence, these three resins could be considered to have good performance.
3 DESIGN AND TEST PROCESS OF BFRP ANCHOR SYSTEMS
Mechanical anchorage is one of the most widely used methods among rock mass reinforcement methods. The wedge is generally made of high-stiffness steel in the traditional mechanical anchor system. However, steel wedges cannot be directly applied as anchors to FRP bars due to the notch effect. Thus, it is important to either modify the steel wedge or design a new anchor system. In this case, reducing the wedge stiffness, protecting the BFRP bars, or using a bonded anchor system may be effective methods. In this study, four anchor systems and tested their ultimate bearing capacity were developed. These four anchor systems are the wedge-modified anchor system, the steel sleeve-protected BFRP anchor system, the threaded steel-pipe-bonded anchor system, and the steel strand–BFRP bar composite anchor system.
3.1 Wedge-modified anchor system
When modifying the wedge, we directly use an epoxy resin wedge to hold the BFRP bar, as shown in Figure 2A. In this design, the epoxy resin wedge reduces the stiffness of the wedge tip.
[image: Figure 2]FIGURE 2 | Structure of key components in the TSAS and the corresponding tension device: (A) Wedge holding methods in WMAS, (B) Epoxy wedges with different sizes, (C) Tension device of the TSAS.
The wedge size usually has a strong impact on the wedge holding force. In this test, three types of epoxy wedges were made with different sizes, namely, large, medium, and small wedges, as shown in Figure 2B. The inner wall of these wedges has internal threads with a tooth height of 2–2.5 mm. Type B and F resins were chosen to make these epoxy wedges because they harden rapidly and have high strength. Under these conditions, wedge fabrication was more rapid, and the wedge could withstand high stress.
In this test, the diameter of the BFRP bar was 12.6 mm, and the corresponding strength and elastic modulus were 1,170 MPa and 45 GPa, respectively. Depending on whether sand was bonded to the surface, BFRP bars were divided into sand-bonded BFRP bars and smooth BFRP bars. Five groups of tensioning tests were carried out by YDC-650 center hole jack and YBZ2×2(1.5)-50(63) oil pump, as shown in Table 2. Resin wedges were used in Groups J1-J4, and a 40Cr steel wedge with a coating group was used in Group J5. When tensioning the BFRP bar, the load was applied at a constant rate of 100 MPa/min based on the Chinese Standard JGJ 85–2010. When the load reached 20% and 40% of the nominal UBC of the BFRP bar, the load was maintained for 10 min. After the load reached 50% of the nominal UBC, the load was maintained for 20 min. Then, the loading was continually applied until the WMAS failed. The corresponding tensioning test device is shown in Figure 2C.
TABLE 2 | Tensioning test design of the WMAS under static load.
[image: Table 2]3.2 Steel sleeve-protected BFRP anchor system
In addition to WMAS, we also fabricated the SBAS wedge anchor system. With a steel sleeve bonded to the outside of the BFRP bar and clamped by the wedge, in this structure the steel sleeve rather than the BFRP bar bears the radial pressure at the wedge tip. Bivalve, trivalve, and seamless steel sleeves with a length of 300 mm were used in this test. The bivalve and trivalve steel sleeves were processed by cutting equally along the axes of the seamless steel sleeves with a laser. To bond the steel sleeve to the BFRP bar as a single unit, Type D resin with the highest strength was chosen as a bonding medium. The BFRP bars used in this test are the same as for WMAS, and the wedge is made of 40Cr Steel, with a length of 48.8 mm and an inclination of 6°. When the BFRP bars were tensioned, three pieces of wedges held the steel sleeves. To increase the roughness of the inner face of the steel sleeve, a part of the inner wall of the steel sleeve was sandblasted. The cross-sectional view of these three bonded structures is shown in Figures 3A–C. Note that the hose clamp was only used in the bonding process and should be removed prior to tensioning.
[image: Figure 3]FIGURE 3 | Cross-sectional view of bonded structures and the tension device of the SBAS: (A) Bivalve steel sleeve, (B) Trivalve steel sleeve, (C) seamless steel sleeve, (D) Tension device of the SBAS.
The bivalve and trivalve SBAS were tensioned with the center hole jack and the 40Cr Steel wedges, as shown in Figure 3D. The loading method and device were the same as in the WMAS. The seamless SBAS was tensioned by a universal testing machine at a loading speed of 100 MPa/min. Seven sets of static load tests were carried out, and more details about the test parameters are shown in Table 3.
TABLE 3 | Tensioning test parameters of the SBAS.
[image: Table 3]3.3 Threaded steel-pipe-bonded anchor system
Although the mechanical anchor system is widely used, the bonded anchor system is also a reliable option. By bonding BFRP bars and the threaded steel pipe, a new TSAS was also developed, as shown in Figure 4A. The anchor cable was composed of two threaded steel pipes, one BFRP bar, and the bonding medium. Both ends of the BFRP bar were centered in and bonded to the threaded steel pipes. Threads were present on both the inner and outer walls of the steel pipe. Two mutually contacting nuts were installed on the outer wall of every steel pipe, and the steel base plate was set inside the two groups of nuts. When the TSAS was tensioned, the center hole jack directly applied the load to the steel base plate, transferring the load to the threaded steel pipe through the nuts to tension the BFRP bar.
[image: Figure 4]FIGURE 4 | Structure of the TSAS and the corresponding tension device: (A) Structure of the TSAS, (B) Tension device of the TSAS.
The bonding medium is important for preventing premature failure of the interfaces of the TSAS. To ensure sufficient strength of the bond interface, Type D resin was also chosen in this test. Some comparative tests were carried out with Types A, B, and C resins. A sand-bonded BFRP bar with a nominal UBC of 145.9 kN was used. For the threaded steel pipe, the outer threads were used to install the necessary nuts, the inner thread was used to increase the contact area between the inner wall and the bonding medium, and the pitch of these two types of threads was 1 mm. During the tensioning tests, the center hole jack and oil pump same as WMAS and SBAS tests were used (Figure 4B), with a single-stage load of 26.3 kN maintained for 10 min. The load on the TSAS was monitored by the center-hole pressure sensor. For the TSAS, eight groups of tests were carried out, and the details of these tests are shown in Table 4.
TABLE 4 | Tensioning test parameters for the TSAS.
[image: Table 4]3.4 Steel strand–BFRP bar composite anchor system
Inspired by the structures of the above-mentioned wedge anchor system and bonded anchor system, a steel strand–BFRP bar composite pressure-type anchor system that combines the advantages of these two typical anchor systems was further developed, as shown in Figure 5A. Three BFRP bars with equal length are bound together as the primary stress component in the SBCAS. One end of the three BFRP bars is bonded to the single-stranded steel strands in the coupler after centering, and the other ends are bonded to the tail bonding pipes. A single steel strand and bonded BFRP bars take half of the length of the coupler. The free end of the steel strand passes through the upper anchor plate, where there are steel wedges for clamping the steel strand. The tail bonding pipe is inserted into the bearing plate. When applying the prestress, the wedge first holds the steel strand, and then the prestress is transferred to the BFRP bar through the coupler.
[image: Figure 5]FIGURE 5 | Structure of the SBCAS and the corresponding tension device: (A) Structure of the SBCAS, (B) Tension device of the SBCAS.
A 220-cm-long BFRP bar with 20–40 mesh quartz sand on the surface, manufactured by Shanxi ECIC Basalt Development Co., Ltd. was used in this test. This BFRP bar had a tensile strength of 891 MPa. The steel strand had dimensions of 1×7–21.6 mm, and its tensile strength was 1893.7 MPa. Type D resin was poured into the coupler to bond the BFRP bar and the steel strand. With an outer diameter of 38 mm and an inner diameter of 32 mm, the coupler was made of 40Cr steel and has a total length of 80 cm. The tail bonding pipe with a length of 40 cm was also made of 40Cr steel, and a 32 × 1 mm threaded tooth was present on the inner wall.
Prior to the UBC test, a tension test system was assembled, as shown in Figure 5B. The center hole jack applied tension to the steel strand by horizontally pushing the working anchorage. The tail bonding pipe was confined in the bearing plate, the other side of which was provided with a steel base plate in direct contact with the steel reaction frame. This arrangement can convert the tensile force on the BFRP bar into pressure on the reaction frame. The reaction frame was fixed on the ground to provide support for applying prestress to the anchor system. A pressure sensor for the evaluation of the tensile load of the jack was set on the tension side of the anchor system. Two steel base plates were provided on both sides of the pressure sensor. A working anchorage in which a steel wedge was installed to clamp the steel strand was set outside the external steel base plate of the pressure sensor. A limit plate, a center hole jack, and a tool anchorage were arranged in sequence outside the working anchorage.
Some processing parameters of the anchor system (i.e., coupler injection method, steel strand treatment method, and the internal thread pitch of the coupler) were selected as variables in order to evaluate their effects on the UBCs. The three injection methods are as follows:
(1) Water drainage method: fill the water first in the coupler and then pour the Type D resin into the coupler through a catheter to replace the water to ensure that no air bubbles occur.
(2) Direct injection method: Slowly pour the bonding material into the coupler.
(3) Extended injection method: A 10-cm-long PVC pipe was added to the steel strand outlet of the coupler, and the PVC pipe was filled with the bonding material to extend the bonding length of the steel strand.
Since the steel strand surface is smooth and often has oil stains and rust, the bonding interface strength between the bonding material and the steel strand is low, and the rust and oil on the bonding section of all steel strands were removed. Furthermore, surface treatment of the steel strand was carried out with three other methods in this test, namely, paste quartz sand onto the steel strand surface, spray of fine steel shot onto the steel strand surface, and 1-mm-deep grooves cut on the steel strand surface at a 3-mm spacing. When carrying out the tests, a YCQ45Q-200 center-hole jack was used. The oil pressure loading gradient of the jack was 2 MPa, and the load was applied at 100 MPa/min until the anchor system failed. More UBC test parameters are listed in Table 5.
TABLE 5 | UBC test parameters for the SBCAS.
[image: Table 5]4 TEST RESULTS
4.1 Tensioning test results of WMAS
When the BFRP bar suffers a tension failure, it will burst instantly. However, the BFRP bars did not burst in any of the WMAS tensioning experiments. Four typical failure modes occurred in these tests, as shown in Figures 6A–D. In the first failure mode, a transverse fracture of the BFRP bar occurred, and the wedge tip failed at the same time. In this case, the transverse strength of the anchor cable is still too low to undergo concentrated stress. Within the second failure mode, the wedge was first damaged and slipped from the anchorage. Only slip failure occurred in another failure mode. The lack of friction between the wedge and the BFRP bar led to wedge slipping. In the two tests where large wedges were used (Group W3), the two WMASs had breakage and transverse fracture on the wedge tip, and local splitting failure occurred on the BFRP bar. All tensioning results are shown in Figure 6E, where the four failure modes are marked as Wa–Wd.
[image: Figure 6]FIGURE 6 | Failure modes and UBC test results of the WMASs: (A) Failure mode Wa, (B) Failure mode Wb, (C) Failure mode Wc, (D) Failure mode Wd, (E) UBC test results of WMASs.
Figure 6E indicates that the UBC of the anchor system increased with the increase in the wedge size in W3. When tensioning, a small wedge had slip failure. For medium and large wedges, the BFRP bars showed transverse breakages, and a lower UBC was obtained during slip failure. Note that except for the sample using the large wedge in group W4, the UBC during slip failure in each test group was lower. In groups W1–W4, the wedge material and type of BFRP bar had little impact on the UBC.
During the above tests, because no total bursting failure occurred with the BFRP bars, these WMASs designed in this study are unreliable. The efficiency coefficient of WMAS was less than 0.9; according to Chinese Standard GB/T 14370-2015, this anchor system can also be regarded as ineffective.
4.2 Tensioning test results of SBAS
When tensioning the SBAS with steel wedges, four failure phenomena were observed alone or in combination, as shown in Figures 7A–D. For the two samples in group S1, the steel sleeve containing the BFRP bar exhibited transverse fracture (Figure 7A). Different from group S1, in group S2, the BFRP bars failed along the cross-section, and the wedges popped out from the anchorage with a local fracture (Figure 7B). Another type of failure, the steel sleeve deformed and debonded, was observed with all samples in test groups S3–S5 (Figure 7C). Therefore, a steel wedge cannot be used to tension the BFRP bar when an external steel sleeve protects the BFRP bar. When applying the load by the universal testing machine, all samples in the two groups failed with the bursting of BFRP bars (Figure 7D). In this case, the tensile stress in the BFRP bar was greater than the tensile strength, indicating that the ideal failure mode of the BFRP bar occurred. As long as the steel sleeve was not subjected to an excessive holding force, even if the inner wall of the steel sleeve was only polished, the bonding interface between all components did not fail prior to the bursting of the BFRP bar. The UBCs and failure modes of all samples are shown in Figure 7E, and Sa–Sd represents the four failure phenomena in Figures 7A–D.
[image: Figure 7]FIGURE 7 | Failure modes and UBC test results of the SBAS: (A) Transverse fracture of the BFRP bar (Sa), (B) local fracture of the wedge (Sb), (C) deformation and debonding of the steel sleeve (Sc), (D) BFRP bar bursting (Sd), (E) UBC test results of the SBAS.
Burst failure did not occur in the BFRP bars of groups S1–S5. The BFRP bars in groups S1 and S2 failed with transverse fracture, but the UBC of Group S2 was higher because the strength of #45 steel was higher than that of the Q235 steel. The transverse strength of these two types of steel sleeves is not sufficiently high to overcome the notch effect. The anchor systems in groups S4 and S5 had similar failure modes, but the average UBC in group S5 was greater than that in group S4, demonstrating that sandblasting treatment improved the strength of the interface between the steel sleeve and the bonding medium. The trivalve SBASs had a lower UBC than those using bivalve steel sleeves because a greater number of slits in the steel sleeve resulted in lower strength and made it more difficult to resist the external load. After the steel sleeve deformed, it was prone to separating from the bonding medium, causing failure of the anchor system. When the wedge anchorage was not employed, all samples in groups S6–7 failed by bursting, demonstrating that the strength of the interface between the bonding medium and polished steel sleeve was sufficient to maintain the interface completely prior to the bursting of the BFRP bar. In this case, the inner wall of the steel sleeve does not need sandblasting treatment.
4.3 Tensioning test results of TSAS
When loading the TSAS, three different failure modes occurred in the test results, as shown in Figures 8A–D. When the interface strength of the threaded steel pipe and bonding medium is low, slip failure will occur at the bond interface (Figure 8A). The bursting of the BFRP bar also occurred, indicating that the tensile stress in the bar reached the tensile strength, as shown in Figure 8B. The third failure mode was the failure of the threaded steel pipe, which appeared in one sample of group T6, as shown in Figure 8C. The UBCs and the corresponding failure modes are shown in Figure 8D, where the failure modes in Figures 8A–C were marked as Ta–Tc.
[image: Figure 8]FIGURE 8 | Failure modes and UBC test results of the TSAS: (A) Slip failure of the interface (Ta), (B) BFRP bar bursting (Tb), (C) Fracture of the threaded steel pipe (Tc), (D) UBC test results of the TSAS.
Four types of bonding materials were used in T1–T4, and the corresponding slip–load curves for the anchor systems were monitored. All failures of the anchor system in test group T1 were caused by the failure of the interface between the inner wall of the threaded steel pipe and the bonding material. In both groups T2 and T4, all BFRP bars underwent burst failures. This result indicated that the strength of the bonding between Types B and D materials and the threaded steel pipe was sufficient to lead to tension failure of the BFRP bar. For group T3, the interfaces between the bonding material and the threaded steel pipe of the two bonded anchor cables were damaged, and the BFRP bar from one anchor cable underwent burst failure. This result may be associated with the curing process of Type C resin. Since the Type C resin contains a small amount of curing agent, when tensioned, the epoxy resin in some samples may not be completely cured, resulting in low interface strength.
The monitored slip–load curves are given in Figure 9. When using the Type A and C resins as bonding media, the slip–load curves show obvious plastic stages, which is not conducive to the application of prestress. The slip amounts of Type B and D resins both increase linearly with increasing tensile load, demonstrating that they were always in the elastic stage under tensioning. The anchor cable using Type D resin slipped more under the same load. When anchoring the rock mass toward slope treatment or another rock engineering, the reinforced rock mass may deform strongly. Therefore, the anchor cable used in this condition should exhibit larger deformation in the elastic stage to ensure the coordination of deformation between the anchor cable and the rock mass. Although the BFRP bars failed by bursting in group T2, the Type D resin is considered better.
[image: Figure 9]FIGURE 9 | Slip–load curves of TSAS with different resins.
The inner interface of the threaded steel pipe in group T5 detached, and two BFRP bars in group T6 showed interface failure. This result occurred because when the tension load increased, the friction and chemical bonding force on the interface between the bonding material and the steel pipe decreased with the deformation until the interface failed. During this process, the BFRP bar was not damaged. Combined with the tension test results of group T4, it is found that if the steel pipe has a low thickness, the bonding medium easily slips from the steel pipe with the BFRP bar wrapped. In the third sample of group T6, the threaded steel pipe failed with 1 mm threads with a length of 8 cm provided at both ends of this pipe. Upon completion of steel pipe bonding, the bonding media at both ends were slightly thicker than those in the middle. The teeth between the threads and the bonding media are not easily continuously cut off, improving the bonding strength of the interface. Nevertheless, the third sample in group T6 finally failed due to the fracture of the steel pipe. Therefore, when BFRP bars were bonded with threaded steel pipes, pipes with thicker walls should be selected.
In addition to groups T2 and T4, the bursting of the BFRP bar also occurred in groups T7 and T8. With the same bonding material, the average UBC of group T7 was slightly lower than that of group T4, indicating that an increase in the inner diameter of the steel pipe may adversely influence the UBC. The average UBC of groups T4 and T7 was 142.415 kN, with an anchorage efficiency coefficient of 97.7%. All BFRP bars in group T8 also underwent burst failures. The average UBC of a single BFRP bar was only 129.86 kN because the “buckets effect” arises when multiple BFRP bars were subjected to loads simultaneously. In this case, if one of the BFRP bars broke first, the tension load on the other two BFRP bars would instantaneously exceed the tensile strength. As a result, the three BFRP bars in a single threaded steel pipe broke off together. In this case, the UBC of the anchor system depends on the BFRP bar that failed first.
4.4 Tensioning test results of SBCAS
After tensioning tests, four failure modes were observed with the failure of SBCAS. These four failure modes were slipping out of the steel strand (Figure 10A), slip failure of the steel strand (Figure 10B), BFRP bar bursting (Figure 10C) and fracture of the coupler (Figure 10D). They can be simply called Sa–Sd. The average UBC and the corresponding failure mode are shown in Figure 10E.
[image: Figure 10]FIGURE 10 | Failure modes of the SBCASs and UBC of SBCAS with different manufacturing parameters: (A) Slipping out of the steel strand (Ca), (B) Slip failure of the steel strand (Cb), (C) BFRP bar bursting (Cc), (D) Fracture of the coupler (Cd), (E) UBC test results of SBCASs.
The samples of groups C1–C4 and C6 had the same failure mode, but their average UBCs differed. Although the strength of the interface between the resin and the steel strand in these five groups is too low and could not ensure the bursting of the BFRP bar, the results indicate that the processing method of SBCAS is important for the interface strength. The UBC of SBCAS using water drainage is lower than that using the direct injection method because in the water drainage method, the water attached to the steel strand surface may weaken the adhesive force. Even if the use of the water drainage method can avoid the creation of air bubbles during the bonding process, the bond strength of the soaked steel strand to the epoxy resin was also reduced. Therefore, the drainage method is not recommended. The CG, SS, PS, and CRD treatments all helped increase the UBC to varying degrees. For the treatment methods of steel strands, the best bonding method is CG, followed by SS, while PS is the worst.
All BFRP bars in test group C7 burst, other parts of the anchoring structure were undamaged, and the anchorage efficiency coefficient was 98.5%, indicating that the extended injection method was better than the direct injection method. In one sample of group C8, the tail bonding pipe was first crushed, and the BFRP bar burst; in another test, the coupler fractured, and then the BFRP bar burst. When using the coupler with an internal thread of 1.5 mm, the UBC of the anchor system was lower than that using the coupler with an internal thread of 1 mm.
5 DISCUSSION
To develop an effective BFRP bar anchor system for rock mass reinforcement, four BFRP bar anchor systems were designed. It is indicated from laboratory tensioning tests that, two anchor systems (TSAS and SBCAS) were identified as feasible, and other anchor systems (WMAS and SBAS) were demonstrated to be unusable. The test results demonstrate that both TSAS and SBCAS can achieve a good anchor effect. Moreover, the processing method and structure of these two anchor systems are also very simple. It should be noted that they also have some shortcomings. For TSAS, the tension load needs to be applied through the nut. The nut has a certain thickness. When multiple BFRP anchor cables were expected to use in one borehole, the thickness of the nut may limit the number of BFRP bars. For the SBCAS, the processing of the anchor system is time-consuming due to the pre-treatment of the steel strands and couplers. In the future, better designs may alleviate these problems.
Due to funding limitations, only a number of tests with limited parameters were carried out in this study. The failure modes and mechanical properties of anchor systems depend strongly on the material used, particularly on the types of steel pipes and resin materials. In the future, more types of load transfer materials and steel pipes should be used to develop more anchor systems, and more precise tests should be carried out, which will not only help us further develop an improved anchor system but also help to understand the coupling effect of different components on the UBC. For the WMAS, when the wedge strength is too high, a transverse fracture of the BFRP bar will occur. By contrast, if the wedge strength is too low, the wedge will fracture during tensioning. Currently, it is difficult to find a suitable material for making wedges directly. However, in future work, a flexible coating inside the steel wedge can be set to overcome the notch effect. For the SBAS, when tensioning with wedge anchors, the relative strength of the steel sleeve and the wedge is critical. The size of the wedge must be considered further. The effectiveness of the remaining two anchor systems has been demonstrated. Several possible directions can be pursued for the further optimization of these anchor systems. In this study, their failure mode and mechanical properties were investigated, but the production costs of anchor systems were still not taken into account. In fact, a superior anchor system requires not only good anchoring properties and a simple production process but also low production costs. Future work should focus on reducing production costs and simplifying the production process while ensuring the performance of these anchor systems.
6 CONCLUSION

(1) The failure modes of wedge-modified anchor systems include transverse fracture of the basalt fiber-reinforced polymer bar and wedge slip failure. The corresponding efficiency coefficient is less than 90%. The modified resin wedges in this study were not applicable to basalt fiber-reinforced polymer bars.
(2) When a wedge anchorage is used to load a steel sleeve-protected BFRP anchor system, the failure modes of bivalve and trivalve steel sleeve-protected BFRP anchor systems include transverse fracture of the basalt fiber-reinforced polymer bar, deformation and debonding of the sleeve, and breakage and pop-up of the wedge. However, when tensioning the anchor system by the universal testing machine, bursting of the basalt fiber-reinforced polymer bar occurred in the anchor system with a basalt fiber-reinforced polymer bar bonded in a seamless steel sleeve.
(3) When one basalt fiber-reinforced polymer bar was bonded in a #45 steel pipe, the maximum anchorage efficiency coefficient of the threaded steel-pipe-bonded anchor system reached 97.7%. When three basalt fiber-reinforced polymer bars were bonded in a 40Cr steel pipe, even if the basalt fiber-reinforced polymer bar in this threaded steel-pipe-bonded anchor system still burst, the average ultimate bearing capacity of each basalt fiber-reinforced polymer bar decreased due to the bucket effect. The threaded steel-pipe-bonded anchor system is a reliable anchor system.
(4) For the steel strand–basalt fiber-reinforced polymer bar composite anchor system, the internal thread pitch of the couple should be 1 mm rather than 1.5 mm. The composite anchor system subject to steel strand grooving, coupler rust removal and drying, and extended injection has the highest ultimate bearing capacity, with an anchorage efficiency coefficient of 98.5%. It is regarded as an effective basalt fiber-reinforced polymer anchor system.
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(Note: 128 epoxy resin was manufactured by Shanxi Guangling Epoxy Paint Co., Ltd., bisphenol A epoxy resin was manufactured by Nanjing Mankate Company, and the epoxy resin materials
in Types E-H were manufactured by Guangzhou Huaguan Engineering Co., Ltd.
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