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Under the impact of seismic forces, the strain of conventional anchor cables tended to increase sharply in an instant, which could easily cause the anchor cables to fail due to stress overload. This study aimed to optimize the design of rock supporting methods under dynamic disaster events such as earthquakes and rock bursts. A scale model specimen with a mechanical sliding device was designed based on an anti-seismic anchor cable. The working mechanism and seismic strain response of anti-seismic anchor cables were studied using static and shaking table model tests. The results show that under a static force, the anti-seismic anchor cables undergo in sequence a first elastic deformation stage, a slipping stage, a second elastic deformation stage, a plastic strengthening stage, and a brittle failure stage. In the slipping stage, the anchor cables start frictional sliding while keeping the axial force unchanged so as to adapt to the large deformation of the rock mass. The anti-seismic anchor cables exhibit the three situations of no-slip, instantaneous slip, and gradual and accumulative slip under seismic excitation. With a large constant resistance to slippage, the anchor cables do not slip, which can easily cause the anchor cables to break due to stress overload. With a small constant resistance to slippage, the reserved slipping distance is instantly exhausted; a step-shaped jump appears in the time history curves of the strain of the anchor cables. In the engineering design, a preset constant resistance to slippage is needed to match the seismic force for the anchor cables to exhibit the mechanism of multiple accumulated slips. During each slipping process, the strain of the anchor cables first decreases and then increases, with the peak strain decreasing significantly. This mechanism effectively cushions the instantaneous impact force of the earthquake, releases rock deformation, and dissipates seismic energy.
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1 INTRODUCTION
Southwest China’s location in an earthquake-prone zone readily exposes it to seismic activity, causing landslides, collapses, and other geological disasters within a complex geological environment. The problem of slope stability under the action of a range of adverse factors such as earthquakes, rainfall, load stacking, unloading, and excavations remains a long-standing and perennially difficult problem (Shi et al., 2015; Tang et al., 2015; Mu et al., 2020; Tiwari and Latha, 2020; Yang and Zhang, 2020). The previous investigations into the landslide and collapse disasters caused by earthquakes found that when a slope was unstable due to an earthquake, the anchor cables within the slope had sustained local damage as the seismic action had instantaneously produced enormous impact forces (Zheng et al., 2015; Fan et al., 2016; Massey et al., 2017; Bian et al., 2018; Zhang et al., 2019). The anti-seismic reinforcement capacity of the conventional anchor cables is often restricted owing to their insufficient deformation capacity. Therefore, under powerful seismic action, it is difficult for the conventional anchor cables to achieve the required reinforcement effect.
Scholars at home and abroad have developed a variety of new anchor cables after extensive research and tests, which have been proven to offer good anti-seismic performance. The typical new anti-seismic anchor cables from abroad are the Garford bolt from Australia (Sengani, 2018), Roofex bolt from Austria (Ozbay and Neugebauer, 2009), the Yield-Lok bolt (Wu and Oldsen, 2010), Cone bolt from Canada (Cai and Champaigne, 2012; Liang Y. et al., 2017), a new energy-absorbing bolt from Sweden (Krzysztof, 2018), and the D-bolt from Norway (Li, 2012; Li and Doucet, 2012). In China, there are the CRLD constant resistance and large deformation anchor cable (Tao et al., 2017; Lv et al., 2018), the NPR new constant resistance and large deformation anchor cable (He et al., 2016; He et al., 2017), a new high strength and high pretension yieldable anchor cable (Lian et al., 2010; Li et al., 2017), and an extrusion sleeve–type yield anchor cable (Zhang et al., 2015). The researchers at home and abroad have carried out numerous field static tensile tests and engineering application tests on the new type of anti-seismic anchor cables, which have verified the advantages of these innovative anti-seismic anchor cables over conventional ones, such as large deformation capacity and good resistance to static and dynamic load (Srilatha et al., 2016; He et al., 2018; Xu et al., 2018; Yang et al., 2018; Zhan et al., 2019; Nie et al., 2020).
At present, the research on slope engineering is mostly focused on the dynamic response of slopes, deformation, and failure mechanism of slopes, earthquake influence coefficient, and composite support structure (Li et al., 2016; Liang J. X. et al., 2017; Fan et al., 2017; Lin et al., 2017; Xu et al., 2017; Zhang et al., 2017). Although research on the mechanical characteristics, working mechanisms, strain response attributes, and failure modes of anti-seismic anchor cables remains relatively scarce, targeted research needs to be carried out. In addition, research on new anti-seismic anchor cables is mostly carried out using field tests and numerical simulations (Lai et al., 2016; Zhou et al., 2016; Zhu et al., 2017; Tao et al., 2020). Field testing is time-consuming, difficult to implement, and inconvenient to adjust parameters. Although numerical simulation offers the benefits of low cost and high ease of implementation, the results still need to be supported by corresponding experiments. Laboratory model tests present the advantages of good economy, strong pertinence, and accurate data (Jing et al., 2020a; Jing et al., 2020b; Jing et al., 2020c). In the present study, a prototype specimen and scale model specimen of anti-seismic anchor cables were used as the research objects. The working mechanism, seismic strain response, and seismic anchoring mechanism of anti-seismic anchor cables were studied using static and shaking table model tests. The research results were intended to provide references for the design of rock support in areas prone to high seismic activity.
2 BASIC STRUCTURE OF ANTI-SEISMIC ANCHOR CABLES
Anti-seismic anchor cables mainly comprise a bearing plate, anti-seismic anchor, permanent anchor, and steel strand. The steel strand passes in turn through the bearing plate, anti-seismic anchor, and permanent anchor, and a certain distance is preset between the permanent anchor and the anti-seismic anchor to allow for the slipping displacement of the anti-seismic anchor cable. Among these, the anti-seismic anchor is a sliding extrusion sleeve structure that can slide smoothly while providing a constant anchoring force, whereas the permanent anchor is a standard fixed extrusion sleeve structure, and hence cannot slide. The basic structure and physical photograph of the anti-seismic anchor cable are shown in Figure 1.
[image: Figure 1]FIGURE 1 | Basic structure and photograph of an anti-seismic anchor cable. 1-bearing plate; 2-anti-seismic anchor (sliding extrusion sleeve); 3-unbonded steel strand; 4-permanent anchor (fixed extrusion sleeve); 5-frictional material fill; 6- seal cover; 7-preset slipping distance. (A) Basic structure. (B) Physical photo.
When an earthquake impacts an anchored slope, the force on the anchor cable increases sharply. When the impact force exceeds the frictional force between the anti-seismic anchor and anchor cable (i.e., the preset constant resistance to slippage), stable frictional sliding occurs between the anchor cable and anti-seismic anchor, which effectively cushions the instantaneous impact force of the earthquake, thereby preventing the anchor cable body from being ripped off due to stress overload or insufficient deformation capacity. Therefore, the significant deformation of the rock mass is adapted and the ductility of the failure of the overall anchor structure is increased to achieve the purpose of seismic reinforcement.
3 MECHANICAL PROPERTIES OF ANTI-SEISMIC ANCHOR CABLES
3.1 Tensile Test of Anti-Seismic Anchor Cables
The mechanical properties test of the anti-seismic anchor cable used the prototype sample. Three groups of single-beam and same type anti-seismic anchor cables were selected to undergo a tensile test by the uniform loading method. The schematic diagram of the tensile test is shown in Figure 2. During the tests, the displacement positions of the anti-seismic anchors were observed, and the stop signal for each test was the point when the anti-seismic anchor was no longer generating slip. This enabled the slip control load of a single-beam anti-seismic anchor cable to be obtained. Once the slipping of the anti-seismic anchor cable had ceased, tensile failure testing of the abovementioned specimens was continued to establish the force characteristics of the anti-seismic anchor cable after slipping. The load-displacement curve under static load is shown in Figure 3. It can be seen that the stable load value of slipping of the anti-seismic anchor cable was generally around 200 kN, the average value of the corresponding sliding displacement was 37 mm, and the average value of the maximum tension was 260 kN. The constant resistance to slippage was designed to equate 80% of the yield strength of the anchor cable.
[image: Figure 2]FIGURE 2 | Schematic diagram of tensile test; 1-anti-seismic anchor; 2-cushion block; 3-tool anchor; 4-force sensor; 5-limit plate; 6-tension table.
[image: Figure 3]FIGURE 3 | Load-displacement curve under static load.
In order to verify the force characteristics of anti-seismic anchor cables under dynamic repeated load, three groups of single-beam, same type anti-seismic anchor cables were selected for repeated loading and unloading tests. The test results are shown in Figure 4. The test results showed that in the repeated loading and unloading process, the control loads of slipping of the anti-seismic anchor cable were 200 kN (1st time), 211 kN (2nd time), 213 kN (3rd time), 215 kN (4th time), and 216 kN (5th time), and the maximum increase was 8%. The variations were not readily discernible. When the applied load once again equated the control load of slip, the anti-seismic anchor slipped, and the displacement began to increase further. This showed that the anti-seismic anchor cable was not sensitive to dynamic variable loading and that its anchoring effect had not weakened. In contrast to the conventional anchor cables where the boundary anchoring force would weaken under dynamic loading, the anti-seismic anchor cable slipped step-by-step under dynamic loading, which had the capacity to reduce the impact on the end-anchoring force by cyclic loading and unloading.
[image: Figure 4]FIGURE 4 | Test results under loading/unloading condition. (A) Time history curve of tension. (B) Load-displacement curve.
3.2 Working Mechanisms of Anti-Seismic Anchor Cables
The most important characteristics of anti-seismic anchor cables are their capacity to compensate for the lack of plastic deformation of their structural materials to meet the requirements for large deformation of the slope. The working mechanisms of anti-seismic anchor cables were established based on the results of the static tensile tests, as shown in Figure 5. Point A corresponds to the initial slip of the anchor cable, and the corresponding axial force of the anchor cable is Frs; point B marks the end of the slip and the initiation of the second elastic deformation stage, where the corresponding axial force of the anchor cable is Fre; point C indicates that the second elastic deformation of the anchor cable has ended and the start of the plastic strengthening stage, where the corresponding axial force of the anchor cable is Fs; point D is the end of the plastic strengthening stage of the anchor cable material and the point where the failure stage is about to be entered, where the corresponding axial force of the anchor cable is Fpe; point E represents the breaking point of the anchor cable, where the corresponding axial force of the anchor cable is Fp.
1) The OA stage is the first elastic deformation stage: the anchor cable was anchored to the slope rock mass, the initial stress on the anchor cable was small, and the axial force of the anchor cable gradually increased with the generation, propagation, and penetration of the slope crack.
2) The AB stage is the slipping stage: the continuous deformation of the rock mass caused the axial force of the anchor cable to increase continuously. When the constant resistance to slippage was exceeded, frictional sliding of the anchor cable body started, while the axial force was kept unchanged. At this stage, the working mechanism of the anti-seismic anchor cable consisted in adjusting uneven stress, energy absorption, and energy consumption.
3) The BC stage is the second elastic deformation stage: when the anchor cable reached the preset maximum slipping displacement ∆AB, the slip ended, and the free section of the anchor cable was no longer elongating. At that point, the force characteristics of the anti-seismic anchor cable equated that of a conventional pressure-type anchor cable, and the stress state returned to the elastic stage.
4) The CD stage is the plastic strengthening stage of the material: when the axial force of the anchor cable reached the yield limit Fs, plastic deformation began to develop.
5) The DE stage is the brittle failure stage of the material: when the anchor cable reached the ultimate stress Fpe and the ultimate strain of materials, the anchor cable broke.
[image: Figure 5]FIGURE 5 | Axial force-elongation curve of conventional and anti-seismic anchor cables.
4 SHAKING TABLE MODEL TEST
4.1 Model Similarity Design
In the similarity design of the model test, the geometric size, acceleration, and density were taken as the basic quantities for the similarity design. The similarity ratio of geometric size was 100:1, the acceleration was 1:1, and the density was 1:1. The similarity constants of other parameters were derived from the basic quantities using the dimensional analysis method. Since the main research object of this work was the strain response of the anti-seismic anchor cables, the elastic modulus of the slope was related to the deformation of the slope, and it did not need to guarantee its strict similarity. Last, the similarity constants of each physical quantity were obtained, as shown in Table 1.
TABLE 1 | Similarity constants of the shaking table model.
[image: Table 1]4.2 Anchor Cable Specimen
4.2.1 Design of the Anchor Cable Specimen
In order to study the strain response characteristics of the anti-seismic anchor cables, a scale model specimen was designed based on the mechanical characteristics and friction energy dissipation mechanism of anti-seismic anchor cables. The anchor cable specimen included the following: a steel strip (simulating steel strand), fixed nut (simulating permanent anchor), and wooden splint (simulating anti-seismic anchor). The frictional resistance between the wooden splint and steel strip was compared with the constant resistance to slippage of the anti-seismic anchor, and the reserved distance between the fixed nut and wooden splint was compared with the slipping displacement of the anti-seismic anchor cable. The width, thickness, and cross-sectional area of the steel strip were 11 mm, 0.6 mm, and 6.6 mm2, respectively. According to the material properties test, the elastic modulus, tensile strength, and axial stiffness of the anchor cable specimen were 212 GPa, 1,200 MPa, and 1,399.2 kN, respectively. Three strain measuring points were arranged along the longitudinal direction of the anchor cable specimen. The anchor cable specimen is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Anchor cable specimen. 1-fixed nut; 2-preset slipping distance; 3-wooden splint; 4-steel strip; 5-steel clamps; 6–1st strain measuring point; 7–2nd strain measuring point; and 8–3rd strain measuring point.
4.2.2 Static Tensile Test of Anchor Cable Specimens
The static tensile tests of three anchor cable specimens were carried out using the universal static material testing machine. Before slipping, the anchor cable was loaded at a uniform speed of 20 mm/min, and after slipping, it was loaded at a uniform speed of 50 mm/min. The time history curves of the strain of anchor cable specimens are shown in Figure 7, where Figure 7B is an enlarged partial view of Figure 7A. It can be seen that in the AB stage, the axial force of the anchor cable specimens approximately correlated positively with the elongation (corresponding to the OA stage in chapter 3 abovementioned, which is similar as follows); in the BC stage, the elongation of anchor cable specimens increased steadily under the condition that the axial force was kept constant (AB stage); in the CD stage, the anchor cable specimens showed obvious elastic stress characteristics (BC stage); in the DE stage, the axial force of anchor cable specimens increased sharply under less elongation (CD stage); in the EF stage, the elongation of anchor cable specimens increased sharply until destruction under the condition of an essentially constant axial force (DE stage). The test results showed that in the static tensile test, each stress stage of anchor cable specimens was fundamentally consistent with the mechanical properties of the anti-seismic anchor cables described in Chapter 3 previously.
[image: Figure 7]FIGURE 7 | Time history curves of strain of anchor cable specimens. (A) Entire process. (B) Enlarged part.
4.3 Slope Model Design
The experimental model of the anchored slope is shown in Figure 8. The slope body was poured with C20 concrete and the measured density and the elastic modulus of the slope model were 2,570 kg/m3 and 20.5 GPa, respectively. For the simulation of the sliding interface of the slope, the slope model No. 1 used a mixture of clay and fine sand, and slope model No. 2 used a mixture of clay and gypsum; the measured density, cohesion, and internal friction angle of this mixture were 1,960 kg/m3, 15.2 kPa, and 25.8°, respectively. The arrangement of the anchor cable specimens is shown in Figure 8B.
[image: Figure 8]FIGURE 8 | Experimental model of the anchored slope. 1-slope surface; 2-sliding interface; 3-anchor cable; 4-anti-seismic anchor; 5-sliding block; 6-bedrock. (A) Slope model design/mm. (B)Surface of slope model. (C) Back of slope model.
An experimental system was adopted in the form of a small earthquake simulation shaking table, which had the capacity to be loaded simultaneously both horizontally and vertically. Before the start of the test, the slope model was excited with bidirectional white noise sweep loading. The acceleration amplitude of the white noise was 0.05 g. Through the spectrum analysis method, the amplitude–frequency characteristic curve of the slope model was obtained. The natural vibration frequency was 10.7 Hz, and the damping ratio was 0.0587.
4.4 Loading Scheme Design
In the shaking table test, the sinusoidal wave, Tianjin wave, EI wave, and Taft wave after correction and filtering using the fundamental wave were used. The excitation method was concurrent horizontal and vertical loading. The vertical amplitude of the seismic acceleration was 2/3 of the horizontal amplitude. The time compression ratio was 10. The detailed loading scheme of model tests is shown in Table 2.
TABLE 2 | Loading scheme of model tests.
[image: Table 2]5 TEST RESULTS AND DISCUSSION
5.1 No-Slip Situation of Anti-Seismic Anchor Cables
Under working condition Nos. 14–19, it can be seen that the anti-seismic anchor cable specimen did not slip, and its strain fluctuated smoothly. The anchored slope maintained good stability. The time history curves of the strain of the anti-seismic anchor cable specimens are shown in Figure 9. The data in the figure are the test results of the 1st measuring point of the 1st anchor cable specimen. In this instance, the anti-seismic anchor cable had a similar force mechanism to that of the conventional pressure-type anchor cable. The peak strain of the anti-seismic anchor cable continued to increase with the increase in seismic acceleration amplitude, and the maximum peak strain was 119.7 × 10−6, as shown in Table 3. Under these working conditions, the anchor cables were sensitive to the instant impact of the earthquake. Once subjected to strong seismic forces, the axial force of the anchor cable increased sharply, which inevitably caused a surge in the risk of failure of the anchor cable due to stress overload, thus seriously endangering the safety of the entire anchored slope.
[image: Figure 9]FIGURE 9 | Time history curves of strain of anti-seismic anchor cables in no-slip situation. (A) Working condition 18#. (B) Working condition 19#.
TABLE 3 | Peak strain of anti-seismic anchor cables in no-slip situation.
[image: Table 3]5.2 Instantaneous Slip Situation of Anti-Seismic Anchor Cables
Under working condition Nos. 22–24, it can be seen that the anti-seismic anchor cable specimen had slipped, and its strain increased rapidly after the end of the slipping. The time history curves of strain of the anti-seismic anchor cable specimens are shown in Figure 10. The data in the figure are the test results of the 1st–3rd measuring points of the 1st anchor cable specimen. In this instance, the strain time history curves displayed a step-shaped jump, and the reserved slipping distance was instantly exhausted during the vibration process. When the seismic acceleration amplitudes were 0.8, 0.9, and 1.0 g, the increase ratios of the peak strain of the anchor cable before and after slip were 81, 79, and 74%, respectively, and the corresponding slipping start times were 10.33, 9.85, and 7.35 s, respectively, as shown in Table 4. As the amplitude of seismic acceleration increased, the peak strain of the anchor cable increased gradually, and the slipping start time was brought forward gradually. Under strong seismic conditions, the anti-seismic anchor cable slipped instantly because the preset constant resistance to slippage was too small, and the mechanism of frictional slip could not provide energy consumption.
[image: Figure 10]FIGURE 10 | Time history curves of strain of anti-seismic anchor cables in instantaneous slip situation. (A) Working condition 23#. (B) Working condition 24#.
TABLE 4 | Peak strain of the anti-seismic anchor cables in instantaneous slip situation.
[image: Table 4]5.3 Gradual and Accumulative Slip Situation of Anti-Seismic Anchor Cables
Under working conditions No. 20, the time history curves of the strain of the anti-seismic anchor cable specimens are shown in Figure 11. The data in the figure are the test results of the 1st–3rd measuring points of the 1st anchor cable specimen. It can be seen that the anchor cable slipped gradually and in stages, and its peak strain value was significantly lower than that in non-slip and instantaneous slip situations. The preset constant resistance to slippage of the anti-seismic anchor cable matched the seismic force under this working condition. The time history curve of the strain of the anti-seismic anchor cables was roughly divided into five stages: OA stage was the static strain before the earthquake. AB stage was the initial stage of seismic loading, where the slope model began to vibrate, and the strain of anchor cable specimens increased sharply because of the impact force. The stages of BC, CD, and DE corresponded to three slipping processes of the anti-seismic anchor cable. In each slipping process, the change trend of the anchor cable strain was first decreasing and then increasing. When the anchor cable began to slide, the force of the anchor cable was reduced due to the temporary reduction of the restraint on the sliding body. When the slip ceased, the force of the anchor cable increased because that provided supporting force again. When the axial force of the anchor cable exceeded the constant resistance to slippage, the anchor cable started to slip again. The reserved slipping distance of the anti-seismic anchor cable was exhausted by multiple accumulations. The displacement of a single slip was correlated with the curvature of the time history curve of strain and the time of strain recovery. The EF stage was the termination of seismic dynamic response; the stress of the anchor cable tended toward a certain value that was in a static state.
[image: Figure 11]FIGURE 11 | Time history curves of strain of anti-seismic anchor cables in gradual and accumulative slip situation.
5.4 Discussion
According to the test results, the strain response of the anti-seismic anchor cables varied with the loading intensity of the ground motion, and three different situations were observed: 1) When the seismic force was small and the constant resistance to slippage was large, the sliding body did not slip; 2) When the seismic force was large and the constant resistance to slippage was small, the anti-seismic anchor cables slipped instantly, and the reserved sliding distance was exhausted all at once; 3) When the seismic force and the constant resistance to slippage were set to appropriate values, the anti-seismic anchor cables slipped gradually, and the reserved sliding distance was exhausted through multiple accumulation.
Therefore, in the engineering design of the anti-seismic anchor cables, the preset constant resistance to slippage should match the seismic inertial force of the sliding body. When the constant resistance to slippage is relatively large, the anchor cable does not slip and cannot adapt to the large deformation of the rock mass, which causes the anchor cable to break due to insufficient deformation capacity of the material. When the constant resistance to slippage is relatively small, the anchor cable completes the slippage instantly; a step-shaped jump appeared in the time history curves of the strain of the anchor cables, which causes the effects of buffering the seismic force and consuming energy are not obvious. When the constant resistance to slippage is moderate, the anchor cable slips gradually and in stages. During each slipping process, the strain of the anchor cable first decreased and then increased, with the peak strain decreasing significantly. The mechanism of multiple accumulated slips effectively cushions the instantaneous impact force of the earthquake, releases rock deformation, and dissipates seismic energy.
6 CONCLUSION

1) Under a static force, the anti-seismic anchor cables undergo in sequence a first elastic deformation stage, a slipping stage, a second elastic deformation stage, a plastic strengthening stage, and a brittle failure stage. In the slipping stage, the anchor cables start frictional sliding, while keeping the axial force basically unchanged to adapt to the large deformation of the rock mass; these constitute a working mechanism to absorb the deformation energy of the rock mass.
2) The strain response of the anti-seismic anchor cables under seismic excitation present three situations: no-slip, instantaneous slip, and gradual and accumulative slip. When the constant resistance to slippage is large, the anchor cables do not slip, which can easily cause the anchor cables to break due to stress overload. When the constant resistance to slippage is small, the reserved sliding distance is instantly exhausted; a step-shaped jump appears in the time history curves of the strain of the anchor cables, and the peak strain increases by 70–85%.
3) In the engineering design, the preset constant resistance to slippage of the anti-seismic anchor cables is needed to match the seismic inertial force, resulting in the anchor cable slipping gradually and accumulatively. During each slipping process, the strain of the anchor cables first decreases and then increases, with the peak strain decreasing significantly. The mechanism of multiple accumulated slips proves effective in cushioning the instant impact force of the earthquake, releasing rock deformation and dissipating seismic energy.
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