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Abstract

:

The shear-yielding bolt is a new type of anchoring structure, and its working mechanism in layered rocks is not yet well understood. To investigate its transverse shear characteristics, this paper takes the shear-yielding bolt as the research subject and uses different anchoring states of bolts as variables. A comparative study of shear-yielding bolts and traditional bolts is conducted using the Abaqus numerical simulation software and large-scale direct shear tests. The results show that (1) low-modulus material allows a slight displacement between the structural surface layers, which exerts the friction strength between rock mass layers and avoids stress concentration on the bolt. The shear-yielding bolts reach their peak shear stress in the case of greater displacement, averagely increased by 40% compared to traditional anchor bolts. (2) An increase in the moisture content has less influence on the shear-yielding bolt owing to the material properties. When the moisture content of the structural surface rises from 12% to 20%, for cases where the shear-yielding bolts are used, the peak shear stress decreases by 0.12 kPa, which only accounts for 12% of the original strength. (3) There is an optimum thickness of the low-modulus material in the shear-yielding bolt, considering its effect of releasing shear and the bonding effect between it and the bolt. According to the test results and numerical analysis, the optimum thickness is 15 mm. The results of this research provide a reference and basis for future study and engineering applications of shear-yielding bolts.
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1. Introduction


In recent years, roadbed disasters and slope instabilities have frequently occurred due to factors such as climate change and human activities. Geotechnical ground anchoring technology has been increasingly applied in engineering practice. Improving the anchoring structure, extending the service life of bolts, and improving slope disaster prevention and control have become urgent issues to address [1,2,3,4].



Anchorage structure is one of the important structures in engineering. In addition to its application in houses and bridges, it is also widely used in ground anchor support engineering [5,6,7,8,9]. Ground anchor support engineering has a long history. Since 1872, steel rebar bolts have been used in ground anchoring projects. In 1911, rock bolts were first used in American coal mines to support mine tunnels, marking the beginning of the rapid development of ground anchoring technology. Early studies on bolts mainly focused on three areas: experimental research on anchoring structures, numerical simulations of anchoring structures, and theoretical modeling of anchoring structures.



Experimental studies on anchoring structures primarily explored the axial load transfer mechanism and shear resistance of anchoring structures [10,11,12]. For example, Zhang et al. [13] carried out laboratory shear tests to study the shear characteristics of jointed rocks reinforced with basalt fiber-reinforced polymer (BFRP) bars, which are gradually being used as bolts in underground engineering. The result showed that the BFRP-bolted specimens have different shear properties compared to traditional bolts using steel bars, which can be summarized as lower shear stiffness, larger peak shear displacement, and higher residual shear strength. Numerical simulation studies on bolts have mostly been based on field and laboratory experiments to validate experimental accuracy [14,15]. In recent years, it has been used more in safety evaluation systems and hopefully will be used in real-time monitoring and early warning systems. Based on the Visual Studio 2019 development environment and the .NET Framework 4.0 platform, the C# advanced programming language was used by Meng et al. [16] to develop the safety evaluation system for bolt–mesh–cable supports in the deep roadway along goaf. Existing theoretical models of bolts primarily analyze the overall shear strength of structural surfaces, leading to the emergence of the suspension theory, support theory, composite beam theory, anchoring theory, and dowel theory. They more accurately describe the relationship between the anchoring bolt and the anchored body [17,18]. In recent years, new theoretical models have constantly been proposed, and more and more factors are considered to deal with the shortcomings of traditional theories [19,20,21]. Earlier studies on anchoring structures covered a broad range of topics and primarily examined factors affecting the load-bearing capacity of bolts. Such studies have shown that factors such as the material, diameter, length, anchoring angle, anchoring grout, and surrounding rock strength have various levels of effect on the anchoring performance. Theoretical anchoring models were then developed based on theoretical analyses [22,23,24,25,26], and some studies also improved the above parameters [27,28,29,30].



In recent years, because traditional anchoring structures are ineffective and have a short service life, researchers have shifted their focus to studying new types of anchoring structures [31,32,33,34]. As research progressed, improving bolt service life and anchoring efficiency became the focus of new anchoring structure studies [35]. However, in many physical model experiments on bolts, the presence of rock interlayer structural surfaces was often overlooked. In practical engineering, the cracks and soil particles in the interlayer structure of rock formations affect the natural shear strength of interlayer rock masses [36,37,38]. The shear deformation caused by interlayer dislocation is often the cause of bolt failure, which is also the focus of current research [39,40].



A shear-yielding bolt is a new type of anchor rod. It considers the interlayer dislocation that commonly exists in practical engineering but is always neglected in bolt design. Owing to the effect of low-modulus material inserted inside, the shear-yielding bolt enables the structure to release shear and fully utilizes the natural shear strength of the interlayer. This paper takes shear-yielding bolts as the research object and investigates its failure mechanism in layered rock, using numerical simulations and large-scale direct shear tests, and the effect of the distinctive low-modulus material is discussed. The research aims to provide references and guidance for future studies and engineering applications of shear-yielding bolts.




2. Introduction to Traditional Bolts and Shear-Yielding Bolts


In slope ground anchoring design, traditional bolts are mainly composed of three parts: the bolt head, the free section, and the anchor section, which are shown in Figure 1. The bolt head is where a tensioner applies prestress to the bolt. The anchor head, composed of an anchor, nut, pedestal, and cross beam, is located outside of the rock mass, facilitating the application of prestress to the entire bolt. The free section serves as the load transfer channel for the entire bolt. The free section is located near the ground and is typically wrapped in a plastic sleeve in the layered rock mass to prevent corrosion. The retaining structure is used to further maintain stability. The anchoring section is where the bolt is stably connected to the bedrock. The cement mortar stabilizes the anchoring section to the bedrock, forming a solid bolt. The three sections, namely, the anchor head, free section, and anchoring section, connect the bolt to the rock mass, reducing the sizes of the cracks in the weak interlayer of the rock mass and making the particles in the rock mass tighter, thereby enhancing the overall integrity of the rock mass. However, due to the poor shear resistance of traditional bolt materials, they are easily damaged by shear forces, interlayer dislocation is usually neglected in their design, and the shear forces acting on the bolts are not considered. However, in reality, interlayer dislocation in rock formations is prevalent and often leads to combined tension and shear stress on the bolt, causing failures in slope anchoring.



The shear-yielding bolt is a new type of bolt that fully utilizes the natural shear strength of interlayer structural surfaces. Structurally similar to a traditional bolt, it consists of four sections: the free section, the anchoring section, the anchorage segment, and the tensioning segment, which are shown in Figure 2. The anchoring section of the shear-yielding bolt is located beneath the potential slip surface of the layered rock and is tightly connected to the stable bedrock. Its cross-section is circular, and between the end of the bolt and the stop-grouting plug is filled with grout. The anchoring bar provides tensile strength, and the grout acts as an adhesive that secures the anchoring bar within the bedrock, thereby providing high-strength anchoring. The anchorage segment is primarily composed of an anchor chock and an anchor plate, which help secure the entire bolt. The tensioning segment, composed of anchor fixtures and an anchoring bar, is the part of the anchoring tendons exposed outside of the rock mass, and it facilitates the application of prestress by the tensioner. The main difference between the shear-yielding bolt and a traditional bolt lies in the free section. The free section of the shear-yielding bolt is composed of an anchoring bar and low-modulus materials and is located above the potential slip surface. These low-modulus materials have a high compressibility, great toughness, and low water permeability, which are filled between the anchor chock and stop-grouting plug. As a filler, the low-modulus material wraps around the anchoring bar to a certain thickness, allowing for deformation under external loads without being easily damaged. This design enables the structure to release shear and fully utilizes the natural shear strength of the interlayer. Therefore, the shear-yielding bolt performs better and has a longer service life than traditional bolts.




3. Experimental Plan


3.1. Research Objectives


	
Using large-scale laboratory direct shear tests and numerical simulation analysis, the load transfer mechanism and failure mechanism of shear-yielding bolts were studied, and their mechanisms of operation were investigated.



	
Comparative analysis of the shear strength of layered rock structural surfaces under traditional bolt and shear-yielding bolt conditions was conducted to verify the superior anchoring performance of shear-yielding bolts.



	
The factors influencing the anchoring performance of shear-yielding bolts were studied, and the working behavior of the bolts was determined.







3.2. Direct Shear Test Plan and Procedure


Based on the research objectives, large-scale laboratory direct shear test equipment was used to conduct direct shear tests on layered rocks under three different conditions: no anchoring (N), anchoring using traditional bolts (T), and anchoring using shear-yielding bolts (S). A total of five groups and 19 tests were conducted, and the performance of the bolt bar of the free section under the structural surface is simulated to show the difference between the traditional bolt and the shear-yielding bolt.



3.2.1. Test Materials


The bolt bars were composed of HPB300 plain steel rebar. Its ultimate tensile strength is 420 MPa, yield strength is 300 MPa, and diameter is 8 mm.



The rock mass comprised upper and lower test blocks with total dimensions of 200 × 200 × 200 mm. The mortar used to make concrete blocks was created by mixing tap water, P.O32.5 Portland cement, river sand, and gravel with particle sizes of 6~10 mm. The mixing ratio of water–cement–sand–gravel was 0.5:1:1.5:1.5. After the concrete reaches a certain strength, the surface of the test block is roughened to simulate a real structural surface. When the mortar is completely solidified, the tests of the concrete blocks are carried out. The results are as follows: The simulated rock mass reaches its density of 1950 kg/m3, Poisson’s ratio is 0.3, compressive strength is 12.6 MPa, and elastic modulus is 30 GPa.



The low-modulus material between the bar and the surrounding rock was polyurethane foam material, which was inserted after the installation of the upper and lower concrete blocks. The elastic modulus of the material is affected by many factors, such as temperature. It was hard to make the real elastic modulus of the material inserted in the block consistent with the result of the individual test of the material. Thus, the elastic modulus would be determined through numerical simulation according to the test results.



The structural surface simulation material was based on typical engineering detrital soil and was prepared with moisture contents of 12%, 16%, and 20%. The relevant parameters are shown in Table 1 and Table 2. The material is evenly spread between the rough surface of two concrete test blocks and compacted, and the average thickness is 4 mm.



Using the above materials, PVC pipes of different diameters were embedded to make traditional anchoring bolts and shear-yielding anchoring bolts for drilling. The relevant test parameters are presented in Table 3. The schematic presentation of the specimen is shown in Figure 3.




3.2.2. Test Equipment


The large-scale direct shear test instrument, shown in Figure 4, was capable of generating a maximum vertical force of 5000 kN and maximum horizontal force of 2500 kN. It can collect data between 4 and 100% of the full range at the lowest frequency of 5 Hz, and the control error is less than 1%. The maximum piston stroke is 500 mm. During the test, the normal pressure and horizontal thrust are applied to the specimen to promote the shear failure of the specimen. The change in force and displacement during the failure of the specimen can be recorded on the computer at the control end by the sensor on the instrument.




3.2.3. Test Procedure


The normal pressure was applied at a rate of 4 kN/min. After the normal pressure was fully applied, horizontal loading was applied to the sample at a rate of 3 mm/min until the test was completed [41]. Figure 5 illustrates the experimental procedure.





3.3. Numerical Simulation Model and Parameter Determination


The contact surface in geotechnical engineering, including the structure surface of rock mass, is simulated by Goodman thickness-free element. The thickness of the contact surface in Abaqus is not considered. Therefore, Goodman believes that the parameters of the model should be used to consider the friction characteristics on the contact surface.



Using the finite element software Abaqus 6.14, a joint shear calculation model was established, which is shown in Figure 6. Solid elements were used to simulate the rebar and low-modulus materials. A linear hexahedron 8-noded element is used to simulate rock mass, steel bar, and low-elastic-modulus material. Due to the symmetry of the calculation model, only half of the model was selected for analysis.



The concrete was assumed to be a linear elastic material with an elastic modulus of 30 GPa and a Poisson’s ratio of 0.3. The rebar was assumed to be an elastic plastic material with a yield strength of 300 MPa and to satisfy the von Mises yield criterion. Based on the test results, the elastic modulus of the low-modulus material used in direct shear test was assumed and then used in numerical simulation. The simulation and test results were compared, and the assumed parameter was adjusted, until the difference between the simulation and the test results reached an acceptable range. The low-modulus material’s elastic modulus was determined to be 600 MPa through this procedure.



The size of the rock mass unit was 1 cm. The low-elastic-modulus material and the steel bar were divided into 4 parts in the horizontal direction. The vertical size was the same as the rock mass unit, with a total of 5280 units. The given normal pressure was applied on the top of the specimen, and the displacement boundary was given on the side of the specimen. It allows only tangential displacement and prohibits normal displacement. The interfacial shear stress was calculated by the reaction force of the boundary node.



It was assumed that the bond between the rebar and the low-modulus material was strong and that the low-modulus material and the concrete were in contact. The normal direction is hard contact, and the friction coefficient is 0.6. The upper and lower concrete blocks were in contact with each other. The shear stress and relative shear displacement between them followed a hyperbolic relationship.



The associated constitutive model used in the study is as below [42]. The material parameters in this model like friction angle and nonlinear indexes can consider the friction effect caused by simulated material between the structural surfaces, as well as the relationship between shear strength and displacement. These parameters are determined according to the test results, as shown in Table 4.
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4. Results Analysis


4.1. Shear Deformation Characteristics of Structural Surfaces Under Different Anchoring Methods


Layered rock masses contain complex structural surfaces that, due to their discontinuity and irregularity, cause instability in the entire rock mass. Under external loads, rock masses are prone to dislocation along these structural surfaces. The mechanical behavior of layered rock varies depending on the anchoring method. To investigate the impacts of different anchoring methods on the shear strength of layered rock structural surfaces, three sets of direct shear tests were conducted under the following conditions: no anchoring (N), traditional bolt anchoring (T), and shear-yielding bolt anchoring (S). Additionally, numerical simulations were performed using the Abaqus software for comparison. The results are presented below. The shear force–displacement curves are shown in Figure 7, and the peak shear force and displacement values are presented in Table 5.



For the direct shear tests under a normal pressure of 1 MPa and the no anchoring condition, the peak shear stress of the structural surface is 0.38 MPa, the peak displacement is 10.62 mm, and the average shear stiffness is 0.036 MPa/mm. For the traditional bolt anchoring condition, the peak shear stress is 1.05 MPa, the peak displacement is 8.70 mm, and the average shear stiffness is 0.120 MPa/mm. The peak shear stress of traditional bolts is 2.76 times that of the no anchoring condition. For the shear-yielding bolt anchoring condition, the peak shear stress is 1.42 MPa, the peak displacement is 14.40 mm, and the average shear stiffness is 0.101 MPa/mm. The peak shear stress of shear-yielding bolts is 1.35 times that of traditional bolts. Similarly, under the normal pressure of 0.25 MPa, 0.5 MPa, and 0.75 MPa, the peak shear stress of bolts is 1.52, 1.32, and 1.37 times that of traditional bolts. On average, the peak shear stress increases by 40%. The shear strength of the structural surface in the layered rock is significantly improved by the anchoring.



The numerical simulation results, according to Figure 7, are largely consistent with the test results. When the normal stress is high, the agreement between the two is better. This indicates that the contact surface parameters can be obtained through inversion in the numerical simulation, which reasonably describe the mechanical behavior of rock joints under shear conditions. Such parameters can effectively reflect the shear mechanical characteristics of jointed rock masses under different anchoring conditions.



When comparing traditional bolts and shear-yielding bolts, the numerical simulation and test results exhibit consistent trends with nonlinear strengthening and softening phases. When the normal stress is low, there is some deviation between the numerical results and the test results, but as the normal stress increases, the deviation decreases. This is because the model parameters were calibrated under high normal stress, and the computational model does not exactly match the experimental conditions.



In the shear-yielding bolt case, differences exist between the computed curve and the experimental data. The computed curve exhibits a hyperbolic nonlinear increase, while the experimental curve continues to increase after the first peak and eventually stabilizes. This is likely due to the contact relationship between the concrete block and the low-modulus material, which leads to unavoidable penetration phenomena during the computation. Additionally, the low-modulus material undergoes significant deformation during shearing, leading to mesh distortion and errors in the calculated results.



By analyzing the variations in the shear stress under shear-yielding anchoring from the direct shear test results, it can be seen that under different anchoring conditions, the shear forces and the shapes of the curves vary significantly, but the overall trends are consistent, which can be seen in Figure 7 and concluded as the four stages that the shear-yielding anchoring structure undergoes during shear loading:




	
Elastic Material Stress Stage: In the initial stage of shearing, the rock mass begins to undergo shear deformation under external forces. The low-modulus material outside the bolt is first subjected to compression from the rock mass. Due to its material properties, the low-modulus material undergoes significant deformation without breaking, causing minor dislocation between the structural surfaces and generating friction. As the shear stress increases, the friction also increases. When the shear force exceeds the friction between the structural surfaces, the structure breaks the equilibrium state and starts to move slowly, and the shear stress remains constant. In this stage, the bolt is not yet resisting the shear force, so the shear force is governed by the Mohr–Coulomb criterion.



	
Bolt Stress Stage: As the shear displacement continues to increase, the shear force is transmitted from the rock mass to the low-modulus material and then to the bolt. The bolt begins to resist the shear force, causing a rapid increase in the shear stress. In this stage, the bolt is in an elastic stress state, and the shear stiffness reaches its peak. The shear stress and displacement exhibit a nonlinear relationship.



	
Bolt Yield Strengthening Stage: As the shear displacement increases further, the bolt begins to yield and undergoes irreversible deformation. The shear stiffness gradually decreases, and the concrete surrounding the bolt starts to fracture. In this stage, the shear stress exhibits minor fluctuations, and the structural surface exhibits ductile strengthening characteristics. The shear stress continues to increase, but the rate of increase decreases as the shear stiffness decreases.



	
Bolt Shear Failure Stage: As the shear displacement continues to increase, the shear stress reaches its peak, and the bolt fails due to deformation. The shear stress stabilizes and eventually stops increasing.









4.2. Analysis of Factors Affecting the Shear Resistance of Shear-Yielding Anchoring Structures


The shear force–displacement curves for different moisture contents and various low-modulus material thicknesses are shown in Figure 8. The peak values are listed in Table 6 and Table 7.



As can be seen from the direct shear test results, the moisture content of the structural surface has a certain effect on the shear strength of the surface. For the no anchoring condition, the higher the moisture content is, the lower the shear strength of the surface is, which is consistent with general natural laws, as shown in Figure 8a. The shear strength of a layered rock in its natural state is primarily provided by the interactions between the soil particles and the rock on the structural surface. For a soil body, many factors including its mineral composition, physical properties, and soil structure will significantly influence its shear strength. As the moisture content increases, the shear strength of the structural surface decreases. Water can lubricate large soil particles, reducing the frictional resistance. For small clay particles, an increase in the moisture content thickens the bound water film, reducing cohesion. An increase in the water content alters the physical properties and structure of the soil particles and lowers the overall shear strength.



For shear-yielding bolted structural surfaces, the low-modulus material between the structural surfaces ensures a tighter connection, as shown in Figure 8b. The additional axial pressure applied during anchoring increases the density of the material of the structural surface, making the soil structure more stable. Therefore, the moisture content has less influence on the bolted structural surface.



As shown in Figure 8c, the anchoring performance of the shear-yielding bolts initially increases and then slightly decreases as the thickness of the low-modulus material increases. The reason for this is that the thickness of the low-modulus material positively influences the anchoring performance of the shear-yielding bolt to a certain extent. A thicker low-modulus material allows for greater shear-yielding displacement, maximizing the interaction between the structural surfaces. Additionally, a thicker material provides more cushioning, dispersing the originally concentrated stress and extending the service life of the bolt. However, as the thickness continues to increase, the bond between the rebar and the low-modulus material deteriorates, and the compressive strength of the material becomes limited. In the later stages of shearing, the low-modulus material breaks under compression, reducing the anchoring performance.



The numerical simulation results for various thickness conditions are consistent with the test results, and the shear mechanical properties of the structural surface under different moisture conditions are reasonably described. The effect of the thickness of the low-modulus material is also well-reflected in the numerical model. In addition, due to the strong anchoring effectiveness of the shear-yielding bolt, the moisture content on the joint surface has less influence in the numerical simulation. Many scholars have studied the interface between the bolt and the grout [43,44]. It not only shows different failure modes, but also shows the influence of different boundary effects. Our research only shows the influence of low-modulus material thickness in the process of shear failure and only shows a failure mode of bolt shear failure. The influence of temperature, acidic and alkaline environment, and other factors on the low-modulus material is not enough, which needs further study in practical engineering.




4.3. Shear Stress Analysis of Structural Surfaces Under Different Anchoring Methods


In order to better show the difference between the traditional anchor rod and the new anchor rod, the middle values of different moisture contents and different normal stresses in the test are chosen to carry out detailed discussion. The corresponding moisture content is 16%, and the normal stress is 0.5 MPa. When simulating the condition without anchoring, the lower stress level can better show the stress distribution. The corresponding moisture content is 20%, and the normal stress is 0.5 MPa. Using the Abaqus software, a joint shear calculation model was established to analyze the stress distribution during the shearing process of the joint. The results are shown in Figure 9, Figure 10 and Figure 11.



As can be seen from Figure 9, in the no anchoring case, the shear stress is approximately symmetrically distributed, with the maximum shear stress located in the middle of the joint and lower shear stresses on both sides of the joint.



As can be seen from Figure 10, under the conventional bolt reinforcement, the joint surface and the bolt bear the shear action together. Due to the low strength of the joint surface, the shear stress is mainly borne by the bolt, and there is obvious stress concentration on the shear surface of the bolt. The plastic strain is mainly distributed near the shear surface, and the bolt experiences considerable localized deformation at the shear surface.



As can be seen from Figure 11, in the shear-yielding bolt case, the low-modulus material surrounding the rebar provides an elastic cushioning effect during the shearing process, distributing the concentrated stress more evenly. Through comparison with the traditional bolt anchoring case, it can be seen that the stress concentration and localized deformation of the shear-yielding bolt are significantly lower. The low-modulus material absorbs much of the shear stress, and during the deformation process, it evenly transmits the shear stress to the bolt, thereby indirectly enhancing the shear resistance of the bolt and extending its service life.



In summary, the shear strength of the structural surface under shear-yielding bolt anchoring is further enhanced compared to that with traditional bolt anchoring. This improvement is due to the shear-yielding characteristic of the new type of bolt. In the initial stage of shearing, the rock mass first interacts with the low-modulus material. Because of the material’s elastic properties, the interlayer can undergo a certain amount of displacement without directly acting on the bolt, allowing the natural shear strength of the interlayer structural surface to take effect, thus improving the overall shear resistance. After this stage, the bolt begins to take on the shear force, similar to the process observed with traditional bolts. Additionally, the low-modulus material tightly wraps around the bolt, transmitting the shear force from the concrete block to the low-modulus material, which then transmits the force to the bolt. Throughout this process, the low-modulus material provides an elastic buffering effect, which distributes the concentrated stress more evenly. This indirectly enhances the shear resistance of the bolt and extends its service life.





5. Conclusions


Large-scale direct shear test and numerical simulation using Abaqus are carried out to study the difference between the traditional bolt and shear-yielding bolt in their shear performances and stress distributions in the shear process. After using numerical simulation to define the elastic modulus of the low-modulus material inserted between the bolt and the rock mass, the effect of the low-modulus material is discussed, and such effect is compared under different thicknesses of the material. The findings can be concluded as follows:




	
The main difference between shear-yielding bolts and traditional bolts lies in the presence of a layer of low-modulus material wrapped around the outside of the shear-yielding bolt. The low-modulus material has a low elastic modulus and easily deforms under compression. Due to the presence of this low-modulus material, when the structural surface undergoes shear slip in layered rock bolted with a shear-yielding bolt, the structural surface generates frictional resistance to sliding, allowing the natural shear strength of the interlayer to take effect and improving the overall shear performance. The elastic properties of the low-modulus material exert a certain unloading effect on the pressure transmitted from the rock mass, ensuring that the pressure is more evenly distributed onto the rebar of the bolt, avoiding excessive stress concentration, and extending the service life of the bolt.



	
Due to low-modulus material’s effect of releasing shear and fully utilizing the natural shear strength of the interlayer, the shear resistance of the shear-yielding bolt is superior to that of ordinary traditional bolts. From the direct shear test results, it can be seen that by allowing for greater peak displacement, the shear-yielding bolts reach its peak shear stress as 0.73 MPa, 0.94 MPa, 1.20 MPa, and 1.42 MPa under the normal pressure of 0.25 MPa, 0.50 MPa, 0.75 MPa, and 1.0 MPa. Compared with the peak shear stress of traditional anchor bolt, it is increased by 40% on average.



	
Within a certain range, an increase in the moisture content of the structural surface suppresses the shear strength of the structural surface. The higher the moisture content is, the lower the density and cohesion of the soil are, which indirectly alters the interaction forces between the structural surfaces and reduces the overall shear strength. However, for the shear-yielding bolt, due to the material properties, the moisture content on the structural surface has less influence. When the moisture content of the structural surface rises from 12% to 20%, for cases where there is no anchoring measure, the peak shear stress decreases by 0.15 kPa, almost half. But for cases where the shear-yielding bolts are used, the peak shear stress decreases by 0.12 kPa, which only accounts for 12% of the original strength.



	
The thickness of the low-modulus material in the shear-yielding bolt affects its anchoring ability. Specifically, as the thickness of the low-modulus material increases, the anchoring capacity of the shear-yielding bolt initially improves; however, beyond a certain point, the capacity no longer improves and even decreases because the bonding between the rebar and the material weakens. The optimum thickness of the low-modulus material is 15 mm according to the test results and numerical analysis. Thus, the influence of various factors on the bonding effect between the low-modulus material and the bolt and the rock mass remains to be studied.








However, how various factors in practical engineering, including temperature, higher moisture content, acidic or alkaline environment, and actual inserting state, affect the behavior of the low-modulus material is still unclear. Considering that it is the distinctive design making the shear-yielding bolt superior to the traditional bolt, the study of the shear-yielding bolt needs to be further verified in practical engineering.







Author Contributions


Conceptualization, X.Y.; methodology, X.Y.; software, J.X.; validation, J.X., X.J. and H.Z.; formal analysis, J.X.; investigation, H.Z.; resources, X.J.; data curation, J.X.; writing—original draft, J.X.; writing—review and editing, T.Z.; visualization, T.Z.; supervision, X.Y.; project administration, X.J.; funding acquisition, J.X. and H.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research is supported by Chongqing Technology Innovation and Application Development Special Key Project (cstc2019jscx-gksbX0072), National Key Research and Development Program of China (2022YFC3002603).




Data Availability Statement


The data used to support the findings of this study are available from the corresponding author upon request. The data are not publicly available due to privacy.




Conflicts of Interest


Authors Jianqiang Xu and Xueming Jia were employed by the company China Merchants Chongqing Communications Research and Design Institute Co., Ltd. Author Haoyu Zhang was employed by the company Sichuan Communication Surveying & Design Institute Co., Ltd. The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




References


	



Fang, J.; Zhu, J.A.; Meng, L. Water-sensitive Properties of Shear Strength of Bijie Red Clay under Direct shear Testing. IOP Conf. Ser. Earth Environ. Sci. 2019, 252, 050283. [Google Scholar] [CrossRef]

	



Derechennik, S.; Tur, V. Adaptive Estimation of the In Situ Characteristic Concrete Strength. Solid State Phenom. 2019, 292, 257–263. [Google Scholar] [CrossRef]

	



Wang, X. Experimental Study on Green Protection of Steep Slope of Mountain Highspeed Railway Subgrade. J. Railw. Eng. Soc. 2023, 40, 102–107. Available online: https://kns.cnki.net/kcms2/article/abstract?v=UbUZFcLhzIJNnguy7LB8P7TSkz08JZDiaGF1vuD_eFZiKrF3yUdU-lk3M4RIiY-Ylt09e3XMbs-0kU6pMeXvie3xSbWRypheOT-EkAX-K3qxcgR86UNvanlxQTox7Tez0e8DLr_SOLGGq2T5qqUIf9d-SLbnxMr5IC9p7_Rc66PuWnUkrNi0BeBGStsZ8f3HMc8GtoHp_TU=&uniplatform=NZKPT&language=CHS (accessed on 11 October 2024).

	



Liu, Y.; Lai, J.; Xu, J. Study on Slope Monitoring and Stability Based on Bolt–Cable Combined Support. Buildings 2024, 14, 886. [Google Scholar] [CrossRef]

	



Karalar, M.; Dicleli, M. Fatigue in jointless bridge H-piles under axial load and thermal movements. J. Constr. Steel Res. 2018, 147, 504–522. [Google Scholar] [CrossRef]

	



Chen, Y.; Wen, G.P.; Hu, J.H. Analysis of Deformation Characteristics of Fully Grouted Rock Bolts Under Pull-and-Shear Loading. Rock Mech Rock Eng. 2020, 53, 2981–2993. [Google Scholar] [CrossRef]

	



He, S.; He, J.; Ma, J.; Liu, X.; Li, Y.; Zhang, B. Mechanical Behavior of Anchor Bolts for Shallow Super-Large-Span Tunnels in Weak Rock Mass. Materials 2023, 16, 5862. [Google Scholar] [CrossRef]

	



Karalar, M.; Dicleli, M. Effect of pile orientation on the fatigue performance of jointless bridge H-piles subjected to cyclic flexural strains. Eng. Struct. 2023, 276, 115385. [Google Scholar] [CrossRef]

	



Akduman, S.; Karalar, M.; Mert, N.; Öztürk, H. Investigation of the Post-Fire Behavior of Different End-Plated Beam–Column Connections. Buildings 2024, 14, 1013. [Google Scholar] [CrossRef]

	



Chen, J.; Saydam, S.; Hagan, P.C. Numerical simulation of the pull-out behavior of fully grouted cable bolts. Constr. Build. Mater. 2018, 191, 1148–1158. [Google Scholar] [CrossRef]

	



Kang, H.P.; Yang, J.H.; Gao, F.Q.; Li, J.Z. Experimental Study on the Mechanical Behavior of Rock Bolts Subjected to Complex Static and Dynamic Loads. Rock Mech. Rock Eng. 2020, 53, 4993–5004. [Google Scholar] [CrossRef]

	



Sun, C.Y.; Chen, C.X.; Zheng, Y.; Liu, C.H. A stability analysis method of bolt-supported concealed bedding rock slopes against sliding shear failure. Chin. J. Rock Mech. Eng. 2023, 42, 2456–2465. [Google Scholar] [CrossRef]

	



Zhang, S.B.; Wang, C.S.; Wang, G.; Wu, X.Z.; Zheng, X.; He, P.; Xu, F. Experimental study on the shear behaviors of bolted rock joints reinforced with BFRP bars. Chin. J. Rock Mech. Eng. 2022, 41, 712–724. [Google Scholar] [CrossRef]

	



Meng, Q.B.; Xin, X.K.; Song, Z.M.; Cheng, Z.M.; Song, Y. Theoretical analysis and numerical simulation of energy absorption and control effect of bolt support. J. Cent. South Univ. (Sci. Technol.) 2024, 55, 3426–3440. [Google Scholar] [CrossRef]

	



Li, L.P.; Fan, H.Y.; Liu, H.L.; Zhou, S.; Gao, J.Y.; Zhang, Y.H. Validation of 3D DDA method and its application to the control of rock collapse in tunnels. J. Southeast Univ. (Nat. Sci. Ed.) 2024, 54, 531–538. [Google Scholar] [CrossRef]

	



Meng, Q.B.; Xin, X.K.; Liu, B.; Huang, B.X.; Wang, J.; Qi, Z.H.; Yang, B. Research and application of safety evaluation system for bolt-mesh-cable support in the deep roadway along goaf. J. Min. Saf. Eng. 2024, 41, 946–957. [Google Scholar] [CrossRef]

	



Ma, S.Q.; Zhao, Z.Y.; Peng, J.; Gui, Y.L. Analytical modeling of shear behaviors of rockbolts perpendicular to joints. Constr. Build. Mater. 2018, 175, 286–295. [Google Scholar] [CrossRef]

	



Ma, S.Q.; Zhao, Z.Y.; Shang, J.L. An analytical model for shear behavior of bolted rock joints. Int. J. Rock Mech. Min. Sci. 2019, 121, 104019. [Google Scholar] [CrossRef]

	



Li, Y.Z.; Tannant, D.D.; Pang, J.Y.; Su, G.S. Experimental and analytical investigation of the shear resistance of a rock joint held by a fully-grouted bolt and subject to large deformations. Transp. Geotech. 2021, 31, 100671. [Google Scholar] [CrossRef]

	



Chen, W.Q.; Liu, Y.J. Analytical model of bolt shear resistance considering progressive yield of surrounding material. SN Appl. Sci. 2022, 4, 42. [Google Scholar] [CrossRef]

	



Wu, Y.; Liu, X.; Tan, Y.; Ma, Q.; Fan, D.; Yang, M.; Wang, X.; Li, G. Mechanical Properties and Failure Mechanism of Anchored Bedding Rock Material under Impact Loading. Materials 2022, 15, 6560. [Google Scholar] [CrossRef]

	



Teng, J.Y.; Zhang, Y.N.; Tang, J.X.; Zhang, C.; Li, C.L. Study on mechanical properties of bedded rock with anchor under uniaxial compression. Rock Soil Mech. 2017, 38, 1974–1982+1998. [Google Scholar] [CrossRef]

	



Yang, B.Y.; Xiao, M.; Luo, N.; Wang, X.W. Analysis of Force Mechanism of Bolt in Searing Process. J. Huazhong Univ. Sci. Technol. (Nat. Sci. Ed.) 2019, 47, 127–132. [Google Scholar] [CrossRef]

	



Liu, J.; Wang, R.; Luan, H.; Zuo, H.; Jiang, Y.; Zhang, S.; Li, X. Bearing Characteristics of Rock Joints under Different Bolts Installation Angles and Their Underlying Mechanism. Sustainability 2023, 15, 12876. [Google Scholar] [CrossRef]

	



Lin, M.; Zhang, F.; Wang, W. Experimental Study on Durability and Bond Properties of GFRP Resin Bolts. Materials 2024, 17, 2814. [Google Scholar] [CrossRef]

	



Zhang, Z.; Liu, J.; Luan, H.; Wang, Y.; Jiang, Y.; Shi, Q.; Wang, C.; Zhang, S. Shear Mechanical Properties of Bolt-Grout Interface under Different Bolt Surface Profiles. Appl. Sci. 2024, 14, 1770. [Google Scholar] [CrossRef]

	



Li, Y.Z.; Liu, C.H. Experimental study on the shear behavior of fully grouted bolts. Constr. Build. Mater. 2019, 223, 1123–1134. [Google Scholar] [CrossRef]

	



Bačić, M.; Kovačević, M.S.; Jurić Kaćunić, D. Non-Destructive Evaluation of Rock Bolt Grouting Quality by Analysis of Its Natural Frequencies. Materials 2020, 13, 282. [Google Scholar] [CrossRef]

	



Saadat, M.; Taheri, A. Effect of Contributing Parameters on the Behavior of a Bolted Rock Joint Subjected to Combined Pull-and-Shear Loading: A DEM Approach. Rock Mech Rock Eng. 2020, 53, 383–409. [Google Scholar] [CrossRef]

	



Guo, P.F.; Wang, X.; Xu, F.L.; Sun, Y.; Liu, X. Parameter optimization and experimental study of anchorage device for soft rock mass bolt. Rock Soil Mech. 2024, 45, 2961–2970. [Google Scholar] [CrossRef]

	



Cai, M.; Champaigne, D.; Coulombe, J.G.; Challagulla, K. Development of two new rockbolts for safe and rapid tunneling in burst-prone ground. Tunn. Undergr. Space Technol. 2019, 91, 103010. [Google Scholar] [CrossRef]

	



Tu, B.X.; Yu, J.; He, J.F.; Cheng, Q.; Xu, G.P.; Jia, J.Q. Anchorage behavior of a new tension-compression composite bolt Ⅱ: Model test. Chin. J. Geotech. Eng. 2019, 41, 475–483. [Google Scholar] [CrossRef]

	



Yasuhiro, Y.; Zhao, Z.Y.; Nie, W.; Date, K.; Iwano, K.; Koizumi, Y.; Okada, Y. Development of a new deformation-controlled rock bolt: Numerical modelling and laboratory verification. Tunn. Undergr. Space Technol. 2020, 98, 103305. [Google Scholar] [CrossRef]

	



Feng, C.; Liu, S.; Jia, H.; Fu, M.; He, D. Strengthening Device for Improving Shear Performance of Anchor Cable in Rock Support. Materials 2024, 17, 197. [Google Scholar] [CrossRef]

	



Hao, Y.; Wu, Y.; Ranjith, P.G.; Zhang, K.; Hao, G.; Teng, Y. A novel energy-absorbing rock bolt with high constant working resistance and long elongation: Principle and static pull-out test. Constr. Build. Mater. 2020, 243, 118231. [Google Scholar] [CrossRef]

	



He, D.L.; Yang, W.J.; Lin, H.; Cao, R.H.; Cheng, Y.H. Particle flow numerical analysis of direct shear behavior of anchor joints. J. Eng. Geol. 2019, 27, 302–310. [Google Scholar] [CrossRef]

	



Wang, X.G.; Zhao, Y.F.; Nie, Y.; Lin, X.C.; Sun, X.S. The shear resistance mechanism of prestressed anchor cables in slope reinforcement. Int. J. Rock Mech. Min. Sci. 2023, 170, 105520. [Google Scholar] [CrossRef]

	



Jiang, Q.Q.; Xu, Y.Q.; Wang, H. Experimental study on shear deformation characteristics of soil-rock mixture under differentgravel contents. J. Eng. Geol. 2020, 28, 951–958. [Google Scholar] [CrossRef]

	



Jiang, Y.; Li, X.; Liu, J.; Luan, H.; Zhang, S.; Wang, C.; Wang, D. Study on Shear Behavior and Failure Characteristics of Bolted Anisotropic Rock Joints. Materials 2023, 16, 2210. [Google Scholar] [CrossRef]

	



Wang, J.J.; Liu, Y.F.; Zhang, H.P.; Zhao, D.; Yang, Y.; He, L.L. Yield Shear Anchorage Structure and Its Construction Method: China. CN107401162B, 7 July 2024. [Google Scholar]

	



Cui, G.J.; Zhang, C.Q.; Han, H.C.; Zeng, Z.Q.; Zhou, H.; Lu, J.J. Experimental study on shear behavior of structural plane under CNL and CNS conditions. Chin. J. Rock Mech. Eng. 2019, 38, 3384–3392. [Google Scholar] [CrossRef]

	



Fei, K.; Zhang, J.W. The Application of ABAQUS in Geotechnical Engineering; China Water Resources and Hydropower Press: Beijing, China, 2010; pp. 128–134. [Google Scholar]

	



Wang, C.S.; Jiang, Y.J.; Wang, G.; Luan, H.J.; Zhang, Y.C.; Zhang, S.H. Experimental investigation on the shear behavior of the bolt-grout interface under CNL and CNS conditions considering realistic bolt profiles. Geomech. Geophys. Geo-Energy Geo-Resour. 2022, 8, 111. [Google Scholar] [CrossRef]

	



Zhang, C.Q.; Cui, G.J.; Deng, L.; Zhou, H.; Lu, J.J.; Dai, F. Laboratory Investigation on Shear Behaviors of Bolt–Grout Interface Subjected to Constant Normal Stiffness. Rock Mech. Rock Eng. 2020, 53, 1333–1347. [Google Scholar] [CrossRef]








[image: Buildings 14 04066 g001] 





Figure 1. Schematic presentation of the structure of a traditional bolt. 
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Figure 2. Schematic presentation of the structure of a shear-yielding bolt. 
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Figure 3. Schematic presentation of experimental specimen. 
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Figure 4. The large-scale direct shear test instrument. 
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Figure 5. Illustration of experimental procedure: (a) specimen assembly; (b) preparation of structural surface material; (c) insertion of low-modulus material; and (d) completion of test assembly. 
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Figure 6. Calculation model and meshing in the simulation: (a) calculation model and (b) meshing. 
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Figure 7. Shear force–displacement curves for normal pressures when moisture content is 16% and normal stress is (a) 0.25 MPa, (b) 0.5 MPa, (c) 0.75 MPa, and (d) 1 MPa. 
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Figure 8. Shear force–displacement curves for shear-yielding bolt anchoring under different moisture contents and low-modulus material thickness conditions. (a) No anchoring; (b) shear-yielding bolt anchoring; and (c) shear-yielding bolt anchoring with different low-modulus material thicknesses. 
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Figure 9. Shear stress distribution of the joint (no anchoring case, normal stress of 0.5 MPa, moisture content of 20%). 
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Figure 10. Stress and plastic deformation distribution of the joint (traditional bolt anchoring, normal stress of 0.5 MPa, moisture content of 16%). 
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Figure 11. Stress and plastic deformation distribution of the joint (shear-yielding bolt, normal stress of 0.5 MPa, moisture content of 16%). 
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Table 1. Content of each grain size range of structural surface simulated material.
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	Grain Size (mm)
	<0.075
	0.075–0.25
	0.25–0.5
	0.5–1
	1–2





	Content (%)
	16.03
	18.18
	12.61
	30.02
	23.16










 





Table 2. Basic parameters of structural surface simulated materials.
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	Median Diameter

d50 (mm)
	Constrained Grain Size d60 (mm)
	Dry Density

ρd (g/cm3)
	Porosity

n





	0.48
	0.64
	1.85
	0.4










 





Table 3. Direct shear test scheme.
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Number

	
Test Type

	
Moisture Content of Structural Surface w (%)

	
Diameter of Low-Modulus Material d (mm)

	
Normal Stress σ (MPa)






	
1

	
N

	
16

	
0

	
0.25, 0.5, 0.75, 1




	
12, 20

	
0

	
0.5




	
2

	
T

	
16

	
0

	
0.25, 0.5, 0.75, 1




	
3

	
S

	
16

	
15

	
0.25, 0.5, 0.75, 1




	
4

	
S

	
16

	
12, 15, 18

	
0.5




	
5

	
S

	
12, 20

	
15

	
1











 





Table 4. Constitutive parameters of contact surface.
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	Nonlinear Index K1
	Nonlinear Index K2
	Nonlinear Index n
	Nonlinear Index Rf
	Friction Angle of Structure Surface δ (°)
	Atmospheric Pressure Pa (kPa)
	Weight of Water γw (kN/m3)





	2.3×105
	2.3×105
	0.02
	1
	22.6
	100
	9.8










 





Table 5. Direct shear test results of peak shear force and displacement values under different anchoring conditions and normal pressures.
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	Normal Pressure

σ (MPa)
	Anchoring Conditions
	Average Shear Stiffness

G (MPa/mm)
	Peak Displacement

νmax (mm)
	Peak Shear Stress

τmax (MPa)





	
	N
	0.015
	9.65
	0.14



	0.25
	T
	0.057
	8.37
	0.48



	
	S
	0.044
	16.50
	0.73



	
	N
	0.024
	10.15
	0.24



	0.5
	T
	0.085
	8.26
	0.71



	
	S
	0.058
	16.20
	0.94



	
	N
	0.031
	10.31
	0.32



	0.75
	T
	0.098
	8.82
	0.87



	
	S
	0.072
	16.60
	1.20



	
	N
	0.036
	10.62
	0.38



	1
	T
	0.120
	8.70
	1.05



	
	S
	0.101
	14.40
	1.42










 





Table 6. Numerical simulation results of peak shear force values for different moisture contents of the structural surface.
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Moisture Content

w (%)

	
Peak Shear Stress τmax (MPa)




	
No Anchoring

	
Shear-Yielding Bolt Anchoring






	
12

	
0.31

	
0.98




	
16

	
0.24

	
0.94




	
20

	
0.16

	
0.87











 





Table 7. Numerical simulation results of peak displacement and shear force values for different low-modulus material thicknesses.






Table 7. Numerical simulation results of peak displacement and shear force values for different low-modulus material thicknesses.





	Diameter of Low-Modulus Material and Anchoring Tendon d (mm)
	Peak Displacement νmax (mm)
	Peak Shear Stress τmax (MPa)





	12
	14.50
	1.22



	15
	16.46
	1.42



	18
	16.58
	1.35
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