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To study the evolution law of axial force and shear stress of a full-length anchorage bolt in a rectangular roadway during roadway driving and working face mining, based on the stress analysis of the bolt, considering the elastic parameters and geometric size of the bolt, the effect of a bearing plate on surrounding rock, roadway cross-section shape, roadway deformation degree, and roadway elastic parameters, elastic mechanics and mathematical analysis methods were used to establish the mechanical model describing the interaction between the bolt and surrounding rock, and the mechanical formulas for calculating the axial force and shear stress of the bolt were derived. Taking the mining roadway of 1,131(1) working face in the Zhujidong coal mine of the Huainan mining area as the engineering background, the axial force and shear stress of the bolt in the middle of the roof and side of the rectangular roadway with the advance of driving face and working face were analyzed. The mechanical model and theoretical analysis results are verified by installing force measuring bolts with the same mechanical properties as the field and observing the real axial force distribution of the bolts.
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1 INTRODUCTION
The rectangular roadway has been widely used in coal mining roadways because of its advantages of fast driving speed and convenient construction. A rectangular roadway with bolts and cable support has become the most important design scheme for the coal mining roadway. With the continuous increase of coal mining depth, the support strength of mining roadways continues to improve. The full-length anchoring bolt can not only provide the surface force but also effectively prevent the deformation of the shallow surrounding rock of the roadway, which has become a powerful measure to improve the support strength. However, because of the complexity of the surrounding rock stress distribution of a rectangular roadway, the stress of its full-length anchoring bolt is obviously different from that of regular section roadways such as circular, oval, and straight wall semicircular arch, which has attracted the attention of many coal mine engineers and technicians (Lv et al., 2018; Mei et al., 2020).
Many scholars at home and abroad have carried out significant research on the mechanical properties of full-length anchoring bolts through theoretical analysis, numerical simulation, laboratory tests, or field tests. Wang et al. established the dynamic response model of full-length anchorage bolts. Based on structural dynamics and the explosion spherical wave theory, they calculated and analyzed the variation characteristics and distribution law of axial stress and shear stress of bolts with time under a blasting dynamic load (Wang et al., 2018; Zou and Zhang, 2021). Wang et al. systematically studied the mechanical characteristics of the full-length anchorage bolt under different working conditions, developed the anchor algorithm, carried out numerical tests, and analyzed the effects of continuous deformation magnitude, crack parameters, and confining pressure-drawing conditions on the distribution of the axial force and shear stress of the full-length anchoring bolt. Li et al., based on the deformation of the surrounding rock, established the bolt-surrounding rock interaction model, and deduced the analytical expressions of the distribution of axial force and shear stress along the bolt body during the normal support process and critical failure of the bolt (Wu et al., 2018; Zhao et al., 2020). Chang et al. proposed a simplified method to analyze the interaction between full-length anchoring bolts and rock mass in circular roadways under hydrostatic stress field. In this process, the relative motion between the rock mass and bolt is determined by considering the interfacial shear stiffness. In addition, the elastic elongation of the bolt is also considered. The rock bolt interaction is simulated in the initial and final states (Cheng et al., 2015; Chang et al., 2019). Zhou et al. proposed a numerical model based on the double exponential curve shear slip-model of the anchorage interface and the linear strengthened elastoplastic constitutive model of the bolt, and verified the model through the pull-out test (Cui et al., 2021). Chen et al. established an analytical model to study the load transfer characteristics of the full-length anchoring bolt and verified the theoretical model by the field pull-out test. It is found that the axial load of the bolt attenuates from the loading end to the free end, which is independent of the pull-out load (Chen et al., 2020). Zou et al. proposed a dynamic bond-slip model to describe the dynamic evolution characteristics of the bond strength of the bolt rock interface, and deduced the analytical solutions of the shear stress distribution, load-displacement relationship, and relative displacement of the bolt considering the free end slip (Jin-feng and Peng-hao, 2019). Aghchai et al. studied the interaction between the full-length anchoring bolt and slurry and the surrounding rock in the pull-out test, considered different stages such as complete bonding and partial anchoring, and analyzed and obtained the load-displacement curve of the anchor head (Aghchai et al., 2020). Liu et al. considered the combined action of axial force and shear force of the bolt, and proposed an improved prediction method for the shear strength contribution of full-length anchoring bolts (Liu and Li, 2020). Liu et al. established the analytical model of the interaction between the bolt and surrounding rock, deduced the control differential equation of load transfer, obtained the stress distribution of the anchor body, and proposed the calculation method of the bolt considering the shear damage of the anchorage interface based on the finite element method (Liu et al., 2017; Lyu et al., 2018). Liu and Li analyzed the load distribution and deformation characteristics of the deflection section of the full-length anchoring bolt, and established the structural mechanics model. Based on the force method equation and deformation coordination relationship, the analysis method of the influence of axial force and shear force at the intersection of the bolt and joint surface on the stability of the rock slope is established, and the influence of bolt inclination on the joint surface is discussed (Liu and Li, 2017; Li and Liu, 2019). There are many similar research results, such as those achieved by Liu et al., (2017) and Sun et al. (2021). Although the existing studies have carried out detailed research on the mechanical properties of full-length anchoring bolts and have achieved rich research results, the existing research methods seldom consider the influence of the roadway section shape and roadway surrounding rock deformation characteristics on the full-length anchoring bolt. This leads to many conclusions which cannot be directly applied to production practice.
To sum up, this study refers to the existing research results, fully considers the section shape of the mining roadway and the deformation of the surrounding rock of the mining roadway, establishes and solves the mechanical model of the bolt through the stress analysis of the bolt, and deduces the mechanical formula for calculating the axial force and shear stress of the bolt. Based on the engineering background of 1,131(1) working face of the Zhujidong coal mine in the Huainan mining area, the variation law of axial force and shear stress of full-length anchoring bolts in the middle of the roof and side of a rectangular roadway with the advance of the driving face is analyzed. The change of axial force of full-length anchoring bolts during roadway driving is observed by the force measuring bolt, which verifies the correctness of theoretical analyses. It provides a theoretical basis for bolt support design.
2 BOLT MECHANICS MODEL
It is assumed that the surrounding rock is an isotropic elastomer without considering the influence of an anchoring agent. At the same time, it is assumed that the bolt is a one-dimensional elastomer without considering the transverse deformation of the bolt. It is assumed that the stress and displacement of the bolt are continuous at the anchorage surface. The coordinate system is established as shown in Figure 1, and mechanical model is obtained for calculating the axial force and shear stress of the bolt by analyzing the stress of the bolt and deformation of the surrounding rock.
[image: Figure 1]FIGURE 1 | Stress diagram of the bolt and surrounding rock.
In Figure 1, [image: image] shows the working resistance of the bolt; [image: image] indicates the action load of the bearing plate on the surrounding rock; and [image: image] represents the equivalent circle radius of the bearing plate. Figure 1 also shows the rectangular coordinate system x-y and the cylindrical coordinate system [image: image] used to establish the model and their corresponding relationships.
2.1 Stress Analysis of the Bolt
The stress of the bolt is shown in Figure 2. [image: image] shows the axial force of the bolt; [image: image] shows the shear stress on the surface of the bolt body; [image: image] represents the interface between the anchorage section and the non-anchorage section; and [image: image] shows the arbitrary section in the anchorage section. The axial force [image: image] of the bolt is constant in the non-anchorage section and its value is the same as the working resistance [image: image]. In the anchorage section, it is an unknown function about z. The shear stress [image: image] is 0 in the non-anchorage section and an unknown function about z in the anchorage section.
[image: Figure 2]FIGURE 2 | Bolt stress diagram.
The bolt body from the end of the anchor to the section [image: image] is taken as the research object. In the cylindrical coordinate system, the direction of shear stress in Figure 2 is negative. According to the balance condition of the force system, the relationship between the axial force [image: image] and shear stress of [image: image] can be obtained as follows:
[image: image]
In Eq. 1, [image: image] represents the radius of the bolt. The elastic modulus of the bolt is much larger than that of the surrounding rock and the cross-section of the bolt is much smaller than that of the roadway. Therefore, it can be assumed that the normal stress [image: image] on the cross-section of the bolt is evenly distributed. Then, the relationship between the axial force [image: image] and normal stress [image: image] is
[image: image]
According to the field observation data and the design requirements of the bolt support, the bolts are in the elastic state during roadway driving. Therefore, the relationship between the axial normal stress [image: image] and the axial strain [image: image] of the bolt is
[image: image]
In Eq. 3, E represents the elastic modulus of the bolt. Substituting Eq. 3 into Eq. 2, we can get
[image: image]
By substituting Eq. 4 into Eq. 1, the relationship between the bolt surface shear stress [image: image] and the bolt axial strain [image: image] is
[image: image]
The shear stress and strain of the surrounding rock at the anchorage surface are the same as the shear stress and axial strain of the bolt. Then, the shear stress and strain of the surrounding rock at the anchorage surface can be substituted into Eq. 5. By solving Eq. 5, the expressions of axial force and shear stress of the bolt are derived.
2.2 Effect Analysis of the Bearing Plate on Surrounding Rock
Assuming that the extrusion force of the bearing plate on the surrounding rock is uniformly distributed and there is no shear load on the surrounding rock, the force of the bearing plate on the surrounding rock is shown in Figure 3:
[image: Figure 3]FIGURE 3 | Force of the bearing plate on the rock wall.
In Figure 3, the calculation method of [image: image] and [image: image] are as follows:
[image: image]
In Eq. 6, [image: image] represents the area of the bearing plate. When the Love displacement function is taken in the form as shown in Eq. 7, the exact solution of the mechanical problem shown in Figure 3 can be obtained.
[image: image]
In Eq. 7, [image: image] and [image: image] are displacement functions, and the expression is
[image: image]
In Eq. 8, [image: image] () and [image: image] () represent the first kind of Bessel functions of order 0 and order 1; v represents Poisson’s ratio of the surrounding rock; e represents the base of the natural logarithm; and [image: image] represents the integral variable.
By substituting the Love displacement function Eq. 7 into Eq. 9, the displacement distribution law of the surrounding rock when it is squeezed by the bearing plate can be obtained.
[image: image]
In Eq. 9, [image: image] represents the Love displacement function and G represents the shear modulus of the surrounding rock. By substituting the displacement component of the surrounding rock obtained from Eq. 9 into the geometric equation, the strain tensor of the surrounding rock under the bearing plate extrusion can be obtained, and then the stress tensor of the surrounding rock can be obtained by Hooke’s law.
2.3 Deformation Analysis of the Surrounding Rock of Rectangular Roadways
Assuming that the stress distribution of roadway surrounding rock is a plane strain problem, the proposed complex function method is used to solve the strain distribution law of rectangular roadways (Muskhelishvili and Noordhoff, 1953; Feng et al., 2014; Tran Manh et al., 2015; Shen et al., 2017; Chang et al., 2020). The stress of a rectangular roadway is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Stress diagram of the rectangular roadway.
The stress distribution of the surrounding rock of a rectangular roadway can be characterized by two complex functions [image: image] and [image: image]. The form of complex functions [image: image] and [image: image] are
[image: image]
In Eq. 10, the function [image: image] represents the conformal mapping function from the outer domain of the rectangular roadway to the unit circle on the complex plane, and the solution method is shown in the literature (Nazem et al., 2015; Yuan et al., 2018; Baddoo and Crowdy, 2019; Badreddine et al., 2019; He et al., 2022). Analytic functions [image: image] and [image: image] satisfy Cauchy–Riemann conditions. The values of variables [image: image] and [image: image] are as follows:
[image: image]
In Eq. 11, [image: image] and [image: image] represent the coordinate components of the curvilinear coordinate system determined by the conformal mapping function [image: image]. The surrounding rock stress of the rectangular roadway is
[image: image]
In Eq. 12, [image: image], [image: image], and [image: image] represent the stress components in the curvilinear coordinate system. According to the method in the reference (He et al., 2022), the stress tensor in the rectangular coordinate system can be obtained. Then, the strain tensor of the surrounding rock can be obtained from the stress tensor.
2.4 Effect Analysis of the Bolt on Surrounding Rock
The load function [image: image] is used to equivalent the effect of the bolt on the surrounding rock. The load function is distributed along the axial direction of the bolt. It is an unknown function of variable z in the anchorage section and 0 in the non-anchorage section. The effect of the load on the surrounding rock is the same as that of the bolt on surrounding rock. The force of the load on the surrounding rock is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Schematic diagram of [image: image] acting on the surrounding rock.
Take microelements on the bolt for analysis. At this time, the surrounding rock [image: image] is under the action of the concentrated load [image: image], and when the Love displacement function is in the form shown in Eq. 13, the stress distribution law of the surrounding rock under the concentrated load [image: image] can be obtained by the following equation.
[image: image]
In Eq. 13, the function [image: image] is a known function and satisfies the following equation:
[image: image]
In Eq. 14, [image: image] and [image: image] are
[image: image]
Integrate Eq. 13 on the bolt body to obtain the Love displacement function:
[image: image]
Through Eq. 16, the effect of the distribution load [image: image] on the surrounding rock can be obtained, that is, the effect of the bolt on the surrounding rock. Substituting Eq. 16 into Eq. 9 can obtain the displacement component of the surrounding rock under the action of the bolt, and then obtain the stress and strain tensor of the surrounding rock under the action of the bolt as follows:
[image: image]
In Eq. 17, the sum of tensors [image: image] and [image: image] is a known quantity, which is only related to the function [image: image].
2.5 Calculation Formula of Axial Force and Shear Stress of Bolt
According to the uniqueness theorem of solution in elasticity, there is only one exact solution satisfying the corresponding boundary conditions. The contact surface between the bolt and the surrounding rock can be regarded as a boundary condition. When the surrounding rock is taken as the research object, it has two boundaries. The first is the free surface of the surrounding rock and the second is the contact surface between the bolt and the surrounding rock, that is, the anchorage surface. When the two boundary conditions are consistent, the stress-strain state in the surrounding rock is unique and determined. The boundary condition of the surrounding rock at the free surface is not affected by the bolt. When the anchorage surface does not slide, the stress and strain are continuous on the anchorage surface. The stress and strain on the anchorage surface meet both the mechanical equation of the surrounding rock and the mechanical equation of the bolt. Therefore, the stress and strain of the surrounding rock at the anchorage surface can be substituted into the mechanical equation of the bolt, and the functional equation with the distributed load function [image: image] as the unknown function can be obtained. The solution of the unknown function [image: image] can be obtained by solving this equation. The calculation formulas of the axial force and shear stress of the bolt can be obtained by substituting the obtained function [image: image] into the relevant formulas.
Substituting the values of stress and strain at the anchorage surface into Eq. 5, we can get
[image: image]
In Eq. 18, [image: image] and [image: image] are
[image: image]
Substitute Eq. 17 into Eq. 18 and simplify it to obtain
[image: image]
Eq. 20 is the first kind of Fredholm integral equation (Mesgarani and Azari, 2019; Khan et al., 2020), in which the function [image: image] is called the kernel of the integral equation and the function [image: image] is called the free term of the integral equation. The kernel function and free term are known functions and their expressions are
[image: image]
According to the relevant theory of integral equation, the outgoing load function [image: image] can be solved from Eq. 20. Substituting the load function obtained from the solution into Eq. 19 and then substituting the second equation of Eq. 19 into Eq. 4, the expression of the bolt axial force can be obtained
[image: image]
Substituting Eq. 22 into Eq. 1, and then differentiating and sorting Eq. 1, the expression of the surface shear stress [image: image] can be obtained by 
[image: image]
By substituting the stress variables of the surrounding rock under different engineering conditions into Eq. 18, the distribution curves of the bolt axial force and shear stress under the corresponding engineering conditions can be obtained.
2.6 Effect of the Driving Face and Working Face
The schematic diagram of a driving roadway is shown in Figure 6. When the roadheader cuts out the complete roadway section, some bolts are installed immediately to support the roadway, and its position is shown at point A of Figure 6. At this time, the surrounding rock is supported by the front coal wall without deformation or the deformation is very small, which can be ignored compared with the deformation of the surrounding rock in the later stage. When it is far away from the coal wall, as shown at point B, the bolt is affected by the deformation of the surrounding rock and the axial force of the bolt changes (Chang et al., 2021).
[image: Figure 6]FIGURE 6 | Schematic diagram of the driving roadway.
[image: image] is used to indicate the influence range of the driving face. It is assumed that at point A, the surrounding rock is not deformed, and at point B, the surrounding rock reaches a stable state. The creep of the surrounding rock and other factors are not considered in this study. According to the numerical simulation results and on-site roadway deformation observation data, the exponential function is used to describe the strain of the surrounding rock between point A and point B.
[image: image]
In Eq. 24, the parameter a1 reflects the severity of the surrounding rock deformation within the influence range of the driving face; l represents the distance between the bolt and the working face; [image: image] represents the strain tensor of the surrounding rock when it is not affected by the driving face; and [image: image] represents the strain tensor of the surrounding rock within the influence range of the driving face. By substituting [image: image] into Eqs 21, 22, 23, the distribution laws of the axial force and shear stress of bolts with different anchor lengths in a rectangular roadway during roadway driving can be obtained. Reference Chang et al. (2020) gives the stress distribution law of the roadway surrounding rock during working face mining. Under the influence of mining stress of the working face, the vertical stress of the roadway can be expressed as
[image: image]
In Eq. 25, function H( ) represents the Heaviside step function; l represents the distance from the working face; [image: image] represents the vertical pressure of the original rock; ks represents the vertical stress concentration coefficient at the peak of the abutment pressure; ls represents the peak position of the abutment pressure; and coefficients a2 and b2 are used to describe the change severity of the abutment pressure curve. We can obtain the horizontal stress [image: image] and shear stress [image: image] through the pressure measurement coefficient [image: image] and shear stress coefficient [image: image]. Similar to the influence of the driving face on the bolt, we can obtain the stress distribution of the bolt under the influence of the working face through Eq. 25.
3 ENGINEERING ANALYSIS
Based on the engineering background of 1,131(1) working face of the Zhujidong coal mine in the Huainan mining area, the distribution law of the axial force and shear stress of full-length anchoring bolts in a rectangular roadway during driving is studied. The mining roadway of 1,131(1) working face has a width of 5.2 m and a height of 3.2 m, which is supported by the bolt and a cable. The bolt support parameters are shown in Table 1 and the roadway section and support structure are shown in Figure 7.
TABLE 1 | Bolt support parameters.
[image: Table 1][image: Figure 7]FIGURE 7 | Schematic diagram of the roadway support scheme.
The roof and floor of 1,131(1) working face are mudstone, which is similar to the mechanical properties of a coal seam and can be combined. Through the measurement test of rock mechanical parameters, the shear modulus G of the surrounding rock is 1.72 GPa and Poisson’s ratio v is 0.21. According to the tensile test results of a bolt, the elastic modulus E of the bolt is 203 GPa. According to the in-situ stress test results, the vertical pressure of the roadway [image: image] is 14.35 MPa, the horizontal pressure [image: image] is 13.38 MPa, and the shear stress [image: image] is 0. Through the fitting and analysis of the field surrounding rock deformation data, [image: image] is taken as 20 m and parameter a1 is 3. The variation curve of the surrounding rock strain within the influence range of the driving face with the advance of the working face is shown in Figure 8A. According to Chang et al. (2020), let ks = 1.9, a2 = 0.1, and b2 = 0.03. Substitute the aforementioned parameters into Eq. 25 to obtain the abutment pressure curve, as shown in Figure 8B.
[image: Figure 8]FIGURE 8 | Influence of mining stress: (A) variation curve of the surrounding rock strain with an advance of the driving face; and (B) the abutment pressure curve.
Taking bolts A and B in the middle of the roof and side as examples, the evolution law of the axial force and shear stress of full-length anchoring bolts during driving roadway is studied. To verify the theoretical analysis results, during roadway driving, some force measuring bolts with the same mechanical parameters and geometric dimensions as the on-site bolts are used to replace bolts A and B to observe the axial force distribution of bolts. The force measuring bolt is shown in Figure 9A and the force measuring bolt installed on site is shown in Figure 9B.
[image: Figure 9]FIGURE 9 | Force measuring bolt: (A) force measuring bolt in the laboratory; and (B) force measuring bolt installed on site.
Six groups of axial force-monitoring points are arranged on each force measuring bolt and the distance between each group of axial force-monitoring points and the bearing plate is shown in Table 2.
TABLE 2 | Location of measuring points.
[image: Table 2]3.1 Distribution Law of Axial Force of Full-Length Anchoring Bolts in a Rectangular Roadway
By substituting the relevant data into the bolt mechanical model, the variation curve of the axial force of a full-length anchoring bolt in a rectangular roadway during roadway driving and working face mining can be obtained. The variation curve of the axial force of the bolts A and B with the advance of driving face and working face is shown in Figure 10.
[image: Figure 10]FIGURE 10 | Distribution law of the axial force of the bolt with the bolt body: (A) Variation law of the axial force of bolt A with the advance of the driving face; (B) Variation law of the axial force of bolt B with the advance of the driving face; (C) Variation law of the axial force of bolt A with the advance of the working face; and (D) variation law of the axial force of bolt B with the advance of the working face.
It can be seen from Figure 10 that for the full-length anchoring bolt in the middle of the roof and side of the rectangular roadway, the distribution law of its axial force along the bolt body direction is roughly the same. With the advance of the driving face, the axial force rapidly evolves from a monotonous decreasing trend to the change law of first increasing and then decreasing. But with the advance of the working face, the axial force increases first and then decreases. The axial force change of the bolt in the middle of the roof is gentler than that in the middle of the side. The maximum axial force point of the bolt quickly stabilizes at the neutral point from the orifice position with the advance of the driving face. The neutral point of the bolt in the middle of the roof is 0.75 m away from the orifice, and the neutral point of the bolt in the middle of the side is 0.40 m away from the orifice. The neutral point of the bolt on the roadway side is closer to the roadway surface. The working resistance of the bolt shows a monotonous increasing trend with the advance of the driving face and the working face.
3.2 Shear Stress Distribution Law of a Full-Length Bolt in a Rectangular Roadway
According to Eq. 23, the distribution curve of the shear stress of the bolt body can be obtained. The evolution curve of the shear stress of the bolt body with the advance of the driving face and the working face is shown in Figure 11. In Figure 11, the sub coordinate system is a local magnification of the main coordinate system.
[image: Figure 11]FIGURE 11 | Distribution law of the shear stress of the bolt with the bolt body: (A) Variation law of the shear stress of bolt A with the advance of the driving face; (B) Variation law of the shear stress of bolt B with the advance of the driving face; (C) the variation law of the shear stress of bolt A with the advance of the working face; and (D) variation law of the shear stress of bolt B with the advance of the working face.
It can be seen from Figure 11 that the evolution law of the shear stress in the middle of the roof and the bolt in the middle of the side is the same with the advance of the driving face and the working face. When there is no neutral point in the bolt, that is, when the bolt is installed in the surrounding rock, the shear stress of the bolt shows a monotonous increasing trend. When there is a neutral point in the bolt, that is, when the bolt is far away from the driving face, the shear stress of the bolt shows a monotonous decreasing trend. The variation range of the shear stress of the bolt in the middle of the side is greater than that of the bolt in the middle of the roof. The shear stress curve of the bolt intersects at one point, that is, the neutral point of the bolt, which indicates that the neutral point position of the bolt does not change during roadway driving and working face mining.
Comparing Figures 10, 11, it can be seen that when the shear stress of the bolt is less than 0, the axial force of the bolt decreases. When the shear stress of the bolt is greater than 0, the axial force of the bolt increases. On both sides of the neutral point of the bolt, the sign of the shear stress of the bolt is different, which is consistent with the neutral point theory.
3.3 Observation Results of Force Measuring Bolt
The mining roadway of 1,131(1) working face is driving for 4.8 m every day. After installing the force measuring bolt, it is observed twice on the first day and once every day, after that, for a total of 7 days. The observed data are shown in Figure 12.
[image: Figure 12]FIGURE 12 | Variation curve of the axial force of a force measuring bolt: (A) Force measuring anchor bolt A in the middle of the roof and (B) force measuring anchor bolt B in the middle of the side.
It can be seen from Figure 12 that the axial force distribution law of the bolt measured by the force measuring bolt is basically consistent with the axial force distribution law obtained by theoretical calculations. When the force measuring bolt is installed into the surrounding rock, the axial force of the bolt shows a monotonous decreasing trend. When it is far from the driving face, the axial force of the bolt increases first and then decreases. The maximum value is reached at the neutral point of the bolt. The neutral point of the roof force measuring bolt is between 0.52 and 1.04 m. The neutral point of the side force measuring bolt is about 0.46 m, which is consistent with the theoretical calculation results. The variation range of the axial force of the force measuring bolt in the middle of the roadway side is greater than that of the force measuring bolt in the middle of the roof. The working resistance of the force measuring bolt in the middle of the roadway side is less than that of the force measuring bolt in the middle of the roof, which is consistent with the theoretical calculation results. The correctness of the theoretical calculation results can be verified from the observation data of the force measuring bolt.
4 CONCLUSION
To study the evolution law of the axial force and shear stress of full-length anchoring bolts in a rectangular roadway during roadway driving and working face mining, considering the deformation of the surrounding rock, the mechanical model of the bolt is established and solved through the stress analysis of the bolt. Then, the mechanical formulas for calculating the axial force and the shear stress of the bolt are deduced. Taking the mining roadway of 1,131(1) working face in the Zhujidong coal mine as the engineering background, the evolution law of the axial force and the shear stress of the full-length anchoring bolt in the middle of the roof and the side of the rectangular roadway with the advance of the driving and the working face are analyzed. The theoretical analysis results are verified by the observation data of the force measuring bolt. The axial force distribution law of the bolt in the middle of the roof and the bolt in the middle of the roadway side is the same. When the bolt is installed, the axial force of the bolt decreases monotonically along the direction of the bolt. The axial force of the bolt first increases and then decreases along the direction of the bolt, and the maximum value appears at the neutral point. The neutral point position remains unchanged. The distribution law of the shear stress of the bolt body in the middle of roof and side is the same. The shear stress of the bolt shows a monotonous increasing trend along the direction of the bolt. At different distances from the driving face or the working face, the shear stress of the bolt converges at the neutral point. The variation range of the shear stress of the bolt body in the middle of the roadway is greater than that of the bolt in the middle of the roof.
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