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Abstract 

Bolt reinforcement is a standard reinforcement method for jointed rock masses. However, regarding rock anchoring, the 

mechanical characteristics of the joint surface, as well as the angle between the bolt and the joint sliding surface, are 

important factors that affect rock support. Therefore, to understand the influence of a set angle, length, normal load, and 

other conditions that affect the shear strength of bolt joints, this study uses numerical software to establish the shear 

sliding model of bolt rock masses and analyzes the influence of the setting conditions of the bolt on the shear strength of 

a bolt rock mass, which can be done by changing the setting method of the bolt and normal mechanical conditions of the 

sliding surface. The results show that the shear strength of the anchor joint is not affected after the anchor reaches a 

certain length. The angle of the anchor strongly influences the shear strength of the anchor joint, and the shear strength 

curve is V-shaped, where the anchor angle is less than 90°. Moreover, the shear strength curve indicates a downward 

trend when the anchor angle is greater than 90°, and the shear strength of the anchorage joint increases with the increase 

of the normal load. Under the same anchor length (4 cm) in the anchor angle and shear strength coordinate system, the 

shear strength curve of the single anchor is above the shear strength curve of the double anchor, which is exclusively in 

the local anchor angle section under the condition of a large normal load and a large anchor angle. The shear strength 

curve of the double anchor is above the shear strength curve of the single anchor. 
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1. Introduction 

Jointed rock masses are standard in slopes, water conservancy, hydropower, mining, as well as highway 

construction, among other projects. Because of disturbances caused by excavations or weathering, the rock mass is 

often destroyed along the joint surface, resulting in natural disasters, such as landslides or collapses [1]. Therefore, 

rock bolts are widely used for rock mass reinforcement [2]. The shear resistance of an anchored rock mass can be 

affected by many factors, and much research has been done on the topic. Liu et al. (2020) [3] proposed an improved 

method to predict the contribution of the passive full grouting anchor to the shear resistance of jointed rock. Moreover, 

Wu et al. (2019) [4] found that the influence of a cyclic load on the shear capacity of the bolt is far greater than that of 

the shear capacity of the bolt itself. Lia et al. (2019) [5] determined that the shear behavior of the bolt on the joint 

surface of the reinforced rock included the axial shear behavior along with the bolt interface and the local transverse 

shear behavior of the bolt deflection section. Through numerical simulation analysis, two boundary anchorage lengths 

were found in the bolt shear test. Chen et al. (2018) [6] conducted direct shear tests on the pre-set joint examples of 
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bolt support, which were unsupported by different normal stress actions. The results showed that the deformation of 

the bolt decreased with the increase of normal stress and increased with the increase of roughness. Liu et al. (2018) [7] 

noticed that bolt anchoring could increase the equivalent cohesion and internal friction angle of the joint rock surface 

and that the compressive strength of the rock material has a significant impact on the mechanical properties of the bolt 

joint surface. The softer the lithology is, the closer the mechanical properties of the bolt and similar rock materials are. 

Moreover, the harder the lithology is, the greater the increase of the shear strength of the bolt-on joint rock surface and 

the more significant the reinforcement effect of the bolt is. Chen (2020) [8] showed that the strength of layered rock 

increases with the anchoring effect. In the case of no bolt, the failure mode of rock changes from a shear failure to a 

split failure. When bolt reinforcement was used, the failure plane was parallel to the axis of the bolt, and the shearing 

began at the interface between hard rock and soft rock. Furthermore, Li et al. (2019) [9] indicated that the bolting 

angle and grout strength play significant roles in influencing the bolt contribution. With increases of the bolting angle, 

the bolt contribution initially rises and then reduces; they obey a parabola relationship. Notably, the contribution of the 

bolt is less than its ultimate tensile load by a large margin when the bolt steeply intersects the rock joint. Moreover, 

Yao et al. (2019) [10] observed that water had a significant effect on the shear bond strength of the rock resin 

interface, and the failure was concentrated at the interface of the rock resin after immersion. Building upon this, Ma et 

al. (2019) [11] proposed an analytical model that could predict the shear characteristics of anchored rock and verify 

the model. The study by Wang et al. (2019) [12] demonstrated that the loading rates at a low strain rate may influence 

the mechanical properties and fracture characteristics of the anchored and unanchored sandstone samples. The elastic 

modulus of the anchored sandstone samples was slightly improved with the increase of loading rates at a low strain 

rate. Through a cyclic shear test, Wu et al. (2019) [13] found that the influence of the cyclic load on the shear strength 

of a rock bolt is far greater than that of the rock joint itself. The numerical results of Li et al. (2019) [14] indicated that 

two demarcation anchorage lengths existed in the cable shear tests. In the case of a plain super strand cable bolt 

subjected to lateral shear loading at a 90° angle, the two demarcation anchorage lengths were approximately 2.09 and 

0.61 m. 

The above research results are all experimental studies that assume the condition that the bolt and the shear plane 

intersect at an angle of 90°. However, in practical engineering cases, such as slopes and tunnels, as a result of the 

change of joint occurrence and the different positions of the bolt in the tunnel, the angle between the anchor and joint 

surface is not fixed. Thus, the question arises: do different setting methods of the anchor rod affect the shear strength 

of the anchored rock mass? Lin et al. (2014) [15] used FLAC (Fast Lagrangian Analysis of Continua) to analyze peak 

shear strength under low stress (0.1, 0.3, 0.5, and 0.7 MPa) and different anchoring angles (15°, 30°, 45°, 60°, 75°, and 

90°). The results showed that the change of an anchor angle and the normal stress of a joint had a significant influence 

on the peak shear strength of the anchor rock. The curve slope of the angle shear strength curve reached the maximum 

value within 15°–30° of the bolt inclination. Subsequently, with the increase of the anchor angle, the shear strength 

decreased gradually, and the final curve tended to be stable. Chen et al. (2015) [16] found that five displacement 

angles between 0° (pure tension) and 90° (pure shear) were used in the anchoring rock test. The test results indicated 

that when the displacement angle was more than 40°, the test block may be crushed under the bolt, which reduced the 

stiffness of the anchor. Moreover, the tests of Li et al. (2019) [17] demonstrated the shear strength of an anchored 

cement block with anchor angles at 45°, 60°, 75°, and 90°. The test results showed that the shear strength of the 

anchored cement block decreased with the increase of the anchor angle. Under the condition of small normal stress 

and an angle less than 90°, the influence of high normal stress and the anchor angle of the anchor on shear strength 

were not considered. Moreover, the conclusions of the above research were inconsistent. Riyad et al. (2020) [18] and 

Ceroni et al. (2020) [19] looked at the influence of the anchor bolt length on shear strength as a size effect. The tensile 

strength of the anchor bolt is affected by its anchor length, but after exceeding a certain anchor length, the tensile 

strength will not increase. Whether the length of the bolt affects the shear strength of the joint surface is not given in 

this paper. 

Because of the above issues, this study intends to use discrete element software to analyze and calculate the 

influence of the joint surface on the shear strength of the anchorage under the conditions of various anchor angles, 

normal loads, anchor lengths, and a number of anchor bolts. The setting conditions of each anchor are calculated per 

the cross-setting method. The research flow chart is shown in Figure 1. 
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Figure 1. Research methodology flow chart 

2. Experimental Model Design 

In support engineering, rock mass shearing along a joint surface is a result of excavation and unloading. 

Nevertheless, the angle between the bolt and joint surface is not fixed, as a result of a change in the joint occurrence 

and bolt position. The angle between the support bolt and the horizontal plane is often set in a small range of 10°–20°. 

However, the occurrence of rock joints varies significantly in different regions of a rock slope (0°–360°). Therefore, 

the angle between the bolt and rock joints is different in the different areas of rock bolt support projects. Therefore, the 

supporting effect of the rock anchor must be changed. Second, rock joints in a specific tunnel project are typically pre-

determined. Still, in the anchoring support of a tunnel, as a result of the various anchoring positions, the angle between 

the anchor bolt and joint surface also varies. In tunnel engineering, even for the same tunnel section, rock anchors may 

have different reinforcement effects caused by different bolt positions. 

Per the above analysis, the reinforcement effect of the anchor bolt in the anchorage system may vary. Therefore, 

according to the above characteristics of the angle difference between the bolt and joint surface, the experimental 

model is realized (Figure 2). 
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Figure 2. Shear abstract model of the joint in the anchored rock mass 

2.1. Numerical Model 

UDEC software was used for the numerical simulations. The abstract model can be seen in Fig. 2 and indicates the 

issue of reducing the shear plane after shear deformation. Therefore, the abstract model in Fig. 2 has been improved, 

the length of the lower block of the abstract model has been increased, and the lower block has been fixed. Then, the 

improved numerical model is shown in Figure 3. 

  

Figure 3. Numerical model; A: Single bolt numerical model. B: Double bolt numerical model 

The calculation of a single bolt and double bolt was then performed. According to the principle of the rock shear 

test, the boundary conditions of the upper and lower blocks were set. A uniformly distributed normal load was applied 

to the top of the upper slider, the fixed shear rate of horizontal right was applied on the left side of the upper slider, 

and the bottom and right sides of the lower slider were fixed. The physical and mechanical parameters of the upper 

and lower blocks and joint surfaces of the model, as well as the calculation parameters of anchor bolts (Tables 1, 2, 

and 3), were calculated by the parameters used by Luo (1991) [20]. The length of the bolt in the upper and lower 

blocks remained the same. 

Table 1. Rock mass material parameters 

 
Density 

(kg/m³) 

Bulk modulus 

(GPa) 

Shear modulus 

(GPa) 

Cohesion 

(MPa) 

Friction angle 

(°) 

Tensile strength 

(MPa) 

Dilation angle 

(°) 

Rock mass 1400 2.98 2.05 0.9 42 0.163 0 

Joint - 0.9 0.18 0 32 0 0 
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Table 2. Bolt grouting material parameters 

Density 

(kg/m³) 

Compressive 

force (kN) 

Young’s modulus 

(GPa) 

Tensile strength 

(kN) 

Cross section 

area (mm2) 

Extensional 

failure strain 

Grout shear 

stiffness (MPa) 

Grout shear 

strength (MPa) 

2700 4 700 4 7.07 0.01 160 0.16 

Table 3. Material parameters of bolt steel 

 
Axial stiffness 

(MN/m) 

Shear stiffness 

(MN/m) 

Ultimate axial capacity 

(kN) 

Ultimate shear capacity 

(kN) 

Reinforce 968 105 4 4 

2.2. Numerical Calculation Group 

According to angle α between the bolt and the joint surface (per the counterclockwise rotation angle), the normal 

load 𝜎𝑛 on the joint surface and the length L of the bolt groups were made. The shear failure calculation of the double 

anchor model with the anchor length of 4 cm was then conducted. 

Table 4. Numerical calculation group with different values of L, 𝛂, and 𝝈𝒏 

Bolt length L (cm) Normal load 𝝈𝒏 (MPa) Bolt angle 𝛂 (°) 

2 0.558, 0.8, 1.2, 1.8, and 2.4 15, 30, 45, 60, 75, 90, 105, 120, 135, 150, and 165 

3 0.558, 0.8, 1.2, 1.8, and 2.4 15, 30, 45, 60, 75, 90, 105, 120, 135, 150, and 165 

4 0.558, 0.8, 1.2, 1.8, and 2.4 15, 30, 45, 60, 75, 90, 105, 120, 135, 150, and 165 

5 0.558, 0.8, 1.2, 1.8, and 2.4 15, 30, 45, 60, 75, 90, 105, 120, 135, 150, and 165 

6 0.558, 0.8, 1.2, 1.8, and 2.4 15, 30, 45, 60, 75, 90, 105, 120, 135, 150, and 165 

7 0.558, 0.8, 1.2, 1.8, and 2.4 15, 30, 45, 60, 75, 90, 105, 120, 135, 150, and 165 

8 0.558, 0.8, 1.2, 1.8, and 2.4 15, 30, 45, 60, 75, 90, 105, 120, 135, 150, and 165 

3. Analysis of Calculation Results 

A uniform horizontal displacement was applied to the left side of the upper sliding block of the calculation model, 

which resulted in the model sliding block shear being at a uniform speed until the upper sliding block reached yield 

failure. 

3.1. Shear Strength Curves of Different Bolt Lengths 

The test bolt lengths were 2, 3, 4, 5, 6, 7, and 8 cm. Five different normal loads were applied to the test model. The 

anchor angle was set according to Table 4. Moreover, the calculated shear strength curves are shown in Figures 4 to 

10. 

 

Figure 4. Relationship between the anchor angle and shear 

strength with an anchor length of 2 cm 

Figure 5. Relationship between the anchor angle and shear 

strength with an anchor length of 3 cm 
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Figure 6. Relationship between the anchor angle and shear 

strength with an anchor length of 4 cm 

Figure 7. Relationship between the anchor angle and shear 

strength with an anchor length of 5 cm 

Figure 8. Relationship between the anchor angle and shear 

strength with an anchor length of 6 cm 

Figure 9. Relationship between the anchor angle and shear 

strength with an anchor length of 7 cm 
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Figure 10. Relationship between the anchor angle and shear 

strength with an anchor length of 8 cm 

Figure 11. Relationship between the anchor angle and shear 

strength with a double anchor length 4 cm 

Based on the analysis of the above shear strength curves, the shear strength of seven different lengths of single bolt 

and one double bolt increased with the increase of a normal load. The normal load strongly influenced the angle shear 

strength curve of a single bolt. When the normal load was 0.8, 1.2, or 1.8 MPa, the angle shear strength curves of the 

bolts were similar. The normal loads of 0.558 and 2.4 MPa have different angle shear strength curves. For the double 

anchor model, the normal loads of 0.558, 0.8, 1.2, and 1.8 MPa have a similar angle shear strength curve. However, 

the angle shear strength curve with a normal load of 2.4 MPa is slightly different from that of the other normal loads. 
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3.2. Shear Strength Curve under the Same Normal Load 

According to the calculation results of the model, the change characteristics of shear strength under different 

anchor lengths and anchor angles were analyzed when the normal load of the model was the same. 
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Figure 12. Relationship between the angle of the anchor bolt and 

shear strength under a normal load of 0.558 MPa 

Figure 13. Relationship between the angle of the anchor bolt 

and shear strength under a normal load of 0.8 MPa 
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Figure 14. Relationship between the angle of the anchor bolt and 

shear strength under a normal load of 1.2 MPa 

Figure 15. Relationship between the angle of the anchor bolt 

and shear strength under a normal load of 1.8 MPa 
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Figure 16. Relationship between the angle of the anchor bolt and shear strength under a normal load of 2.4 MPa 

Figures 12 to 16 were analyzed to observe the influence of the bolt angle change on shear strength under the same 

normal stress condition. In Figure 12, the normal load is 0.558 MPa, and the length of the anchor rod strongly 
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influences shear strength. The maximum shear strength of anchor bolts with lengths of 3, 4, 6, and 7 cm was located at 

90° of the anchor bolt angle, and the maximum shear strength of anchor bolts with lengths of 2, 5, and 8 cm was 

located at 105° of the anchor bolt angle. When the angle of the anchor was less than 90°, the influence of the anchor 

length on the changing trend of shear strength was small, and the shape of the shear strength curve remained the same. 

Both decreased initially and then increased. In the range of 90°–120° of the anchor angle, the influence of the anchor 

length on shear strength was great, and the changing trend of the shear strength of each length of an anchor in this area 

was varied. The shear strength curves of the bolts with lengths of 3, 4, and 6 cm were V-shaped. The shear strength 

curves of bolts with lengths of 5, 7, and 8 cm decreased in a straight line. After the angle of the anchor bolt reached 

120°, the shear strength curves of anchor bolts with lengths of 3, 4, 5, 6, 7, and 8 cm initially decreased and then 

increased. 

In Figures 13 to 16, the normal stress is 0.8, 1.2, 1.8 and 2.4 MPa, respectively, and the anchor angle strongly 

influences the peak strength. The shear strength curves in Figure 13 to 15 show two parallel V-shapes with low peaks 

at 60° and 150°. When the normal load was 2.4 MPa (Figure 16), the peak strength curve was in an approximate V-

shape, and the low peak was located at the anchor angle of 60°. In these figures, the shear strength curve (the 

approximate S-shape of dumping) of the 2 cm bolt was different from that of other bolt lengths. 

The above analysis indicates that the normal load influences the shear strength, and the length and angle of the 

anchor influence the shear strength when the normal load is small. When the normal load is large, the bolt length has 

little influence on the shear strength of the bolt. However, the angle of the bolt has a great influence on the shear 

strength of the bolt. 

3.3. Shear Strength Curve under the Same Anchor Angle 

According to the calculation results, the characteristics of change of the shear strength of the model under the 

conditions of various bolt lengths and normal stress under the same bolt angle were analyzed. 

Figure 17. The length of the shear strength curve at an anchor 

angle of 15° 

Figure 18. The length of the shear strength curve at an anchor 

angle of 30° 

Figure 19. The length of the shear strength curve at an anchor 

angle of 45° 

Figure 20. The length of the shear strength curve at an anchor 

angle of 60° 

2 3 4 5 6 7 8

0.4

0.6

0.8

1.0

1.2

1.4

P
e
a
k
 s

h
e
a
r 

s
tr

e
n
g
th

(M
P

a
)

Bolt length (cm)

 0.558MPa

 0.8MPa

 1.2MPa

 1.8MPa

 2.4MPa

2 3 4 5 6 7 8

0.4

0.6

0.8

1.0

1.2

1.4

P
e

a
k
 s

h
e
a

r 
s
tr

e
n
g

th
(M

P
a
)

Bolt length (cm)

 0.558MPa

 0.8MPa

 1.2MPa

 1.8MPa

 2.4MPa

2 3 4 5 6 7 8

0.4

0.6

0.8

1.0

1.2

1.4

P
e
a
k
 s

h
e
a
r 

s
tr

e
n
g
th

 (
M

P
a
)

Bolt length (cm)

 0.558MPa

 0.8MPa

 1.2MPa

 1.8MPa

 2.4MPa

2 3 4 5 6 7 8

0.4

0.6

0.8

1.0

1.2

1.4

P
e

a
k
 s

h
e
a

r 
s
tr

e
n
g

th
 (

M
P

a
)

Bolt length (cm)

 0.558MPa

 0.8MPa

 1.2MPa

 1.8MPa

 2.4MPa



Civil Engineering Journal         Vol. 6, No. 6, June, 2020 

1047 

 

 

Figure 21. The length of the shear strength curve at an anchor 

angle of 75° 

Figure 22. The length of the shear strength curve at an anchor 

angle of 90° 

Figure 23. The length of the shear strength curve at an anchor 

angle of 105° 

Figure 24. The length of the shear strength curve at an anchor 

angle of 120° 

Figure 25. The length of the shear strength curve at an anchor 

angle of 135° 

Figure 26. The length of the shear strength curve at an anchor 

angle of 150° 
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Figure 27. The length of the shear strength curve at an anchor angle of 165° 
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Analysis of Figures 17 to 27 shows that the curves in the figures are relatively straight, indicating that the bolt 

length has little influence on shear strength under the same bolt angle. At anchor angles of 15°, 30°, and 45°, the shear 

strength curve of each normal load was nearly horizontal, which showed that the length of the anchor does not affect 

shear strength. At anchor angles of 60°, 75°, 150°, and 165°, the shear strength of the anchor with a length of 2 cm 

slightly fluctuated. At anchor angles of 60°, 75°, 150°, and 165°, the shear strength of the anchor with a length of 2 cm 

slightly fluctuated, although the strength curve of the other length of the anchor was nearly horizontal, which indicated 

that when the anchor length was long, the influence of the anchor length on the shear strength was small, although the 

influence of the anchor length on the shear strength was relatively large when the anchor length was small. 

Nevertheless, when the bolt length was smaller, the bolt length had a relatively large impact on the shear strength. 
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Figure 28.The normal stress–shear strength curve at an 

anchor angle of 15° 

Figure 29. The normal stress–shear strength curve at an 

anchor angle of 30° 
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Figure 30. The normal stress–shear strength curve at an 

anchor angle of 45° 

Figure 31. The normal stress–shear strength curve at an 

anchor angle of 60° 
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Figure 32. The normal stress–shear strength curve at an 

anchor angle of 75° 

Figure 33. The normal stress–shear strength curve at an 

anchor angle of 90° 
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Figure 34. The normal stress–shear strength curve at an 

anchor angle of 105° 

Figure 35. The normal stress–shear strength curve at an 

anchor angle of 120° 
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Figure 36. The normal stress–shear strength curve at an 

anchor angle of 135° 

Figure 37. The normal stress–shear strength curve at an 

anchor angle of 150° 
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Figure 38. The normal stress–shear strength curve at an anchor angle of 165° 

According to the analysis of Figures 28 to 38, normal stress does not affect the length of the bolt when the angle of 

the bolt is 15°, 30°, 45°, 75°, or 135°. According to the analysis of Figures 29 to 39, the normal stress–shear strength 

curves of each length of anchor bolt coincide at anchor angles of 15°, 30°, 45°, 75°, and 135°, indicating that the 

influence of anchor length on shear strength under each stress condition was small. At anchor angles of 60°, 90°, and 

120°, the anchor length was 2 cm, which was significantly affected by normal stress. However, when the angle of the 

anchor was 60°, and the normal stress was 2.4 MPa, the shear strength curve of the anchor with a length of 2 cm was 

separated from the shear strength curve of other lengths, indicating that, in the high-stress area, and considering the 

length of the anchor being short, the length of the anchor had an impact on shear strength. 

3.4. Shear Strength Analysis of Single Bolts and Double Bolts 

A model shear calculation of single bolts and double bolts with a length of 4 cm was performed. The model 
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calculation parameters were set according to Tables 1 to 3. The calculation model of single and double anchor bolts 

was set according to Figure 3. 
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Figure 39. The shear strength curve of the single and double bolts 

under different normal stress when the angle of the bolt is 15°. 

Figure 40. The shear strength curve of the single and double bolts 

under different normal stress when the angle of the bolt is 30°. 
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Figure 41. The shear strength curve of the single and double bolts 

under different normal stress when the angle of the bolt is 45°. 

Figure 42. The shear strength curve of the single and double bolts 

under different normal stress when the angle of the bolt is 60°. 
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Figure 43. The shear strength curve of the single and double bolts 

under different normal stress when the angle of the bolt is 75°. 

Figure 44. The shear strength curve of the single and double bolts 

under different normal stress when the angle of the bolt is 90°. 
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Figure 45. The shear strength curve of the single and double bolts 

under different normal stress when the angle of the bolt is 105°. 

Figure 46. The shear strength curve of the single and double bolts 

under different normal stress when the angle of the bolt is 120°. 
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Figure 47. The shear strength curve of the single and double bolts 

under different normal stress when the angle of the bolt is 135°. 

Figure 48. The shear strength curve of single and double bolts 

under different normal stress when the angle of the bolt is 150°. 
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Figure 49. The shear strength curve of the single and double bolts under different normal stress when the angle of the bolt is 165°. 

The results in Fig. 39–49 were analyzed. In Fig. 49, the angle of the anchor bolt is 165°, and the shear strength of 

the double anchor bolt with a normal stress of 1.8 and 2.4 MPa is greater than that of the single anchor bolt. Under the 

condition of other anchor angles and normal stress, the shear strength of a single anchor is greater than or equal to that 

of the double anchor. When the anchor angle is 60°, 75°, 150°, or 165°, the shear strength curves of the single anchor 

and double anchor almost coincide. Nevertheless, for other anchor angles, the shear strength curve of the single anchor 

is located in the upper region of the shear strength curve of the double anchor. 



Civil Engineering Journal         Vol. 6, No. 6, June, 2020 

1052 

 

 

0 20 40 60 80 100 120 140 160 180

0.34

0.35

0.36

0.37

0.38

0.39

0.40

0.41

P
e

a
k
 s

h
e
a

r 
s
tr

e
n
g

th
 (

M
P

a
)

The angle between bolt and shear plane (°)

 Single anchor cable

 Double anchor cable

0 20 40 60 80 100 120 140 160 180

0.46

0.47

0.48

0.49

0.50

0.51

0.52

0.53

0.54

0.55

P
e

a
k
 s

h
e
a

r 
s
tr

e
n
g

th
 (

M
P

a
)

The angle between bolt and shear plane (°)

 Single anchor cable

 Double anchor cable

Figure 50. The shear strength curve of the single and double 

anchor under the normal stress of 0.558 MPa 

Figure 51. The shear strength curve of the single and double 

anchor under the normal stress of 0.8 MPa 
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Figure 52. The shear strength curve of a single and double anchor 

under the normal stress of 1.2 MPa 

Figure 53. The shear strength curve of a single and double anchor 

under the normal stress of 1.8 MPa 
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Figure 54. The shear strength curve of a single and double anchor under the normal stress of 2.4 MPa 

The results in Figures 50 to 54 were analyzed. The shape of the shear strength curve of the single bolt was different 

from that of the double bolt. In Fig. 50, 51, and 52, the normal load is 0.558, 0.8, and 1.2 MPa, respectively, and the 

shear strength curve of the single bolt is above that of the double bolt. In Fig. 53, the normal stress is 1.8 MPa, the 

angle of the anchor is 165°, the shear strength of the double anchor is greater than that of the single anchor, and the 

shear strength of the double anchor is less than that of the single anchor. In Fig. 54, the normal stress is 2.4 MPa, and 

the angles of the anchor bolt are 75°, 150°, and 165°. The shear strength of the double anchor bolt was greater than 

that of the single anchor bolt, and the shear strength of a single anchor bolt of the other anchor bolt angles was greater 

than that of the double anchor bolt. 
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Figure 55. Cloud chart of the shear strength of the single and 

double anchor bolts 

Figure 56. Cloud chart of the shear strength difference of the 

single and double anchor bolts 

Figures 55 and 56 were analyzed. The nephogram of shear strength of a single bolt is located in the upper region of 

the nephogram of the shear strength of the double bolt, although there is a local intersection under the condition of a 

high-stress area and large angle. In Figure 56, the cloud chart of shear strength indicates a difference between the 

single bolt and double bolt under the conditions of a large bolt angle, large normal stress, and a 75° bolt angle, and the 

shear strength of the double bolt is greater than that of a single bolt. 

4. Conclusions 

Through the above numerical calculation and analyses, we can arrive at the following conclusions: 

 Under the same anchor angle, the shear strength increases with the increase of normal load. The influence of 

the bolt length on the shear strength of the anchorage joint surface was small, and the shear strength curve was 

near the horizontal line in the coordinate system with the length of the horizontal axis. However, under the 

condition of 0.588 MPa of a low normal load, the shear strength curves with 90° and 105° angles fluctuated 

significantly in the coordinate system with the horizontal axis. When the anchor angle was 150° or 165°, with 

shear strengths of 2 and 3 cm, respectively, anchor lengths fluctuated under different normal load conditions. 

 Under the same bolt length, the shear strength increased with the increase of the normal load. However, in the 

section with an anchor angle less than 90°, the low peak shear strength occurred at 30°, 45°, and 60° anchor 

angles when the normal load was 0.588, 1.8 and 1.2 MPa, respectively, excluding a 2 cm anchor length. When 

the normal load was 1.2, 1.8, and 2.4 MPa, the low peak shear strength appeared at a 60° angle to the bolt, and 

the shear strength curve was V-shaped. 

 Under the same bolt length, when the bolt angle was greater than 90°, and the normal load was 0.588 MPa, the 

shear strength curve decreased with the increase of the bolt angle, and a low peak wave appeared near the bolt 

angle of 105°. When the normal load was 0.8, 1.2, 1.8, or 2.4 MPa, the shear strength curve increased with the 

increase of the anchor angle. The peak value of the normal load was 0.588, 0.8, 1.2, and 1.8 MPa at a low 

anchor angle of 150°. However, the shear strength curve of the normal load of 2.4 MPa did not indicate such 

characteristics of change. 

 When the normal load was 0.588 MPa, the shear strength curve of each length of the anchor was quite 

different. Nevertheless, when the anchor angle was less than 90°, the shear strength curve of each length of the 

anchor initially decreased and then increased with the increase of the anchor angle and a low peak value 

between 30° and 45°. When the anchor angle was greater than 90°, the shear strength curve of each length of 

the anchor indicated a downward trend. However, the shear strength curve of different lengths of the anchor 

between 90° and 120° demonstrated more difference. When the normal load was 2.4 MPa, excluding when the 

length of the bolt was 2 cm, the shear strength curve of all other lengths was V-shaped, although the shear 

strength curve was nearly horizontal in the 90°–135° bolt angle range. The shear strength curve of a 2 cm 

length bolt was different from that of other bolt lengths under a normal load. 

 Under the same 4 cm bolt length, the shear strength curve of the single bolt was located in the upper region of 

the shear strength curve of the double bolt, and only in the partial angle section, the shear strength curve of the 

double bolt was located in the upper region of the shear strength curve of a single bolt. When the normal load 

was 1.8 MPa and the anchor angle was 165°, the shear strength of the double anchor was greater than that of 

the single anchor. When the normal load was 2.4 MPa and the anchor angle was 75°, 150°, or 165°, the shear 

strength of the double anchor was greater than that of the single anchor. 
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