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1. Introduction 
 

In recent years and with the increase of China's 

infrastructure construction scale, a large number of highly 

risky tunnels with very deep depths and complicated 

geological conditions have emerged in the transportation, 

water conservancy and hydropower, and mining industries. 

This creates serious threats for the stability control of 

surrounding rocks around the tunnel. As an effective 

supporting technology in tunnel engineering, the use of rock 

bolts is currently one of the widest applications. By exerting 

high pretension after installation, rock bolts can provide 

effective radial constraints for excavated tunnels. Thus, the 

self-bearing capacity of the surrounding rocks can be 

enhanced and further deformation and failure of the tunnel 

can be effectively suppressed. 

In mining engineering, resin-anchored rock bolts with 

small diameter (28–32 mm) boreholes are the preferred type 

in the roadway support of most coal mines in China (Kang 

et al, 2013). Such bolts are generally pre-tensioned by 

tightening the nut. Based on the magnitude of the designed 
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anchoring length of the resin inside the borehole, the bolt is 

classified into point anchored (the anchoring length is less 

than or equal to 30% of the borehole length), fully anchored 

(the anchoring length exceeds 90% of the borehole length) 

and lengthening anchored bolts (the anchoring length is 

between the anchoring length of point anchoring and fully 

anchoring bolts). According to the preceding investigation 

on some coal mines in Shandong Province of Eastern China 

(Table 1), we observed that the anchoring length and 

pretension of the existing rock bolts vary, and the bolt 

design mainly relies on analogies of experience. Presently, 

there is no uniform theoretical basis for the proper selection 

of anchoring methods. For example, the KMG500 high-

strength left-hand threaded rebar bolt without a longitudinal 

bar is employed in the roof support of coal roadways in the 

Zhaolou coal mine of the Juye mining area. This bolt has a 

diameter of 22 mm and an anchoring length of 2.1 m. The 

anchoring length is close to 90% of the rebar. In this 

anchoring method, the active constraint effect of the bolt 

pretension may be difficult to exert on the surrounding 

rocks of the large range, and it may be difficult to enable the 

bolt and the rock masses to integrate into an effective self-

bearing structure. Thus, further discussion is needed to 

determine whether this anchoring method is reasonable. 

The bolting support in tunnel engineering has always 

been a hotspot of research for many scholars, and various  
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Abstract.  Pre-tensioned rock bolts can be classified into fully anchored, lengthening anchored and point anchored bolts based 

on the bond length of the resin or cement mortar inside the borehole. Bolts in varying anchoring methods may significantly 

affect the supporting effect of surrounding rock around a tunnel. However, thus far, the theoretical basis of selecting a proper 

anchoring method has not been thoroughly investigated. Based on this problem, 16 schemes were designed while incorporating 

the effects of anchoring length, pretension, bolt length, and spacing, and a systematic numerical experiment was performed in 

this paper. The distribution characteristics of the stress field in the surrounding rock, which corresponded to various anchoring 

scenarios, were obtained. Furthermore, an analytical approach for computing the active and passive strengthening index of the 

anchored surrounding rock is presented. A new fully anchoring method with pretension and matching technology are also 

provided. Then, an isolated loading model of the anchored surrounding rock was constructed. The physical simulation test for 

the bearing capacity of the model was performed with three schemes. Finally, the strengthening mechanism of varying 

anchoring methods was validated. The research findings in this paper may provide theoretical guidelines for the design and 

construction of bolting support in tunnels. 
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Table 1 Investigation of the roadway anchoring methods in 

some coal mines in Shandong Province of Eastern China 

Coal mine name 
Bolt 

diameter 

/mm 

Bolt type 
Bolt 

length 

/m 

Anchoring 

length /m 

Pretension 
/N∙m or 

kN 

Zhaolou coal 
mine 

Roof: 
Φ22 

Roof: Left-hand 

threaded rebar bolt 

without a 
longitudinal bar 

 

Side: Left-hand fully 
threaded bolt 

without a 

longitudinal bar 

2.4 2.1 

120

Ν m  
Gob-side 

entry:  

200 N∙m 

Side: 
Φ20 

2.0 1.6 

60 N∙m 

Gob-side 
entry:  

200 N∙m 

Jisan coal mine 

Roof: 

Φ22 
2.5 2.1 120 N∙m 

Side: 
Φ20 

2.2 1.8 60 N∙m 

Xinglongzhuang 

coal mine 
Φ22 2.5 2.1 100 kN 

Longgu coal 

mine 
Φ22 

Roof: Left-hand 

high-strength screw-
thread steel 

Side: Fully threaded 

bolt with a fine pitch 

2.5 1.8 

Roof: 400 

N∙m 

Side: 300 
N∙m 

Tangkou coal 

mine 
Φ20 

Left-hand threaded 
rebar bolt without a 

longitudinal bar 

2.4 1.0 200 N∙m 

Liangjia coal 

mine 
Φ18 

Round steel twist 

bolt 
2.2 0.7 300 N∙m 

Guotun coal 

mine 
Φ20 

Left-hand threaded 
rebar bolt without a 

longitudinal bar 

2.4 1.2 260 N∙m 

Pengzhuang 

coal mine 
Φ20 

Fully threaded bolt 

with iso-strength 
2.2 1.2 250 N∙m 

 

 

types of rock bolting technologies have been developed in 

recent years. For example, Li (2010), Wang et al. (2013), 

He et al. (2017), Wang et al. (2018), and Li et al. (2019) 

proposed new energy-absorbing bolts or anchor cables to 

address the large deformation problems of rock masses. 

Kang et al. (2015) developed high-strength rock bolt 

components and conducted a series of laboratory tests and 

numerical simulation analyses to study the mechanical 

behaviors of the new components. Kim et al. (2016) 

proposed an innovative support system that can actively 

reinforce the weak ground along the whole structural 

element by introducing an active tension bolt containing a 

spring unit to the middle of the steel bar to increase its 

reinforcement capacity. Wang et al. (2018, 2019) and Li et 

al. (2020) innovatively applied digital drilling detection test 

technology to acquire the strength of the broken rock 

masses and proposed a new high-strength confined concrete 

support system and bolt-grouting technologies based on 

traditional bolting support. All of the above-mentioned 

technologies are of great significance for the effective 

control of surrounding rocks around the tunnels in 

complicated geological conditions. 

In the theory of rock bolting, Bobet and Einstein (2011), 

Cai et al. (2015), Ranjbarnia et al.(2016), Zou et al. (2016), 

Yan et al. (2017) and Cui et al. (2019) proposed several 

analytical models for bolted tunnels based on elastic-plastic 

theory. They obtained the distribution characteristics of 

rebar axial force and interface shear stress while 

considering the interaction between bolts and surrounding 

rock around the tunnel. He et al.(2015), Chang et al. (2017), 

Zou and Zhang (2019) and Zhang et al. (2020) constructed 

several new bond-slip models of the bolt-grout interface or 

the bolt-rock interface, and derived the distribution 

characteristics of bolt stress under pullout load as well as 

the curves of axial force and axial displacement by utilizing 

the load-transfer method. Chen and Li (2015), Ghadimi 

(2017), Xu et al. (2018), Kim et al. (2018), Yu et al. (2019) 

and Zuo et al. (2019) studied the effect law of these factors, 

such as varying grouting agents, rebar shape, rebar length, 

and rebar diameter, on the ultimate bearing capacity of the 

bolt through laboratory experiments. Nemcik et al. (2014) 

proposed a numerical calculation program of failure 

propagation for fully grouted rock bolts subjected to a 

tensile load. Yan et al. (2019) proposed a new model for 

end-anchored rockbolts loaded in tension by implementing 

a novel tensile failure criterion as part of a 3D continuum 

numerical modeling package. Kang et al. (2016), Liu et al. 

(2017), Wu et al. (2018) and Liu et al. (2019) investigated 

the shear behavior of rock bolts. In these research studies, 

the focus is mainly placed on the stress characteristics or 

failure mechanisms of the bolt rebar. The mechanical effect 

of surrounding rock around the tunnel in varying bolting 

parameters has not been well investigated. Particularly the 

reasonability of the adopted anchoring methods in Table 1 

remains elusive, which is an important reason that the 

bolting support design is crude and practically empirical. 

Aiming at this problem, a series of comparison schemes 

were designed to carry out a systematic numerical 

experiment in this paper. The effect of the anchoring length, 

pretension, bolt length, and spacing is incorporated. The 

distribution characteristics of the supporting stress field in 

the surrounding rock, which corresponds to varying 

anchoring scenarios, are investigated. We then propose a 

theoretical approach for analyzing the strengthening effect 

of the anchored surrounding rock and obtain an optimal 

anchoring method. Furthermore, the strengthening effect of 

varying anchoring methods on the surrounding rock is 

validated by physical simulation tests. The research findings 

can serve as a theoretical basis for the design of rock 

bolting in tunnels or roadways. 
 

 

2. A numerical experiment for the mechanical effect 
of varying anchoring methods in a tunnel 
 

2.1 Schematic design and modeling 
 

To investigate the supporting effect of rock bolts in 
varying anchoring methods in a tunnel, the universal finite 
difference program FLAC3D is utilized for analysis in this 
section. A 4 m × 4 m rectangular tunnel was selected as a 
specific example, and the corresponding numerical 
calculation model is shown in Fig. 1. Specifically, this 
model has a size of 40 m × 40 m × 0.8 m (Width × Height × 
Thickness) and contains 1936 zones. The resin-anchored 
rock bolts are uniformly arranged along the roof and two 
sides of the tunnel. By incorporating the effects of 
anchoring length, pretension, bolt length, and spacing, a 
total of 16 comparison schemes were designed and are 
listed in Table 2. 
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Fig. 1 Numerical calculation model 

 

Table 2 Comparison schemes of the numerical experiment 

No. 
Anchoring length 

/m 

Pretension 

/kN 

Bolt length 

/m 

Spacing 

/m 

1 0.8 

90 2.4 0.8 
2 1.2 

3 1.6 

4 2 

5 

1.2 

30 

2.4 0.8 
6 60 

7 90 

8 120 

9 0.9 

90 

1.8 

0.8 
10 1.2 2.4 

11 1.5 3 

12 1.8 3.6 

13 

1.2 90 2.4 

0.6 

14 0.8 

15 1 

16 1.2 

 

Table 3 Parameters of the rock bolt 

Type 
Diameter 

/mm 

Yield 

strength 
σs /MPa 

Ultimate 

strength 
σb /MPa 

Elasticity 

modulus 
E /GPa 

Resin-anchored 

rock bolt 
ø22 500 700 200 

 

 

Moreover, to obtain a more universal law, we assume 

that the surrounding rock around the tunnel is homogeneous 

and isotropic. The deformation and failure characteristics of 

the rock masses are simulated through a built-in Mohr-

Coulomb constitutive model. The bolts are simulated by 

using the CABLE element. Particularly, the cohesion of the 

rock mass is 2 MPa, the internal friction angle is 30°, and 

the tensile strength is 0.4 MPa. The bolt pretension ranges 

from 30 kN to 120 kN, the anchoring length ranges from 

0.8 m to 2.0 m, the bolt length ranges from 1.8 m to 3.6 m, 

and the bolt spacing ranges from 0.6 m to 1.2 m. The bolt 

parameters are listed in Table 3. 

 

2.2 Results and analysis 
 

Because the focus in this paper is only placed on the 

supporting stress field generated by varying anchoring 

parameters within the surrounding rock, the initial ground 

stress within the model is neglected in the numerical 

calculation process. Utilizing the roof surrounding rock 

within the range of 4 m × 4 m as the research object, Figs. 

2-5 depict the compressive stress distribution contours in 

the surrounding rock under varying schemes. Meanwhile, to 

facilitate the analysis, we assume that the zone in which the 

value of the compressive stress is greater than or equal to 

0.05 MPa is defined as the effective compression zone. The 

rock masses within this zone can obtain the effective and 

active constraint from the bolt pretension, and this is 

conducive to enabling the rock bolts and surrounding rock 

to form an effective composite bearing structure. 

(1) Effect of the anchoring length 

As shown in Fig. 2, the supporting compressive stress 

generated by the bolt pretension in the surrounding rock 

mainly focuses on the rock masses at the free part, while the 

rock masses at the anchored part are mainly subject to 

tensile stress. The anchoring length has an obvious effect on 

the distribution of the compressive stress zone. When the 

anchoring length is 0.8 m, the effective compression zone is 

approximately 1.7 m in height. When the anchoring length 

is 2.0 m, the effective compression zone only focuses on the 

plate and fails to form an effective bearing structure in the 

anchored surrounding rock. Therefore, from the perspective 

of enhancing the active supporting effect of rock bolts, the 

free part with a certain length should be reserved. This is 

consistent with the theoretical results of Wang et al. (2015). 

(2) Effect of the pretension 

As shown in Fig. 3, when the bolt pretension is 

relatively small, for example, 30 kN, the effective 

compression zone in the surrounding rock mainly focuses 

on the start of the anchored part and the plate. In this case, 

the effective compression zone is discontinuous and fails to 

form an effective bearing structure in the anchored 

surrounding rock. When the bolt pretension is greater than 

60 kN, the effective compression zone is continuous, and 

the magnitude of the compressive stress increases as the 

pretension increases. For example, when the pretension is 

30 kN, the average compressive stress is 0.036 Mpa, 

whereas the average compressive stress is 0.14 MPa when 

the pretension is 120 kN. 

(3) Effect of the bolt length 

It can be seen from Table 2 that the length of the free 

part increases as the bolt length increases. Accordingly, the 

effective compression zone in the surrounding rock enlarges 

with the increase of the bolt length when the pretension is 

90kN as shown in Fig. 4. For example, when the bolt length 

is 1.8 m, the corresponding effective compression zone is 

only approximately 1 m in height and close to the roof 

boundary. When the bolt length increases to 3.6 m, the 

effective compression zone increases to approximately 1.9 

m. 
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(a) 0.8 m (b) 1.2 m 

  
(c) 1.6 m (d) 2.0 m 

Fig. 2 Stress distribution contours in the surrounding rock under varying anchoring length /MPa 

  
(a) 30 kN (b) 60 kN 

  
(c) 90 kN (d) 120 kN 

Fig. 3 Stress distribution contours in the surrounding rock under varying pretension /MPa 
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(a) 1.8 m (b) 2.4 m 

  
(c) 3.0 m (d) 3.6 m 

Fig. 4 Stress distribution contours in the surrounding rock under varying bolt length /MPa 

  
(a) 0.6 m (b) 0.8 m 

  
(c) 1.0 m (d) 1.2 m 

Fig. 5 Stress distribution contours in the surrounding rock under varying bolt spacing /MPa 
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(4) Effect of the bolt spacing 

As shown in Fig. 5, smaller bolt spacing enables the 

formation of a continuous compression zone and facilitates 

the formation of an effective bearing structure in the 

anchored surrounding rock. For example, when the bolt 

spacing is less than 1.0 m, the effective compression zone is 

continuous, whereas the effective compression zone is 

discontinuous when the spacing is 1.2 m. 

 

 

3. Theoretical analysis for the strengthening effect of 
varying anchoring methods 
 

3.1 Supporting effect of the non-fully anchoring 
method for surrounding rock 

 

According to the preceding results, bolt pretension can 

only exert an effective constraint on the rock mass at the 

free part, and the constraint on the rock mass at the 

anchored part is very limited. Moreover, bolt pretension is 

exerted before the failure and deformation of the 

surrounding rock in practical engineering. Specifically, after 

the tunnel is excavated, a two-dimensional stress state in the 

surrounding rock close to the tunnel surface may be 

produced due to the effect of excavation unloading. Then, if 

the rock bolts are installed and the pretension is applied, an 

active radial constraint to the tunnel surface can be 

provided. In this way, the two-dimensional stress state can 

be converted into the three-dimensional state. In addition, 

the self-bearing capacity of the surrounding rock can be 

effectively enhanced. Thus, the supporting effect provided 

by the pretension along the axial direction in the 

surrounding rock at the free part can be regarded as an 

active type. 

In addition, it should not be neglected that the anchored 

part of the bolt also has lateral anti-bending and anti-

shearing functions since the surrounding rock and bolt rebar 

are effectively bonded by the anchoring agent. Specifically, 

this can prevent the surrounding rock from slipping along 

the weak plane and further avoid deformation and fracture. 

However, due to the absence of the anchoring agent at the 

free part, the anti-bending and anti-shearing functions of the 

bolt rebar in this zone cannot be effectively exerted. 

Furthermore, this lateral constraint effect provided by the 

anchored part is generated after the surrounding rock is 

deformed. Therefore, such a supporting effect belongs to a 

passive type. 

In summary, the supporting effect provided by the non-

fully anchored bolt can be divided into the active effect in 

the rock mass at the free part and the passive effect in the 

rock mass at the anchored part. Thus, the passive supporting 

zone at the anchored part and the active supporting zone at 

the free part in the surrounding rock around the tunnel in 

Fig. 1 can be plotted accordingly and as shown in Fig. 6. 
 

3.2 Calculating the strengthening index of the 
anchored surrounding rock 
 

According to Jing et al. (2014), the Mohr-Coulomb 

strength criterion can be utilized to describe the 

strengthening effect of rock bolts on surrounding rock. The  

 

Fig. 6 Division of the supporting zone for the non-fully 

anchored bolt 
 

 

basic strength parameters of the rock mass include the 

cohesion and internal friction angle. It can be assumed that 

the internal friction angle remains constant before and after 

the bolt is installed, and the strengthening effect can only 

increase the cohesion of the rock mass. For example, taking 

the roof surrounding rock within the bolting range in the 

rectangular tunnel in Fig. 6 as the research object, the 

contribution of the compressive stress provided by the 

pretension at the free part and the lateral anti-bending and 

anti-shearing capacity provided by the rebar at the anchored 

part to the surrounding rock strength can be calculated as 

follows. 

(1) Contribution of the compressive stress provided by 

the axial pretension 

The contribution of the bolt pretension on the 

surrounding rock strength parameters mainly concentrates 

on the rock mass at the free part. After a tunnel is 

excavated, the major principal stress in the surrounding 

rock is parallel to the roof boundary and the minor principal 

stress is vertical to the roof boundary. Due to the excavation 

unloading effect, the minor principal stress close to the roof 

boundary decreases to 0. If the pre-tensioned bolts are 

installed, then the average supporting compressive stress 

generated by the pretension is p and the range of its 

influence is Lz in height. Then, according to the Mohr-

Coulomb strength criterion, the peak compressive strength 

σ1c of the rock mass at the free part can be expressed as: 

1

1 sin

1 sin
c cp


 




 

  
(1) 

where φ refers to the internal friction angle, and σc refers to 

the rock compressive strength without bolting. The 

magnitude of σc can be expressed as: 

2 cos

1 sin
c

c 





  
(2) 

where c refers to the cohesion of the rock mass. 

Based on Eqs. (1) and (2), the magnitude of the 

increased compressive strength in the rock mass at the free 

part can be solved as follows: 

1 sin

1 sin
c p







 

  
(3) 

The passive supporting

zone at the anchored part

The active supporting

zone at the free part

Lm Lz

L
m

L
z
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Furthermore, we assume that the composite compressive 

strength of the anchored surrounding rock can also be 

expressed as Eq. (2) on the basis of the Mohr-Coulomb 

strength criterion. Meanwhile, based on the assumption that 

the internal friction angle of the rock mass remains constant  

 

 

 

before and after the bolts are installed, the magnitude of the 

increased compressive strength can also be expressed as: 

2 cos

1 sin

z
c

c 





 

  
(4) 

Table 4 The increased strength parameters of the roof surrounding rock under varying schemes 

No. Bolt quantity 
Average compressive stress at the free 

part �̅�/MPa 

Increased cohesion at the free 

part Δcz/MPa 

Increased cohesion at the 

anchored part Δcm /MPa 

1 

5 

0.106 0.092 0.198 

2 0.107 0.093 0.198 

3 0.104 0.090 0.198 

4 0.112 0.097 0.198 

5 

5 

0.036 0.031 0.198 

6 0.071 0.062 0.198 

7 0.107 0.093 0.198 

8 0.142 0.123 0.198 

9 

5 

0.102 0.089 0.198 

10 0.107 0.093 0.198 

11 0.105 0.091 0.198 

12 0.105 0.091 0.198 

13 7 0.140 0.121 0.277 

14 5 0.107 0.093 0.198 

15 4 0.090 0.078 0.158 

16 4 0.073 0.063 0.158 

  
(a) Effect of the anchoring length (b) Effect of the pretension 

  
(c) Effect of the bolt length (d) Effect of the bolt spacing 

Fig. 7 The strengthening index under varying anchoring parameters 
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where Δcz refers to the increased cohesion in the rock mass 

at the free part. By combining Eqs. (3)and(4), Δcz results in: 

1 sin

2cos
zc p






 

 

(5) 

(2) Contribution of the lateral anti-bending and anti-

shearing capacity of the bolt rebar 

The contribution of the bolt anti-bending and anti-

shearing capacity to the surrounding rock strength 

parameters mainly concentrates on the rock mass at the 

anchored part. If the number of the roof bolts is n, the range 

of its influence at the anchored part is Lm, and the additional 

cohesion provided by the single bolt is cm, then the 

magnitude of the increased cohesion in the rock mass at the 

anchored part can be expressed as: 

m mc nc 
 

(6) 

By referring to the method of Hou and Gou (2000), cm 

can be calculated using the following equation: 

2

4 3 cos( )
4 2

s
m

b
c

S

 

 



 

(7) 

where σs refers to the yield strength of the bolt rebar, b 

refers to the bolt diameter, and refers to the area of the roof 

computational region. 

(3) The active and passive strengthening index in the 

surrounding rock 

Based on Eqs. (5) and (6), we define the active 

strengthening index Δτz in the rock mass at the free part and 

the passive strengthening index Δτm in the rock mass at the 

anchored part, respectively, as follows: 

m m m

z z z

L c

L c





  

    

(8) 

where the strengthening index indicates the magnitude of 

the increased strength parameters in the anchored 

surrounding rock and the range of the effective supporting 

zone. 
 

3.3 Effect of varying anchoring parameters on the 
strengthening index 

 

Based on the numerical simulation results in section 2, 

the average compressive stress p  in the roof surrounding 

rock at the free part under varying schemes can be obtained. 

Then, the increased strength parameters in the anchored 

surrounding rock can be solved by using Eqs. (5) and (6) as 

listed in Table 4. 

Furthermore, by using Eq. (8), we can calculate the 

magnitude of the active and passive strengthening index 

corresponding to varying schemes. The variation curves of 

the strengthening index are shown in Fig. 7. 

We observe from Table 4 and Fig. 7 that both the free 

part and the anchored part of the rock bolts are conducive to 

an increase of the rock strength parameters (to a certain 

extent). Specifically, with the increase of the anchoring 

length, the active strengthening index at the free part 

decreases, and the passive strengthening index at the 

anchored part increases, whereas the increase of the 

pretension can only enhance the active strengthening index 

and the passive strengthening index is not affected. 

Furthermore, with an increase of the bolt length and a 

decrease of the bolt spacing, the active and passive 

strengthening index are effectively enhanced. 
 

 

4. Presenting the new fully anchoring method 
 

According to the preceding analysis and for the non-

fully anchored bolt, decreasing the anchoring length was 

shown to effectively increase the active strengthening index 

in the surrounding rock. However, the passive strengthening 

index could be reduced as the anchoring length decreases. 

This seems to be contradictory. To solve this problem, we 

propose a new anchoring method in this paper. Particularly, 

we assume that the optimal anchoring method should enable 

the support potential of the bolt rebar at the free part and the 

anchored part to be completely exerted. Namely, the active 

strengthening index at the free part and the passive 

strengthening index at the anchored part should 

simultaneously reach a maximum value. Furthermore, this 

can be accomplished through the new fully anchoring 

method with pretension (the point anchored bolt with filling 

of the free part) as shown in Fig. 8. 

Fig. 8 shows that the new fully anchoring method 

consists of inner and outer anchored parts. Practically, the 

following two construction methods can be employed to 

obtain the supporting effect of the new fully anchoring 

method. 

One method is to employ two types of resin capsules 

with varying solidification speeds as shown in Fig. 9. After 

the borehole is drilled, the fast and slow solidification resin 

capsules are put into the borehole in sequence. Then, the 

bolt is installed using a jumbolter. In this process, the resin 

capsules are mashed. The fast and slow solidification filling 

sections are formed from inside to outside along the 

borehole. In addition, the pretension is exerted on the bolt 

after the inner filling section is solidified and before the  

 

 

 

Fig. 8 The new fully anchoring method 

 

 
(a) 

 
(b) 

Fig. 9 The new fully anchoring method achieved by fast 

and slow solidification resin capsules 
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outer filling section is solidified. The supporting effect of 

the fully anchoring method can be achieved after the outer 

filling section is solidified. 

Another method is to employ the fast solidification resin 

capsule combined with grouting as shown in Fig. 10. After 

the inner filling section with the fast solidification resin 

capsule is solidified and the pretension is exerted to the 

bolt, the surrounding rock can be grouted through the 

borehole at the free part. The grouting slurry can fill both 

the borehole at the free part and the cracks in the 

surrounding rock. Then, the integrity and strength of the 

surrounding rock can be effectively enhanced. 

Compared with the conventional non-fully anchored 

bolt, the pretension in the new fully anchoring method is 

exerted after the inner anchored part is solidified and before 

the outer anchored part is formed. Setting a small inner 

anchored part, such as point anchoring, can enable the 

pretension to adequately diffuse into the surrounding rock 

and effectively enhance the active strengthening index. 

Meanwhile, after the outer anchored part is solidified, the 

bolt installation is completed. The total anchoring length is 

equal to the borehole length. In this case, the lateral anti-

bending and anti-shearing capacity along the full length of  

 

 

 

the rebar can be completely exerted, and the corresponding 

passive strengthening index in the surrounding rock is 

maximized. In addition, this type of anchoring method can 

also effectively avoid rebar corrosion and the loss of 

pretension. 

Specifically, in tunnel support design, the length of the 

inner anchored part can be set to a value between 1/4 and 

1/3 of the bolt length (as for the soft rock, the larger value 

should be chosen), the pretension can be set to 60-120 kN, 

and the recommended bolt spacing should not exceed 1.0 

m. Meanwhile, the bolt pretension must be designed with a 

comprehensive consideration of factors such as the rebar 

strength and tenacity. To achieve a supporting effect of high 

pretension, a bolt with high strength and high tenacity is 

preferred. In addition, the broken degree of the rock masses 

in tunnels is also a key factor for determining whether an 

effective bearing structure can be formed in the anchored 

surrounding rock. When the surrounding rock shows good 

integrity, the first fully anchoring method mentioned above 

can be utilized. When the surrounding rock is broken, the 

fully anchoring method based on grouting can be utilized 

and thus increase the integrity and self-bearing capacity of 

the surrounding rock. 

 

Fig. 10 The new fully anchoring method achieved by the fast solidification resin capsule and grouting 

  
(a) Front view (b) Side view 

Fig. 11 The size and loading scheme of the isolated model 
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5. Verification by the physical simulation test 
 

5.1 Loading model and schematic design 
 

To further verify the strengthening mechanism of the 

surrounding rock in varying anchoring methods, a physical 

simulation test was conducted in this section. Specifically, 

we separated a certain range of rock masses from the roof 

or two sides of the tunnel in Fig. 1 and scale it down to 

construct an isolated model as shown in Fig. 11. The size of 

this model is 320 mm × 320 mm × 640 mm (Width × 

Height × Length). The uniformly arranged bolts in the 

model have a length of 480 mm with a spacing of 160 mm. 

The outer surface close to the outer end of the bolt is the 

tunnel free face. The bottom surface, two side surfaces and 

rear surface of the model are fixed with no displacement. 

Three schemes are designed in total as shown in Table 5. 

After the bolts are installed, a destructive test was 

conducted by loading pressure from the top surface to 

investigate the deformation characteristics and bearing 

capacity of the surrounding anchored rock. 

The physical model is made through layered filling and 

compaction with a mixture of cement, gypsum, and river 

sand. Specifically, the model material ratio is as follows: the 

ratio of sand to binder is 6:1, the ratio of cement to gypsum 

is 6:4, and the ratio of water to material is 0.07. 

Accordingly, the model unit weight ranges from 16.8 kN·m-

3 to 17.2 kN·m-3, the elasticity modulus ranges from 142 

MPa to 178 MPa, the compressive strength ranges from 

0.88 MPa to 0.95 MPa, the tensile strength ranges from 0.05 

MPa to 0.08 MPa, the cohesion ranges from 0.19 MPa to 

0.25 MPa, and the frictional angle ranges from 31°to 34°. 

The bolt is simulated by adopting the φ6 mm threaded 

rod and the matching bearing plate and nut. The bolt is 

installed by utilizing a high-strength resin and pretensioned 

by tightening the nut. Specifically and to simulate the non-

fully anchored bolt in scheme 2, lubricating oil is evenly 

applied to the bolt surface at the free part. As for the 

anchored part, resin with grit is applied to the bolt surface 

the first time. When the bolt is installed, resin is applied to 

the bolt surface for the second time. In scheme 3, 

lubricating oil is not applied to the bolt surface at the free 

part. After the bolt is installed and pretension is exerted, 

cement grout is injected into the borehole at the free part to 

simulate the new fully anchored bolt. 
 

5.2 Testing system and monitoring components 
 

To achieve the loading and testing of the physical 

models, the simulation testing system for the anchored 

surrounding rock was developed as shown in Fig. 12. The 

testing system consists of a counter-force loading device, a 

mobile mould, a servo oil-pressure control system, and a 

multi-element real-time monitoring system with high 

accuracy. 

With a size of 1500 mm × 1500 mm × 1000 mm (Width 

× Height × Thickness), the main frame of the counter-force 

loading device is composed of beams, stand columns, and 

reinforcing plates with ribbed bottoms. Meanwhile, to 

achieve a true simulation of the boundary conditions of 

stress loading and reduce the boundary effect, a flexible  

Table 5 Physical simulation test schemes in varying 

anchoring methods 

No. Schematic Design 

1 The model without bolting. 

2 
The model with an anchoring length of 0.24 m and a 

pretension of 0.70 kN. 

3 

The model with an anchoring length of 0.24 m and a 

pretension of 0.70 kN. The free part is filled with cement 

grout. 

 

 

Fig. 12 Simulation testing system 

 

 

 

Fig. 13 Flexible uniform pressure loading device 

 

 

Fig. 14 Loading and testing of the isolated model 
 

 

uniform pressure loading device developed by Li et al. 

(2015) is employed in the testing system as shown in Fig. 

13. Particularly, this device includes three oil cylinders in 

the horizontal direction and three oil cylinders in the 

vertical direction. Moreover, each oil cylinder is equipped  
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with a flexible articulated thruster with a size of 300 mm × 

200 mm (Length × Width) and silica gel with the thickness 

of 15 mm. By cooperating with the servo oil-pressure 

control system, the whole testing system can achieve 

functions of asynchronous loading and pressure that are 

maintained at the horizontal and vertical directions. 

 

 

 

 

During the test, the physical model is constructed in the  

mobile mould in advance. Then, it is moved into the 

internal space of the counter-force loading device for 

loading and testing. In the loading process, the top loading 

pressure, deformation at the free face, and the bolt force are 

simultaneously monitored. Fig. 14 shows the loading and 

  
(a) The model without bolting (b) The model with bolting 

Fig. 15 Typical failure patterns of the isolated models 

  
(a) Scheme 1 (b) Scheme 2 

 
(c) Scheme 3 

Fig. 16 Monitoring curves of the top loading pressure under varying schemes 

Table 6 Peak and residual loading pressures of the models in scheme 1-3 

No. 
Oil cylinder 1# Oil cylinder 2# 

Peak pressure /kN Residual pressure /kN Peak pressure /kN Residual pressure /kN 

1 56.9 6.2 84.5 25.6 

2 67.3 33.2 98.7 58.8 

3 77.1 39.7 106.8 64.4 
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Rock Mass
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testing of the physical model. 
 

5.3 Test results and analysis 
 

Fig. 15 shows the typical failure patterns of the models 

without bolting in scheme 1 and with bolting in scheme 2. 

Fig. 16 shows the monitoring curves of the loading pressure 

of the top three oil cylinders versus the extruded 

displacement at the free face in scheme 1, 2, and 3, wherein 

the serial number of the top oil cylinders from outside to 

inside is 1# - 3# in sequence. 

We observed that the physical models in scheme 1, 2 

and 3 present obvious splitting failure characteristics under 

top loading pressure. When the loading pressure is 

relatively small, the rock mass close to the model free face 

is the first to split. With the increase of the loading pressure, 

the splitting scope gradually extends towards the interior, 

and the rock mass at the free face is extruded. In this 

process and after the emergence of splitting, the model 

without bolting collapse showed obvious brittle failure. 

Then, the bearing capacity rapidly decreases. However, the 

model with bolting does not collapse due to the constraint 

effect of the bolts. Instead, the bolt can adjust and improve 

the stress state of the interior rock mass. The model can 

form an effective bearing structure interiorly with the bolt 

and rock mass, which enables the model to present ductility 

deformation behavior and post-peak bearing capacity. This 

effectively restricts further breakage inside the model. 

Furthermore, using the rock mass within the scope of 

bolting as the research object, Table 6 lists the peak and 

residual loading pressure of oil cylinder 1# to 2# in scheme 

1, 2, and 3. 

Table 6 shows that the pre-tensioned bolts can 

effectively increase the peak and post-peak bearing capacity 

of the models. For example, the peak and residual pressures 

of oil cylinder 1# in scheme 2 are higher than those in 

scheme 1 by 18.3% and 435.5%, respectively. The peak and 

residual pressures of oil cylinder 1# in scheme 3 are higher 

than those in scheme 1 by 35.5% and 540.3%, respectively. 

Furthermore, the free part of the bolts in scheme 3 is filled 

with cement grout after the pretension is exerted. In this 

way and upon the precondition of ensuring the effective 

diffusion of the pretension, the bolts can effectively enable 

the lateral anti-bending and anti-shearing functions along 

the whole length and further increase the integral rigidity of 

the model. Accordingly, both the peak and residual pressure 

of the model in scheme 3 is greater than that in scheme 1 

and scheme 2. This also validates the effectiveness of the 

preceding theoretical analysis results and the superiority of 

the new fully anchoring method. 

 

 

6. Conclusions 
 

Through a systematic numerical experiment, this paper 

investigated the distribution characteristics of the 

supporting stress field in surrounding rock around a tunnel 

and corresponding to varying anchoring length, pretension, 

bolt length, and spacing. Then, an analytical approach for 

computing the strengthening index of the anchored 

surrounding rock and a new fully anchoring method are 

presented. Furthermore, we perform a physical simulation 

test for the bearing capacity of the anchored surrounding 

rock to validate the effectiveness of the theoretical analysis 

results. The major conclusions are as follows: 

• For the non-fully anchored bolt, the active constraining 

effect of the pretension on the surrounding rock is mainly 

within the scope of the rock mass at the free part, while the 

active constraining effect on the rock mass at the anchored 

part is very limited. This is conducive to the diffusion of 

pretension and forming an effective bearing structure in the 

surrounding anchored rock by employing high pretension 

and reserving a certain length of the free part.  

• The strengthening effect of the non-fully anchored bolt 

for the surrounding rock is classified into the passive 

strengthening effect at the anchored part and the active 

strengthening effect at the free part. With an increase of the 

anchoring length, the active strengthening index decreases 

and the passive strengthening index increases. In addition, 

increasing the pretension can only enhance the active 

strengthening index. The overall strengthening index is 

enhanced with an increase of the bolt length and a decrease 

of the bolt spacing. 

• The optimal anchoring method should enable the 

support potential of the bolt rebar at the free part and the 

anchored part to be completely exerted. Accordingly, a new 

fully anchoring method with pretension (the point anchored 

bolt filling the free part) can be employed to achieve an 

optimal supporting effect. 

• The pre-tensioned bolt may enable the surrounding 

rock to present certain characteristics of ductility 

deformation. Both the peak and residual bearing capacity of 

the anchored surrounding rock can be effectively enhanced 

and compared with unanchored surrounding rock.  

• Since the free part of the bolt is filled with cement 

grout in the new fully anchoring method, the integral 

rigidity of the surrounding rock is enhanced. Accordingly, 

the peak and residual bearing capacity of the surrounding 

rock are greater than those using the non-fully anchoring 

method. 
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