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Abstract. There has always been significant disagreement in the academic cir-

cle regarding the effect of setting system bolts in the initial support of mudstone 

tunnels. Relying on the medium and thick layer mudstone tunnels of express-

ways, considering the influencing factors such as the spatio-temporal effect of 

tunnel construction excavation and the setting parameters of bolts, four finite 

element calculation model were established to analyze the characteristics such 

as the deformation and plastic zone of the surrounding rock of the tunnel, the 

mechanical response and the safety factor of the initial support structure under 

different working conditions. The following research conclusions were ob-

tained: (1) In the initial support of medium and thick mudstone tunnels, the ef-

fect of the system bolts is not obvious. (2) Considering the influence of the spa-

tio-temporal effect of the surrounding rock during tunnel excavation, concelling 

the system bolts is more conducive to controlling the deformation of the sur-

rounding rock and improving the initial support force state. (3) The verification 

results of the initial support safety factor for medium and thick layer mudstone 

tunnels without the installation of system bolts meet the requirements of the 

specifications, which can ensure the technical safety of the tunnel structure. 

When the system bolts are cancelled in the initial support of mudstone tunnels, 

it is necessary to ensure the construction quality of the anchor bolts at the lock 

feet of the side walls and the early strength of the shotcrete. 

Keywords: mudstone tunnel; system bolts; support effect; numerical simula-

tion; spatio-temporal effect 

1 Introduction  

There are significant differences in the academic community's understanding of the 

efficacy of system bolts in tunnel. Foreign scholars such as Lutz L.[1], Hansor N.W.[2], 

and Goto Y.[3] have studied the mechanical mechanism of load transmission from 

anchor rods to grouting bodies. Many domestic scholars have explored the efficacy of 

bolts in soil or mudstone tunnel and concluded that the effect of system bolts is not 

obvious. Zhang H.J. et al. [4] concluded through numerical simulation that the axial 

force distribution of anchor bolts in super-large section tunnels was unbalanced and  
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the axial force of arch top anchor bolts was very small. Chen J.X. et al.[5] concluded 
through field tests that the system bolts support effect under the steel frame support 
condition of the loess tunnel was not obvious and the system bolts should be can-
celled. Tan Z.S. et al.[6] concluded through comparative tests with and without sys-
tematic bolts that the axial force of system bolts in large-section shallow-buried and 
deep-buried loess tunnels is relatively small and the support effect of anchor rods in 
the arch is not obvious.Guo J. et al.[7] concluded through on-site tests and model cal-
culations that the anchoring effect of the system bolts in the arch of shallow-buried 
loess tunnels was relatively weak, while that of the anchor rods in the side walls was 
significant. Yuan W. et al.[8]  obtained that the deformations of the tunnel side walls 
and arches have basically remained unchanged by on-site monitoring and numerical 
analysis of red-layer mudstone railway tunnels under complex stress conditions. 
Liang Q.G. et al.[9] by the theoretical numerical simulation analysis of mudstone ex-
pansion and softening, concluded that anchor bolt reinforcement has certain influ-
ences on both the bottom uplift of the tunnel and the settlement of the arch top of the 
surrounding rock, with a relatively small impact on the settlement of the arch top, 
while having a significant control effect on the bottom uplift of the tunnel. Zhao D.P. 
et al.[10] relying on the Xiaosanxia Tunnel of Zhengzhou-Wanzhou High-Speed Rail-
way, obtained the peripheral displacement of the surrounding rock and the develop-
ment characteristics of the plastic zone of the mudstone in the large-span tunnel in-
terwoven with sandstone through on-site measurement and numerical simulation re-
search. Fan J.S.[11] analyzed the monitoring and measurement data of the mudstone 
tunnel of the Jakarta-Bandung High-Speed Railway and concluded that the length of 
working hours spent from excavation to the initial support process in expansive mud-
stone tunnels has a significant impact on the initial deformation of the tunnel.Wang 
Y.J. et al.[12] established a numerical model based on the Lijiazhai mudstone Tunnel in 
Guizhou Province, considering the influencing factors such as the mechanical effect 
of surrounding rock excavation construction and the closing speed of initial support, 
and concluded that the effect of anchor rods in the mudstone tunnel system was not 
obvious and not applicable. Wang W. et al.[13] considering parameters such as the 
setting range and length of the system bolts and conducting numerical analysis, con-
cluded that the axial force of the system bolts in the deep-buried grade IV soft rock 
interlayer tunnel was relatively small, the support effect was not obvious, and the 
effect on the deformation of the surrounding rock, the development of the plastic 
zone, and the force control of the support structure was not obvious.Shi Z.B. et al.[14] 

conducted tests in the experimental section and concluded that there was no signifi-
cant difference in the deformation and force of the surrounding rock in deep-buried 
mudstone tunnels with or without the installation of system bolts. The supporting 
effect of the anchor bolts was poor, and the removal of the system bolts did not affect 
the safety of the supporting structure.Sun X.H. et al.[15] conducted on-site test section 
tests based on deep-buried medium-weathered mudstone long-span highway tunnels 
and concluded that the construction system bolts in mudstone strata could not signifi-
cantly improve the deformation of the surrounding rock of the tunnel and the mechan-
ical performance of the lining structure. Li X.M. et al.[16-19] proposed a systematic and 
applicable theoretical system, design principles and methods, key construction tech-
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nologies, safety guarantee measures and management control measures for tunnels in 
weak surrounding rocks (such as loess, mudstone, soft rock, weak and fragmented 
surrounding rocks, etc.) in response to the technical challenges in the construction of 
tunnels in weak surrounding rocks. 

The influence of the spatio-temporal effect of mudstone tunnel excavation[20], the 
secondary disturbance of the surrounding rock and the secondary influence of the 
system bolts construction on the plastic zone are not conducive to the effective control 
of the plastic zone of the surrounding rock and the safety and stability of the tunnel 
structure. Therefore, the design optimization of the system bolts for soft rock tunnels 
is of great significance. Due to the scarcity of research on the effectiveness of system 
bolts in the initial support of soft rocks such as mudstone, in engineering practice, the 
design and construction are usually carried out in accordance with the specifications 
or by using the engineering analogy method. In this paper, typical numerical model 
working conditions is established based on the mudstone tunnel of expressways. Con-
sidering the influencing factors such as the spatio-temporal effect of surrounding rock 
stress and the setting of system anchor rods, the efficacy and applicability of system 
anchor rods in the initial support structure of mudstone tunnels are analyzed. The 
research results provide an important basis for the design and construction of tunnels 
with soft surrounding rock. 

2 Establishment of the Numerical Models 

2.1 Overview of the Relying Tunnel 

The supporting project is a two-lane separated tunnel, the surrounding rock of the 
tunnel is composed of moderately weathered mudstone, medium-thick layered struc-
ture, belonging to grade IV surrounding rock. Initial support design parameters: The 
spacing of I14 steel arch frames is 100cm; The spacing of the Ø6.5 steel mesh is 
25cm×25cm; The length of the Ø20 system bolts is 3.0m. The system bolts are ar-
ranged in a plum blossom shape, with a spacing of 100cm×120cm (longitudi-
nal×ring). The thickness of C20 shotcrete is 20cm. The secondary lining and the in-
verted arch are made of C30 plain concrete. 

2.2 Overview of the Computational Model 

Based on Saint-Venant's principle and relying on the tunnel cross-section diagram 
Fig. 1, a geometric model of the 120m×120m (width×depth) tunnel is established. 
The surrounding rock adopts the Moore-Coulomb criterion, and the linear elastic 
failure criterion is adopted for concrete and steel. The surrounding rock is simulated 
by using planar strain elements, the initial support C20 shotcrete is simulated by using 
plate elements, and the system bolts are simulated by using implantable truss ele-
ments. The physical and mechanical parameters of the tunnel structure materials are 
shown in Table 1. 
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Figure 1. Schematic diagram of the characteristic points of the tunnel cross-section 

Table 1. Physicial and Mechanical Parametetes of Materials 

Tunnel mate-
Elastic 
modulus (E) 

Poisson's 
ratio (μ) 

Density 
(γ) 

Adhesive 
force (c) 

Internal fric-
tion Angle (φ) 

GPa  kN/m³ kPa (°) 

mudstone 5 0.35 26.8 500 25 
bolts 210 0.3 78.5 / / 

initial support 25.5 0.2 24 / / 

2.3 Simulation Working Condition Design 

Four working conditions were designed for numerical simulation. Only in working 
condition 1, system bolts were set. The radial layout range was 180°, the length of the 
bolts was 3 meters, arranged in a plum blossom shape, and the spacing was 
100cm×120cm (longitudinal × ring). Due to the significant spatio-temporal effect of 
the stress release process in tunnel excavation, the spatio-temporal effect of the sur-
rounding rock at different construction stages of the tunnel is simulated by setting the 
stress release rate. All four working conditions adopt two-step excavation, but the 
stress release rates at the corresponding construction stages are different, as shown in 
Table 2. 

Table 2. Design of Simulated Working Condition 

With sys-
tem bolts 

Without system bolts 

Construction stage Con.1 Con.2 Con.3 Con.4 
Stress release rate (%) 
Slow Rapid Medium Slow 

preparation stage 0 0 0 0 
above steps 40 10 20 30 
initial support (bolts) of above steps 30 30 30 30 
below steps 30 30 30 30 
initial support for below steps (in-
verted arch) 

0 30 20 10 
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3 Analysis of Simulation Results 

3.1 Deformation of Surrounding Rock 

As can be seen from Fig. 2, the vertical settlement deformation characteristics of the 
surrounding rock of the tunnel are as follows: (1) The system bolts have no significant 
control over the vertical settlement deformation of the surrounding rock, The maxi-
mum values of the arch top settlement under working conditions 1 to 4 are 38.2mm, 
32.2mm, 35.0mm, and 37.8mm respectively. (2) Cancelling the system bolts can re-
duce procedures and improve work efficiency. Timely construction of initial support 
can effectively reduce the vertical settlement deformation of the surrounding rock. 

  
(a) Working condition 1  (b) Working Condition 2 

  
(c) Working condition 3  (d) Working condition 4 

Figure 2. Vertical settlement deformation cloud maps of surrounding rock under four working 
conditions (Unit: mm) 

As can be seen from Fig. 3, the horizontal convergence deformation characteristics 
of the tunnel surrounding rock are as follows: (1) The control effect of the system 
bolts on the horizontal convergence deformation of the surrounding rock is relatively 
significant, The maximum horizontal convergence values of working conditions 1 to 
4 are 5.33mm, 10.31mm, 9.47mm, and 9.07mm respectively. (2) The earlier the initial 
support time is, the smaller the stress release rate of the surrounding rock will be, and 
the greater the horizontal convergence of the surrounding rock will be, which is much 
greater than that of the surrounding rock in condition 1. This is because in condition 
1, the anchor bolts of the side wall system play the role of locking anchor bolts, effec-
tively controlling the convergence of the surrounding rock. Therefore, if the system 
anchor bolts are cancelled, the construction of the lock foot anchor bolts for the initial 
support of the tunnel should be strengthened. 
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(a) Working condition 1  (b) Working Condition 2 

  
(c) Working condition 3  (d) Working condition 4 

Figure 3. Horizontal convergence deformation cloud maps of surrounding rock under four 
working conditions (Unit: mm) 

3.2 Deformation of Characteristic Points in the Tunnel Section 

According to Fig. 4, Fig. 5 and Table 3, it can be known that the deformation of the 
surrounding rock characteristic points presents the following characteristics: 

Vertical settlement deformation characteristics: (1) The vertical displacement of 
the characteristic points of working condition 1 (arch top A, arch shoulder B and C, 
arch foot F and G) is slightly larger than that of the corresponding characteristic 
points of the other three working conditions cancelled system bolts, with the maxi-
mum range difference reaching 5.9 to 6.6mm; (2) In condition 1, the vertical dis-
placement at the arch waist (D, E) points is less than that at the corresponding charac-
teristic points of the other three conditions, with the maximum range difference reach-
ing 9.4mm. (3) Except for the arch waist (D, E) points, the removal of system anchor 
bolts in the initial support will reduce the vertical displacement, and the vertical set-
tlement deformation at the arch waist (D, E) points is significantly affected by the 
spatio-temporal effect. 

Horizontal convergence deformation characteristics: (1) In working condition 1, 
the horizontal displacement at the arch shoulder (B, C) points is slightly larger than 
that at the corresponding characteristic points of the other three working conditions 
cancelled system bolts, with the maximum range difference reaching 1.7 to 2.0mm. 
(2) The horizontal displacements at the arch waist (D, E) points and arch foot (F, G) 
points in working condition 1 are all smaller than those at the corresponding charac-
teristic points of the three working conditions cancelled system bolts, with the maxi-
mum range difference reaching 6.9mm. The reason is that the system bolts in the arch 
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waist of working condition 1 play the role of lock foot anchor rods, controlling the 
horizontal convergence of the surrounding rock. When the system bolts are cancelled, 
the initial support of lock foot anchor rods should be strengthened. (3) Except for the 
arch shoulders (points B and C), the installation of system bolts will reduce the hori-
zontal displacement of the tunnel, and the horizontal convergence deformation at the 
arch waist (points D and E) is significantly affected by the spatio-temporal effect. 

Table 3. Statistical Results of Deformation of Surrounding Rock at the Characteristec Points of 
The Tunnel Section (UNIT:MM) 

Condi- Defor- Top Feet Shoulder Waist 
tions mation A B C D E F G 

V. 38.2 29.8 29.8 1.6 1.6 17.3 17.3 
H. 0 4.5 4.3 3.1 3.1 5.3 5.2 

V. 32.3 23.7 23.7 11.0 11.0 10.7 32.3 
H. 0 2.5 2.6 9.9 10.0 6.6 6.6 
V. 35.2 26.3 26.3 10.1 10.1 12.8 35.2 
H. 0 3.0 3.0 9.5 9.5 6.8 6.8 
V. 37.8 28.7 28.7 9.5 9.5 14.5 37.8 
H. 0 3.4 3.4 9.1 9.1 6.9 6.9 

 

Vertical settlement deformation 



          237Numerical Simulation Analysis of the Effectiveness of Initial …   

  
(b) Horizontal convergence deformation 

Figure 4. Deformation of the surrounding rock at the characteristic points of the tunnel section 
under four working conditions 

3.3 Initial Support Axial Force 

According to Fig. 5 to 7, the initial support axial force presents the following charac-
teristics: (1) The initial support axial forces in working conditions 1 to 4 are all pres-
sures, and the extreme values of the axial forces they receive are -913kN, -3263kN, -
2831kN, and -2462kN respectively. Therefore, cancelling the system bolts is benefi-
cial for controlling the force on the initial support structure of the tunnel, the defor-
mation of the surrounding rock, and the development of the plastic zone. (2) With the 
increase of the initial stress release rate of the surrounding rock, the axial force of the 
initial support under the condition without setting system bolts shows a decreasing 
trend. This is caused by the redistribution of surrounding rock stress resulting from 
the spatio-temporal effect of tunnel excavation.The earlier the initial support is carried 
out, the greater the axial force it will be subjected to. Due to the fact that the early 
implementation of the initial support requires bearing part of the loosening load of the 
surrounding rock and leads to an increase in the axial force of the initial support struc-
ture, when the system bolts are removed, the best time for the initial support imple-
mentation should be selected, and the early strength of the shotcrete for the initial 
support must be guaranteed.  

  
(a) Working condition 1  (b) Working Condition 2 
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(c) Working condition 3  (d) Working condition 4 

Figure 5. Axial force cloud map of the initial support  of the tunnel (Unit: kN) 

 

Figure 6. Bar charts of the peak axial force of the initial support of the tunnel under four work-
ing conditions 

 

Figure 7. Initial support axial forces at the characteristic points of the tunnel sections under 
four working conditions 
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3.4 Plastic Zone of Surrounding Rock 

It can be seen from Fig. 8 that the development of the plastic zone of the surrounding 
rock caused by the spatio-temporal effect of tunnel excavation shows the following 
characteristics: (1) Compared with the conditions without system bolts, the condition 
with system bolts has a more obvious control effect on the development of the plastic 
zone of the surrounding rock. (2) With the increase of the initial stress release rate of 
the surrounding rock, the range of the plastic zone of the surrounding rock under the 
condition of no system bolts increases successively, which indicates that the spatio-
temporal effect of the stress release process during the excavation of mudstone tun-
nels is significant. Therefore, the earlier the initial support of the tunnel is closed to 
form a loop, the more beneficial it is for the control of the development of the plastic 
zone of the surrounding rock.  

  
(a) Working condition 1  (b) Working Condition 2 

  
(c) Working condition 3  (d) Working condition 4 

Figure 8. Cloud maps of the plastic zone of the surrounding rock of the tunnel under four 
working conditions 
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4 Verification of the Safety Factor of Initial Support 

The cross-sectional strength of components should be verified according to different 
load combinations and different safety factors K should be adopted respectively, as 
shown in Table 4. 

Table 4. Strength Safety Factor K Of various Load Combinatons in Concrete Structres[21] 

Cause of damage 
Permanent 
load + basic 
variable load 

Permanent load 
+ basic variable 
load + other
variable loads 

Permanent load
or permanent
load + random
load 

the concrete reaches the ulti-
mate compressive strength 

2.4 2.0 1.8 

the concrete reaches the ulti-
mate tensile strength 

3.6 3.0 2.7 

The calculation of the compressive strength of axial and eccentric compression 
members with rectangular cross-sections of concrete is shown in Formula (1); Ac-
cording to the crack resistance requirements, the tensile strength calculation of eccen-
tric compression members with rectangular cross-sections of concrete is shown in 
Formula (2): 

bdRKN αϕα≤          (1) 

d
e

bdRKN 16
75.1

0

1

−
≤ϕ

          (2) 

N
Me =0

             (3) 
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−
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


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d
e

d
e

d
eα       (4) 

Where, K is safety factor, which is adopted as in Table 4; N is Axial force(kN); φ is 
the longitudinal bending coefficient of components can be taken as 1 for tunnel lin-
ings; Ra is compressive ultimate strength of concrete(MPa); b is cross-sectional 
width, taken as 1m; d is cross-sectional thickness(m), taken as 0.2m; α is axial force 
eccentricity influence coefficient; R1 is the tensile ultimate strength of concrete is 
taken as 1.7; e0 is axial force eccentricity;.M is bending moment(kN·m). 

The safety factor is verified based on the damage stage method. Under the action 
of the most unfavorable load combination, the controlled internal forces of the struc-
ture do not exceed the ultimate bearing capacity of the material. The calculation of the 
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strength and the safety factor of the characteristic points of the tunnel section  is 
shown in Formula (5): 

fK
NN ≤              (5) 

Where, N is the axial force on the most unfavorable section(kN); N  is the ultimate 
bearing capacity of this section, (kN); Kf  is the safety factor of the structure during the 
model design in the damage stage. 

The verification results of the safety factor for the relying tunnel are shown in Ta-
ble 5 It can be seen from Table 5 that the safety factors of the working conditions 
without system bolts all meet the requirements of the specifications. 

Table 5. Calculation of Safety Factors for Characteristic Points of Tunnel Sections 

Working Calculation 
Safety factor of characteristic points of tunnel
sections (control of tensile strength) 
A B D F 

N 735.9 879.5 680.3 850.5 
M 30.9 36.6 29.3 36.2 
e0 0.042 0.041 0.043 0.042 
K 3.1 2.7 3.0 2.5 
N 748.3 920.6 710.3 865.3 
M 31.7 37.7 29.6 36.1 
e0 0.042 0.041 0.041 0.042 
K 2.9 2.8 3.3 2.7 
N 756.8 943.3 709.3 870.6 
M 31.4 39.1 29.8 36.1 
e0 0.042 0.043 0.042 0.043 
K 3.2 2.6 3.2 2.8 

5 Conclusions 

Through numerical simulation study on the efficacy and applicability of system bolts 
in the primary support of medium and thick mudstone tunnels, the following conclu-
sions are obtained: (1) Timely construction initial support for mudstone tunnels can 
improve their axial force stress state. The concelling system bolts reduces the second-
ary disturbance of mudstone, shortens the initial support closure time, and is more 
conducive to the control of the initial support structure's stress, surrounding rock de-
formation, and plastic zone. (2) The effect of the system bolts in the medium and 
thick layer mudstone tunnel is not obvious. The verification results of the initial sup-
port safety factor of the system bolts meet the requirements of the code, which can 
ensure the technical safety of the tunnel structure. (3) On the basis of on-site test sec-
tion verification and structural safety verification, the system bolts in the initial sup-
port of mudstone tunnels can be optimized or eliminated. (4) For mudstone tunnels, 
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the system bolts should be cancelled to ensure the construction quality of the anchor 
bolts at the side wall lock feet and the early strength of the shotcrete. (5) The research 
results provide an important basis for the design optimization of mudstone tunnels 
and have direct guiding significance for reducing construction interference and im-
proving economic benefits. 

However, due to the limitations of subjective and objective conditions, the follow-
ing deficiencies still need further research: (1) Focus on verifying various geological 
conditions of mudstone, introduce the full-process cost analysis of tunnel construc-
tion, explore new intelligent dynamic support technologies for tunnels, and enhance 
the universality and engineering applicability of the conclusions. (2) Conduct a com-
parative analysis of the engineering performance and technical economy between 
traditional tunnel construction techniques and new support technologies, and study the 
innovative advantages in tunnel design and construction. (3) Explore the creep char-
acteristics of mudstone and the mechanical behavior features at the interface between 
the system bolts and the surrounding rock, and seek the in-depth theoretical basis for 
the action mechanism of the system bolts. 
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