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Abstract 
 

The fault is often encountered in tunnel engineering. To reveal the mechanical response characteristics of the tunnel 
surrounding rock during construction near the fault, according to the actual trend of the fault and the different angles 
between the fault surface and the axis of the tunnel, the whole process of tunnel excavation was simulated by using 
MIDAS/GTS software. The deformation and failure characteristics of the surrounding rock in different sections were 
analyzed and the support strength was also analyzed. Results show that the bench excavation is better applied to the 
current geological characteristics, and the support strength can ensure the long-term stability of the surrounding rock of 
the tunnel. The construction excavation will cause some surface subsidence, but the subsidence is small. According to the 
design and a double-layer reinforcement network support strength, the excavation demand of the tunnel can be met. The 
qualitative and quantitative results are mutually verified and comprehensively judged to escort the construction process. 
The conclusions obtained in the study provide a significant reference to the tunnel construction near the fault. 
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1. Introduction 
 
The stability of tunnel surrounding rock is the key problem 
of tunnel engineering. Once the deformation or failure of 
surrounding rock appears, it will cause the tunnel collapse 
and bring huge loss to the construction. Soft structures such 
as faults and structural planes are the most common adverse 
geological phenomena in tunnel excavation. The section 
with faults is one of the most unstable sections of tunnel 
surrounding rock [1]. Most of the deformation and damage 
of tunnel surrounding rock are controlled by the structural 
plane of the fault. The distribution, characteristics and 
combination of the structures are the internal factors of the 
rock mass stability, which determines the stability of the 
rock mass, the boundary conditions, methods, scale and 
characteristics of the possible deformation and failure. 
Therefore, the study of deformation and failure of 
surrounding rock under the influence of faults is of great 
significance for tunnel excavation engineering. 

In the excavation and construction of underground 
caverns, the fault is often encountered and must be dealt 
with effectively in the tunnel engineering. Many engineering 
practices and related studies have shown that the 
deformation and failure of tunnel surrounding rock is 
generally controlled by weak structural surfaces and faults. 
At the same time, the effect of fault on the deformation and 
failure of tunnel surrounding rock has been a fuzzy problem 
so far [2]. The study on the deformation and failure of tunnel 
surrounding rock has important theoretical significance and 
practical value, which provides certain convenience for 
tunnel excavation and construction and has certain practical 

significance.             
At present, there are many problems in engineering 

geomechanics caused by faults. The different types and 
changes of faults lead to the instability of the engineering 
rock mass [3]. However, the influence of the faults, 
especially the fragmentation faults on the deformation and 
failure of tunnel surrounding rock has not been well solved 
from the point of view of mechanics. Therefore, it is of great 
practical significance to analyze the stress, strain, 
deformation and damage of tunnel surrounding rock from 
the angle of engineering mechanics and geomechanics, so as 
to meet the needs of engineering practice. 
 
 
2. State of the art 
 
The destruction or excessive deformation of the surrounding 
rock, such as undue roof collapse, edge wall extrusion, floor 
uplift, floor water inrush, surrounding rock cracking, burst 
rock burst, and support fracture and so on, all of these are 
the characteristics of the instability of surrounding rock [4-
10]. Because of the complexity and particularity of the 
surrounding rock geological conditions, many scholars have 
studied the stability of surrounding rock. So many methods 
of stability analysis of surrounding rock have been formed.  

The numerical simulation method plays an important 
role in the study of surrounding rock stress and the 
development of deformation and destruction of surrounding 
rock, and then to quantitatively evaluate the stability of 
surrounding rock. Because this method can not only solve 
the problem of the stress analysis of various non-
homogeneous, nonlinear, weak structural planes, and the 
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rheological properties, but also can simulate the 
effectiveness of various supporting schemes and the 
influence of different construction procedures on the 
stability of the surrounding rock. Wang et al. studied large 
deformation mechanics mechanism and rigid-gap-flexible-
layer supporting technology of soft rock tunnel, and they 
analyzed the thermal radiation characteristics of stress 
evolution of a circular tunnel excavation under different 
confining pressures [11]. Luo et al. analyzed the parameters 
deterioration rules of surrounding rock for deep tunnel 
excavation based on unloading effect [12]. Wang et al. 
conducted the analysis of damage evolution characteristics 
of surrounding rock in deep anchorage cavern under 
dynamic loading [13]. Wang et al. studied the microseismic 
distribution characteristics near-fault mining inducedand its 
influencing factors [14]. Yoo & Cui studied the effect of 
new tunnel construction on structural performance of 
existing tunnel lining [15]. Aygar conducted the evaluation 
of new Austrian tunnelling method applied to Bolu tunnel’s 
weak rocks [16]. Aygar & Gokceoglu analyzed the problems 
encountered during a railway tunnel excavation in squeezing 
and swelling materials and the engineering measures [17]. 
Tyagi & Lee studied the influence of tunnel failure on the 
existing tunnel in improved soil surround [18]. 

Many scholars have done a lot of work about anchor 
cable, bolt force and concrete support during tunnel 
excavation. Wu et al. analyzed damage characteristics and 
constitutive model of lightweight shale ceramsite concrete 
under static-dynamic loading [19]. Wang et al. analyzed the 
coupling effect of tension and reverse torque of anchor cable 
under different conditions [20]. Nguyen et al. studied the 
influence of tunnel shape on tunnel lining behaviour [21]. 
Yokota et al. developed a new deformation-controlled 
rock bolt by using numerical modelling and laboratory 
verification [22]. Ranjbarnia et al. proposed the practical 
method for the design of pretensioned fully grouted 
rockbolts in tunnels [23]. Shimamoto & Yashiro proposed 
new rockbolting methods for reinforcing tunnels against 
deformation [24]. 

The rest of the study is organized as follows. Section 3 
gives the relevant engineering background, the 
computational model and calculation scheme. Section 4 
presents the results analysis and discussion, and finally, the 
conclusions are summarized in Section 5. 
 
 
3. Methodology 
 
3.1 Engineering background 
The right tunnel is 1011 m long and the left tunnel is 1016 m 
long, with a separated double tunnel arrangement, the 
entrance of the right tunnel is on a flat curve of radius 1300 
mm and the exit is on a straight line. The entrance of the left 
tunnel is on a flat curve of radius 1550 mm and the exit is on 
a straight line. The main tunnel has a clear width of 14 m 
and a clear height of 5 m, with a traffic lane of 3.75 m × 2 m, 
a lateral width of 0.5 m + 0.75 m and a maintenance lane of 
0.75 m + 0.75 m. The tunnel envelope is classified as class 
IV 439.3 m and class V 1587.6 m. The engineering geology 
and borehole exposures show that the tunnel is an outcrop of 
Jurassic rhyolite and tuffaceous rhyolite, with six major 
faults passing through it. A representative F1 fault was 
selected for the tunnel construction simulation, and its 
engineering geological conditions are as follows: there is an 
obvious fault surface at around YK145 + 577 m, intersecting 
the route obliquely. The rock body is strongly weathered and 

broken at this place, which affects the stable of the tunnel 
surrounding rock. 
 
3.2 Computational model 
The elastic-plastic model of GTS simulates the elastic-fully 
plastic intrinsic relationship, and its typical stress-strain 
curve is shown in Fig. 1. The stress is proportional to the 
strain until it reaches the yield point, and the stress-strain 
relationship is horizontal when it exceeds the yield point 
[25]. 

 
Fig. 1. Elastic-plasticity relationship. 
 

The elastoplastic material models in MIDAS/GTS are 
Mohr-Coulomb, Tresca, Von Mises, Drucker-Prager, Hoek-
Brown, Drucker-Prager and Hoek-Brown model. For the 
structural characteristics of the tunnel and the fault, a typical 
section is selected and the Mohr-Coulomb criterion is used 
for the 3D finite element calculation. The yield function is as 
follows: 

     (1) 
 

                            (2) 
 

   (3) 
 

      (4) 
 

                        (5) 
 
where,  is internal friction angle.  

The support parameters were selected for simulation by 
engineering analogy method and combined with the 
convergence measurement around the hole in the later 
construction. After obtaining complete and reliable data of 
more than one section, the original estimated parameter 
values were revised twice, and finally the analysis results 
were close to the actual ones. 

Based on the elasto-plastic theory and engineering 
analogy, the range of the model was usually selected 
according to the span and height of the tunnel: the outer 
boundary was taken as 3-5 times of the span, and the upper 
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and lower boundaries were taken as 3-5 times of the height, 
outside the range could be considered as not affected by 
excavation and other construction factors, i.e. the stress and 
displacement caused by excavation and other construction 
could be ignored at these boundaries. At the same time, the 
model was guaranteed to be free of rigid body displacements 
and rotations.  

To make the simulation results effectively close to the 
engineering reality and to truly reveal the fault direction and 
level of production on the construction excavation, 
according to the established route of the tunnel, the model 
numerical analysis was set to F1 fault tunnel. The left and 
right sides were taken as 4 times the diameter of the tunnel 
45 m, 4 times the height of the tunnel 30 m in the vertical 
direction downward and upward to the surface, and the 
length of the longitudinal tunnel excavation was 40 m for 
simulation. The initial stress field of the rock was considered 
only for self-weight stress, and the effect of tectonic stresses 
was not considered. The model was divided by tetrahedral 
mesh cells, and the number of nodes in the numerical model 
was 12619 and the number of cells is 44211, as shown in 
Figs. 2. and 3. 

 
Fig. 2. The computational mocel with F1 fault. 

 
Fig. 3. The lining support of the tunnel. 

 
The physical and mechanical parameters of the 

surrounding rock at all levels of the model and the tunnel 

support parameters are shown in Tables 1 and 2. The steel 
arches in the initial shotcrete support were converted to the 
concrete according to the mechanical index to simplify the 
calculation. 
 
Table 1. Physical and mechanical parameters of the model. 

Name 
Elastic 

modulus 
(GPa) 

Poisson’s 
ratio 

Internal 
friction 
angle (°) 

Cohesion 
(MPa) 

Density 
(kN/m3) 

Gravel layer 0.8 0.40 20 0.08 19 
Tuff 0.9 0.40 23 0.1 22.5 

Strongly 
weathered tuff 0.8 0.40 20 0.08 21 

Slightly 
weathered 

rhyolite 
1.5 0.35 30 0.4 22 

Unweathered 
rhyolite 2 0.33 33 0.5 23.7 

Rhyolite 2.5 0.32 35 0.6 24 
Fractures 0.5 0.45 10 0.016 16 

 
Table 2. Parameters of tunnel support. 

Name Elastic  
modulus (GPa) 

Poisson’s 
ratio 

Size  
(mm) Material 

Concrete initial 
support 28 0.2 280 C25  

Anchor rods 
hollow grouting 160 0.3 Diamere 25 Steel 

 
3.3 Calculation scheme 
To effectively reflect the deformation, stress and other states 
of the tunnel envelope at each stage of the construction 
excavation process, the simulation calculations were 
performed on the tunnel model with F1 fault based on the 
existing design excavation and support methods to analyze 
the stress and strain distribution and change patterns. The 
processing function of program unit (activation & 
passivation) and the concept of equivalent release load of 
tunnel excavation were used to simulate the whole process 
of tunnel construction, and the construction methods and 
processes were strictly in accordance with the site. 
 
 
4. Results analysis and discussion 
 
4.1 Analysis of stress field of surrounding rock 
In the process of construction simulation, the longitudinal 
excavation (X- direction) mainly studies the geological 
condition of the tunnel excavation face, and the possible 
damage form and the mechanical dynamics of the 
surrounding rock are preliminarily determined. The stress 
changes in surrounding rocks are mainly observed in 
horizontal stress (Y- direction) and vertical stress (Z- 
direction). After the excavation of the tunnel, the 
surrounding rock is in the initial stress state; after the 
excavation of the stress redistribution and the release of the 
residual stress in the local crust, the displacement of the 
surrounding rock formation is relaxed and the new 
temporary equilibrium state is called the two stress state, and 
the stress state around the tunnel after the support is called 
the three stress state. The load release coefficient is usually 
used to simulate the mechanical process. The load release 
process is as follows: 40% load is released from the 
surrounding rock at the current excavation stage, and 30% 
load is released in two subsequent construction sections. 
Figs. 4 and 5 are the horizontal stress distribution of the 
whole surrounding rock of typical construction sections.  
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Fig. 4. The horizontal stress distribution Syy of tunnel surrounding rock 
at the excavation adjacent to the fault. 
 

 
Fig. 5. The horizontal stress distribution Syy of tunnel surrounding rock 
after excavation through the fault. 

 
As seen from Figs. 4 and 5, from the initial progress of 

tunnel excavation to the vicinity of the fault, then through 
the fault until tunnel penetration, there is no extensive tensile 
stress area in the surrounding rock, and the local tensile 
stress concentration area is affected by the step-by-step 
method of excavation and distributed around the retained 
core soil, which has little influence. For the overlying area of 
this tunnel site is close to the tunnel entrance, the overlying 
soil thickness is shallow and loose, the influence of the fault 
is not very obvious in terms of stress, which will be analyzed 
in combination with the later displacement and settlement. 

As seen from Figs. 6 and 7, the overall development trend 
is similar to the horizontal stress. The concentration of 
compressive stress at the foot of the arch on both sides of the 
surrounding rock is also more obvious, which belongs to the 
key observation range of the later monitoring. 

 

 
Fig. 6. The verticl stress distribution Szz of tunnel surrounding rock at 
the excavation adjacent to the fault. 

 
Fig. 7. The verticl stress distribution Szz of tunnel surrounding rock after 
excavation through the fault. 
 
4.2 Analysis of displacement field of surrounding rock 
To effectively illustrate the impact of tunnel excavation on 
the surrounding rock and the mechanism of action, reveal 
the displacement concentration area, and provide scientific 
reference data for the prevention of local collapse and 
construction of similar projects, it is proposed to select DY, 
DZ displacement and other linear diagrams to assist in 
illustration, and combine with the actual measurement data 
on site to improve the analysis of each result. 

Vault subsidence DZ and peripheral convergence 
displacement value DY is a comprehensive reflection of the 
surrounding rock, surrounding rock conditions and support 
effect during tunnel excavation, which is an important 
mandatory measurement item as the whole process of 
construction. The measurement results of this study can be 
used to judge the stability of the surrounding rock, the 
appropriateness of the initial support and the filling time of 
the lining and the back arch. Figs. 8 and 9 show the 
convergence value of displacement in the direction of DY in 
the typical construction section, and Figs. 10 and 11 show 
the convergence value of displacement in the direction of 
DZ in the typical construction section. 

 

 
Fig. 8. DY direction convergent displacement of tunnel surrounding 
rock at the excavation adjacent to the fault. 
 

 
Fig. 9. DY direction convergent displacement of tunnel surrounding 
rock after excavation through the fault.   
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When the tunnel excavation is close to the fault zone, the 
surrounding rock is affected by the fault zone, displacement 
began to gradually rise, the displacement of the unexcavated 
lower step area is larger. By the fault trend and dip angle 
mechanism of action, the calculation of comparison can be 
obviously found that with the excavation development, the 
displacement concentration area closely follows the fault 
trend and tends to step change, the impact is significant. The 
right side of the surrounding rock affected by the range is 
significantly larger than the left. 

Influenced by the fault, when two kinds of rocks with 
different mechanical properties come into contact, the 
displacement of the corresponding excavation construction 
section rises significantly, and finally the peripheral 
convergence of the surrounding rock on the left side is 3.5 
mm, and on the right side is about 4.0 mm, there is a certain 
bias pressure effect. 

DZ displacement is mainly to study the influence of 
tunnel excavation on the surrounding rock vault and 
elevation arch and the mechanism of action, revealing the 
displacement concentration area, providing scientific 
reference data for the prevention of local collapse and later 
construction. Compared with DY, the data of vault 
subsidence change in the direction of DZ is more obvious, 
which can clearly show the surrounding rock under the 
influence of fault easy to destroy area. 

With the passage of the fault excavation, it is obvious 
that under the influence of the fault, the maximum 
settlement of the top of the surrounding rock arch increases 
from 1.19 mm to 3.91 mm and 5.31 mm at the beginning of 
excavation, and finally 5.35 mm is stable, while the 
elevation of the supine arch converges from 1.83 mm to 6.11 
mm to 6.73 mm to the final 6.93 mm, which shows that the 
supine arch section up-drum situation is serious, and the 
local area exceeds the settlement of the arch, it is 
recommended to close early and replace the fill in time. 

 
4.3 Analysis of shotcrete force 
The excavation of the tunnel is inevitably accompanied by 
the redistribution of the stress and the development of the 
radial displacement of the tunnel. In general, the support 
form of sprayed concrete plus anchor rods is used to 
improve the bearing conditions of the surrounding rock, so 
as to improve the bearing capacity of the surrounding rock 
accordingly.  

 

 
Fig. 10. DZ direction convergent displacement of tunnel surrounding 
rock at the excavation adjacent to the fault. 
 

 
Fig. 11. DZ direction convergent displacement of tunnel surrounding 
rock after excavation through the fault. 
 

From the current design of the support structure, the 
sprayed concrete is the only means of support that can firmly 
adhere to the wall of the surrounding rock over a large area, 
and is also an effective mean of support applicable to all 
kinds of surrounding rock, its role is mainly through the 
bonding of sprayed concrete and the wall to transfer the 
axial force to the surrounding rock, in the direct prevention 
of increased relaxation of the surrounding rock and unstable 
rock falling at the same time, giving the internal pressure of 
the surrounding rock, so that the surrounding rock becomes 
one. 

In the MIDAS/GTS program, the plane strain plate units 
are used to simulate the support effect of shotcrete. It is 
specified that the plane strain unit has no strain term in the 
thickness direction, and the unit degrees of freedom are only 
two translational degrees of freedom in the X- and Y- 
directions, and the stress symbols and directions are the 
same as those of the solid unit surrounding rock, both with 
reference to the overall coordinate system and following the 
right-hand rule. Figs. 12 and 13 show the maximum 
principal stress of the initial sprayed concrete in the 
surrounding rock. 

 
Fig. 12. Maximum principal stress of initial shotcrete in the surrounding 
rock at the excavation adjacent to the fault. 
 

 
Fig. 13. Maximum principal stress of the initial sprayed concrete in the 
surrounding rock after excavation through the fault. 
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As seen from Figs. 12 and 13, the simulation analysis of 

the general tensile stress of the sprayed layer basically meets 
its strength requirements, but the maximum tensile stress at 
local locations exceeds its allowable tensile strength. 

The damage of shotcrete is mainly shear damage and 
tensile damage, controlled by tensile and shear stresses, 
which can be clearly found from Figs. 12 and 13, the force 
of shotcrete at the fault is obviously different from that of 
the sprayed layer in the general surrounding rock area, with 
a final tensile stress of 4.38 MPa, which can be improved by 
using local strengthening measures. 

 
4.4 Analysis of anchor rod force 
Anchor rod is one of the important support means to 
maintain the stability of surrounding rock and ensure 
construction safety during the tunnel construction, and it is 
also the only support method to reinforce surrounding rock 
from inside. It can improve the shear strength of the 
fractured surrounding rock, also can improve the physical 
index of the surrounding rock, moreover, which can link 
some discontinuous rock blocks together, and basically does 
not occupy the operation space, and has good 
constructability. After the construction is completed, it can 
also function as part of the permanent support structure to a 
certain extent, so it is widely used. 

Anchor rod is a type of point support. To give full play 
to the effect of anchor rod, it is necessary to play the role of 
group anchor, i.e. to solve the relationship between the 
surrounding rock conditions and the length and interval of 
anchor rod. According to the actual construction on site, the 
simulated length of anchor rod using line unit is 4 m. The 
stress distribution of anchor rod is shown in Figs. 14 and 15. 
 

Fig. 14. Anchor stress distribution at the excavation adjacent to the fault. 
 

 
Fig. 15. Stress distribution of anchors after excavation through faults. 

 
As seen from Figs. 14 and 15, the stress state of the 

group anchors in different construction sections of the 
surrounding rock. The anchor stresses are basically 
symmetrically distributed, with the greatest force at the vault 
anchors, mainly concentrated in the range of 1-2 m from the 
tunnel excavation profile, with a size of 38 MPa, i.e. the 
greatest force in the central region, and gradually decreasing 
to both sides of the tunnel. 

With the continuous excavation of the tunnel, the stress 
on the reinforcement anchor rod increases significantly when 
approaching the fault zone, with a value of 76 MPa, while 
the stress distribution on the anchor rod in the rest of the 
buried section of the surrounding rock is relatively average, 
with no abnormal changes. After the tunnel construction 
being completed, the largest anchor stress area was 
concentrated in the lower part of the surrounding rock 
sidewall, with a maximum value of 89 MPa, which 
coincided with the displacement and stress concentration 
area in the previous section and was the key area for 
monitoring. 
 
 
5. Conclusions 
 
In this study, the geotechnical and tunnel analysis system 
MIDAS/GTS was used to establish the elastoplastic 
numerical model of typical faults and the specific 
construction section was selected to comprehensively 
analyze the stability of the surrounding rock under the 
influence of adjacent faults. The main conclusions are 
obtained as following: 

(1) From the feedback results of the numerical 
simulation, the step-by-step excavation method is better 
applied to the current geological properties, and the support 
strength can ensure the long-term stability of the 
surrounding rock. It is recommended to carry out regular 
monitoring and measurement according to the actual 
construction conditions, and to increase the monitoring 
frequency for the local dangerous areas. 

(2) The 1-2 additional displacement monitoring sections 
should be appropriately set in the area the fault located, and 
the frequency of field measurement should be increased to 
provide quantitative theoretical data to grasp the scope of the 
fault affected area. The observation and recording of 
geological statements can well define the nature of the 
surrounding rock. The qualitative and quantitative results are 
verified with each other and comprehensive judgments are 
made to escort the construction process. 

(3) Since the F1 fault located in the tunnel is shallow, the 
construction excavation will cause part of the surface 
settlement, but the value is small, the support strength can 
meet the excavation needs. The simulation only considered 
the case of the spray layer support alone, so the surrounding 
rock stress exceeds the allowable stress of the spray layer. In 
the actual construction, the double-layer reinforcement 
network should be used in the spray layer, which can 
effectively improve the strength of the spray layer meeting 
the safety requirements of the support body. 

For a long time, there has been a lack of a reasonable 
evaluation index for tunnel stability evaluation. For tunnel 
engineering, no matter what type of caverns is, the 
surrounding rock often does not reach the state of 
destruction when the equivalent plastic strain passes through 
the whole section. Only when the plastic strain develops to a 
certain degree in the plastic zone of the surrounding rock, 
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the potential failure surface is formed in the surrounding 
rock to reach the state of failure. In view of the special 
geological existence of the fault, the possible plastic strain 
range of the tunnel surrounding rock is preliminarily grasped, 
which will be of the reference for the tunnel construction. 
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