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Affected by dip angle and thickness of strata and the tunneling method, soft rock
tunnel has obvious characteristics of large deformation, long deformation time and
difficult support. Based on a case study of Gelong the deformation and failure
mechanism of surrounding rock, stress characteristics of supporting structural and
control method of large section highway tunnel passing through strong-medium
weathered carbonaceous slate stratum are studied. This paper proposed
construction method based on strengthening the longitudinal stiffness of
supporting structure and increasing the integrity of surrounding rock, The results
showed that the deformation of surrounding rock and the stress of supporting
structure increased rapidly in the early stage of construction. The cumulative
deformation of vault settlement and horizontal convergence reached 116.9 mm
and 97.9 mm, respectively, accounting for 73.53% and 76.62% of the total
deformation. The proportion of surrounding rock pressure shared by the primary
support and the secondary liningwas about 8.9:1.1. This shows that the initial support
after comprehensive reinforcement has a strong supporting capacity, and effectively
reduces the secondary lining pressure of the tunnel, which plays a vital role in the
long-term service of the secondary lining.
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1 Introduction

With the rapid development of infrastructure construction, tunnel and underground
engineering construction was faced with more complex geological and construction
problems, such as large deformation of surrounding rock, water seepage and mud inrush,
high geostress and approaching excavation (Xie ZZ. et al., 2019; Fan et al., 2020; Niu et al., 2020;
Dutta and Bhattacharya 2022; Hu et al., 2022). Mountain tunnel has the geological
characteristics of large burial depth and high tectonic stress. In the development area of
metamorphic rocks and soft rocks, the surrounding rock is more prone to large deformation
under the action of high geostress (Niu et al., 2021; Zhang H. et al., 2019; Zhang Q. et al., 2019;
Bian et al., 2019; Song et al., 2020; Yao et al., 2021; Lei et al., 2022). Scholars have done a lot of
research on the deformation mechanism of soft rock. Chen et al. (2019b) investigated the
anisotropic mechanical properties of deep-buried carbonaceous phyllite and its influence on the
asymmetrical mechanical behavior of supporting structures in practical engineering. And it can
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be concluded that the asymmetrical deformations of surrounding rock
and the cracking of secondary lining were results of the coupling effect
of layered soft rock and shearing action along the foliation based on
the field data and numerical simulation results. To further study the
mechanical mechanism of large deformation, Yu et al. (2020) based on
the repair engineering of the chambers of Pingdingshan No.6 mine in
China, the field investigation, laboratory test, numerical simulation,
and theoretical analysis were studied to reveal the main factors
affecting the stability of the surrounding rock of the chambers. Li
et al. (2021) established a microseismic (MS) monitoring system and
performed numerical simulation based the discrete element method
(DEM) to investigate the stability of rock mass in high geostress
underground powerhouse caverns subjected to excavation. Liu et al.
(2020) taken the Badaling Great Wall station in Beijing as the
engineering background, a typical monitoring section was selected
in the super-span transition section of the tunnel and the deformation
and forces of both the surrounding rock and the support structures
were systematically monitored. The results showed that the
deformation and the forces acting on both the surrounding rock
and the tunnel’s lining are directly related to the construction
procedures, the geological conditions and the locations in the
super-span tunnel.

The deformation and stability of the surrounding rock are closely
related to the excavation and support methods. A reasonable
excavation and support method is of great significance to the
stability of the surrounding rock and engineering safety (Guo
et al., 2018; Song et al., 2019; Tian et al., 2019; Zhao et al., 2019;
Li et al., 2022; Jia et al., 2022). In particular, tunnels in weak strata
should be supported timely and reasonably after excavation,
otherwise they are vulnerable to surrounding rock rupture and
structural damage. To control the large deformation of
surrounding rock in soft rock tunnels under deep burial and high
geostress, the support and reinforcement methods commonly
adopted are empirical design method, theoretical analysis method
and on-site monitoring method (Chen et al., 2019a; Froech et al.,
2019; Guo et al., 2021). Parisio et al. (2018) conducted a numerical
study of the excavation of the FE tunnel in a coupled hydro-
mechanical finite element framework, employing an anisotropic
plasticity coupled with damage constitutive model. The approach
was validated by comparing numerical predictions and in situ
observations during and after tunnel excavation in terms of
displacements, pore water pressure evolution and degradation of
elasticity. To investigate the effect of alternating soft and hard strata
on the stability of rock surrounding tunnels Lv et al. (2019) analyzed
the shield construction project of two tunnels with a small clearance
of 2.6 m. Comparing the simulation results with the on-site
monitoring data, finding that with the reinforcement, the tunnel
lining deformation and the ground settlement can be reduced
significantly and the effect of subway shield construction on the
construction of the first subway tunnel will significantly reduce. The
results revealed that the single primary support method cannot
ensure the long-term safety of the tunnel, while the double
primary support method can be able to control the large
deformation and rheological effects of broken phyllite under high
geo-stress effectively.

With the increasingly complex geological conditions, the
deformation and failure of soft rock tunnels under high
geostress and bedding structure strata have become increasingly
serious. Based on the Gelong tunnel of Weiyuan-Wudu

Expressway, this paper studied the reinforcement method for
excavation and large deformation of large-section tunnel in slate
through numerical simulation and field test. According to the
numerical calculation results, the CD method was determined
for tunnel excavation. Through theoretical analysis and field
test, this paper studies the support failure mechanism,
surrounding rock deformation law, and structural stress
characteristics and control of large-section highway tunnels
passing through highly-weakly weathered carbonaceous slate
strata. The results show that the CD method excavation can
effectively control the large deformation of surrounding rock
and ensure the safe excavation of tunnel. The research
conclusions can provide theoretical reference for the structural
design and safe construction of similar projects.

2 Project overview

2.1 Basic information of tunnel

The Gelong Tunnel of the Weiyuan-Wudu Expressway is located
in Dingxi City, Gansu Province. It is a two-hole four-lane tunnel with a
total length of 2485 m, a clear width of 10.86 m and a clear height of
7.19 m. The maximum buried depth of the left-line tunnel is 187.8 m,
and that of the right-line tunnel is 192.4 m. In the tunnel, there are
6 pedestrian crossing passages, 2 vehicle crossing passages and
4 emergency parking sections with a clear width of 13 m. The basic
information of the tunnel is shown in Figure 1.

2.2 Geological condition

The geological structure of the tunnel site is complex. The
surrounding rock is mostly highly-weakly weathered slate, with
V-grade surrounding rocks accounting for more than 91.3%, which
are relatively fragmented and not suitable for excavation. The surface
soil layer is mainly deposited silty clay containing 20%–30% of gravels.
The lower layer is highly-weathered slate with layered structure,
poorly cemented and partially embedded with weakly weathered
rocks. Moreover, the tunnel bottom bedrock is also weakly
weathered slate with layered structure, developed fissures and poor
stability. Local sections of the tunnel have a large burial depth and
belong to high-stress surrounding rock areas. The groundwater is
mostly pore-water and bedrock fissure water with a groundwater level
ranges from 2.9 m to 27.5 m, which is mainly supplied by vertical
infiltration of atmospheric precipitation. During construction, the
cavern wall has some dripping water and local seepage. The
geological profile is shown in Figure 2 and the soil layer
parameters are listed in Table 1.

2.3 Engineering problems

The geological conditions of Gelong Tunnel are complex due to
the influence of geological structures. The surrounding rock is mainly
composed of deposited silty clay containing gravels and Triassic
highly-weakly weathered slate. The silty clay and strongly
weathered slate have a loose rubbly structure, and the rock mass is
fragmented, which results in poor stability during excavation. The on-
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site construction monitoring and measurement showed that the
tunnel is subjected to deformation, cracking during construction.
The large deformation mainly concentrated in the arch shoulder
and the left arch waist (seeing Figure 3), and the maximum
deformation within 80–100 cm.

3 Research method

3.1 Reinforcement plan

Aiming at the problems existing in the project, this paper
proposed a CD excavation method based on integrated

reinforcement system. The specific reinforcement steps are as
follows: 1) Grouting the surrounding rock radially to improve the
integrity of surrounding rock; 2) Selecting high-strength steel arches
and reducing the spacing between each steel arch; 3) Connecting 3-
5 trusses of steel arch frames longitudinally to improve the overall
longitudinal stiffness of initial support; 4) Adding additional
grouting anchor pipes to each steel arch and temporary support
inverted to further control the deformation of surrounding rock; 5)
Adjusting the excavation method in time, and adopting the CD
method that can quickly and effectively control the deformation of
the surrounding rock.

3.2 Numerical simulation

3.2.1 Model
The finite element software MIDAS GTS/NX is adopted to

analyze the deformation and stress characteristics of surrounding
rock under different working conditions. In order to ensure the
reliability of the calculation results, the influence range of tunnel
excavation is fully considered. Thus the specific dimensions of
the model are X=100 m, Y=120 m and Z=115 m, as shown in
Figure 4.

FIGURE 1
Basic information of Gelong Tunnel.

FIGURE 2
Geological profile.

TABLE 1 Soil layer parameters.

Soil layer E/(GPa) γ/(kN/m3) μ c/(kPa) ϕ/
(°)

Silty clay 0.015 19 0.45 30 30

Highly weathered slate 0.2 21 0.4 50 40

Weakly weathered slate 5 23 0.26 100 50

Frontiers in Earth Science frontiersin.org03

Niu et al. 10.3389/feart.2022.1094325

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1094325


3.2.2 Model parameters
The soil and material parameters are obtained according to

geological exploration data and laboratory tests, as shown in Table 2.

3.3 Field monitoring of stress and strain

The stress and deformation of surrounding rock and support
structure shall be strictly monitored during tunnel excavation and
support construction. The feasibility of the integrated
reinforcement method proposed in this paper is further

verified, which ensured the safety and rapid construction of the
tunnel.

3.3.1 Measuring point arrangement
To keep track of the stress and deformation of the surrounding rock

and support structure during tunnel excavation and ensure construction
safety, the Earth pressure cells were arranged between the surrounding
rock and the initial support, between the initial support and the secondary
lining, and the bar stress meters were arranged at the web of the steel arch.
The schematic diagram of measuring point layout was shown in
Figure 5A, At the same time, the horizontal convergence and vault

FIGURE 3
Large deformation and cracking of surrounding rock and initial support. (A) Cracking of surrounding rock during construction. (B) The large deformation
of initial support in the arch shoulder and the left arch waist.

FIGURE 4
3D finite element model.
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subsidence monitoring point were placed according to the surrounding
rock conditions, as shown in Figure 5B.

3.3.2 Measuring element installation and data
acquisition

Figure 6 shows the arrangement of bar stress meters and Earth
pressure cells on-site.

4 Result analysis

4.1 Analysis of numerical simulation results

This paper compared and analyzed the stress and deformation of
tunnel surrounding rock and structure under three-step method and
comprehensive reinforcement CD method.

4.2 Stress analysis

The stress cloud image of surrounding rock under the above two
working conditions are shown in Figures 7, 8.

Figure 7B showed that the stress concentrated at the left and right
arches after upper bench excavation, and the maximum stress was
2.83 MPa. After the middle bench is excavated, the stress was mainly
distributed in the arch waist, arch foot and side wall. And the stress
was roughly symmetrical on both sides, with the maximum stress
appeared in the left wall, about 3.16 MPa, as shown in Figure 7C. After
the excavation of lower bench and the addition of secondary lining, the
stress of the structure was still mostly concentrated in the arch waist,
arch foot and side wall, with the stress release ratios were about 80%
10% and 10%, and the maximum stress was 3.55 MPa, as shown in
Figure 7D.

It can be seen from Figure 8 that during soil excavation at the left
upper bench, the stress gradually concentrated at the left arch foot,
with a maximum of 2.75 MPa. After the excavation of the left lower
bench, the large stress was mainly concentrated in the arch waist, arch
foot and side wall on the left side. In addition, a large stress appeared at
the temporary support arch foot for the right upper bench, with the
value of 2.86 MPa.With the removal of the temporary support and the
construction of secondary lining, the response range of surrounding
rock stress dwindled and eventually stabilize. This indicated that the
stress was basically released and the maximum stress was 3.12 MPa, as

TABLE 2 Calculation parameters used in the model.

Material E/GPa γ/(kN/m3) μ c/kPa ϕ/°

Silty clay 0.015 19 0.45 30 30

Highly weathered slate 5 21 0.4 50 40

Weakly weathered slate 0.2 23 0.26 100 50

Anchor 210 78.5 0.3 — —

Shotcrete 30 24 0.2 — —

Secondary lining 29.5 25 0.3 — —

Temporary support and longitudinal connection steel bar 200 78.5 0.3 — —

FIGURE 5
Layout of stress and deformation measuring points. (A) Layout of stress measuring point. (B) Layout of defromation measuring point.
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FIGURE 6
Measuring elements and on-site installation.(A)Bar stressmeter and Earth pressure cell. (B) Pictures of installed bar stressmeters and Earth pressure cells.

FIGURE 7
Stress of tunnel surrounding rock under three-bench method construction. (A) Initial stress state (B) Penetration of upper bench. (C) Penetration of
middle bench (D) Penetration of the full-cross section.
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FIGURE 8
Stress of tunnel surrounding rock under CDmethod construction. (A) Initial stress state (B) Penetration of the lift upper bench. (C) Penetration of the left
cross section (D) Penetration of the right upper bench. (E) Penetration of the right cross section (F) Removal of temporary support.

FIGURE 9
Deformation curves of surrounding rock under two working conditions. (A) Three-bench method (B) CD method.
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shown in Figure 8D. The comparative analysis of Figures 7, 8 showed
that the stress distribution range of surrounding rock under the two
working conditions was about 1.5 D (20 m), and the stress levels were
roughly the same. After the tunnel penetrated, the maximum stress in
the three-bench method was 3.55 MPa, which was 0.43 MPa higher
than that in the CD method.

4.3 Deformation analysis

To better understand the control effect of different construction
methods (three-bench method and CD method) on the large
deformation of surrounding rock, the variation curves of vault

settlement and horizontal convergence of surrounding rock during
the construction are drawn, as shown in Figure 9.

It is obvious from Figure 9 that the surrounding rock deformation
can be well controlled by reasonable selection of construction method.
As shown in Figure 9A, in the first 10 excavation steps, the vault
settlement and horizontal convergence deformation increased rapidly
to 172.5 mm and 161.3 mm owing to excavation of the soil, accounting
for 89.6% and 95.9% of the total deformation, respectively. This
indicated that the release of soil constraint had a significant effect
on the stability of surrounding rock. With the construction of inverted
arch frame and lining structure, the vault settlement and horizontal
convergence gradually increased after the 15th excavation step (the
whole tunnel section was excavated), which tended to stabilize around

TABLE 3 Comparison of surrounding rock stress and deformation.

Excavation method Stress (kPa) Displacement (mm)

Maximum value Minimum value Vault settlement Horizontal convergence

Three Bench Method 3550 9 192.5 168.1

CD Method with integrated reinforcement 3120 12.3 148.6 110.9

FIGURE 10
Comprehensive reinforcement CD method construction and supporting structure. (A) CD method excavation. (B) Grouting reinforcement. (C)
Longitudinal connection (D) Feet-lock bolt.
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the 30th step with the stayed value of 192.5 and 168.1 mm respectively.
As shown in Figure 9B, the deformation rate of surrounding rock in
the first 10 excavation steps was obviously lower than that in the three-
bench method. However, the deformation was still developing rapidly,
and the vault settlement and horizontal convergence surged to
99.4 mm and 98.1 mm, accounting for 66.9% and 88.5% of the
total deformation, respectively. Due to the construction of
temporary support and inverted arch, there were several
deformation fluctuations. Subsequently, with the construction of
the integrated reinforcement system and the lining structure, the
deformation of the surrounding rock in the 10th to 15th
excavation steps showed an obvious inflection point. After the 20th
excavation step, the deformation tended to be stabilize. The vault
settlement and horizontal convergence finally stabilized at 148.6 and
110.9 mm, respectively. This demonstrated the excellent effect of the
integrated reinforcement CD method on controlling the deformation
of surrounding rock. The specific results of the two methods are
presented in Table 3.

It can be seen from Table 3 that the CD method outperformed
greatly the three bench method in controlling the deformation of
surrounding rock. It reduced the vault settlement and horizontal
convergence deformation by 27.8% and 34.0%, respectively, and the
surrounding rock deformation tended to be stable faster. For the
structural stress, the stress on the second lining structure in the case of
CD method was small, and the maximum stress was 13.8 lower than
that of the three-bench method. In conclusion, the CD method can
better control the large deformation of surrounding rock during the
construction of large-section soft rock tunnel.

5 Analysis of measured results

5.1 Field application of reinforcement
measures

On the basis of the CDmethod, measures such as reducing spacing
and strengthening the longitudinal connection of steel arch frame,
adding a feet-lock anchor pipe and a temporary inverted arch were
adopted to constrain the surrounding rock deformation and ensure
the construction safety. The site implementation of the reinforcement
measures is shown in Figure 10.

5.2 Monitoring data analysis

Based on the measured data of ZK253+860 section (V-grade
surrounding rock) at the Gelong Tunnel entrance, the deformation
characteristics of surrounding rock and the stress variation of
supporting structures were analyzed to verify the effectiveness of
the proposed method.

5.2.1 Analysis of surrounding rock deformation
Figure 11 showed the time-history curves of the accumulated

deformation and deformation rate of surrounding rock.
It can be seen from Figure 11 that the deformation rate of the

surrounding rock was relatively large in the first 11 days of excavation.
The vault settlement and horizontal convergence were 116.9 and
97.9 mm respectively, accounting for 73.53% and 76.62% of the

FIGURE 11
Surrounding rock deformation. (A) Surrounding rock deformation (B) Surrounding rock deformation rate.

FIGURE 12
Time-history curve of axial force of steel arch frame at section
ZK253+860.
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total deformation. In the following 12–18 days, the deformation rate
declined significantly due to the construction of the integrated
reinforcement system. After the 20th day, the deformation tended
to be stable and the vault settlement and horizontal convergence
finally stabilized at 159.1 and 127.9 mm respectively. The measured
results were slightly larger than the numerical results (as shown in
Figure 9B) due to uncertainties in the construction, while, the
difference between them was quite small. The surrounding rock
deformation in both results tended to stabilize in roughly the same
time, indicating that the CD method proposed in this paper was
feasible and very effective.

5.2.2 Axial force analysis of steel arch frame
The real-time axial force of the steel arch frame at the

ZK253+860 section were collected, based on which the time-history
variation curve was drawn (positive for tension and negative for
compression), as shown in Figure 12.

It can be seen from Figure 12 that the steel arch frame was
subjected to tension in the whole process at the vault (G1), the
right spandrel (G2) and the right side of inverted arch (G7). At the
initial stage, the tensile stress rose in a roughly straight line.

Among them, the vault bore the largest tensile stress of
2775 kN, which stabilized at about 1500 kN after 16d. The steel
arch frame was subjected to compressive stress at the left (G8) and
middle (G6) of the inverted arch throughout the whole process,
and the peak values of the two were relatively close. The maximum
was 1250 kN, which basically stabilized at about 1500 kN after 27d.
In the initial stage, the other parts of the steel arch were mainly
subjected to tension. After the deformation of the surrounding
rock lasted for about 12d, the steel arch began to bear a small
compressive stress. From the stress distribution, the steel arch
frame at the left half of the tunnel arch was subjected to larger
stress, which was completely consistent with the deformation of
the surrounding rock. At the same time, under the strong support
of the integrated reinforcement system, the axial force of the steel
arch frame was rapidly stabilized.

5.2.3 Stress analysis of surrounding rock and
secondary lining

To investigate the stress characteristics of the supporting structure
under the action of the integrated reinforcement system, the stress of
initial support and secondary lining at section (ZK253+860) were

FIGURE 13
Time-history characteristic curves of surrounding rock stress on supporting structures. (A) The stress of initial support (B) The stress of secondary lining.

FIGURE 14
Distribution ofmaximum stress of surrounding rock and secondary lining. (A)Distribution ofmaximum stress of surrounding rock/(kPa) (B)Distribution of
maximum stress of secondary lining/(kPa).
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collected. And the time-history characteristic curves of the stress
variation were drawn, as shown in Figure 13.

As can be seen from Figure 13, the surrounding rock stress on
the supporting structures was generally large, which gradually
stabilized after 25d of tunnel excavation. The proportion of
initial support and secondary lining to bear the surrounding
rock stress was about 8.9:1.1. It can be observed from
Figure 13A that the initial support was subjected to uneven
stress. Specifically, the pressure at the vault, left shoulder and
right wall was large and the growth rate was fast. And they all
reached the extreme values about 12 days after excavation, which
were 2472 kPa, 39544 kPa, and 1916 kPa respectively. The left wall
suddenly surged to a maximum on the 24th day and basically
remained at 1743 kPa. With the continuous release of surrounding
rock stress and the construction of comprehensive reinforcement
system, the surrounding rock stress gradually tended to be stable.
As can be seen from Figure 13B, the stress on the second lining also
showed a trend of first increasing and then decreasing. However,
the overall stress was far less than that on the initial support, and its
maximum appeared at the left spandrel, which was only 233 kPa.
Due to the strong bearing capacity of initial support, the
surrounding rock stress born by the secondary lining was very
small and evenly distributed. This proved that the initial support
was of great significance to the safety of secondary lining structure,
and that the proposed CD method could significantly reduce large
deformation of soft rock tunnel.

Figure 14 shows the distribution of maximum stress of
surrounding rock and secondary lining. It can be observed that the
surrounding rock stress on the initial support was unevenly
distributed, large on the left and small on the right. In particular,
the vault, left spandrel, and left side wall bore larger stress and were
prone to deformation and collapse, which was completely consistent
with the field disaster situation.

6 Conclusion

In view of the large deformation of surrounding rock during the
construction of large-section tunnel in soft rock strata, this paper
conducted a case study based on Gelong Tunnel passing through
carbonaceous slate. Through theoretical analysis and numerical
simulation, this paper proposed the CD method with integrated
reinforcement to control the large deformation of surrounding
rock, and verified by on-site monitoring results. The main
conclusions were as follows:

(1) The CD excavation method supplemented by strengthening the
longitudinal stiffness of the supporting structure and the integrity
of the surrounding rock can well control the large deformation of
soft rock tunnel. The vault settlement and convergence
deformation of surrounding rock under CD method reduced
by 27.8% and 34.0% respectively than three-bench method, and
the value of stress on second lining structure was 13.8%, which
could provide reference for the design and construction of similar
projects.

(2) The surrounding rock deformation was large in the early stage,
and the vault settlement and horizontal convergence were
116.9 and 97.9 mm respectively, accounting for 73.53% and
76.62% of the total deformation. The deformation rate declined

significantly due to the construction of the integrated
reinforcement system. The vault settlement and horizontal
convergence finally stabilized at 159.1 mm and 127.9 mm
respectively, indicating that the proposed method was feasible
and effective in controlling the large deformation of
surrounding rock.

(3) The steel arch frame was subjected to tension in the whole
process at the vault, the right spandrel and the right side of the
inverted arch, and the vault bore the largest tensile stress of
2775 kN. By contrast, the steel arch frame was subjected to
compressive stress at the left and middle of the inverted arch
throughout the whole process, and the maximum was 1250 kN.
For the stress distribution, the steel arch frame at the left half of
the tunnel arch was subjected to larger stress, which was
completely consistent with the deformation of the
surrounding rock.

(4) The surrounding rock stress on the supporting structures was
generally large, and the proportion of initial support and
secondary lining to bear the surrounding rock stress was about
8.9:1.1. The surrounding rock stress acting on the initial support
was large on the left and small on the right. The stress on the
second lining was evenly distributed and much smaller than that
on the initial support, with the maximum of 120 kPa. This
demonstrated that the initial support was of great significance
to the safety of secondary lining structure, and the proposed CD
method could significantly control the large deformation of soft
rock tunnel.
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