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Introduction: A reasonable advanced support system is crucial for ensuring 
stable excavation in tunnels with weak surrounding rock. This study aims 
to address the problems of instability, large deformation, and prolonged 
construction period in the sidewalls of tunnel faces in plateau high-geostress 
carbonaceous slate tunnels in western mountainous areas.
Methods: Based on lithology analysis and creep tests, we propose enhanced 
over-head pre-support, rapid initial support closure, and increased steel arch 
stiffness. The proposed approach was validated via numerical modeling and 
field tests.
Results: Results show that compared to no forepoling (Case I), Cases II–V 
reduced deformation by 17%, 21%, 44%, and 46%, respectively. The additional 
arch over-support improves stability and reduces sidewall deformation. The 
combined "arch-wall over-support + HW175 steel arch + 6m anchors" system 
shortened initial support formation from 20 to 12 days.
Discussion: These findings support the design of active-passive support systems 
for high-stress weak rock tunnels and offer insights for similar projects.

KEYWORDS

advanced support, deformation control, creep characteristics, high geostress, soft rock 
tunnel 

 1 Introduction

The terrain in the mountainous areas of western China is complex and varied, with 
prevalent adverse geological conditions that pose serious challenges to tunnel safety 
during construction. Among these challenges, large deformation in soft rock tunnels is 
particularly prominent and has become a major issue constraining project progress and 
budget (Siming et al., 2021). Table 1 presents statistics on several major tunnels, both 
domestically and internationally, that have experienced large deformation.

Researchers worldwide have conducted extensive research on the mechanisms, 
classification, and control measures of large deformation in soft rock tunnels. From 
the viewpoint of causes, Aydan et al. (1996) pointed out that the essence of large 
deformation is the shear damage of the surrounding rock, and different combinations
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of viscous, elastic, and plastic deformation will occur under 
the secondary stress field. Wang et al. (2011) classified large 
deformation into stress, material, and structural types according 
to the causes. Qian and Zhou (2018) conducted a study on 
the deformation and failure behavior of rock masses during the 
excavation of underground cavern groups under high-geostress 
conditions, utilizing Jinping I hydropower stations as a basis. The 
research indicates that under high geostress, rock mass damage 
manifests as a zonal disintegration phenomenon.

Many scholars have used indoor tests and theoretical derivations 
to describe the rheological deformation phenomenon in soft rock 
tunnels. Griggs (1939) carried out creep tests on rocks such as chert 
and shale and obtained creep curves at different loading levels. 
After that, Tian et al. (2025), Tian and Zhou (2024), and Tian and 
Zhou (2022) systematically investigated the nonlinear deformation, 
damage, and fracture processes of rocks. From integrating the 
FVEVP constitutive law into a unified statistical damage evolution 
equation to establish a unified fractional-order creep damage 
constitutive theory, to proposing a unified progressive damage-
fracture criterion and simulating time-dependent deformation 
and fracturing phenomena in rocks, and further exploring the 
mechanical responses and rate-dependent fracture behaviors of 
general viscoelastic materials, a relatively comprehensive research 
framework has been developed. In the analysis of time-dependent 
deformation of soft rock tunnels, Zhang et al. (2019) and Zhang et al. 
(2023) established a novel four-element fractional visco-plastic 
(FVP) model based on fractional derivative theory, which includes 
two Abel dashpots, one spring, and one visco-plastic body. On 
the other hand, in the study of failure mechanisms of fractured 
rock masses, they employed a true triaxial testing system with 
synchronous acoustic emission monitoring to investigate the 
laboratory-scale brittle failure of sandstone specimens containing 
two different en echelon flaw configurations, revealing the 
brittle failure mechanisms of flawed rocks. Xiao et al. (2025) 
established pore structure reconstruction models with controlled 
porosity variations for systematic numerical experimentation by 
investigating the relationship between pore structure parameters 
and mechanical characteristics. Niu and Zhou (2021) and Niu et al. 
(2023) conducted systematic research on rock instability prediction 
and shale failure mechanisms. First, the precursory acoustic 
emission (AE) response rate derived from local spatial AE events was 
utilized to predict the time-of-instability of sandstone under biaxial 
and true triaxial compression. Second, the fracture process of shale 
was characterized based on the evolutionary characteristics of the 
AE event rate. Furthermore, the introduction of multifractal theory 
enabled quantitative characterization of the fracture instability
process in shale.

In terms of grading, the current mainstream methods can 
be divided into the deformation evaluation method and the 
stress evaluation method. Hoek and Marinos (2000) gave five 
grading indexes for large deformation prediction by summarizing 
the law of extruding large deformation tunnels. Guoliang et al. 
(2015), combined with the surrounding rock and deformation 
characteristics of the soft rock tunnel of the Lanzhou–Chongqing 
Railway, used the relative deformation and the rock strength 
stress ratio as the grading index of large deformations in soft 
rock tunnels and gave the prediction standard and control 
measures for different grades. In terms of control methods, the 

mainstream support theories used internationally are the New 
Austrian Tunnelling Method (NATM) (Karakuş and Fowell, 2004), 
the Energy Support Method (Salamon, 1984), and the Analysis 
of Controlled Deformation in Rocks and Soils (Lunardi, 2000). 
Chinese scholars combined the domestic tunnel technology and 
foreign research methods to form the “Joint Support Method” 
(Yu, 1990), the “Loose Circle Theory” (Dong et al., 1994), the 
“Timely-Strong-Yield Stress support” (Wu et al., 2020), and other
methods.

To summarize, previous research on large deformation has 
achieved fruitful results. However, the causes of large deformation 
are complicated, and the lithology is diverse, so there is no one-
size-fits-all control technology. It is necessary to analyze the causes 
of deformation by mineral composition analysis and creep test for 
different rock bodies and combine the results with engineering 
analogies to determine the large deformation control measures 
applicable to such rock bodies. Focusing on a plateau charcoal slate 
tunnel, this study systematically investigates deformation control 
technologies under extremely high geostress. Therefore, this article 
analyzes the mineral composition of the surrounding rock at the 
tunnel face. The Burgers model parameters were obtained by 
drilling core samples and performing creep tests on the surrounding 
rock of the tunnel face. The parameters were applied to FLAC3D 
software to simulate the deformation of the surrounding rock 
under different working conditions to form an effective control 
technology. Based on this, a test section was carried out in the 
large deformation section to verify the reasonableness of the
support program.

2 Deformation characteristics and 
lithologic analysis of the rock body in 
the large deformation section

2.1 Deformation characteristics

The project, a plateau tunnel, is located in the Yangzi land 
mass and the Qiangtang–Sanjiang orogenic system at the interface 
between the west side of the Qiangtang–Sanjiang orogenic 
system of the Yajiang residual basin. The basement miscellaneous 
rock deformation is strong and develops a series of anticlines 
and synclines. The stratigraphic lithology is complex, mainly 
containing carbonaceous slate, sandstone, and carbonaceous 
phyllite. The maximum depth of the tunnel is approximately 
1100 m, and the crustal stress obtained by the hydraulic 
fracturing technique is mainly horizontal tectonic stress, with the 
maximum value of 25.61 MPa. The tunnel alignment is shown
in Figure 1.

In order to speed up the construction progress, more of the 
tunnel face is opened, and an auxiliary trench form of “4 inclined 
shafts +1 cross-hole” is set up, with the two-bench method being 
adopted for excavation. As shown in Figure 2, large deformation 
occurred during the excavation of the cross-hole, accompanied 
by concrete cracking, steel arch deformation, and other problems. 
The monitoring curve of the large deformation section on site 
is shown in Figure 3.

The monitoring curves indicate that the most severe tunnel 
deformation occurred between September 16 and September 25 
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TABLE 1  Statistical table of large deformations of soft rock tunnels with high ground stress.

Tunnel name Sector Lithologic map Maximum 
horizontal 

crustal stress 
(MPa)

Relative 
deformation

Main measures Excavation 
method

Liutongzhai Tunnel 
(Yangwei, 2019)

Railroads Carbonaceous slate, 
phyllite

23.09 12.6% Deep hole grouting, 
double H200 steel 
frame, self-feeding 

long anchors

Two-step with the 
tilt-arch method

Sanlian Tunnel (Xie, 
2017)

Railroads Tuff 6.87 10.3% Φ76 overrun pipe 
shed, HW175 steel 
frame, 8-m anchor 

cable

Trench guidance 
method

Muzhailing Tunnel 
(Li, 2020)

Railroads Extremely crushed 
carbonaceous slate

24.95 13.7% Φ42 overrun small 
conduit, three layers of 

HW175 steel frame, 
15 m prestressing 

anchor cable

Three-step reserved 
core soil method

Enasan Tunnel 
(Kimura et al., 1985)

Highway Granite, rhyolite 16.75 11.1% Φ42 small precursor 
conduit, double-layer 

H200 steel frame, 
13.5 m anchor cable

Three-step reserved 
core soil method

Shenzuo Tunnel 
(Dajian et al., 2023)

Highway Metamorphic 
sandstone, slate

8.2 22% Φ76 small conduit, 
12 m+6 m prestressing 
anchors, double-layer 
HW200 steel frame

Three-step reserved 
core soil method

Zheduoshan Tunnel 
(Tang et al., 2018)

Highway Metamorphic 
sandstone, sandy slate

29.8 4.6% Φ42 overrun small 
conduit, double-layer 

I22b I-beam

Three-step reserved 
core soil method

Saint Cotthard Base 
Tunnel (Xiaolin and 

Huang, 2018)

Railroads Mylonitized gneiss 27 8.4% 8-m overrun small 
conduit, TH44 steel 
frame, 8-m system 

anchors

Full-sectional method

Maoyushan Tunnel 
(Liao, 2013)

Railroads Slates 21.28 6.2% Overrun guide hole, 
Φ42 overrun small 
conduit, I20b steel 
frame, 2-m system 

anchors

Micro steps method

Shuiniujia Tunnel 
(Yang, 2022)

Highway Carbonaceous slate, 
phyllite

18.43 6.8% Φ42 double-layer 
grouting small 

conduit, 4 m+8 m 
system anchor, 

double-layer I22 
section steel

Three-step reserved 
core soil method

Shanenshan Tunnel 
(Liu et al., 2022)

Railroads Carbonaceous slate, 
marl

9.14 13.4% Overhead pipe shed, 
double I20b steel 

frame, 6 m anchor 
rods

Three-step method

Huifulai Tunnel 
(Xiaozhou, 2020)

Railroads Carbonaceous 
mudstone, 

carbonaceous slate

13.4 22.1% Optimized profile 
increased sidewall 

elevation curvature, 
HW175 steel frame, 

8 m self-entry 
anchors, radial 

grouting

Three-step method

Arlberg Tunnel 
(Zhang, 2003)

Highway Phyllite, gneiss 13 7.6% TH75 steel frame, 9-m 
system anchors
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FIGURE 1
Tunnel alignment schematic diagram.

FIGURE 2
Deformation of initial support: (a) cracking of concrete and (b) deformation of steel arches.

following excavation, with the average daily deformation of both 
sidewall convergence and crown settlement exceeding 12 mm. 
During this period, the left sidewall convergence increased from 
0 mm to 131.15 mm, the right sidewall convergence increased from 
0 mm to 150.63 mm, and the crown settlement increased from 0 mm 
to 127.71 mm. The deformation in this phase accounted for over 
70% of the total deformation. This demonstrates the poor self-
stabilizing capacity of the carbonaceous slate, along with insufficient 
support strength in the original design and an extended initial 
support closure cycle. Eighty-four days after excavation, the tunnel 
roof settled by 173 mm, while the left and right sidewalls converged 
by 251.64 mm and 187.68 mm, respectively. It can be concluded 
that, under the influence of horizontal tectonic stress, the large 
deformation section is predominantly characterized by sidewall 
convergence. 

2.2 Rock mass lithology analysis

In order to further study the lithology of the large deformation 
section, drill core samples were taken on site for whole rock mineral 
composition analysis, and the contents of various components and 
the composition of the clay fraction are shown in Table 2. The 
results show that the main components of the carbonaceous slate 
are quartz, clay, and plagioclase. Among them, the quartz content is 
approximately 33–48.9%. It is followed by clay, which accounts for 
approximately 31.5–39.2%, and the clay consists of illite and chlorite. 
Plagioclase content, on the other hand, ranges from 11.7% to 19%.

Scanning electron microscopy (SEM) analysis was performed on 
the sampled rock mass. The results show that the pores of the samples 
are irregular and disordered. The pore size varies from 5 μm to 
200 μm. The surface is dominated by irregular flakes and debris. As 
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FIGURE 3
Deformation section monitoring curve.

can be seen in Figure 4, numerous flakes are arranged and combined 
to form a unique laminar structure with various cracks. The laminar 
structure is prone to sliding under external force, causing damage to 
the structure.

3 Creep test of carbonaceous slate

3.1 Creep test method

A rock block was collected from the tunnel face of a plateau tunnel, 
as shown in Figure 5. It was wrapped in plastic film for transport to the 
laboratory, where standard test specimens with a height of 100 mm 
and a diameter of 50 mm were drilled. The non-parallelism of the two 
end faces of the specimens was ensured to be less than 0.05 mm. The 
prepared standard test specimens are shown in Figure 6. 

The fabricated specimens were loaded into an MTS815.03 
electro-hydraulic servo universal testing machine. Based on a point 
load strength of 0.74 MPa measured at the sampled excavation 
surface, the estimated uniaxial compressive strength (UCS) was 
16.89 MPa as determined using Equation 1 (Chinese Standard, 
2014). Consequently, the initial confining pressure was set to 
6 MPa, with incremental increases of 2 MPa for each subsequent 
stage. In accordance with the ISRM standard, a loading rate 
of 1 MPa/min (Hatheway, 2009) was applied. The axial load was 
increased at this constant rate until the target stress for each stage 
was attained, which was then maintained for 24 h.

Rc = 22.82I (1)

Where Rc is the uniaxial compressive strength (MPa), and I is 
the point load strength (MPa).

The strain gauges were fixed to capture the data, as shown in 
Figure 7. The deformation was monitored according to the three 
guidelines described in Table 3, and the data were processed. The 
final choice was to collect in the decay creep and steady-state 
creep stage according to the serial number 1 guideline, and in the 

accelerated creep stage and the destruction stage according to the 
serial number 3 guideline. 

3.2 Creep test results

Figure 8 presents the creep curves of three specimens under 
graded loading. The similarity of these curves indicates comparable 
physical and mechanical properties among the specimens. At low stress 
levels, creep deformation is negligible. As the axial deviatoric stress 
increases, creep behavior becomes progressively more pronounced. 
During the final loading stage, the specimens underwent a brief period 
of accelerated creep, culminating in failure. This failure mechanism is 
attributed to the propagation of pre-existing microcracks within the 
rock, which were initially induced by tectonic stresses. Once the applied 
stress exceeded the long-term strength of the rock, these microcracks 
propagated rapidly, leading to structural collapse. 

The axial strain and corresponding creep rates for each stage are 
summarized as follows. The average change of axial strain of three 
specimens in the first stage is 1.75 × 10−4, and the creep rate is 0, 
basically. The average change in the second stage is 0.057 × 10−4, and 
the creep rate is 2.4 × 10−3 mm/h. The creep effect is gradually obvious 
after the third stage, and in the case of Test Piece 2, for example, the 
creep rate of the third stage is 3.8 × 10−3 mm/h. The creep effect is 
gradually obvious after the third stage, and in the case of Test Piece 2, 
the creep rate is 3.8 × 10−3 mm/h, an increase of 58%. The fourth stage 
creep rate of 10.3 × 10−3 mm/h, an increase of 329%. The fifth stage 
creep rate is 30.7 × 10−3 mm/h, an increase of 1,179%. 

3.3 Creep parameter identification

The creep effect was more pronounced for Test Piece 2, 
so its creep curve was chosen to determine the parameters of 
the Burgers model (Figure 9). The Burgers model is formed by 
connecting a Maxwell body, which describes instantaneous elasticity 
and viscous flow, in series with a Kelvin body, which describes 
delayed elastic deformation. The constitutive equation for the 
Burgers model (Duan et al., 2023) is:

ε(t) = σ
E0
+ σ

E1
{1− exp[−

E1

η1
t]}+ η2t (2)

Where ε is strain, t is time, and σ is stress. E1 and η1 are the 
Kelvin modulus of elasticity and Kelvin viscosity, respectively. E0
and η2 are the Maxwell modulus of elasticity and Maxwell viscosity, 
respectively. G0 is the Maxwell shear modulus, and G1 is the Kelvin 
shear modulus.

The creep curves of Test Piece 2 at various levels 
are shown in Figure 10. Under a stress level of 6 MPa, the test 
piece exhibited typical instantaneous creep and decaying creep 
characteristics, with a total strain of only 0.422 × 10−2 after 24 h. 
When the stress was increased to 8 MPa, steady-state creep behavior 
appeared, with a creep rate of approximately 2.0 × 10−3 mm/h, 
and the accumulated strain increased by 17% to 0.493 × 10−2. 
At 10 MPa, the steady-state creep characteristics of the test piece 
became more pronounced, with the steady-state creep rate rising to 
3.8 × 10−3 mm/h. Under a stress level of 12 MPa, the deformation of 
the test piece showed significant growth, with the strain rate surging 
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TABLE 2  Whole-rock mineral content statistical table.

Sample number Mineral content (×10-2) Illite/Chlorite 
relative ratio

Quartz K-feldspar Plagioclase Ankerite Dolomite Pyrite Total clay Illite Chlorite

% % % % % % % % %

1 33.0 0.5 19.0 9.9 0.0 0.0 37.6 59.7 40.3

2 48.9 0.1 11.7 7.8 31.5 57.3 42.7

3 37.6 16.9 4.9 0.3 1.1 39.2 61.5 38.5

4 42.6 0.3 13.5 5.9 37.7 54.1 45.9

5 38.5 16 6.1 0.7 38.7 63.1 36.9

FIGURE 4
SEM image of sample rock mass.

FIGURE 5
Sampled rock.

to 11.1 × 10−3 mm/h, and it entered the accelerated stage after only 
18.7 h, reaching a final strain of 0.87 × 10−2. At 14 MPa, the test piece 
became completely unstable, reaching a failure strain of 1.38 × 10−2

FIGURE 6
Standard test specimen.

in only 9.5 h, indicating that 14 MPa far exceeded its short-term 
load-bearing capacity.

After fitting the creep curves at all levels by the customized 
function of the L-M algorithm that is provided by the Origin 
software, the parameters of (Equation 2) the Burgers model were 
obtained as shown in Table 4. 

4 Large deformation control 
technology

4.1 Study on control measures

The numerical model is illustrated in Figure 11. It has 
dimensions of 80 m × 30 m × 80 m (X × Y × Z), with the 
boundaries extending to five times the tunnel diameter to minimize 
boundary effects. The mesh consists of 53,244 nodes and 505,150 
elements. Referring to the ground investigation data, a load 
of 25.61 MPa is applied to the top of the model to simulate 
the most unfavorable situation. The displacement boundaries 
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FIGURE 7
Installation sample of the testing machine. (a) MTS 815.03 Electro-Hydraulic Servo Testing Machine and (b) strain gauge schematic diagram.

TABLE 3  Creep data acquisition method table.

Serial number Name Acquisition method

1 TIME DATE Acquisition of one data point every 0.25 min

2 STRAIN DATE Collect one data point for every 0.01% change in axial strain

3 DIS DATE Collect 1 data point for every 0.005 mm change in axial displacement

FIGURE 8
Full-range creep curve.

are fixed around and at the bottom, and the parameters of the 
shotcrete, steel arch, advance ductule, and bolt are set according 
to different working conditions. The model employed the two-
bench excavation method. To simulate the reinforcing effect of 

FIGURE 9
Burgers model diagram.

the advance pipe roof support, the surrounding rock within a 3-
m range of the upper 180° of the tunnel arch was strengthened in
the model.

This study is based on a project of a plateau tunnel auxiliary 
gallery. The original design parameters listed in Table 5 proved 
to be inadequate. During the excavation of the section from 
DK2+960 to DK2+716, medium to large deformations occurred, 
accompanied by instability issues such as face collapse and sidewall 
failure. According to the engineering analogy, it is considered to be 
carried out in accordance with the treatment principle of enhancing 
over-excavation pre-support, quick closure of initial support, and 
increasing the stiffness of initial support, and the duration of 
initial support ring formation is shortened from 20 days to 12 days. 
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FIGURE 10
Creep curves at successive load steps.

TABLE 4  Parameter values of the Burgers model under different 
axial pressure.

Axial 
pressure 

(MPa)

K
(GPa)

G0
(GPa)

η2
(GPa∗h)

G1
(GPa)

η1
(GPa∗h)

6 42.61 0.45 100.72 5.89 45.69

8 49.49 0.78 34.33 5.41 106.76

10 53.6 1.13 23.98 5.21 99.75

12 60.4 1.8 13.80 4.90 67.86

14 71.63 3.79 3.61 4.37 59.24

FIGURE 11
Numerical calculation model.

According to the above principles, the optimized design parameters 
for Case I to Case V shown in Table 5 were established, and the 
Burgers constitutive equations were applied to numerically simulate 
several support conditions. The deformation convergence curves of 
the vault and side wall for each condition are shown in Figure 12. 
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TABLE 5   Original design parameters and changed design parameters.

Support form Original 
design 

parameters

Case I Case II Case III Case IV Case V

Shotcrete C30 concrete, 27 cm 
thick, Φ8 steel mesh, 
grid spacing 20 cm × 

20 cm

C30 concrete, 25 cm thick. Add Φ8 steel mesh, grid spacing 20 cm × 20 cm C30 concrete, the 
first layer 27 cm 
thick, the second 
layer 21 cm thick 

plus Φ8 steel mesh, 
grid spacing 20 cm × 

20 cm

Steel arch I18 I20b I22b HW175 HW175 First layer HW175, 
second layer I20b

Bolt The arch wall is set 
with 2 m long 

anchors, spaced 
1.2 m × 0.8 m (ring 

× longitudinal)

The arch wall is set 
with 4 m long 

anchors at a spacing 
of 1.2 m × 0.8 m 

(ring × longitudinal)

The arch wall is set with 6 m long anchors with 
a spacing of 1.2 m × 0.8 m (ring × 

longitudinal)

4 m low-prestressing 
resin coil anchors are 
set in the arch, and 
8 m letting-pressure 
anchors are set in the 

sidewalls with a 
spacing of 1.2 m × 

0.6 m (ring × 
longitudinal)

The arch is set with 
4 m and 10 m 

low-prestressing 
resin coil, long and 
short anchors at a 
spacing of 1.2 m × 

0.6 m (ring × 
longitudinal), and 

the sidewalls are set 
with 10 m 

letting-pressure 
anchors at a spacing 

of 1.2 m × 0.6 m 
(ring × longitudinal)

Advance support 4 m length Φ32 
small conduit, 18 pcs 

per ring

Setting 4 m long Φ42 
small conduit in arch 
wall, 48 pcs per ring

Setting 4 m long Φ42 
small conduit in arch 
wall, 48 pcs per ring

Setting 4 m long Φ52 
small conduit in arch 
wall, 48 pcs per ring

4 m long Φ62 small 
conduits are set in 

the arch wall, 48 per 
ring

FIGURE 12
Deformation monitoring curve. (a) Tunnel side wall convergence versus time curve. (b) Tunnel crown settlement versus time curve.

The relevant parameters were obtained by fitting the creep curves 
from the creep tests in Section 2, with the specific values listed
in Table 4.

Analyzing Figure 12, the following conclusions can be
obtained: 

1. In Case I, the advanced support parameters were relatively 
weak, resulting in excessive deformation rates of both the 
vault and sidewalls during the initial excavation phase, 
which was unfavorable for stabilizing the deformation. 
After installing advanced small conduits on the arch 
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FIGURE 13
Comparison diagram of bolt layout after changing design parameters. (a) Original support layout schematic diagram. (b) Optimized support layout 
schematic diagram.

TABLE 7  Support parameters before and after optimization.

Type of support Pre-optimization Post-optimization

Overhead support 120° range laying 4-m-long Φ42 small conduit, 18 pcs per ring Laying 4-m-long Φ42 small conduits on the arch wall, spacing 40 cm, 48 in 
total

Shotcrete C30, 27 cm thick

Steel arch I20b HW175

Anchor Archwall 2-m system anchor Archwall 6-m system anchor

Foot-locking bolts — 8 mΦ42 foot-locking bolts, total 8 pcs

walls and increasing their quantity, the convergence 
deformation rate of the sidewalls was effectively controlled. 
This indicates that adding advanced small conduits can 
effectively expand the grouting reinforcement range, forming 
a more complete reinforcement ring and significantly 
improving the integrity and load-bearing capacity of the 
surrounding rock. Therefore, during the construction process, 
the laying angle and quantity of small conduits should 
be increased to prevent instability and collapse of the
sidewalls.

2. Increasing the type of steel arch and the length of anchors 
can significantly reduce the deformation. The cumulative 
deformation of the side wall after the initial support was 
347.81 mm in the original design, and the cumulative 
deformation in the other conditions was 273.8 mm, 
211.64 mm, 198.78 mm, and 197.61 mm, respectively. 
Compared with the original design settlement, the cumulative 
deformation was reduced by 21.3%, 39.2%, 42.8%, and 
43.2%. Prestressing anchors and double-layer initial 
support were added for the latter two conditions, but 
no more obvious effect was achieved, which indicates 

that reasonable support parameters should be selected to
avoid wastage.

3. The deformation of the vault was basically stabilized after 
the closure of the initial support tilt arch. The side wall 
convergence was still growing slowly after the initial support 
was formed into a ring and reached stability after the 
application of the second lining. It shows that under the 
condition of tectonic stress, the second lining should be 
applied in time and combined with the initial support to bear 
the pressure of the surrounding rock together.

4.2 Analysis of the effect of the test section

A section of the large deformation section of the dependent 
project was taken as the test section. The maximum horizontal 
principal stresses measured by the hydraulic fracturing method 
at the tunnel depth of about 600 m are 17.14–18.91 MPa, the 
minimum horizontal principal stresses are 9.78–11.05 MPa, and 
the measured horizontal principal stresses are in the direction 
of approximately N28°W. The calculated parameters are shown
in Table 6. 
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FIGURE 14
Test section site construction drawing. (a) Workers are applying an overrun small conduit. (b) Installation of foot-locking bolts.

FIGURE 15
Schematic diagram of monitoring point layout.

4.2.1 Optimization of support parameters
After changing the design of the original construction drawings, 

the level of surrounding rock was reclassified from Class IV to 
Class V. After adjusting the support measures, there were still 
problems, such as poor stability of sidewalls, bulging, and large 
deformation. Therefore, with reference to the numerical calculation 
results, the support parameters were optimized according to the 
working condition III in Table 5, and 8-m foot-locking bolt bars 
were added. The form of support arrangement before and after 
optimization is shown in Figure 13, and the specific parameters 

TABLE 8  Location of each measuring point.

Mileage Monitoring data (mm)

A S1 S2

DK2+860 96.83 270.96 93.82

DK2+855 71.12 342.72 128.96

DK2+850 87.45 297.89 95.96

DK2+845 39.99 58.46 35.40

DK2+840 51.86 52.57 35.84

DK2+835 51.15 39.92 26.03

are shown in Table 7. Figure 14 shows the site construction of the 
test section. 

4.2.2 Construction effect analysis
A total of three measurement points were arranged at 

the tunnel arch and arch waist to monitor the deformation 
convergence. The measurement points are shown in Figure 15. 
Among them, the DK2+860–850 section still adopts the original 
design scheme, and the DK2+845–835 section adopts the optimized 
scheme. The accumulated deformation of each measuring point 
is shown in Table 8.

The data from the measurement points were organized and 
summarized, and the time curves of the settlement of the arch 
and deformation of the side wall at the site were obtained, 
as shown in Figure 16.

Combined Figure 16 and Table 8, it can be seen: 

1. The excavation deformation rate is basically stable after 
strengthening the overhead support measures. Under 
the action of high stress, the deformation space effect is 
obvious. The average deformation after the initial support 
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FIGURE 16
Field monitoring situation. (a) Displacement–time monitoring curve of the sidewall in the test section. (b) Settlement monitoring curve of the crown in 
the test section.

ring is 146.18 mm before optimization and 40.7 mm after 
optimization, which indicates that the deformation can be 
well controlled after improving the parameters.

2. The reserved deformation of the test section is 250 mm. 
The settlement of the arch before and after optimization 
has little change, with an average of 85.13 mm before 
optimization and an average of 47.67 mm after optimization, 
accounting for 34% and 19% of the reserved deformation. The 
convergence of DK2+860–850 side walls in the test section 
is 361.15 mm, 470.88 mm, and 378.75 mm, which exceeds 
44.5%, 88.4% and 51.5% respectively. The DK2+845–835 
section adopts optimized support parameters to control the 
deformation at approximately 90 mm, which meets the control
requirements.

3. The data of the DK2+860–850 test section are more discrete. 
The maximum value is 471.68 mm, the minimum value is 
364.78 mm, and the difference is approximately 107 mm, 
while the difference of the DK2+845–835 section is only 
27.9 mm, which shows that the optimized support parameters 
are more adaptable to the complex and changeable tunnel
environment.

5 Conclusion

This article takes a plateau tunnel in western China as a study, 
analyzes the lithology of the tunnel surrounding rock, carries out 
a creep test, uses numerical calculation software to compare the 
influence of different working conditions on tunnel excavation, 
and verifies the results through the test section segments. The 
conclusions are as follows: 

1. Numerical results and field tests demonstrate that the 
installation of advanced small conduits in the arch section 
significantly enhances surrounding rock stability and 
effectively controls deformation development. The numerical 

model indicates rapid deformation growth of the surrounding 
rock during the transition between the upper-bench 
and lower-bench excavation stages. For the arch section 
reinforced with advanced small conduits, the sidewall 
deformations before and after upper-bench excavation support 
are 297.49 mm, 282.69 mm, 199.06 mm, and 192.88 mm, 
respectively. In contrast, the sidewall deformation reaches 
358.91 mm in the unsupported section. Compared to Case I 
(without advanced small conduits), the deformations in Cases 
II, III, IV, and V are reduced by 17%, 21%, 44%, and 46%, 
respectively.

2. Relying on a plateau tunnel and referring to the support 
concept of “rigid-flexible and fast closing of initial support,” 
an active-passive joint support technology of arch wall over-
support + HW175 steel arch + 6 m anchors in the arch 
wall is proposed. The construction period is shortened by 
adjusting the date of the initial support ring from 20 days
to 12 days.

3. A comparative simulation of various improvement schemes 
demonstrates that all support measures contribute to 
controlling surrounding rock deformation to some extent. 
In Case I, the cumulative sidewall deformation reached 
347.81 mm after initial support installation, while Cases II, 
III, IV, and V exhibited reduced deformations of 273.8 mm, 
211.64 mm, 198.78 mm, and 197.61 mm, respectively, 
representing reductions of 21.3%, 39.2%, 42.8%, and 43.2% 
compared to the original design settlement. Case V, which 
increased the stiffness of the forepoling pipes, incorporated 
double-layer support and replaced 8-m yielding bolts with 
10-m prestressed anchor bolts based on Case IV, achieved 
only a marginal 0.4% improvement in deformation control, 
indicating the necessity of optimizing support parameters to 
avoid unnecessary costs. Therefore, cost-effective deformation 
management requires selecting appropriate support types 
tailored to varying degrees of large deformation.
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