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The stability of the surrounding rock is an important engineering challenge for
soft rock tunnels. Based on the FLAC3D finite difference numerical simulation
software, this paper analyzes the typical area of the Fenghuang Mountain tunnel
in the Chuxiong section of the Central Yunnan Water Diversion Project. Three
construction methods are implemented: three-bench method, reserved core
soil method, and CD method, with two excavation parameters being different
lengths of the upper step and heights of the lower step. The whole excavation
process of the red layer soft rock tunnel is simulated under four supporting
conditions: different bolt lengths, different bolt spacings, different initial support
thicknesses, and varying advanced grouting strengths. The results indicate that
the CD method has a strong constraint on the vertical displacement of the
surrounding rock at the arch, while the reserved core soil method has a better
effect on controlling the uplift value, and the three-step method has a better
constraint on the horizontal convergence of the surrounding rock at the arch
waist. The increase in the distance between the upper and lower steps has
a great influence on the horizontal convergence value of the tunnel, and the
lower steps have a better inhibition effect on the horizontal convergence value
of the surrounding rock at the tunnel arch. The increase in the lining thickness
has a significant effect on restraining the deformation of the surrounding rock,
and advanced grouting is efficient in enhancing the mechanical parameters
of the surrounding rock and reducing the displacement of the surrounding
rock. The support optimization engineering application is carried out in the
6# construction branch tunnel of the Fenghuang Mountain tunnel, yielding
good results.

KEYWORDS

middle red layer of Yunnan, diversion tunnel, surrounding rock stability, variation in
construction parameters, soft rock

1 Introduction

The 21st century marks a new stage of underground space development and
utilization in China and a new period of rapid development of tunnels and underground
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engineering (Cai et al.,, 2020; Cai et al, 2021; Cai et al, 2019;
Fan H. et al, 2023; Fan et al., 2024; Fan H.Y. et al., 2023).
The tunnel construction process faces various complex geological
environments. The “Middle Yunnan Red Bed” is a kind of
continental clastic sedimentary stratum with red appearance, mainly
distributed in the Chuxiong, Yuanmou, and Dayao areas of Yunnan
Province (Boonchai et al., 2020).The stability of the surrounding
rock, caused by the expansion, disintegration, and softening of soft
rock, is often encountered during tunnel construction in central
Yunnan (Qian et al., 2020), leading to significant economic losses
and casualties (Zhao et al., 2022).

Due to the particularity of the red-layer soft rock, many scholars
and experts have studied its physical and mechanical properties,
deformation, and instability modes in recent years (Bin et al,
2023; Cao et al, 2023; Dong et al, 2023; Guo et al, 2023;
Jia et al,, 2023; Jian et al, 2023; Kang et al., 2023; Liu et al,
2023; Wang et al., 2023; Zhao et al, 2023; Zhou et al.,, 2023).
Chen et al. (2010); Feng et al. (2005); and He et al. (2019)
studied the physical and mechanical properties of red-layer soft
rock through relevant experiments, which provided a reference for
the selection of parameters in numerical simulations and analytical
calculations (Yuan et al., 2024). Wang et al. (2024) used a model
test device for determining time-dependent characteristics of stress
and deformation in weak surrounding rock and lining structures
in operational tunnels, taking into account the influence of tunnel
burial depth and the lateral pressure coefficient of the surrounding
rock (Wang et al, 2024). The findings in Sun et al. (2024)
indicate that the implementation of two-layer primary support can
effectively mitigate the progression of large deformations in the
weak surrounding rock; the sooner the primary support for the
second layer is applied, the better the deformation control will be.
Zhao H. G. et al. (2024) meticulously investigated the influence of
the thickness of the weak interlayer on the mechanical response
and failure behavior of the rock mass near the free surface of
the tunnel, using a true triaxial test system. Zhu et al. (2024)
showed that both shear failure and tensile failure are observed
along joint surfaces, but shear failure is the main controlling
factor for the peak strength of the rock mass with and without
rockbolts. Energy-absorbing anchor supports have been used for
the stability control of surrounding rocks to avoid engineering
failures caused by large deformations in soft rocks (Li et al., 2023a).
The deformation of the surrounding rock with different support
parameters is predicted and analyzed using a neural network and
a database formed by numerical simulation calculations (Li et al.,
2023b). A new method combining directional and non-directional
blasting techniques that reduces the subsidence of overlying strata
above the gob has been proposed (Fu et al., 2024). The characteristics
of a tunnel collapse deformation and its causal factors are analyzed
as an example of a large deformation accident in a tunnel with
granite residual soil in the surrounding rock (Huang et al., 2024).
For tunnels with weak surrounding rocks, advanced support can
be installed to reduce the unique release coefficient lambda (0)
and the value of the constant D, for reducing the contact loads
between the surrounding rock and primary support (Zhou et al.,
2024). The results of Deng et al. (2024) indicate that the damage
range was reduced by approximately 26%-64% compared to
nongrouted rock. Advanced consolidation grouting can significantly
improve the blasting explosion resistance of weak and broken
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rock masses. The in situ comprehensive investigation can provide
early warnings of large deformations in the surrounding rock to
ensure the safety and stability of the cavern (Zhao].S. et al,
2024). The research by the abovementioned scholars on the
construction control technology of large deformation tunnels in
red-bed weak surrounding rocks in central Yunnan provides
some theoretical support for the safe construction of tunnels, but
the influence of construction parameters on the stability of the
surrounding rock still poses a difficult problem in the engineering
field. Therefore, it is urgent to study the optimization method
of excavation parameters in the whole construction process of
the tunnel.

In this paper, the typical tunnel section at a depth of
100 m in Fenghuangshan Tunnel of the Chuxiong section of
water diversion in central Yunnan is studied. By using the
finite difference numerical simulation software, three methods,
namely, three-bench method, method,
and CD method, are carried out, with the two excavation
parameters being different upper bench lengths and different

reserved core soil

lower bench heights, and the whole excavation process of red-
bed soft rock tunnels under four supporting conditions, different
bolt lengths, different bolt spacings, different initial support
thicknesses, and advanced grouting strengths, are simulated.
The supporting effect of different supporting schemes and the
limiting effect on the displacement of the surrounding rock
are systematically analyzed, and the displacement variation
law of the surrounding rock under different supporting
conditions is obtained. It holds significant reference value for
ensuring the safety of tunnel construction, optimizing the
construction methods of soft rock tunnels, and serving the
construction of soft rock tunnels in the water diversion project
in central Yunnan.

2 Influence of the excavation method
on ?(he stability of the surrounding
roc

2.1 Construction of the finite difference
model

The tunnel model is established according to the design
and construction drawing size of the Fenghuangshan Tunnel in
the Chuxiong section of the Central Yunnan Water Diversion
Project. The cross section of the exit tunnel of Fenghuang
Mountain is horseshoe-shaped. The maximum span of the tunnel
is 9.72m, and the height is approximately 10.42 m. The overall
model takes 50 m from the top of the tunnel to the top of the
model. The model takes three times the maximum span to the
left, right (X direction) and downward (Z direction), as shown
in Figure 1.

Displacement boundary conditions are applied to the model,
horizontal displacement constraints are applied to the model
boundary, horizontal and vertical conditions are applied to
the bottom, the top is the free boundary surrounding rock
constitutive model M-C model, shell element simulation is used
for shotcrete, pile element simulation for anchor rod, and eight-
node hexahedron element is used for grid division. The tunnel
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B:Excavation span of tunnel
FIGURE 1
Tunnel overall modeling diagram.

excavation and support processes are simulated according to
the actual construction method, which involves two steps. The
timeliness of each step is not considered in the excavation process,
and the excavation is carried out using a null simulation. The
null model represents the material to be excavated and erased,
and its status is automatically cleared when the module unit
is given a NULL model, meaning it does not participate in
subsequent calculations.

The total excavation length of the calculation model is 20 m,
the height of the lower step is 2.7 m, the length of each cycle
of the upper and lower steps is 1 m, and the stagger distance is
10 m. The initial support of the tunnel adopts a By, -type primary
support section. Each section is equipped with 17 hollow grouting
bolts with a diameter of 25 mm and a length of 6 m, which
are installed around the excavation tunnel at an interval of 1 m
according to the excavation. C20 concrete, with a thickness of 0.2 m,
is selected as the shotcrete. The method of equivalent shotcrete
is applied to the initial steel arch of the tunnel, as shown in
the Formula 1:

E*=E.+E,*AJA, (1)
where E’ is the equivalent elastic modulus, E. is the elastic modulus
of concrete, Eg is the elastic modulus of the steel arch, Ag is
the cross-sectional area of the steel arch, and A is the cross-
sectional area of the initial shotcrete. The specifications for the
120b@50 I steel are a height of 200 mm, a width of 102 mm,
and a flange thickness of 9 mm. The parameters for primary
shotcrete, steel arch, and equivalent primary shotcrete are shown
in Table 1 below.

The physical data of the surrounding rock are shown in Table 2.
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The three-step excavation method, the core soil five-step
excavation method, and the CD four-step excavation method are
used for simulations.

2.2 Three-step excavation scheme

The three-step excavation method adopts the simultaneous
excavation of the upper, middle, and lower steps and the
symmetrical excavation of the left and right sides of the
middle and lower steps; the inverted arch and the lower steps
are treated as a whole, shortening the length of the steps
and completing the initial support and sealing in time, as
shown in Figure 2.

The three-step method is carried out through staggered
excavation. One part is excavated first, two parts are excavated
after the formation of the staggered distance, and three parts
are excavated after the formation of the staggered distance, with
excavation carried out for a total of 30 times. The vertical and
horizontal converging displacements of the surrounding rock of the
tunnel after excavation were recorded. The vertical and horizontal
displacements of the surrounding rock after complete excavation are
shown in Figure 3.

As shown in Figure 3A, when the excavation method is changed
to three-step excavation, the maximum subsidence of the arch
surrounding rock at 10 m of the tunnel is 27.52mm and the
maximum uplift of the arch bottom surrounding rock is 32.09 mm.
Compared with the arch bottom, the vertical displacement contour
of the arch roof is sparse, indicating that the vertical displacement
change rate of the surrounding rock of the arch is low at different
depths, and the change rate decreases with the distance from
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TABLE 1 Physical and mechanical parameters of the supporting structure.

Support type Density p(kg/m?3) Elastic modulus E(GPa) Poisson ratio p Thickness (cm)
C20 concrete 2,200 25.5 0.2 20

Steel arch 7,800 210 0.3

Equivalent initial shotcrete 33.3 0.3

TABLE 2 Physical mechanical parameters of the surrounding rock.

Thickness (m) Elastic modulus E(GPa) Poisson ratio p Cohesion C(MPa) Angle of internal friction ¢(°)

100 0.8 0.3 0.12 24

Initial support

e s
ﬂ'@"‘.’ \03 ‘
:> Upper step L PN e e

= L ‘\'
Excavation %‘ 0y {

direction Middle step

FIGURE 2
Excavation diagram of the three-step method.
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FIGURE 3
Displacement cloud diagram of the three-step excavation method. (A) Vertical displacement cloud diagram (B) Horizontal displacement cloud diagram.

the arch top. As shown in Figure 3B, the horizontal convergence  The lateral horizontal displacement deformation of the tunnel
value of the surrounding rock at the center of the straight wall  is symmetrical, and the surrounding rock on both sides of the
of the tunnel reaches the maximum value, reaching 22.86 mm.  tunnel shows a similar change law. The horizontal displacement
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of the surrounding rock at the straight wall is distributed in a
butterfly pattern and decreases from the circumference of the
tunnel to the outside. The dark strip area appearing at the upper
left of the tunnel has no obvious influence on the surrounding
rock vault.

2.3 Five-step excavation scheme of
reserved core soil

In the reserved core soil method, the upper half surface 1 is
excavated first and lined in time; the left side area 2 is excavated
after a misalignment is formed between the upper side and the part
to be excavated on the left side; the left side area 3 is excavated
after a misalignment is formed between the left side area 3 and the
right side area 3; the core soil 4 is excavated after a misalignment
is formed between the left side area 3 and the core soil 4. Invert
5 is excavated after all excavation is completed. The steps cycle
Im per cycle and the inverts advance 10 m per cycle, as shown
in Figure 4.

The vertical and horizontal displacements of the surrounding
rock of the tunnel after excavation were recorded. The cloud
image of the vertical and horizontal displacements after full
excavation is shown in Figure 5. The five-step excavation method
of reserved core soil is carried out by means of staggered
distances.

Figure 5 shows that the vertical and horizontal distribution of
the surrounding rock at 10 m in the tunnel is symmetrical after
the tunnel is completely excavated. As shown in Figure 5A, the
maximum vertical displacement of the surrounding rock of the
tunnel appears at the bottom of the tunnel arch, approximately
30.99 mm, and the maximum value of the surrounding rock
at the vault of the tunnel is 28.26 mm. The distribution of
the vertical displacement contour of the surrounding rock is
similar to that before, spreading outward in an oval shape, and
the diffusion decreases. As shown in Figure (b), the maximum
horizontal convergence displacement of the surrounding rock
of the tunnel appears in the surrounding rock at the arch
waist of the tunnel, with a size of 29.61 mm. There are four
strip dark areas outside the tunnel, which are symmetrically
distributed in four corners. The influence distance of horizontal
displacement is small, and the diffusion range is limited. The
surrounding rock at a long distance outside the tunnel is less
disturbed, and the horizontal displacement of the surrounding rock
is almost 0.

2.4 Four-step excavation scheme of the CD
method

In the CD method, the excavation starts with the upper
and middle steps on the left side in order, followed by the
construction of the lining and the steel arch concrete to
build the middle partition wall. Then, the upper and middle
steps on the other side are excavated and supported in
turn. Each excavation cycle covers 1m. The internal steel
frame and other structures are removed every 10m each
time. After the temporary support is removed, the excavation
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of parts 5 and 6 of the inverted arch is carried out in
two stages, with each stage advancing 10m, as shown in
Figure 6.

The vertical and horizontal displacement nephograms of the
surrounding rock of the tunnel are shown in Figure7. The
excavation of the CD method is carried out with staggered
distances.

When the tunnel is excavated using the CD method, vertical
and horizontal displacements of the surrounding rock are observed,
as shown in Figure 7. As shown in Figure 7A, the influence
range of tunnel excavation extends to the surface, approximately
55 m. The displacement contour line is asymmetric in the local
area, with the deformation shifting to the left. The displacement
contour line of the surrounding rock diffuses outward from
the tunnel opening, with displacement values decreasing as the
distance from the opening increases. The surrounding rock at
the vault has the largest vertical settlement value, which is
25.54 mm, and the surrounding rock at the arch bottom has
the largest rebound value, which is 31.98 mm. As shown in
Figure 7B, the influence range of the horizontal displacement
of the surrounding rock of the tunnel is limited, with the
displacement values symmetrically distributed and the influence
range forming a quadrangular pattern. The maximum horizontal
displacement of the surrounding rock appears near the arch
waist. The horizontal displacement of the left arch waist of
the tunnel body is greater than that of the right, and the
deformation range is similar. The maximum horizontal convergence
value of the surrounding rock is 30.07 mm. The removal of the
temporary support of the middle partition plate can easily cause
secondary deformation of the surrounding rock of the tunnel. The
displacement of the surrounding rock of the tunnel after excavation
using the four different excavation methods is summarized in
Table 3.

3 Influence of step parameters on the
stability of the surrounding rock

3.1 Influence of upper bench length on the
stability of the surrounding rock

Under the condition that other supporting parameters,
excavation methods, and excavation parameters remain unchanged,
the fault distances for the upper and lower steps are 6 m, 8 m,
10m, 12m, and 14 m, respectively, for numerical simulation
calculations. Based on the numerical simulation results, the changes
in vertical displacement of the surrounding rock at the tunnel
archs top and bottom and the numerical value of horizontal
displacement of the surrounding rock at the tunnel’s arch waist
are analyzed.

The stagger distance of some upper and lower steps and the
corresponding vertical and horizontal displacement nephograms of
the surrounding rock are shown in Figure 8.

Figure 8 shows that the horizontal displacement of the
surrounding rock of the tunnel is greater than its vertical
displacement, which has a great influence on the horizontal
displacement of the surrounding rock of the side wall. The horizontal
displacement of the tunnel is symmetrically distributed, and the
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FIGURE 4
Reserved core soil excavation schematic diagram.
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Excavation diagram of the CD method.
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FIGURE 7
Displacement cloud diagram of the CD method. (A) Vertical displacement cloud diagram. (B) Horizontal displacement cloud diagram.

TABLE 3 Influence of different excavation methods on the displacement of the surrounding rock.

Excavation method Vertical crown

displacement/mm

Vertical displacement of
the arch bottom/mm

Horizontal convergence
value of hance/mm

Three-step method 27.52 32.09 22.86
Provided core soil method 28.26 30.99 29.61
CD method 25.54 31.98 30.07

changes in the upper and lower steps have a certain degree of
influence on the displacement of the surrounding rock. The variation
curves of the vertical displacement of the surrounding rock at the
vault of the tunnel and the horizontal displacement at the center of
the side wall with the distance between the upper and lower steps
are shown in Figure 9.

As shown in Figure 9A, when the stagger distance of the upper
and lower steps increases from 6 m to 14 m, the influence of the
change in the stagger distance of the upper and lower steps on the
vertical displacement of the arch bottom is greater than that on the
displacement of the surrounding rock at the vault of the tunnel.
The whole curve also shows an obvious increasing pattern. With the
increase in the stagger distance of the excavation, the growth rate
of the vertical displacement at the arch bottom is first high, then
slows down, and then high again. The vertical displacement of the
surrounding rock increases, and the decrease in the stagger distance
can inhibit the deformation of the surrounding rock. The horizontal
convergence value of the tunnel also increases, with a large growth
rate of up to 22.62%. It can be observed that with the increase in the
staggered distance between the upper and lower steps, the tunnel
has substantial ground stress, showing an obvious increasing trend,
which, in turn, increases the displacement and deformation of the
surrounding rock.

As shown in Figure 9B, with the decrease in the excavation
distance between the upper and lower steps of the tunnel, the vertical
displacement of the tunnel vault and the arch bottom and the
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horizontal convergence value of the tunnel decrease. Moreover, the
reduction in the staggered distance between the upper and lower
steps has a greater impact on the horizontal convergence value of
the tunnel.

3.2 Influence of lower step height on the
stability of the surrounding rock

Under the condition that other supporting parameters,
excavation methods, and excavation parameters remain unchanged,
the height of the lower step is determined to be 2.1m,
24m, 27m, 3.0m, and 3.3m, respectively, for numerical
simulation calculations. According to the numerical simulation
results, the vertical displacement of the surrounding rock
at the vault and bottom of the tunnel and the horizontal
displacement of the surrounding rock at the haunch of the tunnel
are analyzed.

The height of some lower steps and the corresponding vertical
and horizontal displacement nephograms of the surrounding rock
are shown in Figure 10.

Figure 10 shows that the influence range of tunnel excavation
increases to a certain extent with the increase in the lower step. The
uplift value of the arch bottom is greater than the sinking value
of the arch crown, and the vertical displacement of the tunnel is
less than the horizontal convergence displacement. The horizontal
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FIGURE 8

Displacement cloud diagram of the staggered surrounding rock of the upper and lower steps. (A, B) The stagger distance is 6 m; (C, D) The stagger
distance is 14 m.
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FIGURE 9
Diagram of surrounding rock displacement. (A) Columnar diagram of displacement. (B) Diagram of three indicators’ summary.
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Cloud diagram of surrounding rock displacement. (A, B) The lower step height is 2.1 m. (C, D) The lower step height is 3.3 m.
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displacement cloud map of the tunnel still shows a butterfly-like
distribution, and the divergence from the tunnel circumference to
the outside is weakened. The curves of the vertical displacement of
the surrounding rock at the vault of the tunnel and the horizontal
displacement at the center of the side wall with the height of the
lower step are shown in Figure 11:

As shown in Figure 11A, during the excavation of the tunnel,
the height of the lower step increases from 2.1 m to 3.3 m, and the
vertical displacement of the arch bottom of the surrounding rock
of the tunnel changes slowly, and the change range is smaller than
the change value of the displacement of the surrounding rock of the
vault. The influence of the change in the height of the lower step
on the change of the arch bottom of the surrounding rock of the
tunnel is almost negligible. The horizontal convergence value of the
surrounding rock at the side wall of the tunnel shows a significant
downward trend, with the growth rate initially increasing and then
decreasing. Therefore, increasing the lower step height has a better
inhibitory effect on the horizontal displacement of the surrounding
rock at the arch waist of the tunnel, but excessively high lower steps
will also hinder construction and reduce their inhibitory effects.

Frontiers in Earth Science

Figure 11B shows that during the process of tunnel excavation,
the change in the height of the lower step of the tunnel has a weak
influence on the vertical displacement of the vault and arch bottom
of the surrounding rock of the tunnel, and the change range is within
1 mm, which has a great influence on the horizontal convergence
displacement at the center of the side wall of the tunnel, and the
overall curve shows a downward trend.

4 Influence of supporting structure
parameters on the stability of the
surrounding rock

4.1 Influence of bolt length on the stability
of the surrounding rock

Under the condition that other supporting parameters,
excavation methods, and excavation parameters remain unchanged,
the length of the anchor rod is set to 5.0 m, 5.5 m, 6.0 m, 6.5 m,
and 7.0 m, respectively, for numerical simulation calculations.
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Diagram of surrounding rock displacement. (A) Columnar diagram of displacement. (B) Diagram of three indicators’ summary.

According to the numerical simulation results, the vertical
displacement of the surrounding rock at the tunnel vault and arch
bottom and the horizontal displacement of the surrounding rock at
the tunnel arch waist are analyzed. The length of some bolts and the
corresponding vertical and horizontal displacement nephograms of
the surrounding rock are shown in Figure 12.

As shown in Figure 12, the change in the length of the
bolt has a weak influence on the diffusion range caused by the
excavation of the surrounding rock. The vertical and horizontal
displacement distribution contours of the surrounding rock are
basically distributed in the same way, and the influence range of the
excavation is basically the same. Because the soft rock of the red bed
tunnel is weak and easy to break, the change in the length of the
bolt leads to the displacement curve of the surrounding rock of the
tunnel, as shown in Figure 13.

As shown in Figure 13A, when the length of the bolt increases
from 5m to 6m, the horizontal convergence value of the
surrounding rock at the center of the tunnel side wall does not
decrease significantly. When the length of the bolt increases
from 6 m to 7 m, the convergence value displacement decreases
significantly, which is significantly greater than the vertical
displacement of the surrounding rock at the arch bottom and the
vault. Thus, it can be observed that due to the special mechanical
properties of red-bed soft rock and the poor integrity of the
surrounding rock of the tunnel, the increase in the length of the
anchor rod in the tunnel has little effect on the vertical displacement
of the surrounding rock at the vault and arch bottom. Only when
the length of the anchor rod is increased to more than 6 m will
the horizontal convergence limit of the displacement of the tunnel
side wall be strengthened. Therefore, optimizing the length of the
anchor is not an effective method for limiting the displacement of
the surrounding rock.

Figure 13B shows that with the increase in the length of the
tunnel bolt, the displacement of the surrounding rock at the center of
the tunnel vault, arch bottom, and side wall initially remains stable
and exhibits an almost constant trend. After the length of the bolt
reaches 6 m, the three indicators begin to decline gradually. For
the surrounding rock at the vault and the bottom of the arch, the
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decrease is almost negligible with the change in the length of the
bolt. The horizontal convergence value of the surrounding rock of
the tunnel decreases significantly after the length of the bolt reaches
6 m, and the inhibition effect of bolt length on the deformation of
the side wall of the surrounding rock of the tunnel is enhanced.
This is due to the poor integrity and strong fragmentation of the
surrounding rock of the red-bed soft rock, and it is difficult for the
bolt to be normally anchored to a complete rock, so the anchoring
effect is limited.

4.2 Influence of bolt spacing on the
stability of the surrounding rock

Under the condition that other supporting parameters,
excavation methods, and excavation parameters remain unchanged,
the bolt spacing is 0.5m, 0.75m, 1m, 1.25m, and 1.5m,
respectively, for numerical simulations. According to the numerical
simulation results, the vertical displacement of the surrounding
rock at the vault and the bottom of the tunnel and the horizontal
displacement of the surrounding rock at the arch waist of the tunnel
are analyzed.

Part of the bolt spacing and the corresponding vertical and
horizontal displacement of the surrounding rock are shown in the
following figures.

As shown in Figure 14, the change in bolt spacing will affect
the influence range of tunnel deformation to a certain extent,
and the appropriate reduction in bolt spacing will reduce the
horizontal convergence value at the side wall of the tunnel
The change in the spacing of the supporting bolts leads to the
change in the displacement of the surrounding rock of the tunnel,
as shown in Figure 15.

Figure 15A shows that reducing the bolt spacing within a certain
range can control the horizontal convergence at the center of
the side wall of the surrounding rock of the tunnel. However,
as the bolt spacing continues to decrease, the limiting effect of
the bolt decreases, and the effect of controlling the horizontal
convergence value decreases. In the early stage, reducing the
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spacing of bolts and increasing the number of bolts strengthened
the support and controlled the deformation of the surrounding
rock to a certain extent. However, with the substantial increase
in the number of bolts, excessively dense bolts destroyed the
integrity of the surrounding rock and reduced the strength of the
surrounding rock.

Figure 15B shows that the horizontal convergence of the
surrounding rock at the center of the side wall of the tunnel is
greater than the vertical displacement value at the arch bottom of
the tunnel, which, in turn, is greater than the vertical displacement
value at the vault of the tunnel. The change in bolt spacing has
less influence on the vertical displacement of the surrounding rock
than the horizontal convergence value at the arch waist of the
tunnel, and the change range of both is less than 10 mm. The
vertical displacement value and horizontal convergence value of the
surrounding rock increase with the increase in bolt spacing and
change synchronously. The influence of the change in bolt spacing
on the horizontal convergence value of the surrounding rock at the
center of the tunnel side wall is greater than that in the vertical
displacement of the tunnel vault and arch bottom.
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4.3 Influence of lining thickness on the
stability of the surrounding rock

Under the condition that other supporting parameters,
excavation methods, and excavation parameters remain unchanged,
the initial lining thickness of the support is 10cm, 15cm,
20 cm, 25 cm, and 30 cm, respectively, for numerical simulation
calculations. According to the numerical simulation results, the
vertical displacement of the surrounding rock at the vault and
arch bottom of the tunnel and the horizontal displacement of the
surrounding rock at the arch waist of the tunnel are analyzed. The
thickness change of some linings and the corresponding vertical
and horizontal displacement nephograms of surrounding rock
are shown in Figure 16.

As shown in Figure 16, the change in lining thickness has
a certain influence on the diffusion and distribution of vertical
displacement of the surrounding rock of the tunnel. The increase
in lining thickness will lead to an obvious decrease in vertical and
horizontal convergence displacement of the surrounding rock of the
tunnel. The change in the initial lining thickness of the tunnel leads
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to the change curve of the displacement of the surrounding rock of
the tunnel, as shown in Figure 17.

Figure 17A shows that the lining thickness has a significant
effect on the displacement of the surrounding rock. When the
lining thickness increases from 200 mm to 250 mm, the horizontal
convergence value of the surrounding rock at the center of the
side wall of the tunnel reaches 2.70 mm. Then, with the increase
in lining thickness, the limiting effect on the surrounding rock
begins to weaken. Although the substantial increase in the thickness
of the lining can play a role in limiting the displacement of the
surrounding rock, it will inevitably lead to concrete occupying the
space originally belonging to the tunnel. Therefore, it is necessary to
reasonably and scientifically control the thickness in the initial lining
of the tunnel.

Figure 17B shows that the initial lining of the tunnel is the
main component of the extrusion load. Increasing its thickness
can improve its stiffness and can effectively limit the vertical and
horizontal convergence displacement of the surrounding rock of the
tunnel. With the gradual increase in the lining thickness, the vertical
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displacement of the surrounding rock at the vault and the bottom of
the tunnel and the horizontal displacement at the side waist of the
tunnel are greatly reduced.

4.4 Influence of advanced grouting on the
stability of the surrounding rock

The strength of the surrounding rock is changed by advanced
grouting, and the effect of different surrounding rock parameters on
limiting the displacement of the surrounding rock is studied. Grouting
of the surrounding rock can increase the cohesion of the surrounding
rock by more than 2 to 3 times. This simulation adopts the method
of improving the mechanical parameters of the surrounding rock in
the advanced grouting reinforcement section. Under the condition
that other supporting parameters and excavation methods remain
unchanged, the mechanical strength of the surrounding rock is increased
by 1.5 times and 2 times, respectively, and the displacement of the tunnel
surrounding rock is analyzed according to the calculation results.

After advanced grouting, the
displacement contours of the surrounding rock in the tunnel

vertical and horizontal
are shown in Figure 18

As shown in Figure 18, advanced grouting is very effective
in limiting the displacement of the surrounding rock of the
tunnel. Advanced grouting in the rear area of the tunnel face
during tunnel excavation can greatly reduce the vertical and
horizontal displacement of the surrounding rock of the tunnel. The
displacement statistics of the surrounding rock of the tunnel under
different surrounding rock parameters are shown in Figure 19.

Figure 19 shows that the advanced grouting process of the
surrounding rock of the tunnel can effectively control the vertical and
horizontal convergence displacements of the surrounding rock. When
the surrounding rock parameters are increased to 1.5 times the original
values, the uplift value at the vault is reduced by 36.36%, the uplift value
at the arch bottom is reduced by 35.65%, and the horizontal convergence
value is reduced by 43.18%. After the strength of the surrounding
rock increases from 1.5 times to 2 times, the restriction effect on the
displacement of the surrounding rock decreases, and the decrease in the
vault, arch bottom, and horizontal convergence value is 26.23%, 26.27%,
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and 40.40%, respectively. Due to the low cohesion and rock strength of ~ of 120° of the vault, the displacement of the surrounding rock of

red-bed soft rock, it is very feasible to limit the displacement of the  the tunnel is limited by the spacing of 4.5 m for the small ducts of

surrounding rock through advanced grouting reinforcement. 40 cm and grouting reinforcement, with the thickness of the lining
increased to 300 mm. The layout of monitoring points for vault
subsidence and clearance convergence is shown in Figure 20.

5 Field test study

Monitoring points are arranged at the two sections: CX98 + 685 5.1 Arch top su bsidence detection

and CX98 + 695, in the 6 # branch tunnel of the Fenghuangshan

Tunnel in the 6 # branch tunnel of the Chuxiong section of the The displacement of the surrounding rock at the vault is
Central Yunnan Water Diversion Project, and one section is used as ~ monitored using a high-precision total station, and the control
the control group. The construction scheme is carried out according  effect of surrounding rock displacement after optimization of
to the original construction scheme at the CX98 + 670 mileage  supporting measures is assessed by analyzing the change trends
section; the other section is used as the test section. The test section ~ and displacement value of two sections. The change in the vertical
adopts the optimized method of increasing the thickness of the  displacement value of the surrounding rock at the vault of control
lining and advancing the grouting of the tunnel face. In the range  and test sections over time is shown in Figure 21.
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5.2 Clearance convergence value
monitoring

The horizontal convergence displacement of the surrounding rock
at the arch waist is monitored using a the high-precision total station,
and the control effect of the surrounding rock displacement after the
optimization of the support measures is assessed by analyzing the
change trends of the clearance convergence value of the two sections
and the displacement value. The change in the vertical displacement
value of the surrounding rock at the vault of the control and test sections
with time is shown in Figures 21, 22.

By increasing the thickness of the initial support and pre-grouting
the rock in front of the face, the convergence value of tunnel clearance
is reduced by approximately 8 ~ 9 mm, representing a year-on-
year decrease of 46.01%, and the horizontal displacement of the
surrounding rock is effectively limited. Moreover, the time required
for the surrounding rock to achieve overall stability is also advanced by
approximately 7 days. As a result, the surrounding rock of the tunnel
becomes more stable, and its displacement is effectively controlled.

6 Conclusion

In this paper, the FLAC3D numerical simulation software
is used to simulate the whole process of tunnel excavation by
changing the excavation methods, excavation parameters, and
optimization methods of the supporting structure in the typical
area of the Fenghuangshan Tunnel in the Chuxiong section of
central Yunnan. The vertical and horizontal surrounding rock
displacements of the tunnel under different excavation methods,
excavation parameters, and supporting structures are studied. The
results of this study are as follows:

(1) The excavation method has different effects on the displacement
of the surrounding rock of the tunnel. The CD method has a
strong constraint on the vertical displacement of the surrounding
rock at the vault, and the deformation of the surrounding rock is
effectively suppressed. The displacement of the surrounding rock
at the bottom of the arch is similar to the deformation of the
three methods, and the effect of the reserved core soil method to
control the uplift value is slightly better. The three-bench method
is relatively less disturbed to the surrounding rock and has a good
constraint effect on the horizontal convergence of the surrounding
rock at the arch waist.

(2) The influence of excavation parameters on the displacement
of the surrounding rock of the tunnel: when the staggered
distance between the upper and lower steps increases, the three
displacement indexes of the tunnel increase an obvious manner,
and the increase in the distance between the upper and lower
steps has a great influence on the horizontal convergence value
of the tunnel. The height of the lower step has little effect on
the vertical displacement of the surrounding rock, and almost no
change occurs, but it has a good inhibitory effect on the horizontal
convergence value of the surrounding rock at the arch waist of
the tunnel. With the increase in the height of the lower step,
the horizontal convergence value decreases, but the height of the
lower step cannot be excessively increased; otherwise, it will affect
the construction process.
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(3) The influence of the change in the supporting structure on the
displacement of the surrounding rock of the tunnel: due to
the weak and broken physical and mechanical properties of
the red-bed soft rock, the influence of the length of the bolt
on the limited displacement is weak. Only when the length of
the bolt reaches more than 6 m, the horizontal displacement
of the surrounding rock will be strengthened. In the early
stage, reducing the spacing of anchor rods and increasing
the number of anchor rods played a role in strengthening
support and controlling the deformation of the surrounding
rock to a certain extent. However, with the substantial increase
in the number of anchor rods, excessively dense anchor
rods can compromise the integrity of the surrounding rock,
reduce its strength, and limit its displacement. The increase
in lining thickness has a significant effect on restraining
the deformation of the surrounding rock, but it cannot be
increased without limit. It is a very efficient method to enhance
the mechanical parameters of the surrounding rock and reduce
its displacement through advanced grouting. The displacement
of the surrounding rock is greatly limited after its parameters
become 1.5 times the original. As the parameters continue to
increase, their limiting effect will also diminish.

(4) In the field, the control and test sections are set up to carry
out the test. The reflectors and high-precision total stations are
arranged at three points of the tunnel to monitor the settlement
of the surrounding rock vault and the convergence value of
the tunnel clearance. By comparing the deformation trend
and deformation value of the surrounding rock in the two
sets of sections, it is concluded that thickening the lining and
advancing grouting can effectively control the deformation of
the surrounding rock.
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