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Abstract.  Long-span suspension bridges have tunnel anchor systems to maintain stable cables. More investigations are
required to determine how closely tunnel excavation beneath the tunnel anchor impacts the stability of the tunnel anchor. In
order to investigate the impact of the adjacent tunnel's excavation on the stability of the tunnel anchor, a large-span suspension
bridge tunnel anchor is utilised as an example in a three-dimensional numerical simulation approach. In order to explore the
deformation control mechanism, orthogonal tests are employed to pinpoint the major impacting elements. The construction of an
advanced pipe shed, strengthening the primary support. Moreover, according to the findings the grouting reinforcement of the
surrounding rock, have a significant control effect on the settlement of the tunnel vault and plug body. However, reducing the lag
distance of the secondary lining does not have such big influence. The greatest way to control tunnel vault settling is to use the
grout reinforcement, which increases the bearing capacity and strength of the surrounding rock. This greatly minimizes the size
of the tunnel excavation disturbance area. Advanced pipe shed can not only increase the surrounding rock's bearing capacity at
the pipe shed, but can also prevent the tunnel vault from connecting with the disturbance area at the bottom of the anchorage
tunnel, reduce the range of shear failure area outside the anchorage tunnel, and have the best impact on the plug body's

settlement control.
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1. Introduction

With the rapid expansion of domestic traffic
construction scale, more and more projects are facing the
challenge of crossing existing structures and even
collaborative construction (Liu et al. 2022). Tunnel
excavation activities in crowded urban areas have increased
dramatically. More and more projects are facing the
problem of crossing existing projects. such as joint
construction. When new tunnels are built (Tao et al. 2020,
Ding et al. 2019), the current situation of existing tunnels
(Tao et al. 2021), above-ground buildings, underground
pipelines (Ding et al. 2023), large and deep foundation pits
and other projects (Shi et al. 2023) is gradually increasing.

The issue of neighboring new tunnel building and
existing tunnel construction has been raised in studies on
the construction of adjacent tunnels (Li et al. 2021). For
example, a new tunnel passes through one or more existing
tunnels to study the safety of new tunnels and existing
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tunnels (Gong et al. 2022, Yoo et al. 2020). There are
frequently two lines of the tunnel being constructed
simultaneously. (Li et al.2022), so the influence of the left
line tunnel construction and the right line adjacent tunnel
construction on the tunnel structure is studied. Underground
engineering also includes municipal tunnels (Lu ef al. 2012)
and underground pipelines (Wang et al. 2022). Many
scholars use numerical simulation, scaled experiment and
other means (Gong et al. 2015) to study the safety of the
adjacent construction of new tunnels and underground
projects (Ding et al. 2017). In addition to the engineering
research in the stratum, there are also studies related to the
safe construction of the adjacent construction of underwater
tunnels. For example, the method (Zhou et al. 2019) of
dividing the influence area of the adjacent construction of
underwater tunnels is proposed and applied to the analysis
of engineering examples. There are also studies on the
impact of ground construction on existing tunnels, such as
the impact of deep foundation pit excavation (Guo et al.
2018), building construction (Yuan et al. 2019) and bridge
construction and operation (Wang et al. 2013) on the safety
of existing tunnels. However, In the research of tunnel
nearby construction, relatively there is few studies about the
tunnel anchor. The current available researches on tunnel
anchor engineering mainly focuses on its construction
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technology (Shen et al. 2022), bearing characteristics (Li et
al. 2017, Xiong et al. 2018, Han et al. 2020), deformation
and failure (Jiang et al. 2021, Seo et al. 2021, Liu et al.
2020), stability (Zhang et al. 2015, Tao et al. 2019) and
stress changes of surrounding rock (Liu et al. 2019). Which
means that theer are few studies on the adjacent
construction of tunnel anchors. In addition, there is little
researches about the influence of the adjacent construction
of tunnels under tunnel anchors.

As a result, based on a specific project, this paper
investigates four types of stability control measures
commonly used in tunnel construction. These types are as
the follwoing: adopting advanced pipe shed support,
improving the initial support strength, shortening the
distance between the tunnel face and the second lining, and
surrounding rock grouting reinforcement (Li et al. 2013,
Wang et al. 2022, Li et al. 2019, Jin et al. 2018, Dong et al.
2012). The orthogonal test approach is employed to identify
the critical variables and quantify the extent to which these
four interventions affect the settlement control impact of the
tunnel and anchor plug. The control effect is then
investigated to uncover its settlement control mechanism.
Therefore, it is of great practical significance to study the
influence of tunnel construction on the pull-out mechanical
behavior of tunnel anchorage of suspension bridge and the
corresponding stability control technology to ensure the
safty of the construction and the engineering quality.

2. Engineering situation and establishment of
numerical model

2.1 Engineering situation

The Lvzhijiang Bridge is a Yuxi-Chuxiong Expressway
control project. It is a 780-m-long steel box girder
suspension bridge with a single tower and span. As
illustrated in Fig. 1, the anchorages on both sides of the
bridge are tunnel anchorages.

The studied tunnel is a two-lane highway multiarch
tunnel. The tunnel excavation contour is 25.46 m wide
(double holes) and 11.1 m high. The relationship between
the lower arch tunnel and the upper anchor plug is shown in
Fig. 2. The minimum spacing between the anchor and the
tunnel is 32 m. The tunnel anchorage is a large concrete
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Fig. 1 Structural diagram of Lvzhijiang Bridge

structure. The Baishiyan No. 1 tunnel is also a key control
project of the Yuchu Expressway. Therefore, it is necessary
to study the mechanical response mechanism of the tunnel
anchor under the construction disturbance of the tunnel and
the interaction between them during the construction
sequence.

The excavation method of a multiarch tunnel adopts the
method of a single hole first and an expanding hole later.
The CD method is used for construction in a single hole,
and the footage of a single step of excavation is 2.5 m. This
method is shown in Fig. 3.

First, the upper step | on the right side of the right hole
has been excavated, then the initial support for 1 with the
temporary support has been applied are applied. After that
the lower step 11 on the right side of the right hole has been
excavated., The initial support for 2 with the temporary
support B has been installed. After excavating the right hole
and installing the initial support, the inverted arch and the
secondary lining has been applied. After this step the
temporary support A is removed when the secondary lining
is applied. The excavation of the left hole has been started.

The first support is installed in its appropriate place.
While, the second lining of the left hole is built, the
temporary support for B has been taken out. The excavation
process causes the construction of the lower step to lag
behind the upper step by 2 feet. The single hole temporary
initial support within the lower step has been lagged behind
the upper step by 6 feet. Moreover, the construction of the
left hole to has been lagged behind the construction of the
right hole by 36 feet.

2.2 Establishment of the numerical model

In order to assist the development of numerical
simulation research (Zhou et al. 2020), the following basic
assumptions have been developed for the numerical model.
The construction sequence between the tunnel anchor and
underpass tunnel have been considered as the following:

. It is assumed that the rock mass, anchor plug
body, anchor, and tunnel supporting structure are isotropic
homogenous materials.

o It is assumed that the rock mass is a continuous
material, without discontinuities, holes, and other flaws.
. It is assumed that the rock merely generates the

initial stress field due to gravity without taking into account
the influence of the tectonic stress field.

. The effects of precipitation, temperature
fluctuation, seepage, groundwater, and other elements have
been ignored.

o It is assumed that the anchor-rock contact surface
is a thin contact surface element.
3 The classical Mohr—Coulomb shear model has

been selected as the rock mass constitutive model. While,
the elastic linear elastic model has been chosen for the
concrete as a constitutive relation.

Figs. 4(a) and 4(b) depicts the model, the shell elements
of the anchor and tunnel primary support, as well as the
interface elements of the anchor-rock interface, are
established in FLAC3D6.0. According to current research,
the model size is 180 m x 200 m x 180 m. The tunnel has a
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Fig. 3 depicts the construction procedure

maximum burial depth of 120 m and is 32 m from the
bottom of the anchor surface behind the anchor plug. The
angle formed by the slope and the horizontal direction is
70°. The model's top and slope surface have free
boundaries. Whereas, the left and right sides and back have

been normally constraints, and the bottom has a fixed
restriction.

Three-dimensional solid elements form the surrounding
rock. The tunnel's secondary lining, the front anchor
chamber's secondary lining, and the anchor plug body
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(a) Overview of the numerical model

Front anchor
chamber

Equivalent zone of
bolt in first hole

First hole

Tunnel bolt equivalent area

Anchor plug

Secondary lining
front anchor chamber
Equivalent area of
following hole bolt

ollowing hole

(b) Tunnel anchor and underpass tunnel

Fig. 4 Schematic diagram of the numerical model

(Shahin et al. 2016, Liu et al. 2017, Ng et al. 2004). A
three-dimensional solid element of the equivalent
reinforcement area is used to simulate the anchor bolt. Shell
elements are used to simulate the initial support of the
anchor hole. The initial support of the tunnel, and the
middle wall of the temporary support of the tunnel CD
method. The thickness of the shell element of the tunnel's
initial support is 25 cm. The thickness of the secondary
lining is 50 cm. The initial support of the anchor hole is 26
cm thick, the secondary lining is 40 cm thick, and the
middle partition wall is 137.6 cm thick.

3. Study on the factors influencing settlement
3.1 Purpose of the orthogonal test

Orthogonal testing (Liu et al. 2022) is a method for
studying multifactor and multilevel relationships. Some
representative factors are chosen from the comprehensive
test using the orthogonality principle. Underpass tunnel
construction will have a greater impact on the upper tunnel
anchor, which will be unable to meet the maximum
allowable post construction tunnel anchor displacement.
Stability control measures for the underpass tunnel is
needed. The sensitivity of each control measure is studied
by an orthogonal test considering the selection of stability
control measures and a large number of full tests.

3.2 Orthogonal experimental design

Under the following conditions: the surrounding rock
grade is 1V2, the tunnel burial depth is 210 m, and the
anchor-tunnel spacing is 20 m, the orthogonal test design
has been conducted. Four stability control measures for the
advanced pipe shed support, surrounding rock grouting
reinforcement, initial support strength improvement, and
initial support-secondary lining spacing shortening have
been accomplished. Four levels were selected, one level for

each one of the four variables. In the numerical simulation,
the advanced pipe shed and surrounding rock grouting has
been simulated by the equivalent area. As shown in Fig. 5.
The grouting equivalent area and the bolt equivalent area
are overlapped, and the width is 3.5 m; the equivalent area
of the pipe shed is close to the upper boundary of the tunnel
with a width of 1.5 m.

The mechanical characteristics of the equivalent area of
the pipe shed calculated in the same way as the equivalent
area of the anchor rod has been calculated (Yu et al. 1983).
150 mm hollow-section steel pipe used in the pipe shed is
filled with high-strength cement mortar. The mortar's elastic
modulus is 4 GPa. The diffusion radius is 0.75 m, and the
surrounding rock porosity is 0.03. The elastic modulus of
the pipe shed's equivalent area is 3.34 MPa. Many factors
influence the strength of the equivalent area of the grouting,
including the elastic modulus of the slurry and the grouting
pressure, so it is difficult to estimate it accurately (Zhuang
et al. 2022).

The amount of grouting used to strengthen surrounding
rock is typically between 10% and 30%. As a result, three
values for the elastic modulus enhancement has been
chosen for simulation: 10%, 20% and 30%. Table 1 shows
the orthogonal test factors and levels, whereas Table 2
shows the physical and mechanical characteristics used in
the orthogonal test.

The rock dilatancy coefficient has been considered 1.4.
The variance analysis of the orthogonal test results is
carried out to explore the significance of each factor. A
blank column is added to the orthogonal table design to
determine the sum of squares of deviations caused by
random errors. The standard orthogonal table of L (5%)
was established (Table 3).

3.3 Analysis of orthogonal array test results

To examine the control effect of the stability measures,
the test circumstances are simulated, and the settlement data
for each condition are exported. The test results under each
level combination are shown in Fig. 6.
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Table 1 Orthogonal test factors and levels affecting the degree of stability control
Experimental factor

Experiment

level Advanced pipe shed Enhanced initial Shortened secondary lining lag ~ Grouted surrounding
construction A Support B distance C rock D
1 A1 No a pipe shed B1 C25 sprayed concrete C1 Lag distance is 30 m D1 No grouting
2 Az Length of pipe shed is B, C30 sprayed concrete C, Lag distance is 25 m DZ Elastic modulus
5m increased by 10%
3 As Lengthl%f r[%lpe shedis g ¢35 sprayed concrete  Cs Lag distance is 20 m I?riclilezsstég ?;%LZS

A4 Length of pipe shed is . - D4 Elastic modulus
15 m B4 C40 sprayed concrete C, Lag distance is 15 m increased by 30%

Table 2 Physical and mechanical parameters used in the orthogonal test

Poisson’

Gravity Elastic Internal friction .
s Cohesion
Item Y modulus ratio angle ¢ (MPa)
(KN/m3) E (GPa) u o (°)
Grade IV2 moderately weathered dolomitic limestone 20.5 2.2 0.33 30 0.68
C40 concrete for anchor plugs 25 32.5 0.2 / /
C30 concrete for secondary lining of front anchor chamber 25 30 0.2 / /
C25 primary shotcrete for anchor plugs and underpass 24 2 0.2 / /
tunnels
C30 concrete for tunnel's'econdary lining and middle 25 30 0.2 / /
partition wall
Equivalent region of pipe shed 24 3.34 0.33 30 0.79
B 0.30
—=— tunnel vault —=— tunnel vault
-10 —e—anchor plug body 0.95 —e— anchor plug body
1432 1463 1405 1444 1440 1455 1409
TR R R S R oy
£ 1% -15.22 o
é -20 é
IS € 0.15
(<7 (<5}
g £
e £0.10
3 3008 - A
-30 A - {z?gz'"-/z.g.si-sloz}ili,li./ -28.47
-31.32 3126 0. 05
354
0. 00
-40 T T T T T T T T 1 ! ; . . * : * * !
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Fig. 6 Orthogonal test results
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Table 3 Lis(5%) standard orthogonal table (blank column not shown)

Experimental factor

Test Horizontal
number combination Leng@h of advanced  Strength of initial Lag distar_lcg of  Elastic moo_lulus of bolt and
pipe shed A support B secondary lining C grouting area D
1 A1B1C1D; No pipe shed C25 sprayed concrete 30m 2.34 MPa
2 A1B,2C:D2 No pipe shed C30 sprayed concrete 25m 2.57 MPa
3 A1B3C3D;3 No pipe shed ~ C35 sprayed concrete 20m 2.81 MPa
4 A1B4C4Dy No pipe shed ~ C40 sprayed concrete 15m 3.04 MPa
The length of the pipe
5 AzB1C:D3 shed is 5 m C25 sprayed concrete 25m 2.81 MPa
6 AsB,C1Ds The Iength_of the pipe C30 sprayed concrete 30m 3.04 MPa
shed is 5 m
7 AoBsCaD1 The Iength_of the pipe C35 sprayed concrete 15m 234 MPa
shed is 5 m
8 ABiCsDs The Iength_of the pipe C40 sprayed concrete 20m 257 MPa
shed is5m
The length of the pipe
9 AzB1C3Ds shed is 10 m C25 sprayed concrete 20m 3.04 MPa
10 AsB,CiDs The Iength of the pipe C30 sprayed concrete 15m 281 MPa
shed is 10 m
11 AsBsCiD, The Iengtr_] of the pipe C35 sprayed concrete 30m 257 MPa
shed is 10 m
12 AsB4CsD1 The Iength of the pipe C40 sprayed concrete 25 m 234 MPa
shed is 10 m
The length of the pipe
13 A4B.C4D; shed is 15 m C25 sprayed concrete 15m 2.57 MPa
The length of the pipe C30 sprayed concrete
14 A4B,C3D; shed is 15 m 20m 2.34 MPa
The length of the pipe C35 sprayed concrete
15 AsB3CoDs shed is 15 m 25m 3.04 MPa
16 ABiCiDs The length of the pipe C40 sprayed concrete 30m 281 MPa

shed is 15 m

Table 4 Analysis of the range of tunnel vault settlement

Experimental factor ~ Advanced pipe shed
(mm) construction A

Enhanced initial
support B

Shortened secondary lining Grouted surrounding Blank
lag distance C rock D E

Ri 2.830 2.797

1.385 3.360 0.767

3.4 Analysis of tunnel vault settlement

Table 4 shows the range analysis of the orthogonal test
based on the settlement of the tunnel vault under 16 working
conditions.

Table 4 shows that the four stability control strategies
mentioned above have a good control effect on the tunnel
vault settlement. When the range change value Rj of tunnel
vault settlement induced by different factors is compared,
the range of tunnel vault settlement control of factors A, B,
C, and D is larger than the range of blank control. The
major order of the four control measures on the control
effect of tunnel vault settlement are: surrounding rock
grouting reinforcement > advanced pipe shed construction >
initial support strength enhancement > secondary lining lag
distance shortening.

To more correctly estimate the sensitivity of the control
effect of tunnel vault settlement to the four stability control
measures, the blank case is chosen as the control case under
the condition of oo = 0.1, and the test results are examined
using variance analysis (Table 5).

Table 5 Variance analysis of tunnel vault settlement

Square of Degreeof F- F marginal
deviance  freedom ratio  value

Experimental factor Significance

Advanced pipe shed
construction 18.91 3 1482 5.39 ©
A
Enhanced primary
support strength 17.73 3 13.89 5.39 ©
B

Shortened
secondary lining lag
distance
C
Grouted
surrounding rock
grouting

5.22 3 409 539 X

27.34 3 2143  5.39 ©

Blank
E

Error 1.28 3

1.28 3 1

Table 5 shows that the grouting reinforcement of the
surrounding rock has the most significant controlling effect
on tunnel vault settlement. The effect of the two stability
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Table 6 Analysis of the range of settlements at the bottom of the plug body

Experimental factor ~ Advanced pipe shed Enhanced initial ~ Shortened secondary lining Grouted surrounding Blank
(mm) construction A support B lag distance C rock D E
Rj 0.945 0.987 0.500 0.613 0.24

Table 7 Variance analysis of plug body bottom settlement

Experimental Squ_are of Degree of F-ratioF marginal Significance
factor deviance freedom value
Advanced pipe
shed construction ~ 2.178 3 1556  5.39 ©
A
Enhanced primary
support strength 2.071 3 1479  5.39 ©
B
Shortened
secondary lining ; ¢e 3 468 539 x
lag distance
C
Grouted
surrounding rock 75 3 540  5.39 °
grouting
D
Blank 0.140 3 1
E
Error 0.14 3

control measures of the advanced pipe shed and enhanced
tunnel primary support on tunnel vault settlement is also
significant. The effect of the shortened the secondary lining
lag distance is not significant. The conclusion of the
variance analysis is consistent with that of the range
analysis.

3.5 Analysis of bottom settlement of anchored plug

The range analysis method is also used to study the
influence of the control effect of each factor on the
settlement at the bottom of the anchor plug under the 16
operating circumstances of the orthogonal test. The
settlement at the bottom of the anchor plug calculated from
the range analysis is shown in Table 6. Table 6 shows that
the four stability control approaches have an obvious
control effects on the anchor plug settlement. Tunnel vault
settlement control factors A, B, C, and D have a broader
range than the blank control. The results of the range
analysis of the control factors follow the order of factor B >
factor A > factor D > factor C (initial support strength
enhancement > advanced pipe shed construction >
surrounding rock grouting reinforcement > secondary lining
lag distance shortening).

In order to correctly estimate the sensitivity of the four
stability control measures to the control effect of the
settlement at the bottom of the anchor plug, the blank
column was chosen as the control under the condition of o
= 0.1, and the test results were analysed using variance
analysis (Table 7).

Table 7 shows that the advanced pipe shed support and
the increased initial support strength have the greatest
influences on the bottom settlement of the anchor plug
body. F ratio of the control impact of surrounding rock
grouting reinforcement on the settlement at the bottom of

the anchor plug is 5.40, which is somewhat more than the F
test critical threshold of 5.39, suggesting that it has some
relevance. The results of variance and range analysis are
contradictory. The following four stability control strategies
have a substantial impact on the settlement: advanced pipe
shed construction > initial support strength enhancement >
surrounding rock grouting reinforcement > secondary lining
lag distance shortening. The most notable issue is that the
effects of the advanced pipe shed and enhanced initial
support strength are inconsistent. In the range analysis, the
range of the advanced pipe shed factor A is 0.945, and the
range of the initial support strength component B is 0.987.
The F ratio of factor A of the advanced pipe shed is 15.56 in
the analysis of variance, while the F ratio of factor B of the
enhanced initial support strength is 14.79. The difference in
results generated by the two analysis approaches is modest,
indicating that their influences are very similar. However,
because the range of the analysis cannot rule out the impact
of random mistakes, the significance order is determined by
the findings of the analysis of variance.

4. Stability control mechanism of surrounding rock
grouting reinforcement

The orthogonal test indicates that the optimum method
for controlling tunnel vault settling is by using the grouting
reinforcement of the surrounding rock. The stress variation
characteristics of the model and the development of the
plastic zone are examined to determine the internal causes
of the decreasing in vault settling caused by surrounding
rock grouting. The same numerical model as in the
orthogonal test has been implemented in this section to
perform single factor analysis on the grouting measures of
the surrounding rock and control the remaining support
parameters: no advanced pipe shed support is used, C25
spray mixing is used for the initial support, and the second
lining lag distance is limited to 30 m. Tunnel excavation
and support are carried out under four conditions by varying
the elastic modulus of the surrounding rock in the grouting
area: 2.34 MPa (only considering the bolt support), 2.57
MPa (10% of the surrounding rock grouting reinforcement),
2.81 MPa (20% of the surrounding rock grouting
reinforcement), and 3.04 MPa (30% of the surrounding rock
grouting reinforcement). To investigate the stability control
mechanism, the deformation characteristics, mechanical
response characteristics, and plastic zone development
characteristics during excavation are examined.

4.1 Analysis of the deformation characteristics
The tunnel vault settlement curves of the critical steps of

tunnel construction are shown in Fig. 7 for various grouting
reinforcement degrees. The investigation demonstrates that
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Fig. 8 Settlement increment diagram of the plug body bottom under different grouting reinforcement degrees of the

surrounding rock

the surrounding rock grouting has a good control effect on
the tunnel vault's settlement. The maximum settlement of
the tunnel vault continues to decrease as the grouting
reinforcement degree of the surrounding rock improves.
Section 3.5 shows that the grouting reinforcement of the
surrounding rock has a good control effect on the settlement
of the anchor plug body. Extraction the settlement
increment at the bottom of the anchor plug body in an
asynchronous sequence can intuitively demonstrate the
controlling influence of the surrounding rock grouting on
the anchor plug body settlement. The effect of the
excavation sequence on the maximum settlement, as shown

in Fig. 8, related to the excavation of the No. Il1 face of the
first tunnel and the No. VII face of the rear tunnel. The
settlement at the bottom of the anchor plug will increase by
1.31 mm and 0.97 mm, respectively, if no grouting
reinforcement is used. However, by using the grouting
reinforcement of adjacent rock will reduce anchor plug
settlement at each excavation stage.

4.2 Analysis of the stress response

The minimal primary stress contour diagram of the
monitoring section under varying grouting reinforcement
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Fig. 9 The minimum principal stress contour diagram of the monitoring section under different grouting reinforcement

degrees of the surrounding rock

degrees of the surrounding rock is shown in Figs. 9(a)-9(d).

Grouting the surrounding rock has no substantial effect
on the spatial distribution characteristics of the monitoring
section's minimum principal stress contour diagram, as
shown in Figs. 9(a)-9(d). The compressive stress borne by
the surrounding rock outside the tunnel haunch is
significant, while the compressive stress borne by the
surrounding rock between the anchor, the tunnel and the
surrounding rock above the anchor hole is modest. The
compressive stress borne by the surrounding rock outside
the hance of the tunnel steadily increases as the grouting
reinforcement of the surrounding rock improves. The
compressive stress of the surrounding rock outside the
tunnel arch waist without grouting, 10% grouting
reinforcement, 20% grouting reinforcement, and 30%
grouting reinforcement are -7.04 MPa, -7.66 MPa, -8.16
MPa, and -8.63 MPa, increasing by 8.81%, 15.91%, and
22.59%, respectively. Compressive stress is primarily
localized in the central partition wall of the multiarch tunnel
from the perspective of the structure. The compressive
stress borne by the middle partition wall of a multiarch
tunnel increases step by step as the grouting reinforcement
degree of the surrounding rock increases, from -17.92 MPa
without grouting to -19.63 MPa after 30% grouting
reinforcement, a 9.54% increase.

4.3 Analysis of the plastic zone development
characteristics

Figs. 10(a)-10(d) depicts the model's plastic zone
properties under various grouting reinforcement degrees of
the surrounding rock.

According to the growth trend of the plastic zone around
the tunnel, as the degree of grouting reinforcement
increases, the range of the tensile stress disturbance zone
above the rear tunnel gradually decreases. When the
surrounding rock grouting reinforcement measures are not
used, the tensile stress disturbance zone above the rear
tunnel has a height of approximately 12 m and is connected
to the superimposed disturbance zone at the bottom of the
left anchor plug. The height of the disturbance zone is
lowered to 9 m after 10% grouting reinforcement of the
surrounding rock, the shape of the superimposed
disturbance zone at the bottom of the anchor plug body does
not change, and the two disturbance zones are independent
of each other. As the degree of grouting reinforcement of
the surrounding rock increases, the range of the tunnel
vault's disturbance area decreases, and the height decreases.
When the surrounding rock grouting reinforcement is 30%,
the disturbance region above the back tunnel appears only
within approximately 5 m of the vault. Based on the
evolution of the plastic zone around the tunnel anchor, it is
clear that strengthening the surrounding rock of the
undercrossing multiarch tunnel by grouting will not change
the shape of the plastic zone near the anchor hole. The
surrounding rock outside the anchor hole has a wide range
of shear failure zones at all four levels, and the plastic zone
shape of the surrounding rock at the top and bottom of the
anchor hole is essentially the same.
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Fig. 10 Characteristic diagram of the plastic zone of the monitoring section under different grouting reinforcement

degrees of the surrounding rock

5. Stability control mechanism of the advanced pipe
shed

The advanced pipe shed has the most significant
controlling impact when the anchor plug body's settling
which has been chosen as the assessment standard. As a
result, this section looks at the advanced pipe shed's
stability control system. By analyzing the stress variation
properties of the model body and the development of the
plastic zone, the causes of the decreasing in tunnel vault
settling brought on by the advanced pipe shed are identified.
In this section, the advanced pipe shed is evaluated, and the
remaining support parameters are controlled, including no
grouting reinforcement of nearby rock, C25 shotcrete for
initial support, and a secondary lining lag distance cap of 30
m. Tunnel excavation and support are carried out under four
different conditions: 5 m, 10 m, and 15 m without the
advanced pipe shed. Only the length of the advanced pipe
shed is changed. The deformation characteristics,
mechanical response characteristics, and plastic zone
growth characteristics are investigated to get better
understanding about the stability controlling mechanism.

5.1 Analysis of the deformation characteristics

The tunnel vault settlement curve of the major step
sequence of tunnel construction for various advanced pipe
shed lengths is shown in Fig. 11. According to the
investigation, the new advanced pipe shed support provides

excellent control of the vault settlement, particularly during
the excavation stage of the first tunnel. The installation of a
5 m advanced pipe shed can reduce tunnel vault settlement
by 4.42 mm. When the length of the advanced pipe shed is
expanded from 5 m to 10 m, the tunnel vault settlement is
reduced by only 1.03 mm; when the length of the advanced
pipe shed is increased from 10 m to 15 m, the tunnel vault
settlement remains almost unchanged. The equivalent area
method has been utilized in the numerical simulation to
simulate the advanced pipe shed, which increases the
strength of the surrounding rock in front of the tunnel face
before tunnel construction, reducing the deformation of the
surrounding rock in the early stage of excavation. However,
the settlement of the surrounding rock 10 m from the tunnel
face is only -2 mm; therefore, lengthening of the advanced
pipe shed has no discernible influence on tunnel vault
settlement.

The settlement increment diagram of the bottom of the
anchor plug body at various lengths of the advanced pipe
shed is shown in Fig. 12. The improved pipe shed has a
substantial impact on the anchor plug body settlement
control. The settlement increment of the anchor plug in the
excavation of the Il and VII tunnel faces under the
condition of the 5 m advanced pipe shed is 1.21 mm, 8.33%
less than that without the pipe roof and 14.04% less than
that with the VII tunnel face. The total settlement of the
tunnel anchor is reduced by 11.59% after the building of a
15 m advanced pipe shed.
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Fig. 12 Settlement increment diagram of plug body bottom under different advanced pipe shed lengths

5.2 Analysis of the stress response characteristics

The stress contour diagram of the No. VII tunnel face
excavation via the monitoring section is analysed to
investigate the difference between the supporting effect of
the advanced pipe shed and the study of other operating
conditions. When the No. VIII tunnel face excavation
passes through the monitoring section, and the minimum
primary stress contour diagram of the monitoring section is
shown in Figs. 13(a)-13(d). As shown in Figs. 13(a)-13(d),
the use of an advanced pipe shed increases the compressive
stress carried by the surrounding rock at the vault in front of
the tunnel face. When the advanced pipe shed is not
applied, the compressive stress of the surrounding rock at
the vault in front of the tunnel face are -1.73 MPa, -1.87

MPa, -2.06 MPa, and -2.30 MPa, respectively when the
advanced pipe shed is 5 m, 10 m, and 15 m. The application
of an advanced pipe shed, like the grouting reinforcement of
the surrounding rock, would increase the compressive stress
on the middle partition wall. The compressive load on the
middle partition wall, however, only rises from -16.04 MPa
to -17.52 MPa due to the small amount of pipe roof.

5.3 Analysis of the plastic zone development
characteristics

Figs. 14(a)-14(d) depict the characteristic diagram of the
model body's plastic zone at various advanced pipe shed
lengths. According to the development trend of the plastic
zone around the tunnel, as the length of the advanced pipe
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Fig. 13 The minimum principal stress contour diagram under different advanced pipe shed lengths

shed increases, the range of the tensile stress disturbance
zone above the rear tunnel gradually decreases, but the
range and height of the reduction are less than those of the
surrounding rock grouting reinforcement. The heights of the
disturbance area in a 5 m pipe shed, 10 m pipe shed, and 15
m pipe shed are 10 m, 8 m, and 6 m, respectively. The
disturbance zone at the bottom of the anchor hole is
independent of the disturbance zone at the tunnel vault due
to the building of 10 m long advanced pipe shed. Based on
the plastic zone development trend around the tunnel
anchor, the use of an advanced pipe shed can reduce the
shear failure area of the surrounding rock outside the
sidewall of the anchor hole. The failure area of the outer
sidewall of the left anchor virtually disappeared after the
application of a 15 m pipe roof, while the failure area of the
outer sidewall of the right anchor was reduced by
approximately 70%.

6. Conclusions

In this paper, the influential degree of these four stability
control measures on the settlement control effect of tunnel
and anchor plug body is determined by orthogonal
experiment. Two key influencing factors have been
determined, namely, two measures of surrounding rock
grouting reinforcement and advanced pipe shed. Then, the
control effect of the two key influential factors was studied,
and the settlement control mechanism was explored. The
main conclusions are as follows:

Different control strategies should be employed in
different circumstances when tunnel or anchor plug
settling is severe. The best way to prevent tunnel vault
settling is through grouting reinforcement. The
reinforcing measure with the best control impact on
the anchor plug body settling is the advanced pipe
shed. However, in the treatment of tunnel vault
settlement or anchor plug settlement, the new
advanced pipe shed has better controlling effect than
other treatment methods, indicating that the advanced
support has a greater effect on the treatment of tunnel
and upper anchor plug settlement.

The controlling effect of the surrounding rock grouting
reinforcement on tunnel vault settlement is obvious. In
the case of grouting reinforcement of 10%, 20% and
30%, the proportion of tunnel vault settlement
reduction is 8.24%, 15.02% and 20.01% respectively.
The principle of controlling settlement is to improve
the strength of surrounding rock around the tunnel and
improve the bearing capacity of surrounding rock
itself, so that the settlement of tunnel vault can be
better controlled. However, the control effect of
surrounding rock grouting reinforcement on tunnel
vault settlement has a certain marginal effect with the
improvement of grouting reinforcement degree. At the
same time, after grouting reinforcement, the range of
tunnel excavation disturbance zone is obviously
reduced, which avoids the connection with the
disturbance zone at the bottom of the anchor hole,
Thus, that more surrounding rock retains its bearing
capacity. Reducing the scope of the disturbance zone
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with playing a certain role in controlling the settlement
of the anchor plug. After 30 % grouting reinforcement,
the total settlement of the anchor plug is reduced by
8.37 %.

e The most evident control impact of advanced pipe
shed support on tunnel vault settling. The installation
of a 5 m advanced pipe shed can contribute in
decreasing the tunnel vault settling by 4.42 mm,
especially during the initial tunnel's excavation phase.
However, the settling of the tunnel vault is only
decreased by 1.03mm when the length of the advance
pipe shed is increased from 5m to 10m. By
strengthening the rock above the vault and the
unexcavated portion, the advance pipe shed also
decreases the settling of the tunnel vault. After the
advanced pipe shed was built, the height of the
disturbance zone during tunnel excavation was also
significantly reduced, which prevented a connection
with the disturbance zone at the bottom of the anchor
hole and had a clear controlling effect on the anchor
plug's settlement
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