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Mechanical evolution law and deformation characteristics of preliminary lining
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Abstract. The development of a city is closely linked to the construction and operation of its subway system. However,
constructing a new subway tunnel under an existing station is an extremely complex task, and the deformation characteristics
and mechanical behavior of the new subway tunnel during the excavation process can greatly impact the normal operation of the
existing station. Although the previous studies about the case of underpass engineering have been carried out, there is limited
research on the condition of a newly-built subway tunnel that closely undercrossing an existing station with zero distance
between them. Therefore, this study analyzes the deformation law and mechanical behavior characteristics of the preliminary
lining of the underpass tunnel during the excavation process based on the real engineering case of Chengdu Metro Line 8. This
study also makes an in-depth comparison of the influence of different excavation methods on this issue. Finally, the accuracy of
numerical simulation is verified by comparing it with on-site result. The results indicate that the maximum bending moment
mainly occurs at the floor slab of the preliminary lining, while that of the ceiling is small. The stress state at the ceiling position
is less affected by the construction process of the pilot tunnel. Compared to the all-in-one excavation method, although the
process of partial excavation method is more complicated, the deformation of preliminary lining caused by it is basically less

than the upper limit value of the standard, while that of the all-in-one excavation method is beyond standard requirements.
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1. Introduction

In recent years, the rapid development of rail transit
construction has led to an increase in the construction of
urban underground structures, with new subway lines
inevitably undercrossing the existing buildings or
underground structures. When the distance between the new
subway tunnel and the existing underground structure is
small, it may cause the redistribution of the stress and
deformation of the existing underground structure, and even
lead to accidents (Namazi et al. 2011, Cavuoto et al. 2019,
Cao et al. 2021).

Scholars have carried out some researches on the
deformation and failure mechanism of surrounding rock
during tunnel excavation (Abdel-Meguid et al. 2003, Hoek
2004, Soroosh et al. 2006, Bi and Zhou 2015, Banerjee and
Chakraborty 2018, Sakcali and Yavuz 2019a, Zhou et al.
2020, Chen and Lee 2020, Sakcali 2021, Sakcali 2023).

Liang et al. (2021) proposed a simplified analytical
method to predict the response of in-service tunnels in
relation to tunnelling on soft ground. It was found that when
the new tunnel crossed the existing shield tunnel obliquely
or in parallel, the uplift caused by the tunnel was greater
than that caused by the vertical crossing of the tunnel, and

*Corresponding author, Ph.D. Student
E-mail: 2995484603@qg.com

Copyright © 2023 Techno-Press, Ltd.
http://www.techno-press.org/?journal=gae&subpage=7

increasing the elastic modulus about the stratum can
effectively reduce the uplift of tunnel. Zheng et al. (2017)
performed the extensive finite element simulations to
examine the effect about excavation on adjacent tunnels and
proposed two methods for predicting the effect of
excavation on adjacent tunnels. Sakcali and Yavuz (2019b)
proposed equations for predicting longitudinal deformation
profiles of weak rock masses, and estimated the radial
deformation around the tunnel by using these equations.
Ahmed and Iskander (2011) studied the effect of tunnel
construction on the stratum settlement by model test. The
test results showed that the stratum settlement complied
with the peck curve. Besides, the horizontal displacement
could be expressed by the width coefficient of settlement
trough and formation loss, and the maximum horizontal
displacement occurred at the inflection point. Based on the
Tehran Subway Line 7 project, Moeinossadat and Ahangari
(2019) proposed a numerical intelligence method to
estimate the maximum surface subsidence caused by
subway tunnel excavation. Fang et al. (2019) proposed a
prediction method for longitudinal surface settlement
caused by shield tunnel construction through model
experiments based on Gaussian curves and analyzed the
effects of tunnel depth and surface volume loss. The
deformation and mechanical behavior of the tunnel bottom
area and lining were analyzed after construction (Kim et al.
2020, Mirzaeiabdolyousefi et al. 2022). Haeri et al. (2020)
studied the effects of confining pressure and tunnel depth
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on the vertical settlement of the ground and found that
confining pressure had a great influence on the settlement.

The mechanical behavior of underground structures has
always been the research focus of scholars (Zucca and
Valente 2020). At present, the mainstream of research
includes the new tunnel closely undercrossing the existing
structures. In addition, if multi-zone excavation was close to
the existing underground structures, the stress state and the
stiffness of the existing structure before excavation can
make this issue more complicated (Li and Wang 2019).
Sarfarazi et al. (2019) studied the interaction between two
adjacent tunnels and found that tensile cracks were the
dominant crack mode present in the model and were closely
related to the inner circle diameter and rock pillar width. Ng
et al. (2013) designed a centrifugal model test of new tunnel
underpass the existing tunnels with small clearance, and it
was found that the largest monitored settlement of the
existing tunnel is about 0.3% of the tunnel diameter, which
was large enough to affect the normal operation of tunnel. A
series of centrifugal experiments on the crossing problems
were conducted, then the mechanical response and
deformation law of the new tunnel crossing the existing
tunnel were studied and analyzed from different geometric
conditions, geological conditions, and construction
conditions (Boonyarak and Ng 2015). Liang et al. (2017)
analyzed the mechanical response of the existing tunnels
and obtained the numerical solution of the mechanical
response of the existing tunnel by using the finite difference
method. Sharifzadeh et al. (2017) used 3D finite element
method to plan and simulate different tunnel excavation
sequences, and determine the optimal excavation sequence
as well as the optimal distance for minimum surface
settlement.

The above researches primarily focus on the
deformation law and mechanical characteristics of the
existing structures caused by the construction of new
tunnels, or under different stratum conditions and tunneling
methods (Cao et al. 2021, Li et al. 2021), while for the case
of the newly-built metro tunnel undercrossing the metro
station with zero-distance and multiple construction
methods is rare. Besides, in order to ensure the normal
operation of the subway in the later stage, the standard for
controlling the deformation of the subway structure led by
the new subway tunnel excavation are very strict
(MHURDPRC 2013).

In the designing stage of the relied project of this paper,
both the partial excavation method and all-in-one
excavation method are optional schemes. Considering the
structural safety and the lack of experience in such similar
projects, the conservative partial excavation method is
adopted in the actual project. Whether all-in-one excavation
method can be used in this project is still unknown.
Therefore, this study aims to further reveal the evolution
law of the construction mechanics of the newly-built
subway tunnel closely undercrossing the existing subway
with zero-distance and provide an important reference for
selecting the construction methods of similar projects.
Based on a case study of the Chengdu Metro Line 8 project,
the difference in the mechanical evolution and deformation
law of the new underpass during the excavation and lining

process using the partial excavation method and all-in-one
excavation method is compared and analyzed in detail, and
verified by on-site monitoring result.

2. Project overview

This paper is based on the engineering cases of the
newly-built Nijiagiao station of Chengdu Metro Line 8
undercrossing the existing Metro Station of Line 1 with
zero distance. These two metro lines are orthogonal from
the up and down direction, and the upper surface of the
ceiling of Line 8 is closely contacted by the lower surface
of the floor slab of Line 1 with zero distance. In order to
descript more easily, the overlapping structure (the blue
part) of Line 8 is called as the underpass (part of the newly-
built Line 8). The underpass is approximately 23.4 meters
wide, 9.05 meters high, and 21 meters long, as displayed in
Fig. 1.

The existing station (Line 1) is mainly located in silty
clay and pebble soil, and the underpass (Line 8) is mainly
located in pebble soil and mudstone, as displayed in Fig. 2.
The typical mechanical parameters of the soil are shown in
Table 1, which are obtained from the design material of the
relied engineering project (GMDRICL 2019). The
secondary lining is equipped with two middle partition
walls. The lining parameters of the existing station and the
underpass are displayed in Table 2 (GMDRICL 2019).

The underpass is divided into 10 excavation parts,
known as pilot tunnels. The excavation sequences of the
pilot tunnels are as follows: 1-1 7> 1-27>2-1 —>2-2 7>3-1
—>3-27>4-14-2, and the construction steps are shown
in Fig. 3. The specific construction process is: (1) Take the
pilot tunnel 1-1 as an example, the pilot tunnel 1-1 is
excavated and lined at a cyclic footage of 2 m, and the
preliminary and temporary lining of the pilot tunnel 1-1 is
installed one excavation analysis step behind. After the
excavation of soil and the installation of preliminary and
temporary linings of the pilot tunnel 1-1 are all completed,
the next pilot tunnel is excavated and lined with the same
way as the pilot tunnel 1-1. (2) After all the pilot tunnels 1-
1~3-2 are excavated and lined, the secondary lining of the
corresponding parts of pilot tunnels 1-1~3-2 is installed at
one time, and it is carried out in two steps. The first step is
to install the secondary lining in the range of Om~10m
longitudinally of the pilot tunnels 1-1~3-2, and the second
step is to install the secondary lining in the range of
10~21m longitudinally of the pilot tunnels 1-1~3-2. (3)
After the installation of secondary lining of the pilot tunnels
1-1~3-2 is all completed, the excavation of soil and
installation of preliminary lining of the pilot tunnel 4-1 is
carried out using the same way as that of the pilot tunnel 1-
1. (4) After the excavation of soil and installation of
preliminary lining of pilot tunnel 4-1 are all completed, the
excavation of soil and installation of preliminary lining of
pilot tunnel 4-2 are carried out using the same way as that
of the pilot tunnel 1-1. (5) After all the pilot tunnels 4-1~4-2
are excavated and lined, install the secondary lining of the
pilot tunnels 4-1 and 4-2 in two steps. The first step is to
install the secondary lining in the range of 0 m~10 m
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Fig. 1 The relative position of the newly-built subway tunnel and the existing metro station

Pebble soil
A: Back fill soil
C: Loose pebble soil

B: Silty clay
D: Slightly dense pebble soil
E: Medium dense pebble soil F: Strongly weathered mudstone

Fig. 2 The on-site soil layers of the subway station

longitudinally of the pilot tunnels 4-1~4-2, the second step
is to install the secondary lining in the range of 10m~21m
longitudinally of the pilot tunnels 4-1~4-2. (6) Finally,
remove all temporary linings of pilot 1-1~4-2. Note: due to
the large number of pictures, the excavation and lining
processes of some pilot tunnels are not fully displayed in
Fig. 3.

3. Numerical calculation instructions
3.1 Calculation model and parameters
In this section, the FLAC3P software is used to simulate

the soil excavation and lining installation of the underpass,
and the calculation model is displayed in Fig. 4.

The horizontal directions (normal) and the bottom of the
model are fixed, and the top of model is free. Meanwhile,
only gravity is taken into account for the initial stress.
Surrounding rock and lining are simulated by solid
elements, subject to the Mohr-Coulomb criterion and elastic
criterion, respectively. The properties of the lining structure
are displayed in Table 3. It should be noted that the
influence of steel ribs in the preliminary lining is converted
to shotcrete according to its elastic modulus, and the
specific calculation method is as follows (Wu et al. 2005),
namely, Eq. (1)

S,E

_ Sog

E=E + (1)



528

Huijian Zhang, Gongning Liu, Weixiong Liu, Shuai Zhang and Zekun Chen

=

_

N

B

o
e

2

7

(a) Step 1 (full-face grouting)

-1 || a1

(b) Step 2

1-2 \z i

o)
t
NN

57

1-1 4

2 || 2

2-1 3-1 H
1
22| 52

(d) Step 4

77T\

NI\ [/

I
51| 11 1| 21 7 = -
-
2| 1-2 \4~2 2-2 7 ol
(c) Step 3
. =
3-1 |11 41 o-1]| 31 I~
/) N /
32 ||1-2 1% 22| 32 I\ Z
_____ N %)\
N 7

FFITe

b — -

N

(g) Step 7

N
-
A
Zi
7

PN

(h) Step 8

FoF PP

(i) Step 9
Fig. 3 Construction steps

7ZZZZZZAN

V//ZZZZA AN



Mechanical evolution law and deformation characteristics of preliminary lining...

529

Table 1 Physical and mechanical parameters of the soil layer

Soil tvpe Thickness /m Density  Elastic modulus Poisson ~ Cohension Internal friction
yp /(kg/mq) /MPa ratio /kPa angle /°
Back fill soil 2.70 1800 18.3 0.30 8 10
Silty clay 2.30 1950 45.3 0.43 20 16
Loose pebble soil 3.00 2000 66 0.33 0 32
Slightly dense pebble soil 6.00 2100 90 0.30 0 35
Medium dense pebble soil 7.10 2200 105 0.25 10 40
Strongly weathered mudstone 5.60 2200 90 0.25 65 30
Moderately weathered mudstone 10 2300 180 0.15 300 35
Table 2 The lining element of the existing metro station and the underpass (GMDRICL 2019)
Engineering object Component Material properties Thickness (size) Spacing
Side wall C30 reinforced concrete 0.35m -
Ceiling C30 reinforced concrete 0.80 m -
Middle board C30 reinforced concrete 0.40 m -
Floor slab C30 reinforced concrete 0.80 m -
The existing subway o . .
Longitudinal beam of the ceiling C30 reinforced concrete 1.80 m -
Longitudinal beam of middle board  C30 reinforced concrete 1.00 m -
Longitudinal beam of the floor slab  C30 reinforced concrete 2.10m -
Center column C40 reinforced concrete 1 mx0.8 m 8 m
(Longitudinally)
Preliminary lining C25 reinforced concrete 0.35m
Temporary lining Steel ribs 1-28a 0.5m
The underpass Secondary lining ;)li ts)lde wall and floor €35 reinforced concrete I'm )
Secondary lining of ceiling C35 reinforced concrete 1.2m -
Secondary lining of middle partition €35 reinforced concrete 0.6m .

wall

Table 3 Calculation parameters of the lining

Name Density /(kg/m?) Converted elastic modulus /GPa Poisson’s ratio Thickness /m
Preliminary lining 2300 34.9 0.2 0.35
Temporary lining 2300 34.9 0.2 0.35
Ceiling 2500 31.5 0.2 1.2
o Floor slab 2500 31.5 0.2 1.0
Secondary lining .
Sidewall 2500 315 0.2 1.0
Middle partition wall 2500 31.5 0.2 0.6

Where E is the elastic modulus of concrete after
conversion; Ey is the elastic modulus of original concrete;
Se is the cross-sectional area of steel ribs; E, is the elastic
modulus of steel; S. is the section area of concrete. Note:
the elastic modules of the lining element (£) determined
through designed material (GMDRICL 2019) is given in
Table 3.

3.2 The realization of the construction process
through numerical simulation

Based on the construction sequences of the project
(GMDRICL 2019), the numerical simulation of the overall
construction process is simplified as follows. Firstly, the
initial gravity stress field is generated. Then the soil of Line
1 is excavated, applying 70% reaction force. After the
installation of the main structure of Line 1, release the
applied reaction force of lining. After the balance of
calculation, the displacement is cleared as the initial state
before the construction of the underpass. Because the partial
excavation method is adopted in site construction, although
it can ensure safety, it takes a long time. At the same time,
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(a) Setting of the model boundary (main view)

The existing station

The newly-built
underpass tunnel

(c) Layout of the existing station and the underpass tunnel
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The existing station

i 23.4m |
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==Temporary lining ==Secondary lining
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(d) Cross-section picture of the underpass

Fig. 4 Calculation model

Table 4 The main calculation steps of underpass through all-in-one excavation method

Calsc; lgstion Calculation content
1 Excavate Pilot tunnel 1-1~4-2 to 2m
2 Excavate pilot tunnels 1-1~4-2 to 4 m; install the preliminary and temporary linings of pilot tunnels 1-1 ~4-2 to 2 m
3 Excavate pilot tunnels 1-1~4-2 to 6 m; install the preliminary and temporary linings of pilot tunnels 1-1 ~4-2 to 4 m
4 Excavate pilot tunnels 1-1~4-2 to 8 m; install the preliminary and temporary linings of pilot tunnels 1-1 ~4-2 to 6 m
5 Excavate pilot tunnels 1-1~4-2 to 10 m; install the preliminary and temporary linings of pilot tunnels 1-1 ~4-2 to 8 m
6 Excavate pilot tunnels 1-1~4-2 to 12 m; install the preliminary and temporary linings of pilot tunnels 1-1 ~4-2 to 10 m
7 Excavate pilot tunnels 1-1~4-2 to 14 m; install the preliminary and temporary linings of pilot tunnels 1-1 ~4-2 to 12 m
8 Excavate pilot tunnels 1-1~4-2 to 16 m; install the preliminary and temporary linings of pilot tunnels 1-1 ~4-2 to 14 m
9 Excavate pilot tunnels 1-1~4-2 to 18 m; install the preliminary and temporary linings of pilot tunnels 1-1 ~4-2 to 16 m
10 Excavate pilot tunnels 1-1~4-2 to 20 m; install the preliminary and temporary linings of pilot tunnels 1-1 ~4-2 to 18 m
11 Excavate pilot tunnels 1-1~4-2 to 21 m; install the preliminary and temporary linings of pilot tunnels 1-1 ~4-2 to 20 m
12 Install the preliminary and temporary linings of pilot tunnels 1-1 ~4-2 to 21 m
13 Install the secondary lining of pilot tunnels 1-1 ~4-2 to 10 m
14 Install the secondary lining of pilot tunnels 1-1 ~4-2 to 21 m
15 Remove the temporary linings

Note: the length of the underpass is 21 m (longitudinally); “1-1~4-2” refers to “1-1, 1-2,2-1, 2-2, 3-1, 3-2, 4-1, 4-2”

the all-in-one excavation method is also the alternative
scheme (although not used on site finally), which can save
the construction period, while it may cause great
deformation of the underpass structure, and then affect the
normal operation of the existing station, and this
influencing degree is still unknown yet. In order to further
quantify and compare the difference between them, this
paper intends to study the differences between these two
methods, which are simulated as follows:

(1) All-in-one excavation: The excavation round is 2
meters along the longitudinal direction, and the installation
of the preliminary lining is closely followed until the
excavation is completed. Then the entire secondary lining is
constructed. Finally, the temporary lining is removed. The
specific calculation steps are displayed in Table 4.

(2) Partial excavation: Firstly, pilot tunnels of 1-1, 1-2,
2-1, 2-2, 3-1, 3-2 are excavated and lined in sequence, then
the secondary lining will be installed; then, pilot tunnels 4-1
and 4-2 are excavated and lined, finally the temporary
lining is removed. The specific calculation steps are shown
in Table 5.

4. Results and discussion of the subway tunnel
undercrossing the existing metro station based on
different excavation methods

4.1 All-in-one excavation method

The deformation characteristic and internal force
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Table 5 The main calculation steps of the underpass through partial excavation method

Calculation steps

Calculation content

1 Excavate the soil of pilot tunnel 1-1 to 2m

2 Excavate pilot tunnel 1-1 to 4m; install the preliminary and temporary linings of pilot tunnel 1-1 to 2m
3 Excavate pilot tunnel 1-1 to 6m; install the preliminary and temporary linings of pilot tunnel 1-1 to 4m
11 Excavate pilot tunnel 1-1 to 21m; install the preliminary and temporary linings of pilot tunnel 1-1 to 20m
12 Install the preliminary and temporary linings of pilot tunnel 1-1 to 21m

Same as pilot tunnel 1-1 (i.e., steps 1~12), complete the excavation of soil and installation of preliminary and
temporary linings of pilot tunnels 1-2, 2-1, 2-2, 3-1, 3-2 in sequence
73 Install the secondary lining of pilot tunnels 1-1, 1-2, 2-1, 2-2, 3-1,3-2 to 10 m
74 Install the secondary lining of pilot tunnels 1-1, 1-2, 2-1, 2-2, 3-1,3-2to 21 m

Same as pilot tunnel 1-1 (i.e., steps 1~12), complete the excavation of soil and installation of preliminary lining of
pilot tunnels 4-1, 4-2 in sequence

99 Install the secondary lining of pilot tunnels 4-1 and 4-2 to 10 m
100 Install the secondary lining of pilot tunnels 4-1 and 4-2 to 21m
101 Remove the temporary linings

P, P, P, P, P, P, P, P, P

. . . . . .

I:10 I:ll

448 496 485 472 497 501 496 474 484 496 448

Fig. 5 Settlemént law of the ceiling of preliminary lining
of the underpass through all-in-one excavation method
/mm

distribution law of the preliminary lining about the
underpass are analyzed through the all-in-one excavation
method, respectively.

4.1.1 Deformation characteristic

The test points are set to P;~Pi1 in the ceiling of
preliminary lining, and the specific position of the test
points is displayed in Fig. 5. Also, the distribution of the
final settlement of the ceiling of preliminary lining is
extracted, as displayed in Fig. 5.

In Fig. 5, the settlements of the preliminary lining
basically present a symmetrical distribution with a
maximum value of 5.01 mm (at P¢), located in the middle
part of pilot tunnel 4-1. The settlement line shows
“settlement trough” form, and the maximum difference
value of the side and middle of the ceiling is only 0.53 mm.

4.1.2 Mechanical distribution law

The distribution law of the bending moment of the
preliminary lining are shown in Fig. 6.

In Fig. 6, the bending moments of the preliminary lining
show symmetrical distribution, and the maximum bending
moment is 40.60 kN-m, located at the intersection of the
floor slab and sidewall. The overall bending moment of the
ceiling is small (ranging 0.73 kN-m~6.48 kN-m), while the
bending moment of the floor slab is the largest (ranging
25.22 kN-m~40.6 kN-m). The main reason for this is that
the underpass is built after the completion of the existing

subway

6.34 319 478 313

325 g 315 6.48

633 || 252 26.25 || 2655319

Fig. 6 Bending moment of the preliminary lining of the
underpass through all-in-one excavation method /(kN-m)

pp P P Py Pe P P, Py Py Py Py
e + gty gy
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—— Excavation and lining of pilot tunnel 1-2
—— Excavation and lining of pilot tunnel 2-2
Excavation and lining of pilot tunnel 3-2
—— Excavation and lining of pilot tunnel 4-2
—— Removal of the temporary lining
Fig. 7 Settlement of the ceiling of preliminary lining
under different calculation steps /mm

construction, the deformation of the existing subway has
become stable, and the lower pilot tunnel of the new
subway is closely attached to the ceiling with zero distance,
and the material rigidity of the two is close, so the ceiling is
more little stressed. However, the bending moments of the
floor slab of the new underpass are large, the reason is that
the rigidity of the lining of underpass and soil are
inconsistent, resulting in the large force at the floor slab. In
particular, the bottom of the sidewalls on both sides also
bears part of the existing subway weight from the upper
part, leading to the large bending moment value of the side
walls.

4.2 Partial excavation method

The deformation characteristic and internal force
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(i) Installation of the secondary lining of pilot tunnel 4-2

distribution law of the preliminary lining about the
underpass are analyzed through the partial excavation

method, respectively.

(i) Removal of the temporary lining
Fig. 8 Mechanical evolution law of preliminary lining under various calculation steps by partial excavation /(KN -m)

4.2.1 Deformation characteristic
The settlement of the ceiling of preliminary lining is

extracted after the removal of the temporary lining and the
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Fig. 9 The cloud map distribution of the final vertical displacement of the preliminary lining
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Fig. 10 The final vertical displacement cloud map of the soil /m

completion of excavation and lining of the pilot tunnels 1-2,
2-2, 3-2, and 4-2, respectively, as displayed in Fig. 7.

In Fig. 7, the results indicate that the settlement of the
ceiling of preliminary lining increases gradually with the
excavation of the pilot tunnels, and the shape of the
settlement curve also changes, generally showing a
weakening of the asymmetry. After the completion of the
construction, the settlement on the right side is slightly
greater than that on the left side, which indicates that the
settlements of the later-advancing pilot tunnel are slightly
greater than that of the former-advancing pilot tunnel, and
the maximum settlement is 4.13 mm, appearing after the
final calculation step at the middle of pilot tunnel 4-1. Also,
the difference between “removal of the temporary lining”
and “completion of the excavation and lining of the pilot
tunnel 4-2” is little, this is because the deformation of the
lining tends to be stable after the installation of the
secondary lining, so the influence of the removal of the
temporary lining on it is very small.

4.2.2 Mechanical evolution law

The evolution law of the bending moment of
preliminary lining during the main calculation steps is
displayed in Fig. 8. It can be concluded in Fig. 8 that:

(1) Owverall, the distribution of bending moment of the
preliminary lining of the underpass presents the
characteristics of the frame structure, and in the same span,
the bending moment across the side is larger than that in the
middle span. The comparison of the value of bending
moments among each component is as following: floor slab

> side wall > ceiling.

(2) The partial excavation has a more significant
influence on the preliminary lining force of the former-
advancing part, and the closer the distance is, the greater the
influence will be. The influence of the construction of the
lower part is less than that of the adjacent part on the left
and right sides. Taking the left side bending moment of the
ceiling of pilot tunnel 1-1 as an example, the excavation of
pilot tunnel 1-2 (right under the pilot tunnel 1-1) causes the
bending moment to increase by 10.7%, while the excavation
of pilot tunnel 3-1 (adjacent to the left side of the pilot
tunnel 1-1) causes the bending moment to increase by
35.7%. Similarly, the bending moment of the right side of
the ceiling of pilot tunnel 2-1 increases by 38.8% after the
excavation of pilot tunnel 3-1 (adjacent to the right side of
pilot tunnel 2-1) but only increases by 13.2% after the
excavation of pilot tunnel 2-2 (right under the pilot tunnel
2-1).

(3) With the advance of construction, the bending
moments of the preliminary lining of the underpass change
in different places, and the final state value after completion
is not necessarily the maximum value. The calculated
maximum value of bending moment is 35.15 kN-m, which
appears at the right span of the bottom of pilot tunnel 1-2
after the excavation and lining of pilot tunnel 3-2, and the
final value of bending moment at this position is 18.52
kN'm. On the other hand, the bending moment of the
preliminary lining of the underpass shows an asymmetric
distribution after the final construction stage, which is led
by the asymmetric excavation way of the partial excavation
method.
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Fig. 11 Comparison of the bending moment of the
preliminary lining of underpass /(kN-m)

4.3 Comparison of the calculation results of all-in-one
excavation and partial excavation

4.3.1 Deformation characteristic

The final vertical displacement of the ceiling of
preliminary lining of the underpass using all-in-one
excavation method and partial excavation method is
displayed in Fig. 9.

In Fig. 9, the ceiling of preliminary lining mainly shows
settlement, while the floor slab mainly shows upward uplift.
the overall settlement of the ceiling of preliminary lining
using partial excavation method is generally smaller than
that of the all-in-one excavation method, and the maximum
value of the former (4.13 mm) is about 82.4% of that of the
latter (5.01 mm) at the same position (for Pg). Although the
settlement difference of each point is not very large
(ranging from 0.88 mm~1.23 mm), the settlement control
limit of the lining structure is extremely high in the
underpass construction for subway engineering, which has a
great impact on the normal operation of the underpass in the
later stage. Therefore, compared with the all-in-one
excavation method, the settlement of the lining structure
can be more effectively reduced by the partial excavation
method.

The final vertical displacement cloud map of the soil
around the underpass under these two excavation methods
is displayed in Fig. 10.

In Fig.10, the soil at the sidewall position mainly show
settlement, while the soil at the floor slab position shows
uplift. At the same time, the floor slab of the underpass
using all-in-one excavation method shows overall uplift,
while that of the partial excavation method shows “split-
point” mode, and the uplift range and value are smaller than
those of the all-in-one excavation.

To sum up, partial excavation method can effectively
control the deformation of the preliminary lining and soil,
so that the structure is in a safer state, which is more
conducive to the normal operation of the subway in the later
stage.

4.3.2 Mechanical evolution law

The comparison of the bending moment characteristics
of the preliminary lining using the all-in-one excavation
method and partial excavation method is displayed in Fig.
11.

In Fig. 11, the shape of the bending moment of the
preliminary lining is generally symmetrical in the case of
all-in-one excavation, while that of the partial excavation
case is a certain asymmetry, and the difference is obvious.
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Fig. 12 The comparison of the distribution law of the
maximum principal stress cloud map of the preliminary
lining /Pa

The bending moment values at the floor slab and sidewall
of the preliminary lining using the all-in-one excavation
method are much larger than that of the partial excavation
method. The bending moment values of the ceiling using
the partial excavation method show relatively large
fluctuations, but the absolute value is obviously smaller
than that of the floor slab and sidewall. The maximum
bending moment (35.15 kN-m) of the preliminary lining
using the partial excavation method is about 86.6% of that
of all-in-one excavation method (40.60 kN-m). Therefore,
the use of the partial excavation method can better improve
the mechanical state of the lining structure than the all-in-
one excavation method, thereby making the structure safer.

Fig. 12 is the distribution law of the maximum principal
stress cloud map of the preliminary lining of the underpass
using the all-in-one excavation method and partial
excavation method.

In Fig. 12, the floor slab of the underpass is mainly
subjected to tensile stress, while the ceiling is mainly
subjected to compressive stress. At the same time, the
maximum tensile stress difference between the all-in-one
excavation method and partial excavation method is only
0.3Mpa. The floor slab and the connection position between
the floor slab and the sidewall using all-in-one excavation
bear great tensile stress (in an unfavorable state), while only
a smaller area of the floor slab bears large tensile stress
using the partial excavation method. Therefore, under
comprehensive consideration, partial excavation method is
more conducive to the stress state of the underpass.

5. On-site monitoring

In this section, to further verify the rationality of the
numerical simulation, the on-site monitoring data are sorted
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(c) Installation of the secondary lining

(d) Removal of the temporary lining

Fig. 13 On-site construction
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Fig. 14 Monitoring points of the preliminary lining of the
underpass

and summarized, and the differences between the numerical
results and the monitoring data are obtained. The on-site
construction is carried out as the partial excavation method
(the same excavation steps in Table 5). Some on-site photos
are taken during the construction, as displayed in Fig. 13.

5.1 Layout of the on-site monitoring points

The on-site monitoring points are numbered as D1~D8
respectively, and the specific position of each monitoring
point is displayed in Fig. 14.

Besides, D1~D4 are selected for the monitoring of the
ceiling settlement of the underpass, and D1~D8 are used for
the monitoring of the internal force (bending moment) of
the preliminary lining. Since the bending moment of
preliminary lining is mainly borne by the steel ribs, these
strain sensors are installed on the inner and outer flanges of
the steel ribs, respectively. The on-site pictures of
installation of strain sensors and data acquisition are
displayed in Fig. 15.

5.2 Comparison of the on-site monitoring results and
numerical results

s
"% Strain gauge

(b) Data acquisition
Fig. 15 On-site monitoring

5.2.1 Settlement of the ceiling of preliminary lining

The changing curve of the settlement of lining of ceiling
with time is displayed in Fig. 16, and the settlement
comparison of the monitoring data and numerical results of
D1~D4 are displayed in Table 6. Note: in Table 6, absolute
error= |A—BJ, A refers to the numerical settlement and B

refers to monitoring settlement.
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Table 6 Comparison of the monitoring result and numerical
result of the settlement of the ceiling of preliminary lining

Name D1 D2 D3 D4

Monitoring settlement /mm  1.50 3.80 3.10 3.40
Numerical settlement (partial
excavation) /mm
Numerical settlement (all-in-
one excavation) /mm

381 383 409 396

4.96 4.72 4.74 4.96

Partial 231 003 099 056
Absolute  excavation /mm
error All-in-one
. 3.46 0.92 1.64 1.56
excavation /mm
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Fig. 16 The changing law of ceiling settlement of the
preliminary lining about underpass with time

In Fig. 16, under the influence of construction, the
settlement values fluctuate significantly. Besides, the
settlement of the ceiling of lining increases gradually with
the progress of construction. But the settlement values
change little in the last few days, and the final settlements
of D1~D4 are 1.50 mm, 3.80 mm, 3.10 mm, and 3.40 mm,
respectively. On the other hand, the on-site settlement is
acquired after the completion of the excavation of each pilot
tunnel, leading to the settlement difference error when
compared with the numerical simulation.

In Table 6, although the numerical value is a little larger
than the monitoring value, the overall difference between
the monitoring and numerical simulation (through partial
excavation method) is small, namely, the absolute error of
the two is basically between 0.03~0.99 mm, verifying the
rationality of the numerical simulation. Also, the numerical
simulation is more conservative and safer. On the other
hand, the absolute error of the all-in-one excavation method
is larger than the monitoring settlement and even reaching
1.64 mm. According to the standard requirement
(MHURDPRC 2013), the deformation of the bottom
position of existing station structure led by the nearby
excavation is extremely strict (no more than 4 mm).
Therefore, based on the above analysis and the data in Table
6, partial excavation method is more conducive to the
controlling of the settlement of preliminary lining (basically
around 3.9 mm) when compared with that of the all-in-one
excavation method (more than 4.7 mm).

5.2.2 Mechanical evolution law

The bending moment of the preliminary lining is
converted from the strains of the steel ribs, which are
monitored on-site. The bending moment is converted using

Eq. (2)

Where M is the bending moment of the preliminary
lining;
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Fig. 17 Bending moment of the preliminary lining with
construction steps
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Fig. 18 The comparison between the monitoring results
and numerical results

M = % (6, — &,)WE; (2)

&, is the inner edge strain of steel ribs; &, is the outer

edge strain of steel ribs; W is the flexural section coefficient
of the steel ribs; E; is the elastic modulus of the steel arch.

The change law of the monitoring bending moment of
preliminary lining under each construction step is displayed
in Fig. 17, and the comparison between the monitoring
results and numerical results is displayed in Fig. 18.

In Fig. 17, the maximum monitoring bending moment of
the ceiling of preliminary lining is 6.11 kN-m, located in the
middle of pilot tunnel 1-1. The maximum bending moment
of the floor slab of preliminary lining is 21.44 kN-m,
located at the middle of pilot tunnel 2-2, but all the
maximum value is not the final state value. Most of the
monitoring bending moments of the ceiling of preliminary
lining are less than that of the floor slab of the preliminary
lining.

According to Fig. 18, for the modelling of partial
excavation, due to the interference of construction, only the
monitoring values of D2 and D3 are quite different from the
numerical values, while the values of other points are
relatively consistent with the monitoring values, and the
maximum difference is only 1.52 kN-m (for D5). Therefore,
the numerical method used in this paper is reasonable. For
the modelling of all-in-one excavation, the bending moment
values of monitoring pint (D1~D4) at ceiling is more closer
to the monitoring value, while that of the floor slab point
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(D5~D8) is significantly larger than that of the monitoring
value when compared with the partial excavation method,
and the largest difference value even reaches 12.1 kN.m at
D8. Therefore, the modelling of partial excavation method
is more closer to the on-site situation.

6. Conclusions

In this paper, the deformation law and mechanical
evolution characteristics of the preliminary lining of the
underpass during the excavation process are analyzed based
on a case study of Chengdu metro Line 8 project, and the
in-depth comparison of the differences between partial
excavation method and all-in-one excavation method on
this is also made. The main conclusions are listed below.

* The deformation of the preliminary lining caused by
partial excavation method and all-in-one excavation method
is basically less than 3.9 mm and larger than 4.7 mm,
respectively. The maximum absolute error of partial
excavation and all-in-one excavation is basically 0.99 mm
and 1.64 mm respectively when compared with the on-site
deformation of the preliminary lining. Combined with the
limited value in standard, the partial excavation method can
better meet the standard requirements.

* The final bending moment and deformation of the
preliminary lining are distributed asymmetrically due to the
asymmetric form of partial excavation method. The final
bending moment of the preliminary lining is not the
maximum due to the influence of excavation process and
the installation of secondary lining. Additionally, because
of the large difference in stiffness between the floor slab
and soil, the maximum bending moment of the preliminary
lining mainly appears in the floor slab, while that of the
ceiling is negligible.

* The ratio of the maximum bending moment of the
preliminary lining caused by partial excavation method and
all-in-one excavation method is 86.6%. The maximum
bending moment difference of the preliminary lining
between partial excavation method and all-in-one
excavation method is 1.52 kN.m and 12.1 kN.m,
respectively when compared with that of on site, indicating
that partial excavation method can better improve the stress
state of the preliminary lining on site.

It is worth mentioning that the influence of the
excavation footages and thickness of lining structure of the
underpass are not considered yet in this paper, so more
future work on it can be conducted.
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