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Abstract: The shallow tunnelling method (STM) is usually used to construct shallow tunnels buried
in soft ground. It consists of primary lining and secondary lining (tunnel). In the seismic design of
STM tunnels, it is usually assumed that the secondary lining (tunnel) is resistant to all seismic effects.
However, the soil-primary-secondary lining system may generate complex interaction phenomena
during ground shaking. Compared with the case where the primary lining is not considered, the
existence of the primary lining alters the seismic response of the secondary lining (tunnel). The
paper attempts to investigate this complex interaction, focusing on the response of the secondary
lining (tunnel). The full dynamic time history analysis is adopted to investigate the interaction in the
transversal direction. A case history of the Hohhot (China) arched STM tunnel buried in a stratified
soil deposit has been analyzed. Two tunnel configurations for a two-dimensional plane strain model
of STM tunnels in Hohhot are studied and compared, including a model with primary lining and one
without primary lining. A numerical parametric analysis was conducted to elucidate critical response
characteristics of STM tunnels. Salient parameters that may affect the dynamic response of the tunnel
were studied, including the characteristics of ground motion, the characteristics of contact interface,
the characteristics of the soil, and the characteristics of the tunnel lining. The response characteristics
of the tunnel are compared and discussed, including horizontal acceleration, deformation mode,
lining internal force, and lining damage. The results show that the primary lining has a significant
influence on the magnitude and distribution of the seismic response, especially considering the
nonlinearity of the soil and the nonlinear characteristics of the tunnel lining. The effect of primary
lining on the seismic response is about 5-35%.

Keywords: STM tunnels; seismic response; dynamic interaction; primary lining

1. Introduction

With the development and utilization of underground space in China, the number of
underground structures represented by urban underground transportation projects is grad-
ually increasing. Since underground structures play a significant role in the urban economy,
it is increasingly critical to ensure its safety during an earthquake. Previous earthquake
events (Loma Prieta, 1989; Northridge, 1994; Kocaeli, 1999; Chi-Chi, 1999; Wenchuan, 2008;
Tohoku, 2011) indicate that underground structures such as pipelines, tunnels, and subway
stations will also suffer severe damage during earthquakes [1-10]. In particular, the Dakai
subway station underwent severe damage [11] and even collapsed during the 1995 Kobe
earthquake in Japan. The Longxi tunnel caved during the 2008 Wenchuan earthquake
in China [12]. These cases stimulated researchers to pay more attention to the seismic
design of underground structures. Since then, researchers have implemented a series of
experiments [13-17] and numerical [1,18-25] and analytical methods [26-29] to study the
seismic response of underground structures. Compared with aboveground structures,
the seismic response of underground structures primarily depends on the deformation
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of the surrounding soil, while the former mainly relies on inertial force [9,28]. During
strong earthquakes, the interaction between underground structures and soil is compli-
cated and is mainly affected by the following factors: (1) the relative stiffness between soil
and structure, (2) the dynamic characteristics of the interface between soil and structure,
and (3) earthquake motion characteristics. These factors also change with dynamic interac-
tion, which is also a vital issue to be considered when it comes to the seismic response of
underground structures.

In recent years, a large number of analysis methods for the seismic response of un-
derground structures have been proposed [9,26,29-32]. The research results show that the
deviation between the seismic response results obtained by different analysis methods
is evident for the same structure. The deviations are caused by insufficient awareness of
some factors that can affect the seismic response of underground structures. The possible
impacts of the soil-structure interaction mechanism and failure evolution mode during
ground shaking are still under investigation.

In China, the shallow tunnelling method (STM) is commonly used to construct tunnels
shallowly buried in soft soil, especially subway projects in urban areas with a high building
density. The STM is not a set of excavation and support techniques but rather, a philosophy
for tunnelling in soft ground. Although the STM is derived from the NATM (New Austrian
Tunnelling Method) and adopts some techniques such as shotcreting, sequential excavation,
and monitoring as in the NATM, the STM has two distinct characteristics relative to the
NATM, including the limited arching effect of cover soil and limited ground strength
mobilization. In order to solve the problem of the underdeveloped arching effect of
overlying soil caused by the shallow burial of the tunnel, and the limited ground strength
mobilization, which is restricted to the requirement of strictly controlled ground settlement,
the STM simultaneously adopts forepoling, pipe roof protection, grouting reinforcement,
and other auxiliary techniques. The primary purpose of STM is to overcome the above two
distinct characteristics to control ground deformation to ensure the stability and safety of
the tunnel and environmental safety. A more detailed description of the STM can be found
in the literature [33]. The STM has been successfully applied to subway construction in
urban areas with high built density in China.

According to the STM, the tunnel consists of a primary and secondary lining, also
known as a composite lining tunnel. In China, codes for seismic design and the available
seismic design methods for composite lining tunnels usually assume that the secondary
lining is subjected to seismic action and exclude the influence of the primary lining on
the secondary lining. However, the existence of the primary lining changes the relative
stiffness of soil-structure and the interface characteristics of soil-structure. Therefore, the
influence of primary lining on the seismic response of secondary lining for STM tunnel
cannot be ignored. Furthermore, the impact stemming from primary lining is less specific.

This paper aims to reveal the transversal seismic response of arched STM tunnels when
considering the influence of the primary linings. For this purpose, a series of numerical
experiments have been implemented on an STM tunnel, assuming different seismic waves
as well as the physical and mechanical properties of the soil and tunnel through the finite
element software ABAQUS [34]. The research mainly discusses the response to different
inspection scenarios, which are the acceleration, deformation, and internal forces, and
damage of the secondary lining. The influence of the primary lining on the dynamic
response of the secondary lining is systematically studied.

2. Numerical Modelling
2.1. Subsection

A comprehensive set of soil-primary-secondary linings configurations is examined
in this paper, as illustrated in Figure 1. To be more specific, a subway station located in
Hohhot, northern China, which belongs to Metro Line 1, was designed. The entrance and
exit tunnel of subway station, which is embedded in a stratified soil deposit and rests on
rigid bedrock, is investigated. The subway entrance and exit tunnels are constructed by the
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STM, as shown in Figure 1b. The reason for choosing to investigate the seismic behavior
of subway entrances and exits is mainly due to its special construction method and the
ambiguous approach of seismic design according to Code for Design of Railway Tunnel
(TB10003-2016). The design parameters of the STM tunnel, including its geometric and
material properties, are described below. The shape of the STM tunnel section is an arched
roof with vertical walls. The arched roof is formed by three tangent arcs, the centers of
which correspond to points Op, O, and Os. The geometrical properties of the tunnel are
summarized in Figure 1c. The thickness of the primary and secondary lining is 0.3 m and
0.5 m, respectively. The primary lining is made of C25 shotcrete with a grid steel frame, and
the secondary lining is composed of C35 reinforced concrete. The rebar configuration of
the tunnel is illustrated in Figure 1d. The waterproof materials are set between the primary
lining and the secondary lining. Table 1 summarizes the material mechanical properties of
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Figure 1. Tunnel configuration (a) distribution of soil layers (b) the direction of the longitudinal axis
of the tunnel (c) the shape of tunnel section (d) reinforcement configuration of tunnel.

Table 1. Tunnel mechanics parameters.

Elastic Modulus

. . 3 . .
Tunnel Lining Density (kg /m>) (GPa) Poisson Ratio
primary lining (C25) 2500 25.5 0.2
secondary lining (C35) 2500 325 0.2

The buried depth H of the tunnel structure is 5.0 m. Figure 1a shows the distribution
of the soil profile of the tunnel. It reveals that soil deposits are typically composed of
plain fill@),, silty sand(®)43, medium dense sand(@)¢3, gravel sand@sgs, silty clay(®)y, silty
sand (@3, gravel sand(®)g4, and silty clay(®,. Gravel sand(®)g3 is mainly distributed around
the tunnel. Table 2 summarizes the physical and mechanical parameters of the soil deposits



Buildings 2023, 13, 20

4 0f29

from the geotechnical survey report. The profiles are categorized as soil type II according
to the Code for Seismic Design of Buildings [35].

Table 2. Soil mechanics parameters.

Soil Stratum Den513ty Void Ratio Poisson Ratio  Cohesion (kPa) Fndlorol Angle Shea.r Wave
(g/cm?) ©) Velocity (m/s)
plain fillD), 1.82 / 0.25 / / 188.30
silty sand®)43 1.92 0.60 0.30 3 34 253.10
medium dense 1.98 0.61 0.28 0 38 257.5
sand(®)g3

gravel sand(®g3 2.02 0.61 0.25 0 35 311.75
silty clay(®), 1.99 0.746 0.30 20 28.5 321.75
silty sand@43 1.92 0.61 0.30 3 34 340.4
gravel sand(®)gy 2.02 0.51 0.25 0 35 416.6
silty clay@®), 1.97 0.762 0.26 29.7 22.6 384.6

The analyses assumed that the STM tunnel is entirely in a homogeneous soil deposit,
corresponding to gravel sand(®sg3. The distribution of shear wave velocity along the depth
of the homogeneous soil deposit is consistent with Table 2. The soil nonlinear response
characteristics under dynamic action are characterized by the G-y-D curve proposed by
Seed and Idriss [36]. The constitutive model of the soil is corrected through these curves
and shear wave velocity from the geotechnical survey report, which will be discussed in
Section 2.3. The soil layers are assumed to be located on a rigid bedrock. In addition, the
analyses ignore the effects of forepoling and grouting reinforcement on the tunnel dynamic
response. Although the configurations adopted in the analyses are unrealistic in practice,
these assumptions were made to investigate the influence of the primary lining on the
dynamic response of the STM tunnel.

2.2. Numerical Analysis

The full dynamic time analysis of the STM tunnel is performed under two-dimensional
(2D) plane strain conditions using the ABAQUS finite element program. The reliability of
the 2D model for tunnel seismic response analysis has been verified by Tsinidis and Pitilakis
et al. [37] through centrifuge tests and numerical modeling in the dynamic response to
tunnels. The analysis is based on effective stress, ignoring the influence of groundwater
on the STM tunnel system. Figure 2 shows the layout of the finite element model of the
STM tunnel system. For all analysis conditions, the distance between the vertical boundary
and tunnel center should be six times greater than the geometric size of the tunnel, which
can reduce the influence of the artificial boundary on the dynamic response of the STM
tunnel system. The geometric width of the soil layer is taken as 150 m and the depth is
taken as 50 m. Specifically, the soil and tunnel lining are meshed with a 4-node plane strain
element (CPE4). The rebar is simulated with a 2D beam element (B21) embedded in the
lining concrete. The embedded element technique built into Abaqus is utilized to simulate
the constraint relationship between rebar and concrete. The mesh size should be small
enough to avoid filtering out the effective waves of interest. The mesh size was calculated
as shown in Equation (1) [38]. The Vnin and fmax are the minimum velocity of soil and the
highest frequency of the input motions, respectively. The minimum velocity and highest
frequency are 188.3 m/s and 15 Hz, respectively. Hence, the maximum mesh size equals
1.26 m by Equation (1), and the maximum mesh size was set equal to 1.0 m.

1 1\ Vi
Al < T~ min 1
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Figure 2. 2D Finite element model (a) tunnel with primary lining (b) tunnel without primary lining
() soil-tunnel model layout.

The dynamic response of the primary and secondary concrete lining of the tunnel
under earthquake is simulated using an elastic model and a damage plastic model built
into ABAQUS, which is defined by damage and compression factors. The parameters of
the damage plasticity model are discussed in Section 2.3. The rebar is simulated using a
linear elastic material, including elastic modulus and density. The response of soil under
earthquake is simulated by an elastic-plastic model, which includes an elastic and elasto-
plastic analysis. First, in the elastic analyses, the soil is considered as a visco-elastic model,
and the dynamic properties of the soil at small strain states are evaluated by 1D equivalent
linear analysis, which mainly refers to the equivalent shear modulus and equivalent viscous
damping of the soil. Secondly, in the 2D full dynamic time analysis of the STM tunnel, the
elasto-plastic model is used for the nonlinear plastic deformation analyses of soils under
seismic action, which mainly combines the equivalent linear properties of soils and the
Mohr—Coulomb yield criterion to characterize the permanent deformation and hysteretic
energy dissipation of soils under large strain states. The aforementioned nonlinear models
of soils have been proven to be effective by many researchers [1,39,40], as their parameters
are easily calibrated and controlled. The material mode of the soil and the tunnel are
summarized in Table 3, where three different numerical cases for the dynamic response of
tunnel are examined.

Table 3. Numerical cases for dynamic response.

Case Name Soil Concrete Steel
Elastic Visco-elastic Elastic Elastic
Elasto-plastic Visco-elastic-plastic Elastic Elastic
Damage elasto-plastic Visco-elastic-plastic Damaged-plasticity Elastic

The soil-primary linings and primary—secondary linings interfaces are modelled by a
finite sliding hard contact algorithm and a penalty friction formulation. A more detailed
description of the interfaces will be discussed in Section 2.4.

The full dynamic time analysis is performed in two steps, which are illustrated in
Figure 3. First, gravity loads are applied in a static analysis step to obtain the STM tunnel
system’s initial geostatic stress state, in which the effect of tunnel construction on the initial
geostatic stress state is ignored. Subsequently, seismic motions are applied to the bottom
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boundary of the model in a dynamic analysis step in the form of acceleration time histories.
The bottom boundary of the finite element model is modeled as rigid bedrock. During the
geostatic analysis step, the vertical and horizontal directions of the bottom boundary are
constrained. In the dynamic analysis step, the horizontal direction of the bottom boundary
is released. Kinematic tie constraints are applied to the lateral boundaries of the model to
ensure that the nodes of the opposing lateral boundaries at the same depth location have
the same displacement pattern during the earthquake, thus simulating the response pattern
of the shear beam.

Geostatic Step Dynamic step
¢ Stepl ) Step2
¢l e
q 1 Gravity | lGraVity
d d
d d
d d
q kinematic tie q kinematic tie
d d
d q .

q q Input motion
d d

AAAAAAN LHLHXDLDLDLD
Figure 3. Full dynamic time analysis.

2.3. Mechanical Properties of Soil and Tunnel
2.3.1. Dynamic Properties of Soil

The dynamic properties of the small-strain shear modulus of soils are proposed by
Hardin and Drenvich [41], which can better match the results of resonant columns and
triaxial cyclic tests. Many scholars have verified the effectiveness of the small-strain shear
modulus model. The soil’s small-strain equivalent shear modulus and damping properties
can be obtained by a one-dimensional (1D) equivalent linear response analysis implemented
in the frequency domain. The whole site response is computed in the EERA software. The
initial shear modulus of the soil is estimated through equation G = pV,? before EERA
iterative analysis. A typical G-y-D curve is used throughout the analysis. The calculated
results compared with the small-strain shear modulus formula proposed by Hardin and
Drnevich show that the empirical formulations are high for the estimated shear modulus.
After a series of numerical computer comparisons, the following Equation (2) is used
in this paper to describe the variation of the soil shear modulus during the earthquake.
The introduction of the constant C to correct the shear modulus computed by empirical
formulations has been proven effective [42].

(2973 — eg)?
(1 + 60)

Gy is the dynamic shear modulus (kPa), ey is the pore ratio, ¢ is the mean effective
stress, « is the attenuation coefficient during each vibration, and C is a constant. The param-
eters & and C are obtained by a sensitivity analysis through the EERA and ABAQUS codes.
In this paper, « takes the value of 0.8 and C takes the value of 3.8 (Figure 4). Equation (2) is
finally implemented in the 2D finite element numerical model through the FORTRAN user
subroutine, which mainly relates the mean effective stress and shear stiffness at the numeri-
cal integration point of the soil elements. The main strength parameters of the soil include
the internal friction angle of 35°, according to Table 2. The dilatancy angle is assumed to be

Go = o x 3230 x x (6% + Q) (2)
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3° [43]. To ensure the stability of Mohr—Coulomb calculation in the numerical model, the
cohesion of the soil is taken as a small number (¢ = 2 kPa). For the three numerical cases of
seismic response analysis, the soil’s viscous damping is introduced in the form of Rayleigh
damping. Rayleigh damping is derived by the dual frequency method, and the damping
matrix is introduced into the finite element model in the following form:

(€] = alK] + b[M] Q
G(Mpa)
00 100 200 300
10} .
—~ 20} .
£
N
£
Qo
Q
0 30} i
EERA
o—-a=08 C=32
——a=0.8 C=3.8
Or % g=08C=44 T
—o—a=0.8 C=5.0
——qa=08 C=57
50 1 1 1

Figure 4. Sensitivity analysis for shear step and boundary condition modulus varying with depth.

The Rayleigh damping parameters a and b are calculated and determined to be 0.4627
and 0.0042, respectively.

2.3.2. Constitutive Models for Rebar and Concrete

The behavior of concrete under earthquake action is simulated by the plastic damage
constitutive model proposed by Lee and Fenves [44,45], which is built into ABAQUS.
It can describe the damage and deformation of concrete under dynamic cyclic loading.
The constitutive parameters of C25 and C35 concrete are shown in Tables 4-7 computed
according to code for the design of concrete structures. The rebar is simulated by a linear
elastic constitutive method. Its elastic modulus is 210 GPa, and its density is 7800 kg/m 3.

Table 4. Relationship of compressive stress, plastic strain, and damage factor of concrete(c25).

Plastic strain (%) 0.000 0.014 0.020 0.029 0.054 0.100 0.128 0.154 0.180 0.208 0.238 0270 0.307 0.348 0.39 0.453 0.523 0.611

C"’z‘hﬁi,z‘)“‘“ 10.03 14.26 15.10 15.94 16.70 15.86 15.02 1418 1334 12.50 11.67 10.83 9.99 9.15 831 7.48 6.64 581

de 0.000 0.089 0.125 0172 0.275 0417 0.482 0.534 0.581 0.623 0.662 0.699 0.733 0.766 0.798 0.827 0.856 0.882

Table 5. Relationship of tensile stress, cracking strain, and damage factor of concrete(c25).

Cracking strain 0 0.001 0.002 0.005 0.007 0.009 0011 0.014 0016 0018 0.021 0.024 0.028 0.032 0.038 0.044 0.053

Tens. stress (MPa) 1.425 1.693 1.780 1.691 1.601 1512 1422 1.333 1244 1154 1.065 0.975 0.886 0.797 0.708 0.619 0.530

dy 0 0.019 0.055 0.202 0.284 0.353 0416 0.473 0.527 0.578 0.626 0.672 0.716 0.758 0.797 0.835 0.870
Table 6. Relationship of compressive stress, plastic strain, and damage factor of concrete(c35).

Plastic strain (%) 0.000 0.010 0.014 0.029 0.056 0.095 0.117 0158 0179 0.202 0.252 0.282 0.316 0.355 0.403 0.461 0.537 0.640

C"‘z‘l\}/’[‘lfa‘)ress 14.07 18.80 19.97 2232 23.40 2222 21.05 18.69 1751 16.34 13.99 12.82 11.64 10.46 9.28 8.11 6.93 576

de 0.000 0.046 0.069 0139 0.232 0.337 0.389 0474 0.513 0.551 0.625 0.661 0.698 0.734 0771 0.807 0.842 0.877
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Table 7. Relationship of tensile stress, cracking strain, and damage factor of concrete(c35).

Cracking strain

(%
Tens. stress (MPa)
dt

0.000

176
0.000

0.001

1.87
0.015

0.002

2.20
0.059

0.005 0.006 0.008 0.010 0.013 0.015 0.017 0.019 0.022 0.025 0.029 0.033 0.039 0.047 0.058
2.09 1.98 187 176 154 143 1.32 121 1.09 0.98 0.87 0.76 0.65 0.54 043
0.167 0.229 0.284 0.335 0.433 0.481 0.528 0.575 0.622 0.668 0.714 0.760 0.805 0.848 0.890

2.4. Contact Characteristics

Figure 5 illustrates the contact interface of the STM tunnel. The interfaces between
the soil and primary linings, as well as between the primary linings and the secondary
linings, are modelled by implementing a finite sliding hard contact algorithm (ABAQUS).
The algorithm can describe the potential separation or sliding behavior between interacting
surfaces during ground seismic shaking. The penalty friction formulation describes the
tangential behavior of interacting surfaces by introducing a classical Coulomb friction, .
The coefficient of Coulomb friction p; is respectively set to be equal to 0.2, 0.3, 0.4, 0.5,
0.6, 0.8, and no-slip (i.e., tie interface condition) for the soil-primary linings interfaces to
investigate the effect of the interface friction on the soil-tunnel system response.

(@ (b)

Prima{ry-linging soil soil

44444

Sec&dary
linging

./
Primary-Secondary
interface(waterproof layer)

T
« «
a a a a
4 £ A a 4 . <

Soil-Secondary interface

&
4

Figure 5. Contact interface schematic (a) with primary lining (b) without primary lining.

Because of the existence of waterproof layer between the primary and secondary
linings, the contact interface is too fragile to withstand intense shearing action when the
primary linings and the secondary lining slide relative to each other. The friction coefficient
Ly is respectively set equal to 0, 0.2, 0.4, 0.6, and 0.8 to examine the effect of the primary—
secondary lining interfaces on the soil-tunnel system response.

2.5. Seismic Input Motion

Two actual acceleration records (Table 8) are selected as seismic input motion for the
2D coupled STM tunnel system dynamic analysis. The selection of EL-Centro was made
on the basis of spectral matching with the GB50011-2010 spectrum for soil type II. Since
the seismic response of the tunnel mainly depends on the deformation of the surrounding
ground, the Takatori record, which can generate a notable displacement response of soil, as
shown in Figure 6¢, was selected to evaluate the response of the STM tunnel. The seismic
motion is input from the bottom of the numerical model. The EL-Centro record from the
1940 Imperial Valley earthquake is characterized by a duration of 30 s and a maximum
acceleration of 0.35 g. The Takatori record from the 1995 Kobe earthquake is characterized
by a duration of 41 s and a maximum acceleration of 0.65 g. The PGA of input records is
scaled from 0.1 to 0.3 g to investigate the dynamic response of the SPS systems to increasing
seismic intensity levels. The duration of input records is intercepted for the 20 s. Figure 6
portrays the acceleration time histories of the input motions.
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Table 8. Input seismic motion.

A/A Earthquake Name Date sl\t;t;): Magnitude My PGA(g)
. El Centro
EQ1 Imperial Valley 19/5/1940 Array #9 6.95 0.346
EQ2 Kobe 16/1/1995 Takatori 6.9 0.61
030 T I T T 08 T T T
(a) EL-Centro1940 Kobe-1995
0.15¢ T
o 0.00
Z -
-0.15+
-0.30
i 1 L _08 1 L
0 5 10 15 20 10 15 20
. t(s) t(s)
(b) —— EL Centro 1940 (C) 12 .
Kobe 1995
3l Soil type 11 in GB50011-2010 1.0+ .
<§ , g 0.8 .
g -
04} e
1
021 .
——
—
00 1 2 3 4 5 6 0'00 2 4 6

t(s)

t(s)

Figure 6. (a) Time histories of the input motions (PGA scaled to 0.1 g, 0.2 g, and 0.3 g) (b) acceleration
response spectra of the input motions and design response spectrum of soil type II in GB50011-2010
(c) displacement response spectra of the input motions.

3. Results

Representative results of the 2D analyses, including: (1) deformation modes of the
tunnel, (2) horizontal acceleration, (3) dynamic internal forces of the tunnel, and (4) dynamic
damage of the tunnel are presented and discussed in the following sections.

3.1. Deformation Modes of Tunnel

Figure 7 portrays the representative deformation shape of the tunnel, calculated from
different soil and concrete constitutive models at the maximum shear deformation step.
The results indicate that the tunnel undergoes ovalling and racking-rocking deformation
during seismic wave propagation. The principal axes of the ovalling deformation approxi-
mately correspond to 30° and 150° in the counterclockwise direction, which can be more
clearly observed in the distribution of soil plastic strain around the tunnel.. Noticeable
deflection of the tunnel side wall can also be observed, that is, racking deformation. In
addition, in the elasto-plastic analysis, different degrees of inward deformation can also be
observed for the roof slab, side walls, and bottom slab of the tunnel. To a certain extent, the
deformation state of the tunnel is consistent with the research of Wang and Hashash and
YM.A. et al. [9,28,46-48].
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Elastic Elasto-plastic Damage elasto-plastic

(a) m

[~

- ————

without primary-linging with primary-linging without primary-linging

with primary-linging

Figure 7. The shape of the deformed tunnel for time steps of the computed maximum distortion,
elasto-plastic analysis: (a) ground motion towards the right (b) ground motion towards left; (defor-
mations scale 100).

Figure 8a presents the vertical displacement time histories of the tunnel with primary
lining, recorded on the roof slab, side wall, and bottom plate of the tunnel. The results
refer to the elasto-plastic analysis. The vertical displacement time histories of the relative
position of the tunnel (C to C1, E to E1, and G to G1) are out of phase, which indicates that
the tunnel has experienced a rocking-racking distortion mode. Figure 8c summarizes the
time histories of the vertical displacement of the tunnel crown under different earthquake
conditions. The results refer to the elastic, elasto-plastic, and damage elasto-plastic analysis
of the tunnel. The input motion is an EQ1 with PGA scaled to 0.2 g. The figure shows that,
for the three analysis cases, the existence of the primary lining reduces the settlement of the
tunnel’s roof, mainly because the primary lining bears vertical deformation from the soil.
In addition, when the soil yields plastically, the tunnel produces residual settlement after
the earthquake. In particular, when the tunnel is damaged (CDP), the residual settlement
after the earthquake is more pronounced. With the yield of the soil and the tunnel itself,
the settlement at the tunnel’s roof causes multiple residual settlements.
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Figure 8. Vertical displacement of the tunnel with primary lining (al-a4) time histories (b) monitoring

stations (c) time histories of the vertical displacement of the tunnel crown.

Figure 9 illustrates the effect of the primary lining on the deformation of the tunnel.
These results refer to the elastic, elasto-plastic, and damage elasto-plastic analysis of the
STM tunnel. The input motion is EQ1 with PGA scaled to 0.1 g, 0.2 g, and 0.3 g. For both
elastic and elasto-plastic analysis, the existence of primary lining has a slight reduction effect
on the deformation of the tunnel. When considering the damage and plastic deformation of
the tunnel, the existence of primary lining leads to significantly different tunnel deformation
modes. Additionally, this effect will become more pronounced as the PGA value increases.
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Figure 9. The shape of deformed tunnel for time steps computed.

Figure 10 portrays a typical distribution of soil plastic strain around the tunnel at the
end of EQ2 with PGA = 0.3 g. These results refer to the elasto-plastic analysis of the tunnel,
highlighting the effects of primary lining, soil-primary linings, and primary—secondary
linings interface condition, on the soil yielding in the vicinity of the STM tunnel. Figure 10a
shows that the existence of primary lining leads to an increase of the soil plastic strain when
the primary-secondary lining interface condition is full-slip. Figure 10b shows the effect of
soil-primary lining interface conditions on soil plastic strain, considering that the primary—
secondary lining interface condition is full-slip (i.e., pp = 0). For the sliding soil-primary
lining interface condition, the soil plastic strain is mainly concentrated in the bottom corner
of the tunnel, and the soil plastic strain decreases with the increase of the friction between
the soil and the primary lining (i.e., 1 increases from 0.2 to 0.8). For the no-slip soil-primary
lining interface condition (i.e., ity = no-slip), the plastic strain of the soil around the tunnel
is mainly concentrated in one side wall and the arc roof at the diagonally opposite position
of the side wall. Figure 10c shows the effect of the primary—secondary lining interface
condition on the soil plastic strain, considering that the primary-soil interface condition
is slip (i.e., u1 = 0.6). The soil plastic strain is mainly concentrated near the bottom corner
and side wall, and the soil plastic strain does not change significantly with the increase
of the friction of the primary-secondary lining interface condition (i.e., u, increases from
0.2 to 0.8).

Generally, in most cases, the consideration of the existence of primary lining constrains
the deformation of the tunnel. For a preliminary quantitative analysis of this effect, the
response ratios of the oblique reference line CF, the line HE, and the angle 0 between the
oblique reference line and the horizontal line are calculated by Equations (4) and (5). The
detailed configuration can be found in Figure 11.

ADTynnel —with primary linging

Rp(ADpc|AD g ) = “4)

ADunnel —without primary linging

AOTyunnel—with primary linging

RG (AgCox‘Aerx ) (5)

ABOTunnel—without primary linging
where ADtyunel—with primary linging 1S the displacement increment of the tunnel with
primary lining, the displacement increment of the tunnel without primary lining is
ADunnel —without primary linging AOTunnel—with primary linging 1S the angle increment of the tun-
nel with primary lining, A0Tyuuel—without primary linging 1S the angle increment of the tunnel
without primary lining.
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Figure 10. Soil plastic strain distributions (a) tunnels without and with primary lining (b) tunnels
with primary lining; p; = 0.2, 0.4, 0.6, 0.8 and no-slip; pp = 0 (¢) tunnels with primary lining; 1y = 0.6;
uy =0.2,04,0.6,0.8.

Figure 11 portrays the representative response ratio referring to the reference line of the
tunnel at the time step of the maximum deformation of the tunnel. The figure shows that for
most of the examined cases, the deformation of tunnel is constrained by the primary lining,
while magnified in a few cases. In particular, in terms of ADpc, the difference is within
5% for elastic analysis, 10% for elasto-plastic analysis, and 6% for damage elasto-plastic
analysis. In terms of ADyg, the difference is within 5% for elastic and elasto-plastic analysis,
while the differences may reach 35% for damage elasto-plastic analysis. The deviations
change insignificantly with the increase of ground motion. Compared with the deformation
of the reference axis, the primary lining has almost no obvious effect on the rotation angle
increment of the reference axis (6c,y and 04,y). The increase or decrease of the rotation
angle of each reference axis is within 1%. The potential weak tangential behavior of the
contact surface between the primary and secondary lining may cause unobvious rotation
angle deviation.
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Figure 11. The response ratios of the oblique reference line CF and the line HE, and the angle 6.
3.2. Horizontal Acceleration
Figure 12 shows the distribution of horizontal acceleration along the vertical direction
of the tunnel. The calculation results mainly refer to the elastic and elasto-plastic of the
tunnel corresponding to the time step of maximum racking distortion. Elastic analysis
shows that when the PGA of the seismic wave is small, the acceleration of the tunnel vault
is slightly reduced by the primary lining, while the acceleration of the side wall of the
tunnel is slightly amplified. The horizontal acceleration of the entire tunnel is amplified
with the increase of the PGA of the input motion EQ1. For the elasto-plastic analysis, the
effect of the primary lining on the horizontal acceleration of the tunnel follows a similar
trend to the elastic analysis. The amplification from the primary lining on the horizontal
acceleration of the tunnel computed from the elastoplastic analysis becomes smaller than
the elastic analysis. This deviation comes from the yield of the soil during the earthquake.
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Figure 12. Horizontal acceleration amplification along the tunnel.
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The representative values of the acceleration response spectrum at different positions
of the tunnel are depicted in Figure 13. The analysis results mainly come from the elasto-
plastic analysis of the soil. The calculation results refer to EQ1 and EQ2, which input
motion PGA = 0.2 g. For EQ1, when the frequency is higher than 1.47 HZ, the presence of
the primary lining can slightly reduce the acceleration response of the tunnel. When the
frequency is lower than 1.47 HZ, the primary lining can amplify the horizontal acceleration
of the tunnel. For EQ?2, there are similar conclusions, and the difference is that the frequency
is 1.61 HZ. Generally speaking, the influence of the primary lining on the acceleration
response of the tunnel becomes insignificant as the input PGA increases.
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Figure 13. Acceleration response spectra at the important section of tunnel.

3.3. Dynamic Internal Forces

The internal force of the tunnel section during the earthquake is the main parameter
of its seismic design. In order to further clarify the influence of the primary lining on the
seismic response of the tunnel, this section will discuss the seismic response of the axial force
and bending moment of the tunnel. The typical values of the time history of the internal
force of the tunnel section and the distribution of the internal force along the periphery
of the tunnel are presented, mainly including the envelope value (maximum positive or
negative maximum in time history) and the simultaneous value. The simultaneous value
of internal force distribution mainly refers to the calculation result at the maximum shear
deformation. The sign convention for the internal force is given in Figure 14a. Finally,
the effect of the primary lining on the dynamic response of the tunnel is quantitatively
analyzed by calculating the ratio of the internal force of the tunnel with and without the
primary lining.

208.6° 270° 330.9°
Figure 14. (a) sign convention of internal forces (b) time histories monitoring positions of the tunnel

(c) the angle of the tunnel position relative to the center of the tunnel.
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3.3.1. Bending Moment

Figure 15 summarizes the time histories of the dynamic bending moment increment
at the crucial positions of the tunnel (A, B, C, D, E in Figure 14b). The dynamic bending
moment increment, computed for the input motion EQ1 with PGA scaled to 0.2 g, refers
to the elastic, elasto-plastic, and damage elasto-plastic analysis of the tunnel. The figure
shows that for the three analysis cases, although the primary lining increases the dynamic
bending moment of the tunnel at the A, B, D, and E positions, it reduces the dynamic
bending moment of the tunnel at the C position.
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Figure 15. Dynamic bending moment time histories at the crucial section of tunnel (A/B/C/D/E)
computed for EQ1. First column: elastic analysis result. Second column: elasto-plastic analysis result.
Third column: damage plastic analysis result.
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For the elasto-plastic analysis, the dynamic bending moment can also be divided into
three phases, namely the transient phase, the steady-state phase, and the post-earthquake
phase (or residual static stage), which is consistent with the phenomenon observed by
several researchers [16,17,49,50] in the study of circular and rectangular tunnels. The
residual bending moment after the earthquake is observed in the tunnel, which may be
caused by yielding of the plastic soil. In addition to the soil yield, the potential nonlinear
behavior of the contact interfaces between the primary and secondary lining may also cause
the above phenomenon. The primary lining reduces the residual bending moment of the
tunnel, without the C position, at the residual static stage.

For the damage plastic analysis, the dynamic bending moment can be divided into five
phases: the transient phase-I, the steady-state phase-I, the transient phase-II, the steady-
state phase-II, and the post-earthquake phase (or residual static stage). This phenomenon
is mainly attributed to the redistribution of stress caused by the soil yield and the tunnel
plastic deformation during the earthquake. The existence of primary lining leads to an
increase of the residual bending moment of tunnel at the residual static stage, which is
more evident for positions A/B/C/E.

It is worth noting that in the steady-state stage of the bending moment, the bending
moment at the roof of the tunnel (A/B) oscillates in one direction based on a particular
value, and the span (C), side walls (D), and bottom plate (E) vibration based on the average
value. In particular, this residual bending moment after the earthquake is more evident
when considering the plastic deformation of the primary lining and tunnel damage (CDP).

Figure 16 portrays a representative distribution of bending moments calculated along
the perimeter of the tunnel, corresponding to EQ1, whose PGA is scaled to 0.2 g. This
distribution includes the simultaneous value, the envelope value (the maximum value of
the absolute value of the bending moment in the time history), and the dynamic bending
moment increment of the maximum positive (+X) shear deformation. Figure 16a illustrates
the simultaneous value of the bending moment along the perimeter of tunnel, which is
computed for the elastic, elasto-plastic, and damage elasto-plastic analysis of the tunnel.
The bending moment distribution is antisymmetric along the tunnel periphery, and the
bending moment at the tunnel shoulder and side wall is larger than the roof and bottom
slabs. The observed antisymmetric distribution of the bending moment indicates that, with
approximately 22.5° counterclockwise as the dividing line, half of the tunnel section is in
tension, while the other half is in compression. For the elastic analysis, the primary lining
causes the bending moment on the side wall and bottom of the tunnel to decrease, but the
bending moment increases on the roof slab. In the elasto-plastic analysis, the influence of
the primary lining on the distribution of the simultaneous value of the bending moment of
the tunnel is related to the direction of motion of the ground. Specifically, when the ground
is deformed or moved in the positive direction (+X), the primary lining causes the bending
moment to decrease on the left side wall. The bending moment on the right-side wall
increases, but the primary lining causes the bending moment to increase for the roof slab
and the left bottom slab. The influence of the primary lining on the bending moment of the
tunnel weakens as the soil yields. When considering the damage and plastic deformation
of the tunnel under the dynamic load, the influence of the primary lining on the bending
moment distribution of the tunnel roof and the bottom is more complicated.
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Figure 16. Bending moment distributions computed along the perimeter of the tunnel for EQ1:
(a) simultaneous value of bending moment, (b) envelope value of bending moment, (c) dynamic
bending moment increment of the maximum positive (+X) shear deformation.

Figure 16b portrays the envelope value of the bending moment along the tunnel’s
perimeter. The results indicate that the bending moment envelope values are distributed
symmetrically along the tunnel periphery. The bending moment at the corner of the side
wall undergoes abrupt changes. Elastic analysis shows that the primary lining causes the
zero point of the bending moment of the side wall to drift upward. The elasto-plastic
analysis shows that the offset direction of the zero point of the side wall bending moment
caused by the primary lining is the opposite. The plastic damage of the tunnel and the
primary lining during shaking is found to cause the zero point of the bending moment on
the left side of the tunnel to shift downward. This may be caused by the plastic deformation
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of both the soil and the tunnel when the maximum shear deformation of tunnel occurs in
the negative direction (—X).

Figure 16c portrays the dynamic bending moment increment along the tunnel’s perime-
ter. For ground shaking towards the right, the dynamic bending moment increment distri-
bution is mainly concentrated on the lower part of the left wall and the upper part of the
right wall.

For elastic analysis, the existence of primary lining results in a reduction of dynamic
bending moment increment of the side wall and bottom slab, while it increases for the roof
slab. A similar phenomenon is observed in the elasto-plastic analysis. The difference is the
uniformity of the dynamic bending moment distribution of the side wall, compared with
the elastic analysis. The consideration of the plastic damage of the tunnel and the primary
lining during shaking causes the distribution of dynamic bending moment of the roof and
bottom slab to be more complicated. The distribution of dynamic bending moment also
verifies the tunnel’s racking deformation.

Figure 17 shows the effects of soil-primary lining interface conditions and primary—
secondary lining interface conditions on the distribution of tunnel dynamic bending mo-
ments. These distributions are calculated at the time step of maximum shear deformation of
the tunnel elasto-plastic analysis under EQ2 with PGA = 0.3 g (i.e., the ground is deformed
or moved in the negative direction (—X)). For full-slip primary—secondary lining interface
conditions, Figure 17a shows that the increase of the soil-primary lining interface friction
causes the dynamic bending moment of the tunnel vaults to first increase (i.e., |11 increases
from 0.2 to 0.4) and then decrease (i.e., p; increases from 0.4 to 0.8), while leading the
dynamic bending moment of the tunnel bottom to increase. The non-slip soil-primary
lining interface conditions lead to lower bending moments at the top and higher bending
moments at the bottom of the tunnel. A similar comparison was made for the dynamic
bending moment increments for the tunnel. The dynamic bending moment increment at the
top has the same trend as the dynamic bending moment, while the dynamic bending mo-
ment at the bottom of the tunnel has a more complex variation trend with the soil-primary
lining interface friction. For the sliding soil-primary lining interface condition (y; = 0.6),
Figure 17c shows that the increase (i.e., p1; increases from 0.4 to 0.8) in the friction at the
primary lining-secondary lining interface leads to a decrease in the total and dynamic
bending moments at the top of the tunnel.

In most cases, the presence of the primary lining causes the bending moments of
different parts of the tunnel to increase or decrease. In order to quantitatively analyze
the magnitude of this increase or decrease, the bending moment response ratios under
different conditions are calculated by Equation (6). The detailed configuration can be found
in Figure 14c.

AMTynnel —withprimarylinging

Rym(0) (6)

AMTunnel7withoutprimarylinging

where AMTyunel —with primary linging 1S the bending moment of tunnel with primary lining and
the bending moment of tunnel without primary lining is AMty el —without primary linging -
Figure 18 illustrates the response ratio of the tunnel bending moment, including the
simultaneous and envelope values. The results mainly refer to the elastic, elasto-plastic, and
damage elasto-plastic analysis of the tunnel, in which the PGA of the seismic wave is scaled
to 0.2 g. Figure 18a,b illustrates the tunnel bending moment response ratio during the
elastic analysis. The results show that in the elastic analysis, the primary lining makes the
simultaneous value of the bending moment of the tunnel roof (23.5~157°) increase by 51%
on average. At the same time, the bending moment in other parts of the tunnel is reduced
by 14~46%, by 27% on average. The primary lining results in increase of the envelope value
of the tunnel roof (23.2~157°) by 91% on average and reduction at other locations of the
tunnel with an average of 25.4%. Figure 19¢,d demonstrates the bending moment response
ratio in the elasto-plastic analysis. The primary lining causes the simultaneous value of
the tunnel roof (27.8~157°), the left bottom slab (210~283°), and the right wall (0~14.2°;
341~360°) to increase by 3~50%, while other locations of the tunnel decrease by 2~51%.
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The primary lining increases the envelope value of the tunnel roof (27.7~152°) and the
right wall (0~15°; 345~360°) by 22~67%. The primary lining reduces the bending moment
envelope value of other tunnel positions by about 11%. Figure 19e,f lists the tunnel bending
moment response ratio during the damage elasto-plastic analysis. The simultaneous value
of the bending moment can be enlarged by 31.6% on average for the position where the
primary lining amplifies, while it is reduced by 20% on average for the position where the
primary lining diminishes. The envelope value of the bending moment can be enlarged by
31% on average for the position where the primary lining amplifies, while reducing by 15%
on average for the position where the primary lining diminishes.
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Figure 17. Effect of interface characteristics on bending moment (a) tunnels without and with primary
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Figure 18. Dynamic response ratio of the bending moment. First row (a,b): elastic analysis result.
Second row (c,d): elasto-plastic analysis result. Third row (e f): damage plastic analysis result.

3.3.2. Axial Force

Figure 19 portrays the time histories of the dynamic axial force increment at the crucial
positions of the tunnel (i.e., A, B, C, D, E in Figure 14b). The results refer to the elastic,
elasto-plastic, and damage elasto-plastic analysis of the tunnel. The input motion is an
EL wave, and its peak value is scaled to PGA = 0.2g. The figure shows that for the three
analysis cases, the time history change of the dynamic axial force is consistent with the
dynamic bending moment.

Figure 20 portrays a representative distribution of axial force calculated along the
tunnel’s perimeter, corresponding to EQ1, whose PGA is scaled to 0.2 g. This distribution
includes the simultaneous value, the envelope value (the maximum value of the absolute
value of the axial force in the time history), and the dynamic axial force increment of the
maximum positive (+X) shear deformation. Figure 20a illustrates the simultaneous value
of the axial force along the tunnel’s perimeter, computed for the elastic, elasto-plastic, and
damage elasto-plastic analysis of the tunnel. The axial force distribution is symmetric along
the periphery of the tunnel, and the axial force at the tunnel shoulder and side wall is
larger than the roof and bottom slab. For the elastic analysis, the primary lining causes
the axial force on the side wall and bottom of the tunnel to decrease, but the axial force
increases on the roof slab. In the elastoplastic analysis, the influence of the primary lining
on the distribution of the simultaneous value of the axial force of the tunnel is related to
the direction of soil motion. Specifically, when the soil layer is deformed in the positive
direction (+X), the primary lining causes the axial force to decrease on the left side wall,
and the axial force on the right side wall increases. However, for the roof slab bending
moment and the bottom slab, the primary lining causes the axial force to decrease. The
influence of the primary lining on the axial force of the tunnel weakens as the soil yields.
When considering the damage and plastic deformation of the tunnel under the dynamic
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load, the influence of the primary lining on the axial force distribution of the tunnel roof
and bottom is more complicated.
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Figure 19. Dynamic axial force time histories at crucial sections of tunnel (A/B/C/D/E) computed
for EQ1. First column: elastic analysis result. Second column: elasto-plastic analysis result. Third
column: damage plastic analysis result.
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Figure 20. Axial force distributions computed along the perimeter of the tunnel for EQ1: (a) simulta-
neous value of axial force, (b) envelope value of axial force, (c) dynamic axial force increment of the
maximum positive (+X) shear deformation.

Figure 20b portrays the axial force’s envelope value along the tunnel’s perimeter. The
results indicate that the axial force envelope values are distributed symmetrically along the
tunnel periphery. For both the elastic and elasto-plastic analysis, the axial force envelope
values follow a similar trend with simultaneous values. The consideration of the plastic
damage of the tunnel and the primary lining during the shaking made the distribution
of axial force more complicated. Figure 20c portrays the dynamic axial force increment
along the perimeter of tunnel. For ground shaking towards the right, the dynamic axial
force increment distribution is mainly concentrated on the roof and bottom slab. For elastic
analysis, the existence of primary lining results in increases of dynamic axial force increment
of the roof and bottom slab. Compared with the elastic analysis, a similar phenomenon
is observed in the elasto-plastic analysis. The consideration of the plastic damage of the
tunnel and the primary lining during shaking is found to cause the dynamic axial force
distribution of the tunnel to be more complicated.

Figure 21 presents the effects of soil-primary lining interface conditions and primary-
secondary lining interface conditions on the tunnel dynamic axial force. These results are



Buildings 2023, 13, 20

24 of 29

calculated from the time step of maximum shear deformation of the tunnel elasto-plastic
analysis for EQ2 with PGA = 0.3 g (i.e., the ground is deformed or moved in the negative
direction (—X)). Figure 21 shows that the dynamic axial force is more sensitive to the change
of interface conditions than the dynamic bending moment. Figure 21a shows that, for full-
slip primary-secondary lining interface conditions (i.e., iy = 0), the increase of soil-primary
lining interface friction will lead to the increase of dynamic axial force of tunnel bottom
corners and side walls, while the change of the dynamic axial force of the bottom and
top of the tunnel is relatively complicated. The no-slip soil-primary interface condition
results in lower dynamic axial force at the top of the tunnel and higher dynamic axial force
at the bottom. A similar comparison was made for the dynamic axial force increment of
the tunnel (compare Figure 21a). For the sliding soil-primary lining interface condition
(ng = 0.6), Figure 21c shows that the increase of the friction of the primary—secondary lining
interface leads to a decrease in the dynamic axial force and dynamic axial force increment
at the top of the tunnel.
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Figure 21. Effect of interface characteristics on axial force (a) tunnels without and with primary lining
(b) tunnels with primary lining; yu; = 0.2, 0.4, 0.6, 0.8 and no-slip; uy = 0 (¢) tunnels with primary
lining; py = 0.6; pp =0.2,0.4, 0.6, 0.8.

Similar to the bending moment, the axial force response ratio is used to quantitatively
analyze the influence of the primary lining on the tunnel axial force. The axial force
response ratio is calculated as follows (Equation (7)). The detailed configuration can be
found in Figure 14c.

Ry (6] ) = o unnel_with primary linging )
N (O Npyppe— =
Tunnel=max ANTy el —without primary linging
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Figure 22 illustrates the response ratio of the tunnel axial force, including the simul-
taneous and envelope values. The results mainly refer to the elastic, elasto-plastic, and
damage elasto-plastic analysis of the tunnel, in which the peak value of the seismic wave is
scaled to 0.2 g. The results of elastic analysis (Figure 22a,b) show that the primary lining
makes the simultaneous value of the axial force of the tunnel decrease by 14% on average.
At the same time, the axial force of tunnel roof (148~157°) is increased by about 15.5% on
average. Figure 22¢,d portrays the tunnel axial force response ratio in the elasto-plastic
analysis. The primary lining causes the simultaneous value of axial force of the tunnel
roof (41~166°) to increase by 1~52.3%, with an average increase of 16.7%. The bottom
slab (217~334°) also experiences an increase of 11~46%, with an average increase of 16.2%.
The axial force of the left wall (170.4~214°) of the tunnel is reduced by 0.2~21%, with an
average reduction of 3.9%, while the axial force of the right wall (0~36.3°, 338~360°) is
reduced by 0.2~11%, with an average reduction of 3.4%. The primary lining increases the
envelope value (Figure 22d) of the tunnel roof (41~139°) by 8.3~35.2%, with an average
increase of 21%. The bottom slab (208~331°) also experiences an increase of 7.4~38.4%,
with an average increase of 30.3%. The primary lining reduces the axial force envelope
value of the side wall (152.4~206.3°, 333.7~356°) by 0.4~5.7%, with an average reduction
of 2.7%. The same reduction on the tunnel roof (23.7~36.2°) is 0.4~5.7%, with an average
reduction of 17%. Figure 22e,f portrays the axial force response ratio during the damage
elastoplastic analysis. The simultaneous value of the axial force can be enlarged by 23% on
average for the position where the primary lining amplifies, while being reduced by 13.7%
on average for the position where the primary lining diminishes. The envelope value of the
axial force can be enlarged by 21.9% on average for the position where the primary lining
amplifies, while being reduced by 15.3% on average for the position where the primary
lining diminishes.
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Figure 22. Dynamic response ratio of the axial force. First row (a,b): elastic analysis result. Second
row (c,d): elasto-plastic analysis result. Third row (e, f): damage plastic analysis result.
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3.4. Damage of Tunnel

In order to analyze the influence of the primary lining on the seismic damage of the
tunnel, the representative results of the tensile failure cloud map of the tunnel are shown in
Figure 23. These results mainly refer to damage elasto-plastic, where PGA is scaled to 0.1 g,
0.2 g, and 0.3 g. Figure 23 shows that the tunnel crown, spandrels, corners, and the middle
of the floor are all damaged during the earthquake. The damage of the tunnel increases
with the increase of PGA. Under the same peak value, the damage of the Kobe wave to the
tunnel is more significant than that of the EL-Centro wave.

PGA=0.1¢

=
n

PGA=0.1¢

—WE

N

PGA=02¢g

DAMAGET
(Avg:75%)

1.000
l 0.8750
0.7500
0.6250

0.5000

0.3750

0.2500

0.1250

0.000

PGA=02¢g PGA=03¢g

DAMAGET
(Avg:75%)
1.000

0.8750
—0.7500

— 0.6250

L

0.5000

0.3750

0.2500

0.1250

0.000

Figure 23. Seismic tensile damage of tunnel with PGA = 0.1 g, 0.2 g, 0.3 g (a) EL-Centro Wave
(b) Kobe wave.

Figure 23 results show that, when the seismic effect is small (e.g., PGA = 0.1 g), the
existence of the primary lining causes the damage area at the same location on the outside
of the tunnel to expand because the interaction between the tunnel and the primary lining
is stronger than the tunnel and the soil. However, for the entire tunnel, the primary
lining weakens the earthquake’s destructive effect on the tunnel, which is specifically
manifested in the reduction in the number and area of damaged areas. With the gradual
strengthening of PGA, the weakening effect of primary lining on earthquake damage has
become more prominent.



Buildings 2023, 13, 20

27 of 29

4. Conclusions

This article presents and discusses a series of numerical experiments, mainly to inves-

tigate the transverse seismic response of the tunnel. Taking into account the influence of
the interaction between the primary lining and the secondary lining structure, the content
of the analysis mainly focuses on the transverse response of the tunnel. In the whole
analysis process, the influence of the primary lining on the tunnel deformation, horizontal
acceleration and response spectrum, internal force, and damage are considered. The main
conclusions are as follows:

The existence of the primary lining slightly reduces the deformation increment of the
tunnel diagonal while having no evident influence on the rotation of the tunnel. The
decrease of the tunnel diagonal increment caused by the primary lining is within 10%
for the elastic and elasto-plastic analysis. The presence of the primary lining changes
the tunnel’s deformation mode when considering the plastic behavior of the lining.
The distributions and amplitude of bending moment along the tunnel’s perimeter
are significantly affected by the primary lining and shaking direction of the ground.
Generally, in terms of the simultaneous value of bending moment, the primary lining
leads to an increase in the tunnel roof, but a decrease in the bottom plate and side
walls. When considering the plastic behavior of the soil and the tunnel, the bending
moment of the side wall in the movement direction is amplified by the primary lining,
while side walls in the opposite direction are reduced. In terms of the envelope
value of bending moment, the primary lining causes the compression area on the
inside of the tunnel roof to shrink for elastic analysis, while the compression area
on the inside of tunnel to rotate counterclockwise along the tunnel’s perimeter for
elasto-plastic analysis.

The primary lining reduces the residual bending moment of tunnel without the D
position, considering the yield of the soil. However, the primary lining increases the
residual bending moment of tunnel, considering the soil yield and the plastic damage
deformation of the lining.

The soil-primary lining interface conditions significantly affected the magnitude and
distribution of dynamic internal forces of the lining, while the primary-secondary
lining was more important for the magnitude of dynamic internal forces. The stronger
friction behavior of soil-primary lining interface reduces the dynamic bending moment
of the tunnel vaults while increasing the dynamic bending moment of the tunnel
bottom. The stronger friction behavior of soil-primary lining interface increases the
dynamic axial force of tunnel bottom corners and side walls. In addition, the soil-
primary lining interface properties were verified to affect soil yield around the tunnel,
while the primary—secondary lining interface conditions did not have a significant
effect on soil yielding.

The existence of the primary lining reduces the earthquake damage to the tunnel as a
whole, but the primary lining also increases the risk of damage to the area on the side
where the tunnel meets the primary lining.

As a general conclusion, with most of the working conditions considered in the
numerical experiments under the influence of the primary lining, in terms of the
internal force of the tunnel, the primary lining can significantly affect the seismic
response of the tunnel. For engineering practice, it is vital to quantify the effect of the
primary lining structure on the seismic response of the tunnel. However, considering
the many influencing factors and uncertainties, such as auxiliary techniques adopted
in STM tunnel construction, it is difficult to strictly quantify the impact of the primary
lining on the seismic response of the tunnel. Taking into account the results of this
study, the effect of primary lining on the internal force is about 5-35%.

Further research is considered necessary to further understand the impact of rigorously

quantified primary lining on the seismic response of the tunnel. Problems such as (i) the
structure and geometric characteristics of the primary lining (for example, the thickness of
the primary lining, the stiffness characteristics of the primary lining, and the non-linear
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response) and (ii) changes in the dynamic characteristics of the surrounding soil during the
construction of the primary lining (such as grouting) may significantly affect the soil-primary
lining-tunnel interaction effect. This research should be seen as the first step in acknowledging
the problem and quantifying it in a simple but meaningful engineering way.
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