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Abstract: The structural performance of shield tunnel structures is highly susceptible to degradation
under complex environmental loads, with the most common manifestation being bolt preload loss. In
this study, a shield tunnel numerical simulation model was established to analyze the seismic response
of shield tunnels with varying degrees of bolt preload loss. Firstly, the deformation patterns of shield
tunnel structures under seismic loads were analyzed. Subsequently, ellipticity and joint opening were
selected as seismic resilience assessment indicators based on the mechanical response. A seismic
resilience assessment model was then established, including three states: normal state, affected state,
and recovered state. The results show a direct relationship between the recovery capacity of tunnel
structures and the initial performance of the lining structure, as well as the magnitude of the load. The
lower the degree of structure degradation, the greater the structural recovery capacity. Additionally,
there is a positive correlation between residual deformation and the initial performance loss of shield
tunnel structures, as well as the intensity of seismic loads. This study contributes to enriching the
theoretical framework for the seismic resilience assessment of shield tunnels, which have significant
implications and provide valuable references for engineering safety.

Keywords: shield tunnel; resilience; seismic load; structural performance

1. Introduction

Shield tunnels, as an efficient, rapid, and environmentally friendly method for under-
ground transportation construction, have become an indispensable part of urban infras-
tructure development. The shield tunnel structure, as a non-continuous body composed
of prefabricated pipe segments, is prone to significant structural deformation due to the
characteristics of its assembled pipe segment structure, which is easily affected by exter-
nal loads and other factors. This can lead to structural diseases such as water leakage
at pipe segment joints, concrete pipe segment cracking and peeling, and pipe segment
misalignment, thereby affecting the overall service life of the structure [1–7]. Hence, the
lining performance of the shield tunnel during the operational phase is a crucial factor that
influences the sustainable development of urban transportation infrastructure [8–10].

An accurate assessment of the structural performance of shield tunnels is a prerequisite
for ensuring tunnel structural safety. Currently, research primarily focuses on assessing the
tunnel’s load-bearing capacity at a specific moment [11,12]. However, the time-dependent
evolution of the tunnel’s structural performance is less considered during the operational
phase. In recent years, resilience has been introduced into engineering. Shadabfar et al. [13]
categorized current infrastructure resilience assessment models into two main types: de-
terministic assessment models based on explicit performance functions and probabilistic

Appl. Sci. 2024, 14, 72. https://doi.org/10.3390/app14010072 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app14010072
https://doi.org/10.3390/app14010072
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-5784-4277
https://orcid.org/0000-0001-5447-0188
https://doi.org/10.3390/app14010072
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app14010072?type=check_update&version=2


Appl. Sci. 2024, 14, 72 2 of 20

assessment models that take into account the influence of uncertainty factors. The deter-
ministic models are more widely applied in the resilience assessment of shield tunnels
during the operational phase. Huang and Zhang [14] proposed a resilience assessment
method based on the tunnel’s horizontal convergence indicator and evaluated the resilience
evolution patterns of the tunnel throughout the disturbance-reinforcement process in a
ground-loading case study. Lin et al. [15,16] proposed a theoretical model for the resilience
assessment of shield tunnels under multiple disturbances, considering deformation indica-
tors such as tunnel convergence and displacement. The development of resilience theory
has greatly enriched the dimensions of infrastructure safety assessment.

At present, a large number of scholars have studied the dynamic response of shield
tunnels; among them, Xu et al. [17] studied the influence of the damping layer on the
dynamic response of the tunnel and proved that the damping layer can effectively reduce
the seismic response of the secondary lining of the tunnel. Dong et al. [18] established a
model of a shield tunnel containing segment joints and analyzed the influence of segment
type on the seismic response of the tunnel structure. Xu et al. [19] used numerical simulation
to analyze the seismic response of tunnels in different buried depths and considered the
seismic peak strength and concrete strength. Liu et al. [20] used the finite element method to
analyze the dynamic response of the subway shield tunnel under the influence of El-Centro
earthquake. Wang et al. [21] studied the structure–soil interaction of the shield tunnel in the
complex geological strata and the destruction characteristics of the tunnel structure under
seismic action. However, the impact of the seismic load on the full cycle of the structure is
not considered.

Zhu et al. [22] conducted historical maximum deformation as an indicator to investi-
gate the response characteristics and resilience evolution patterns of shield tunnel structures
at different depths under the influence of ground loading and unloading. Zhang et al. [23]
conducted a full-scale experiment on the longitudinal joints of shield tunnels; according to
the test results, the deformation resistance and load variation rule of tunnel longitudinal
joints are obtained to analyze the resilience evolution of longitudinal joints in tunnels.
Currently, there is a lack of resilience assessment methods for shield tunnels considering
the effects of seismic loads. Additionally, many resilience assessment indicators are based
on the deformation of tunnel structures, which may not adequately reflect the resilience of
shield tunnels under short-term dynamic loads. Therefore, the mechanical mechanisms
and evolution patterns of resilience indicators for shield tunnel structures are not yet clear,
which limits their widespread application in engineering.

In this study, a refined numerical simulation model of shield tunnels was established
based on the finite element method. The mechanical responses of shield tunnel structures
under the combined effects of seismic loads and bolt preload loss are analyzed. Furthermore,
various indicators were selected to establish a resilience evolution assessment model that
encompasses the normal state, affected state, and recovered state. This study can provide a
valuable reference for the seismic resilience assessment of shield tunnels.

2. Resilience Assessment Model

On the basis of existing research, establish a seismic resilience evaluation model for
shield tunnel structures under seismic loads. Determine the ellipticity and segment joint
opening as resilience evaluation indicators, establish structural performance calculation
formulas based on the warning and control values in the specifications, and determine the
performance curve of shield tunnel lining.

2.1. Introduction of Resilience Assessment Model

A typical resilience assessment frame is shown in Figure 1. During the long-term
operational phase of shield tunnels, the resilience evolution of the shield tunnel can be
divided into three states: the normal state, the affected state, and the recovered state. The
normal state refers to the gradual evolution of the durability of the shield tunnel over time
under the influence of various factors, as indicated by the curve Q(t) in the figure. The
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affected stage signifies a sudden external force acting on the shield tunnel at a specific
moment, leading to a rapid decline in structural performance, as indicated by the red arrow
in the figure. In this study, the affected stage specifically refers to the impact of seismic
loads. Specifically, the affected state can be subdivided into (a) disruption stage (ti is the
start time of seismic loads, and F(t) represents the curve of tunnel performance reduction
caused by seismic loads during ti − td); (b) evolution stage: (td − te, where S(t) represents
the curve of tunnel performance evolution after seismic loads occurred but before any
measures were taken); (c) recovery stage (te − tr, where R(t) represents the recovery curve
of tunnel performance after implementing restoration measures). The downward value d1
during the disturbance stage can be referred to as the vulnerability of the structure, while
the residual value d2 reflects the robustness of the tunnel structure.
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Figure 1. Framework of shield tunnel resilience evaluation.

Regarding the resilience indicator Re of tunnel structures, both references [14,24]
employ the area enclosed by the disturbance-induced performance curve and the normal
decay curve divided by the coordinate axes. However, this method does not account for
the degradation in structural performance caused by environmental erosion before the
disturbance, leading to an overestimation of the resilience indicator. Lin et al. [21] solved
this problem by considering the area of the dark-shaded region between the normal perfor-
mance decay curve and the bounding straight line Q0, as shown in Figure 1. On the other
hand, Zhu et al. [22] use a resilience indicator for tunnel structures defined by weighted
coefficients to reduce the calculation error. In this study, a resilience assessment model for
tunnel structures under seismic loads was established based on extensive studies [20–22,24].
The seismic resilience is defined as follows:

Re =
F + S + R

Q0∆T
(1)

where Q0 is the initial performance of shield tunnel; ∆T is the duration of the affected stage;
F, S, and R, respectively, represent the areas enclosed by the tunnel structure performance
decay curves, and the coordinate axes during the disruption stage, evolution stage, and
recovery stage. They can be calculated by Equations (2)–(4).

F =
∫ td

ti

fn(t)dt (2)
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S =
∫ te

td

sn(t)dt (3)

R =
∫ tr

te
rn(t)dt (4)

2.2. Resilience Assessment Indicators

The selection of appropriate structural performance indicators for shield tunnels is a
prerequisite for conducting resilience assessments. The Technical Code for the Protection
Structures of Urban Rail Transit [25] recommends the use of a series of safety control indica-
tors for shield tunnels, including the displacement of tunnel structures, radial convergence
deformation, track height difference, tunnel deformation curvature radius, segment joint
opening, segment crack width, and additional loads. However, it is hard to consider all the
above parameters comprehensively in practical engineering. It is common to select certain
parameters as important measurement indicators to ensure the safety of tunnel structures.
Because under seismic loads, they have significant correlation with the loss of shield tunnel
lining performance. In this study, the ellipticity and the joint opening of the shield tunnel
are chosen as the resilience assessment indicators separately. Additionally, the damage to
segments is an irreversible process, and resilience assessment indicators should reflect the
tunnel’s most adverse conditions throughout its entire operational period.

Therefore, when the ellipticity is used as the resilience assessment indicator, the
resilience can be calculated by Equation (5).

Q(t) =


1

1 + 1
36 ×

(
T(t) + Tmax,his

2

)2 , T(t) ≤ Tmax,his

1
1 + 1

36 × T(t)2 , T(t) ≤ Tmax,his

(5)

where Q(t) is the resilience value; T(t) is the ellipticity of the shield tunnel at time t;
∆Tmax,his is the historical maximum horizontal ellipticity of the shield tunnel.

The variation of structural performance with ellipticity is shown in Figure 2. According
to the Tunnel Construction and Acceptance Code for Shield Tunnelling [26], the specified
limit for ellipticity is 6‰, which is considered conservative. In this study, it is assumed
that the lining performance is divided into four levels: high, medium, low, and extreme.
The boundary between high–medium performance is 3‰, and the boundary between
medium–low performance is 6‰. Additionally, it has been observed based on existing
full-scale segment experiments and numerical simulation results that tunnel enters a stage
of rapid deformation development when the ellipticity of a shield tunnel exceeds 12‰,
indicating an extreme performance.

The lining performance undergoes a recovery stage after seismic loads, but it cannot
fully return to the initial state. As evident from the lining performance curves under
different historical maximum convergence deformations in Figure 2, it can be seen that
deformation callback measures can restore the performance to the previous level at most
when the lining performance declines to a certain level. Resilience is Q(t) = 1 when the
shield tunneling ellipticity T(t) = 0, indicating good structural performance. Resilience
Q(t) decreases with T(t) increases, implying a deterioration in structural performance.
Resilience Q(t) = 0 when T(t) = Tmax,his, signifying the complete loss of structural perfor-
mance. This method overcomes the issue of varying structural resilience under the same
convergence deformation [27], and it possesses a certain degree of universality.

When the segment joint opening is used as the resilience assessment indicator, the
resilience can be calculated by Equation (6).

Q(t) =


1

1 + 0.25 ×
(

P(t) + Pmax,his
2

)2 , P(t) ≤ Pmax,his

1
1 + 0.25 × P(t)2 , P(t) ≤ Pmax,his

(6)



Appl. Sci. 2024, 14, 72 5 of 20

where ∆Pmax,his is the historical maximum ellipticity of the shield tunnel.
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The Technical Specifications for Structural Safety Protection of Urban Rail Transit [28]
has specified warning values and control values. The lining performance is categorized
into four levels: high, medium, low, and extreme, based on existing full-scale segment
experiments and numerical simulation results, as shown in Figure 3. The boundary between
high and medium performance is 1 mm, and the boundary between medium and low
performance is 2 mm. Tunnel enters a stage of rapid deformation development when the
segment joint opening of the tunnel exceeds 4 mm.
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3. Numerical Simulation

A finite element model considering the bolt preload loss under seismic loads was
established. The numerical simulation is divided into four stages, as shown in Figure 4.
The first stage is the normal operation phase, during which the performance of the shield
tunnel has not degraded. Specifically, under static loads, the high-strength bolts do not
experience preload loss, and the preload at this stage is 280 kN [29]. The second stage is the
degradation phase of structural performance, in which the preload of the bolts experiences
varying degrees of loss. The third stage is the seismic phase, in which seismic loads are
applied to the model. The fourth stage is the recovery phase after seismic action. The
different conditions under structural performance degradation intensity and seismic load
are shown in Table 1.
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Table 1. Calculation conditions.

No. Preload/kN PGA/g No. Preload/kN PGA/g No. Preload/kN PGA/g

A01 280

0.1

B01 280

0.3

C01 280

0.5

A02 240 B02 240 C02 240
A03 200 B03 200 C03 200
A04 160 B04 160 C04 160
A05 120 B05 120 C05 120
A06 0 B06 0 C06 0

3.1. Establishment of the Finite Element Model

Numerical simulation is widely used in structural dynamic research due to its precise
and efficient characteristics. This research uses numerical simulation to develop a three-
dimensional finite element model of the soil–shield tunnel model.

3.1.1. Geometric Dimensions

The three-dimensional soil–shield tunnel structure is shown in Figure 5a. The dimen-
sions of the soil are 30 m (width) × 30 m (height) × 7.5 m (length). The tunnel is buried at
a depth of 12 m. The distance from the outer diameter to the model boundary is greater
than two times the tunnel diameter, which can effectively avoid the influence of boundary
effects. The outer diameter of the shield tunnel is 6 m. The thickness of the segments is
0.3 m. The ring width is 1.5 m. A single-ring tunnel is composed of six segments, including
three standard segments (A1~A3), two adjacent segments (CP, BP), and one key segment
(KP). The central angles for the three types of segments are 72◦, 62◦, and 20◦, respectively, as
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shown in Figure 5b. Within each ring segment, there are 12 Grade 8.8 M30 circumferential
bolts. The adjacent rings are connected using 10 bolts, as shown in Figure 5c. The adjacent
rings are assembled with a staggered joint angle of 72◦, as shown in Figure 5d.
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3.1.2. Material Constitutive

To study the influence of preload loss at joints on the seismic response characteristics
of tunnel structures and to ensure calculation accuracy while simplifying the calculations,
the model undergoes the following treatments: (1) high-strength bolts are simplified using
beam elements, and the material constitutive model adopts a bilinear plastic strengthening
model. The elastic modulus in the plastic strengthening section is taken as 1/100 of the
elastic modulus in the elastic section. The nominal diameter of the bolt is 30 mm, with
a tensile strength of 800 MPa and a yield strength of 640 MPa. (2) The concrete material
constitutive model uses the Concrete Damaged Plasticity model with a dilation angle of
38◦ to reflect the nonlinear variation of concrete segments. The uniaxial stress–strain curve
for concrete follows the specifications in the Code for Design of Concrete Structures [30].
The concrete damage parameters are provided in Table 2. (3) The uniform soil layer
adopts the Mohr–Coulomb material constitutive model with a dilation angle of 0.01◦ and a
friction angle of 40◦. Both concrete segments and soil are modeled using three-dimensional
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hexahedral eight-node solid elements (C3D8R). The geological and material parameters are
presented in Table 3.

Table 2. Uniaxial stress–strain relationship and concrete damage parameters.

Uniaxial Compression Uniaxial Tension

Stress
/MPa Inelastic Strain Damage Factor Stress

/MPa
Cracking

Strain Damage Factor

26.892 0 0 3.423939 0 0
38.455 6.6 0.208666 3.257697 0.3 0.125466
34.997 10.9 0.309287 2.701560 1.1 0.349736
28.692 16.2 0.420016 2.169453 1.8 0.495345
23.006 21.2 0.513588 1.561394 3.2 0.650423
18.640 25.8 0.586791 1.045034 5.8 0.778459
15.401 30.2 0.643377 0.675897 10.7 0.867185
12.985 34.3 0.687565 0.430703 20.5 0.922839
9.725 42.0 0.751014 0.272294 40.0 0.955944
6.315 56.6 0.824267 0.171334 78.7 0.975075
3.624 84.5 0.890016 0.107651 156.0 0.985949
1.784 148.0 0.941518 0.067876 308.0 0.992065

0.032288 953.0 0.996891

Table 3. Material parameters.

Material Young’s Modulus
/MPa Poisson’s Ratio Mass Density Damping Ratio

Semi-Weathered granite 126 0.35 1.85 0.09
Concrete 34,500 0.20 2.42 0.02

Bolt 210,000 0.3 7.85 0.05

3.1.3. Interaction

There are three types of contact relationships in the numerical simulation model:
contact between adjacent segments, contact between the ground and segments, and contact
between the segments and bolts. For the contact between adjacent segments and between
the ground and segments, surface-to-surface contact is used. In these contact relationships,
the tangential contact employs Coulomb friction with a friction coefficient of 0.35, and
normal contact is modeled as hard contact, allowing for separation after contact. The
contact between the segments and bolts is modeled as embedded contact, meaning that
beam elements representing bolts are embedded within the solid concrete segments.

3.2. Structure Load

To study the effect of seismic loads on the toughness of shield tunnels, three types
of peak acceleration Kobe waves were selected for calculation. In reality, seismic waves
often propagate from the source through soil to an infinite distance. In order to reduce
unnecessary computational complexity, the viscoelastic boundary is used to avoid the
absorption and reflection of the seismic wave at the model boundary.

3.2.1. The Selection of Seismic Wave

In accordance with the current national standard “Seismic Design Code for Urban
Rail Transit Structures”, the relationship between seismic fortification intensity and design
basic seismic acceleration values is considered. According to the existing research, when
discussing the response of the structure under the seismic load, the type, frequency, and
action time of the seismic wave will have an impact on the seismic response of the shield
tunnel structure. Existing research shows that the response of seismic wave type is shear
wave, and the seismic wave frequency is low frequency [31]. From the existing seismic
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wave, the Kobe seismic wave, as a kind of low-frequency seismic wave with higher content,
will make the shield tunnel appear more obviously deformed [32]. Kobe waves with peak
ground accelerations of 0.1 g, 0.3 g, and 0.5 g are selected for the study. The acceleration
time history and Fourier spectrum curve for the seismic wave with a peak acceleration
of 0.1 g are shown in Figure 6. The acceleration time histories for 0.3 g and 0.5 g can be
obtained through proportional scaling. The seismic wave is assumed to have a bottom
vertical incidence angle and a duration of 20 s, and the peak ground acceleration of the
selected Kobe wave occurs at 3.46 s into the seismic wave.
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Figure 6. The Acceleration Time–History and Fourier spectrum of Kobe earthquake motion. (a) Ac-
celeration time course curve (0.1 g Kobe); (b) The seismic wave Fourier spectrum.

3.2.2. Boundary Condition and Seismic Input

When conducting dynamic analysis considering the interaction between the structure
and the foundation, it is necessary for seismic energy to dissipate to the far-field foundation.
This requires that the outgoing scattering waves at the calculated finite-range foundation
boundary have no reflection. Artificial viscoelastic boundaries can absorb the energy
radiating outward from the calculation area. They not only effectively simulate the damping
effect of radiation in semi-infinite space but also model the elastic recovery performance of
semi-infinite foundations well [33]. Simulating an infinite boundary is achieved by applying
three-way spring dampers to the finite element grid nodes. The schematic diagram of the
viscoelastic boundary is shown in Figure 7 [34–36].
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Spring and damping mechanical parameters calculation formulas are as follows:

KBT = αBT
G
R , CBT = ρCS

KBN = αBN
G
R , CBN = ρCP

(7)

where KBT and KBN are the stiffness coefficients of the tangential and normal springs,
respectively; CBT and CBN are the damping coefficients of the tangential and normal
dampers, respectively; αBN and αBT are correction coefficients for normal and tangential
spring stiffness, which are 1.33 and 0.67, respectively; G is the shear modulus; ρ is the
density; R is the distance from the wave source to the artificial boundary node; CS and CP
are shear and compressional wave velocities, respectively.

Due to the inability of spring dampers to constrain boundary displacements, it is
necessary to implement seismic loads through concentrated nodal loads, as shown in the
following equation. The affected area of nodes is determined by applying unit loads to the
model for statistical purposes.

FB = (KBu f f
B + CB

.
u f f

B + σ
f f
B n)AB (8)

where KB is the stiffness coefficients of springs; CB is the damping coefficients; σ
f f
B is the free-

field stress tensor; u f f
B =

[
u v w

]
is the free-field displacement vector;

.
u f f

B =
[
u

.
v w

]
is the free-field velocity vector; n is the cosine vector of the normal direction outside the
boundary; AB is the influenced area of the boundary node [37].

3.2.3. Preload Loss

The cooling method was used to apply preload to the M30 high-strength bolts [2].
Here, the temperature expansion coefficient of steel is taken as 1.25 × 10−5 m/◦C. Based
on this, a linear relationship between the temperature load and the actual pre-tightening
force is calculated. During the elastic yield stage of the preload bolt material, for every 1 ◦C
decrease in temperature, the pre-tightening force applied to the M30 high-strength bolt is
1.856 kN. According to the specifications, the preload value for the high-strength bolt is
280 kN, corresponding to a temperature stress value of 150.86 ◦C. Therefore, the preload
values corresponding to each temperature, considering seismic response as the research
object, are shown in Table 4.

Table 4. The preload value corresponds to the temperature stress applied.

Preload
/kN

Preload Loss Rate
/%

Temperatures
/◦C

Carrying Capacity
Redundancy/kN

280 0 −150.86 172.39
240 14.29 −129.31 212.39
200 28.57 −107.76 252.39
160 42.86 −86.21 292.39
120 57.14 −64.66 332.39

0 100 0 372.39

4. Tunnel Structure Response Characteristics
4.1. Lining Horizontal Convergence

Take the no loss of preload (280 kN) as an example to analyze the response of seismic
load. Figure 8a shows the convergence deformation of the middle tunnel ring under the
seismic load. Even though the initial stress balance has been carried out on the structure in
the course of the pre-treatment process, there are still parts of the structure and soil gravity
acting on the structure. Hence, there is inevitably some radial convergent deformation
before seismic waves. As shown in Figure 8a, the initial radial deformation already has
a value of about 9.103 mm. The structure shows different characteristics under different
peak acceleration seismic wave loads. When the peak seismic acceleration is 0.1 g, the
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lining horizontal convergence and the overall fluctuation in the load period are small. The
variation of lining horizontal convergence before and after the seismic load is −1.14 mm.
During the 0.3 g earthquake load, the variation value of the convergence deformation is
about −3.73 mm, which increases by 227.2% compared to the variation rate at 0.1 g. When
the 0.5 g peak acceleration seismic wave is applied, the peak convergence deformation
is 26.22 mm. The variation of lining horizontal convergence before and after the seismic
load is 4.80 mm. The variation of lining horizontal convergence of the tunnel gradually
intensifies with the increase in the peak value of seismic acceleration.
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Figure 8. Lining horizontal convergence of shield tunnel under load action. (a) Different peak
acceleration; (b) Different degrees of loss of preload.

Figure 8b shows the variation of lining horizontal convergence of the tunnel with
different degrees of loss of preload under 0.1 g and 0.3 g earthquake load. When the
seismic load is the same, the convergence deformation of the lining structure shown by
each degree of preload loss condition is almost the same as the trend of load change. It
was found from Figure 8b that the initial convergence deformation of the structure shows
an increasing trend with the degree of preload loss increases. Furthermore, the loss of
preload has an impact on the maximum convergence deformation of the structure during
the load process and the convergence deformation difference before and after the load
action. With the degree of preload loss increasing at 0.1 g, the variation of lining horizontal
convergence is −1.1281 mm, −1.1294 mm, −1.1330 mm, −1.1337 mm, −1.1354 mm, and
−1.1362 mm, respectively. With the degree of preload loss increasing at 0.3 g, the variation
of lining horizontal convergence is −3.6180 mm, −3.7280 mm, −3.7616 mm, −3.8154 mm,
−3.8932 mm, and −3.9283 mm, respectively. The variation of lining horizontal convergence
gradually increases with the increase in preload loss. And this effect will become more
apparent with the increase in the peak value of seismic acceleration.

4.2. Radial Deformation of Tunnel

To eliminate the boundary effect, the radial deformation of the middle ring structure
of the five-ring shield tunnel is selected for analysis; the results are shown in Figure 9. For
the convenience of observation, the radial displacement without loss of preload is set to
zero here. Figure 9a shows the radial deformation of the shield tunnel segment before
seismic loads, which refers to the impact of varying degrees of performance loss on the
radial deformation of the shield tunnel.

It can be observed from Figure 9a that the loss of preload leads to initial radial
deformation in the shield tunnel before the earthquake, and the radial deformation increases
with the increasing degree of preload loss. It can be seen from Figure 9b–d that the
variation in radial deformation caused by the initial radial deformation due to preload
is not significant under the action of seismic waves with accelerations of 0.1 g and 0.3 g.
This implies that under relatively small seismic wave actions, most of the tunnel’s radial
deformation can be restored to the state before seismic loading. However, it can be seen
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from Figure 9e–g that there is residual deformation after the seismic action when the
seismic wave is 0.5 g, especially when there is a significant loss of preload. The residual
deformation becomes more pronounced with an increasing degree of preload loss.

Appl. Sci. 2024, 14, 72  12 of 21 
 

Figure 8b shows the variation of lining horizontal convergence of the tunnel with 
different degrees of loss of preload under 0.1 g and 0.3 g earthquake load. When the seis-
mic load is the same, the convergence deformation of the lining structure shown by each 
degree of preload loss condition is almost the same as the trend of load change. It was 
found from Figure 8b that the initial convergence deformation of the structure shows an 
increasing trend with the degree of preload loss increases. Furthermore, the loss of pre-
load has an impact on the maximum convergence deformation of the structure during the 
load process and the convergence deformation difference before and after the load action. 
With the degree of preload loss increasing at 0.1 g, the variation of lining horizontal con-
vergence is −1.1281 mm, −1.1294 mm, −1.1330 mm, −1.1337 mm, −1.1354 mm, and −1.1362 
mm, respectively. With the degree of preload loss increasing at 0.3 g, the variation of lining 
horizontal convergence is −3.6180 mm, −3.7280 mm, −3.7616 mm, −3.8154 mm, −3.8932 
mm, and −3.9283 mm, respectively. The variation of lining horizontal convergence grad-
ually increases with the increase in preload loss. And this effect will become more appar-
ent with the increase in the peak value of seismic acceleration. 

4.2. Radial Deformation of Tunnel 
To eliminate the boundary effect, the radial deformation of the middle ring structure 

of the five-ring shield tunnel is selected for analysis; the results are shown in Figure 9. For 
the convenience of observation, the radial displacement without loss of preload is set to 
zero here. Figure 9a shows the radial deformation of the shield tunnel segment before 
seismic loads, which refers to the impact of varying degrees of performance loss on the 
radial deformation of the shield tunnel. 

 
(a) 

   
(b) (c) (d) 

0

30

60

90

120

150

180

210

240

270

300

330

-0.04
-0.03
-0.02
-0.01
0.00
0.01
0.02
0.03
0.04

-0.04
-0.03
-0.02
-0.01
0.00
0.01
0.02
0.03
0.04

Ra
di

al
 d

ef
or

m
at

io
n 

/m
m

 Bolt preload 0kN (loss 100%)
 Bolt preload 120kN (loss 57.14%)
 Bolt preload 160kN (loss 42.86%)
 Bolt preload 200kN (loss 28.57%)
 Bolt preload 240kN (loss 14.29%)
 Bolt preload 280kN (loss 0%)

0

30

60
90

120

150

180

210

240
270

300

330

-0.0004

-0.0002

0.0000

0.0002

0.0004

-0.0004

-0.0002

0.0000

0.0002

0.0004

Ra
di

al
 d

ef
or

m
at

io
n 

/m
m

 Bolt preload 0kN (loss 100%)
 Bolt preload 120kN (loss 57.14%)
 Bolt preload 160kN (loss 42.86%)
 Bolt preload 200kN (loss 28.57%)
 Bolt preload 240kN (loss 14.29%)
 Bolt preload 280kN (loss 0%)

0

30

60
90

120

150

180

210

240
270

300

330

-0.006

-0.004

-0.002

0.000

0.002

0.004

0.006

-0.006

-0.004

-0.002

0.000

0.002

0.004

0.006

Ra
di

al
 d

ef
or

m
at

io
n 

/m
m

 Bolt preload 0kN (loss 100%)
 Bolt preload 120kN (loss 57.14%)
 Bolt preload 160kN (loss 42.86%)
 Bolt preload 200kN (loss 28.57%)
 Bolt preload 240kN (loss 14.29%)
 Bolt preload 280kN (loss 0%)

0

30

60
90

120

150

180

210

240
270

300

330

-0.10

-0.05

0.00

0.05

0.10

-0.10

-0.05

0.00

0.05

0.10

Ra
di

al
 d

ef
or

m
at

io
n 

/m
m

 Bolt preload 0kN (loss 100%)
 Bolt preload 120kN (loss 57.14%)
 Bolt preload 160kN (loss 42.86%)
 Bolt preload 200kN (loss 28.57%)
 Bolt preload 240kN (loss 14.29%)
 Bolt preload 280kN (loss 0%)

Appl. Sci. 2024, 14, 72  13 of 21 
 

   
(e) (f) (g) 

Figure 9. Radial deformation of the lining structure. (a) Static phase; (b–d) Dynamic phase with 
PGA = 0.1 g/0.3 g/0.5 g; (e–g) Unrecoverable radial deformation with PGA = 0.1 g/0.3 g/0.5 g. 

It can be observed from Figure 9a that the loss of preload leads to initial radial defor-
mation in the shield tunnel before the earthquake, and the radial deformation increases 
with the increasing degree of preload loss. It can be seen from Figure 9b–d that the varia-
tion in radial deformation caused by the initial radial deformation due to preload is not 
significant under the action of seismic waves with accelerations of 0.1 g and 0.3 g. This 
implies that under relatively small seismic wave actions, most of the tunnel’s radial defor-
mation can be restored to the state before seismic loading. However, it can be seen from 
Figure 9e–g that there is residual deformation after the seismic action when the seismic 
wave is 0.5 g, especially when there is a significant loss of preload. The residual defor-
mation becomes more pronounced with an increasing degree of preload loss. 

5. Evolution of Tunnel Seismic Resilience 
5.1. Performance of Tunnel Lining 
(A) Ellipticity 

The overall deformation of the structure adopts ellipticity as the primary measure 
during the seismic loading. Due to the variability of the radial deformation axes during 
dynamic loading, it has been observed that the compression deformation of the shield 
tunnel structure is more significant in the 45° or 135° directions under seismic loading. 
Therefore, it is assumed that the axes along the diameters in the counterclockwise 45° and 
135° directions from the center of the shield tunnel are designated as Axis I and Axis II, 
respectively. As shown in Figure 10a, the radial displacement time–history relationships 
of four reference points are extracted, namely, the left and right shoulders and the spring-
ing points of the middle ring. The variation of ellipticity during the seismic loading is 
obtained based on the following formula: 𝑇(𝑡)  =  𝐷Ⅰ(𝑡) − 𝐷Ⅱ(𝑡)𝐷଴ × 1000‰ (9) 

where 𝐷Ⅰ(𝑡) represents the radial deformation variation with time along Axis I; 𝐷Ⅱ(𝑡) 
represents the radial deformation variation with time along Axis II; 𝐷଴  represents the 
outer diameter of tunnel structures before deformation. Axis I is the major axis when the 
ellipticity is a positive value, which is shown in Figure 10b. Axis II is the major axis when 
the ellipticity is a negative value, which is shown in Figure 10c. 

0

30

60

90

120

150

180

210

240

270

300

330

-0.04
-0.03
-0.02
-0.01
0.00
0.01
0.02
0.03
0.04

-0.04
-0.03
-0.02
-0.01
0.00
0.01
0.02
0.03
0.04

Ra
di

al
 d

ef
or

m
at

io
n 

/m
m

 Bolt preload 0kN (loss 100%)
 Bolt preload 120kN (loss 57.14%)
 Bolt preload 160kN (loss 42.86%)
 Bolt preload 200kN (loss 28.57%)
 Bolt preload 240kN (loss 14.29%)
 Bolt preload 280kN (loss 0%)

0

30

60

90

120

150

180

210

240

270

300

330

-0.04
-0.03
-0.02
-0.01
0.00
0.01
0.02
0.03
0.04

-0.04
-0.03
-0.02
-0.01
0.00
0.01
0.02
0.03
0.04

Ra
di

al
 d

ef
or

m
at

io
n 

/m
m

 Bolt preload 0kN (loss 100%)
 Bolt preload 120kN (loss 57.14%)
 Bolt preload 160kN (loss 42.86%)
 Bolt preload 200kN (loss 28.57%)
 Bolt preload 240kN (loss 14.29%)
 Bolt preload 280kN (loss 0%)

0

30

60

90

120

150

180

210

240

270

300

330

-0.105

-0.070

-0.035

0.000

0.035

0.070

0.105

-0.105

-0.070

-0.035

0.000

0.035

0.070

0.105

Ra
di

al
 d

ef
or

m
at

io
n 

/m
m

 Bolt preload 0kN (loss 100%)
 Bolt preload 120kN (loss 57.14%)
 Bolt preload 160kN (loss 42.86%)
 Bolt preload 200kN (loss 28.57%)
 Bolt preload 240kN (loss 14.29%)
 Bolt preload 280kN (loss 0%)

Figure 9. Radial deformation of the lining structure. (a) Static phase; (b–d) Dynamic phase with PGA
= 0.1 g/0.3 g/0.5 g; (e–g) Unrecoverable radial deformation with PGA = 0.1 g/0.3 g/0.5 g.

5. Evolution of Tunnel Seismic Resilience
5.1. Performance of Tunnel Lining

(A) Ellipticity

The overall deformation of the structure adopts ellipticity as the primary measure
during the seismic loading. Due to the variability of the radial deformation axes during
dynamic loading, it has been observed that the compression deformation of the shield
tunnel structure is more significant in the 45◦ or 135◦ directions under seismic loading.
Therefore, it is assumed that the axes along the diameters in the counterclockwise 45◦ and
135◦ directions from the center of the shield tunnel are designated as Axis I and Axis II,
respectively. As shown in Figure 10a, the radial displacement time–history relationships of
four reference points are extracted, namely, the left and right shoulders and the springing
points of the middle ring. The variation of ellipticity during the seismic loading is obtained
based on the following formula:

T(t) =
DI(t)− DI I(t)

D0
× 1000‰ (9)
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where DI(t) represents the radial deformation variation with time along Axis I; DI I(t)
represents the radial deformation variation with time along Axis II; D0 represents the
outer diameter of tunnel structures before deformation. Axis I is the major axis when the
ellipticity is a positive value, which is shown in Figure 10b. Axis II is the major axis when
the ellipticity is a negative value, which is shown in Figure 10c.
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Figure 11 depicts the time–history curves of structural ellipticity under the seismic
waves with peak accelerations for various loading conditions. As the seismic load is
applied, the ellipticity shows an overall fluctuation. The results under 0.5 g acceleration are
taken as an example. Under a seismic wave peak acceleration of 0.5 g, when the preload is
280 kN, the ellipticity reaches a maximum of 4.325‰, a minimum of −4.367‰, with an
amplitude of 8.692‰. When the preload is 240 kN, the ellipticity reaches a maximum of
4.332‰, and a minimum of −4.371‰, with an amplitude of 8.703‰. It is shown that the
deformation amplitude increases by 0.127% when the preload loss is 40 kN. And when the
preload is 0 kN, the ellipticity reaches a maximum of 4.372‰, and a minimum of −4.401‰,
with an amplitude of 8.773‰. It is shown that the deformation amplitude increases by
0.932% when the preload loss is 280 kN. The elliptical deformation of the tunnel structure
keeps increasing as the preload continues to increase. At the same time, when the preload
is 280 kN, the irreversible ellipticity is −0.095‰, while for a preload of 0 kN, this value is
−0.105‰. This indicates the constraining effect of preload on the overall deformation of
the tunnel structure.
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Additionally, under seismic waves peak accelerations of 0.3 g and 0.1 g, the deforma-
tions of the tunnel structure with complete preload are 4.994‰ and 1.610‰, respectively.
The greater the peak value of the earthquake, the more pronounced the impact of seismic
loading on the overall deformation of the tunnel structure. At the same time, it can be ob-
served from the figure that there is a certain degree of recovery in the tunnel structure after
the seismic wave ends. But, the complete recovery of the tunnel structure is not achieved.
There is some residual deformation on the tunnel structure. When the peak acceleration
is 0.1 g, 0.3 g, and 0.5 g, the residual deformations of the tunnel structure are −0.018‰,
−0.0363‰, and −0.096‰, respectively. It can be observed that the residual deformation of
the tunnel structure increases with the increase in peak acceleration of the seismic wave.
Residual deformation can be considered as structural plastic deformation caused by tunnel
segments, joint plasticity, and internal force redistribution in the tunnel structure.

Figure 12 shows the recovery rate of tunnel ellipticity caused by the recovery phase
after the shield tunnel ellipticity reaches its peak during the seismic load process. As the
peak acceleration of the earthquake increases, the recovery rate here is not only related
to the stability value at the end of the recovery period but also closely related to the
overall deformation of the structure during the loading process. Specifically, when the peak
acceleration changes from 0.1 g to 0.3 g, the structure undergoes greater deformation under
larger loads, resulting in a larger proportion of its recovery value during the recovery phase.
When the seismic acceleration changes from 0.3 g to 0.5 g, the recovery rate decreases. The
reason is that as the peak acceleration of the applied seismic load increases, the structure
undergoes a certain degree of plastic irreversible deformation. And when a certain limit
of plastic deformation is reached, the proportion of irreparable deformation in the overall
deformation of the structure is increasing. It was found from Figure 12 that the difference
in recovery rates between different degrees of loss gradually decreased during the change
of peak acceleration from 0.1 g to 0.3 g. The recovery rate decreased more significantly at
0.5 g when the preload was completely lost compared to other situations. Therefore, it can
be concluded that the preload not only has a significant constraint effect on the overall
deformation of the structure but also has a significant optimization effect on increasing
the structural resilience and reducing the proportion of plastic deformation in the overall
deformation during the recovery stage.
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Figure 12. Recovery rate of ellipticity with the loss of preload.

(B) Deformation on Segment Joints

The radial displacement of the observation points at the adjacent segment joints on the
S4 outer arc surface of the segment joint at the arch bottom is selected to obtain the segment
joint opening time curve under the seismic load, as shown in Figure 13. The fluctuation
trend of segment opening under various working conditions is basically consistent with the
application of seismic loads. But, as the peak acceleration increases, the amplitude of the
fluctuation significantly increases. When there is no loss of preload, the maximum opening
amount at a peak acceleration of 0.1 g is 1.5 × 10−4 mm, 0.309 mm at 0.3 g, and 2.118 mm
at 0.5 g. When the preload is completely lost, the maximum opening amount under the
action of 0.1 g peak acceleration is 5.5 × 10−4 mm, 1.128 mm at 0.3 g, 2.963 mm at 0.5 g.
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Figure 13. Segment joint opening time curve under seismic load.

The recovery rate of the segment joint opening under different degrees of lining
performance loss under different peak acceleration seismic loads is shown in Figure 14. It
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can be seen from the figure that the difference in recovery rates between different degrees
of loss gradually decreases as the peak acceleration of seismic load changes from 0.1 g to
0.5 g. And the difference in segment joint opening under different degrees of preload loss
gradually increases with the peak acceleration increases.
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5.2. The Impact of Preload Loss on Resilience

Figure 15 shows the impact curve of the degree of initial lining performance degrada-
tion (degree of preload loss) on the resilience of the tunnel structure. It can be seen from
the figure that as the degree of degradation of lining performance increases at the time
of seismic load application (the degree of loss of bolt pre-tightening force increases), the
tunnel resilience significantly decreases. Moreover, as the peak acceleration of seismic load
increases, the impact of initial lining performance loss on structural resilience becomes
more significant. Therefore, it can be concluded that the greater the degree of damage
to the initial lining performance, the lower the structural recovery ability and the worse
the structural resilience. Moreover, as the seismic peak increases, the structural damage
becomes more severe, and this initial lining performance loss has a greater impact on
structural resilience.
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5.3. Classification of Resilience

The resilience of shield tunnel structures under seismic loading is classified into four
levels based on the high-, medium-, and low-performance cut-off points of the resilience
index. When the ellipticity is used as the resilience index, the lining performance of 0–3‰,
3–6‰, 6–12‰, and greater than 12‰ is divided into four grades: high performance,
medium performance, low performance, and very low performance. Similarly, when the
opening amount is taken as the resilience index, the opening amounts 0–1 mm, 1–2 mm,
2–4 mm, and greater than 4 are divided. However, due to the particularity of seismic
load, there is no linear relationship between load and action time. Therefore, the structural
performance curve under the influence of seismic load needs to be calculated by different
types of seismic waves. However, the resilience index threshold generally needs to be
determined based on the structural performance curve, so the threshold value of each
performance grade in this study cannot be determined. In order to understand better, 0.9,
0.8, 0.6 are used as thresholds to divide each resilience and described [1,14–16] as below:

(1) High Resilience (Re ≥ 0.9): The structural deformation does not exceed the specified
warning value. The lining performance is overall within the high-performance range. The
structural recovery performance is good, and the structure is in a safe state.

(2) Medium Resilience (0.8 ≤ Re < 0.9): The structural deformation has not exceeded
the specified control value. The overall lining performance is within the high to medium
performance range under seismic load, resulting in low structural safety risk. And generally,
there is no need for structural reinforcement.

(3) Low Resilience (0.6 ≤ Re < 0.8): The structural deformation exceeds the specified
control value. The overall lining performance is within the medium to low-performance
range under seismic load. The recovery performance deteriorates, the ductility index
decreases rapidly, and there is a high structural safety risk. Necessary measures for ground
and structural reinforcement should be implemented as soon as possible.

(4) None Resilience (Re < 0.6): The structural deformation significantly exceeds the
specified control value, and the deformation rapidly progresses. The lining performance is
in an extremely low-performance range under seismic load, with a substantial reduction, or
even loss, of recovery capability. At this time, it is imperative to promptly implement rea-
sonable comprehensive reinforcement and restoration measures considering the geological
conditions and structural status.

It is worth noting that the resilience index threshold used in this study is obtained
through finite element calculations for various conditions based on structural performance
curves. A more reasonable threshold value would require further refinement through
extensive theoretical calculations and engineering case studies.

6. Conclusions

This study proposes performance indicators for shield tunnel lining under seismic
loads. The structural response and resilience evolution under different initial performance
losses and peak acceleration seismic loads were analyzed using a three-dimensional refined
finite element model. The main conclusions obtained are as follows:

(1) Lining performance indicators were established considering the maximum defor-
mation in history, including ellipticity performance indicators that consider the overall
deformation of the lining structure and opening quantity indicators that mainly consider
the performance of segment joints.

(2) The structural recovery ability after seismic load is related to the structural lining
performance at the initial moment of load action and the lining loss. The smaller the degree
of lining loss, the recovery ability is stronger during the recovery stage.

(3) The deformation of the tunnel structure cannot be fully restored after seismic load.
The residual deformation increases with the increase in the initial lining performance loss
at the time of seismic load and also increases with the increase in peak acceleration of
seismic load.



Appl. Sci. 2024, 14, 72 18 of 20

This study mainly focuses on the influence of the degree of different initial performance
loss degrees of lining on the seismic resilience of shield tunnels. Different degrees of preload
loss are used as characterization methods for different degrees of lining loss. As is well
known, resilience is a very broad concept in engineering [38–40]. This study uses two
parameters, structural and mechanical performance as well as structural deformation,
during seismic loading to reflect the changes in structural performance level during the
loading process and then evaluates the resilience of the structure. However, the influence
of groundwater was not considered in this study, so formation liquefaction will also be a
part of our future research [41–44]. Overall, this study can provide valuable insights for
the early seismic design and later operation and maintenance of shield tunnels, improve
the understanding of engineering professionals about the pre-tension in the operation of
shield tunnels, and provide a reference for the evaluation of the seismic resilience of shield
tunnels [44–46].
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