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Abstract 

With the intensive and rapid development of urban underground space, there are more and more adjacent construction disturbances 
to the existing shield tunnels, posing serious challenges to their safety operation and maintenance. Resilience is an integrated represen-
tation of the ability of the engineering systems to resist disaster disturbances and recover function, and it can comprehensively reflect the 
impact of adjacent construction disturbances on the whole disaster chain of shield tunnels. However, the field currently faces challenges 
related to vague definitions of resilience, diverse evaluation indicators and measures, and an emphasis on evaluation rather than enhance-
ment. Hence, this paper firstly summarized the definition of engineering resilience, especially the resilience of shield tunnels, and pro-
posed the resilience definition of shield tunnels under adjacent construction disturbance, considering the basic connotation of 
resilience and disturbance characteristics. Secondly, the existing resilience evaluation frameworks for shield tunnels were summarized
and analyzed, and the applicability of the existing framework for the shield tunnel under adjacent construction was discussed in light
of the disturbance characteristics. Building on the mechanism and deformation characteristics, the resilience evaluation indexes and eval-
uation methods were reviewed based on the indicators of influencing factors and indicators of effectiveness of the entire disaster chain.
Afterwards, the synergistic enhancement technology of shield tunnel resilience was summarized into 4 aspects: optimal structural design,
disturbance transmission blocking, structural performance enhancement, and stratum grouting. Finally, research prospects in this field
were analyzed systematically. This paper is intended to provide a meaningful reference for the in-depth research and application of struc-
tural resilience of shield tunnels subjected to adjacent construction disturbances.

Keywords: Existing shield tunnels; Resilience; Adjacent constructi on; Evaluation models; Enhancement strategy
1 Intr oduction

The development and utilization of urban underground 
space is an effective way and an inevitable trend for 
addressing the problem of urban traffic congestion and
enhancing the functionality of urban services. Shield tun-
nels, a critical component of underground infrastructure,
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have been developing rapidly in recent years. By the end 
of 2023, the total operating mileage of rail transit, predom-
inantly composed of shield tunnels, had extended to
10 866 km (Wang et al., 2024). However, as the urban 
underground space construction tends to be intensive and 
rapid development, the existing shield tunnels are disturbed
frequently by the adjacent construction, liking the adjacent
pit excavation (Bolton et al., 2014; Shi et al., 2015a; Vinoth 
& Aswathy, 2022), proximity tunnel crossing (Lueprasert 
et al., 2017; Soga et al., 2017; Islam & Iskander, 2024) 
and ground surface surcharge (Yamamoto, et al., 2012; 
J. Zhang, et al., 2021), which is very likely to cause
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structural deformation, lining concrete damage and water 
seepage, making a serious threat to the safe operation of
existing shield tunnels (W. Zhang et al., 2022). Hence, 
how to evaluate the impact of adjacent construction distur-
bances on existing shield tunnels and the effect of post-
disturbance restoration are critical challenges in improving
the safe operation and maintenance of shield tunnels.

Currently, research on the influence of adjacent con-
struction disturbance on shield tunnels mainly focuses on 
the underlying mechanisms, deformation patterns, and 
control measures. As a deterministic, phased, and control-
lable disturbance, the study of the impact of adjacent con-
struction disturbances on shield tunnels needs to be further 
integrated with the requirements of the resilience concept. 
Factors such as structural performance, economic cost, 
organizational management and impact time should be 
considered comprehensively to an alyze the whole process
of evolution in the disaster chain of pre-disaster state, dis-
aster evolution and post-disaster recovery of the tunnels in
terms of robustness, redundancy, adaptability and recover-
ability, so as to provide scientific theoretical guidance for
the decision-making of disaster response and post-disaster
restoration of the project (Lu et al., 2020; Huang
et al.,2022; Chen et al., 2023). 

Research on the structural resilience of underground 
infrastructures such as shield tunnels induced by different 
disasters has also received extensive attention, such as
earthquakes (Singh et al., 2022; Chen et al., 2023), fires 
(Z. Zhang et al., 2024), and floods (Huang et al.,2022). 
However, the resilience of shield tunnels under adjacent 
construction disturbances remains vaguely defined cur-
rently, and the evaluation indexes and evaluation methods 
are diverse and inconsistent, with an emphasis on evalua-
tion rather than enhancement. It is precisely these issues 
that impede the study and practical application of shield 
tunnel resilience under adjacent construction disturbances. 
Constructing a fundamental theoretical framework and 
method for the resilience evaluation of shield tunnels, con-
sidering the specific characteristics of adjacent construction 
disturbances, is a pressing research issue. Developing tar-
geted enhancement strategies that align with the develop-
ment needs of shield tunnel resilience and leverage
multidisciplinary integration is also crucial. The aim of
all these efforts is to achieve resilience characterized by
strong robustness, sufficient redundancy, quick recovery,
and intelligent adaptation for shield tunnels under adjacent
construction disturbances (Lu et al., 2022; Zheng et al.,
2022a; Du et al., 2023; Ji & Li, 2023). 

In light of this, the definitions of engineering resilience, 
particularly the resilience of shield tunnels, were first sum-
marized, considering the basic connotation of resilience 
and the structural characteristics. The resilience evaluation 
frameworks for shield tunnels were then summarized and 
analyzed, and their applicability was discussed in light of
the adjacent construction disturbances. Then, the mecha-
nism and deformation characteristics of existing shield tun-
nels under adjacent construction disturbances were
summarized. On this basis, existing resilience evaluation 
indicators and methods for shield tunnels were reviewed. 
Finally, the collaborative enhancement technologies for 
the resilience of shield tunnels were summarized, and future 
research directions for the resilience were envisioned, aim-
ing to provide references for disaster prevention and miti-
gation research and practice for shield tunnels affected by
adjacent construction disturbances.

2 Resilience evaluation method for shield tunnels

2.1 Definition of shield tunnel resilience

Resilience originally meant ‘to return to the original 
state’, and it has evolved to signify ‘the ability of an object 
or system to resist and absorb e xternal disturbances and to
recover to its original state or adapt to a new state after
being disturbed’ over time (Alexander, 2013; Bo et al.,
2022). Since Holling (1973) introduced the concept of resi-
lience into the ecosystem, the principle has been applied 
and developed across various disciplines, including ecosys-
tems, social systems, and engineering systems. There is now
a growing consensus on the basic connotations of resili-
ence, including robustness, redundancy, adaptability, and
recoverability.

However, the functions, structure compositions, and 
types of disasters vary significantly across different systems, 
leading to distinct definitions of resilience, as shown in
Table 1. Engineering resilience, in particular, refers to the 
ability of engineering structural systems to resist and 
recover from environmental changes or disasters. Thus, 
engineering resilience is more emphasized in the robust-
ness, redundancy, rapidity, and recoverability of the sys-
tem. Nevertheless, the definitions of resilience for 
different engineering systems under various disasters also
differ slightly. Therefore, it is necessary to analyze resilience
evaluation theories based on the characteristics of both the
disaster types and the engineering systems.

The resilience of shield tunnels is a subset of the resili-
ence of infrastructure engineering struc tures and is typi-
cally analyzed based on the adaptive cycle theory
(Holling, 2001; Holling & Gunderson, 2001), generalized 
disaster likelihood and consequence severity (J. Liu et al.,
2022; Zhai et al., 2023), structure vulnerability (Huang 
et al., 2023, 2024), and network connectivity (Abdulla 
et al., 2020; Abdulla & Birgisson, 2021). According to the 
adaptive cycle theory (Fig. 1), resilience systems undergo 
dynamic evolutionary cycles in a multi-stable state. The 
openness of the system exposes it to external disturbances,
while stakeholder involvement promotes positive system
evolution (Holling & Gunderson, 2001; Redman, 2014;
Nelson et al., 2020). 

However, similar to an ecosystem but not identical, 
engineering systems exhibit distinct characteristics across 
their whole lifecycle and function requirements, as illus-
trated in Fig. 2. Typically, engineering systems progress 
through 3 primary phases, including construction, service,
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Table 1 
Resilience definition of different systems.

Types Definition Key features References 

Psychological resilience The psychological phenomenon representing the capacity of 
individuals to cope successfully with significant change,
adversity, or risk

A trait or a process Tekaya et al., 2024

Adaptability and 
recovera bility

Holling, 1973; Wagner and Breil,
2013 

Ecological resilience The capacity of ecosystems to exhibit adaptive evolution and 
recovery in response to environmental change or disasters

Society resilience The capacity of social systems, such as cities and 
communities, to maintain system function and resume
evolution in response to environmental change or disasters

Redundancy, learning, 
and recoverability

Tyler and Moench, 2012;
Meerow et al., 2016

Engineering resilience Resistance and recoverability of engineering systems to
environmental changes or disasters

Robustness, 
redundancy, rapidity, 
and recoverability

Huang et al., 2022; Shadabfar
et al., 2022; Chen et al., 2023;  S  .
Liu et al., 2024
and failure phases. In the construction phase, the engineer-
ing system incrementally develops and enhances its 
functionality until it meets the design specifications, repre-
sentin g the exploitation phase of engineering systems.
During the normal service phase, the performance of the
Fig. 1. Schematic diagram of the adaptive cycle theory.

Fig. 2. Schematic diagram of the whole life cycle of the
engineering system remains relatively stable, fulfilling its 
intended design functions. Meanwhile, over time, its per-
formance would gradually deteriorate, signifying the con-
servation phase or recession phase of the systems. When 
the performance of the engineering system diminishes or
falls below the established functional requirements, it
enters the failure phase.

When considering the impact of disaster disturbances, 
the structural performance of the system may decrease or 
fail, representing the release phase of the system. Following 
a performance loss or functional decline in the engineering
system, structural repairs are necessary to restore the sys-
tem to its normal functional state, marking the recovery
phase. Therefore, Ayyub (2014, 2020) asserts that engineer-
ing structure resilience is a unique attribute reflecting the 
ability of the system to perform its functions.

Building on the fundamental connotations of under-
ground infrastructure resilience (Tierney & Br uneau,
2007; Attoh-Okine et al., 2009; Ayyub, 2014, 2020), 
Huang and Zhang (2015, 2016) introduced the concept of 
resilience to the tunnel domain. They defined tunnel resili-
ence as the ability of a tunnel to absorb sudden external
environmental disturbances and recover rapidly from such
engineering system considering disaster disturbances.
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Fig. 3. Definition and framework for quantitative analysis of shield tunnel resilience under sudden disasters (Huang & Zhang, 2016, reproduced with 
permission, courtesy of Elsevier).
disruptions. They categorized the evolution of tunnel per-
formance post-disaster into disturbance, evolution, and
recovery stages, as illustrated in Fig. 3. 

However, unlike sudden disasters such as earthquakes 
and floods, adjacent construction disturbances are charac-
terized by their predictability and controllability. The tim-
ing, intensity, and scope of construction disturbances are 
relatively certain. Moreover, effective measures are typi-
cally implemented to reinforce existing shield tunnels 
before the commencement of adjacent construction, ensur-
ing that the performance of the existing tunnels does not 
fall below the permissible levels required for their function-
ality during the disturbance. As a result, the disas ter
response process should be expanded from the 3 stages typ-
ical of sudden disasters, including disaster disturbance, dis-
aster evolution, and post-disaster recovery, to 4 stages
under adjacent construction disturbances, including pre-
disturbance enhancement, disaster disturbance, disaster
evolution, and post-disaster recovery, as illustrated in
Fig. 4. 

Pre-disturbance enhancement involves analyzing and 
predicting the impact of adjacent construction disturbances 
on the structural stresses and deformations of existing 
shield tunnels based on the design and construction plans 
of the new adjacent project, the condition of the existing 
tunnels, and the geological conditions. Targeted measures, 
such as deformation control and structural performance 
enhancement, are then implemented to improve the resili-
ence of shield tunnels, enabling them to resist and absorb
the impacts of adjacent construction disturbances. Disaster
disturbance refers to the development of disturbances
caused by adjacent construction on shield tunnels and their
response under the implemented control measures. Disas-
ter evolution covers the period after the completion of 
adjacent construction, during which the disturbance effects 
continue to evolve. Appropriate control measures and 
repair or enhancement decisions must be made based on 
the ongoing development of disturbances. Post-disaster 
recovery involves reco vering from deformation and restor-
ing or enhancing the performance of tunnels based on the
target functionality and predetermined decisions after adja-
cent construction disturbances have ended.

Synthesizing the definitions of shield tunnel resilience 
and other engineering systems, as well as the characteristics 
of adjacent construction disturbances, the resilience of 
shield tunnels under adjacent construction disturbances 
can be defined as follows: the ability of existing shield tun-
nels to resist disturbances caused by adjacent construction, 
to mobilize resourc es to enhance resistance before the dis-
turbances begin, and to either self-recover or mobilize
resources for rapid and economical structural repair after
the disturbances, in order to restore the target functionality
of the tunnels.

2.2 Resilience evaluation framework for shield tunnels under 
adjacent construction disturbances

The resilience evaluation of shield tunnels needs to com-
prehensively consider and characterize the fundamental 
aspect s of robustness, redundancy, resourcefulness, and
adaptability (Ayyub, 2014; Huang & Zhang, 2016). 
Robustness reflects the ability to resist disaster distur-
bances. Redundancy indicates the extent to which the 
structural system can meet or maintain functional require-
ments. Resourcefulness encompasses both economic and
social dimensions, reflecting the recoverability of structural
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Fig. 4. Definition and quantitative framework of shield tunnel resilience under adjacent construction disturbances.
systems, which is also closely related to rapidity. Adapt-
ability refers to the capacity for rapid self-recovery and 
self-learning, and it has been defined as rapidly by some 
scholars. Therefore, the key to assessing the resilience of
shield tunnels lies in quantifying the interrelationships
among these four aspects (Pandey & Sadri, 2022). 

Regarding infrastructure resilience, Tierney and 
Bruneau (2007) developed a resilience evaluation model 
to capture the entire process of functionality degradation 
and recovery following external disturbances. They pro-
posed that resilience value is the area en closed by the initial
functionality curve and the elapsed functionality curve over
the disturbance impact time. Conversely, Attoh-Okine 
et al. (2009) defined the resilience value as the ratio of the 
area under the performance evolution curve to the area
under the initial performance curve over the disturbance
impact time. Ayyub (2014, 2020), building on the connota-
tion of infrastructure resilience, divided the disaster distur-
bance process into damage and recovery phases. Its 
quantitative calculation of resilience is based on the inte-
gral of the performance curve over time, with additional
consideration of the timing of disaster disturbance.

For the resilience evaluation of shield tunnels, Huang 
and Zhang (2015, 2016) divided the performance evolution 
of shield tunnels under sudden disaster into three stage s:
disturbance, evolution, and recovery, as illustrated in
Fig. 1. Based on this, the resilience value Re of shield tun-
nels can be calculated by Eq. (1). The weight coefficients F, 
S, and R can be determined by Eqs. (2)–(4). 
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F  tf ti S  ts tf R  t  r ts

tr ti
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F 
tf 
ti 
f  t  dt 
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where ti, tf, and ts represent the initiation times of distur-
bance, evolution, and recovery, while tr represents the ter-
mination of the recovery phase. f(t), s(t), and r(t) represent 
the actual performance curves during the disturbance, evo-
lution, and recovery stages, while Q(t) denotes the conven-
tional performance evolution curve.

Building on the resilience analysis models of Ayyub 
(2014, 2020), Huang and Zhang (2015, 2016), Lin et al.
(2022) considered the impact of the initial performance 
Q0 of tunnels. They proposed that the resilience model
for tunnels can be represented by Eq. (5). The structural 
capacities F, S,  and  R for the disturbance stage, evolut ion
stage, and recovery stage can be calculated using
Eqs. (6)–(8). 
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Fig. 5. Schematic diagram of the disturbance mechanism of adjacent pit
excavation on the existing tunnel.
R 
tr 

ts 

r  t  dt 8

Unlike sudden disasters, the enhancement measures 
taken before the commencement of adjacent construction 
impr ove the system performance of existing shield tunnels,
as shown in Fig. 4. Based on the 4-stage evolution charac-
teristics of shield tunnel performance development, includ-
ing pre-disturbance enhancement, disaster disturbance, 
disaster evolution, and post-disaster recovery under adja-
cent construction disturbances, the resilience evaluation
framework for shield tunnels under adjacent construction
disturbances can be represented by Eq. (9). The structural 
capacity E during the enhancement stage can be calculated
using Eq. (10), while F, S,  and  R can be calculated using
Eqs. (6)–(8). 

Re 
E F S R 
Q0 tr ti

9

E 
te 

ti 

e  t  dt 10

where e(t) refers to actual performance curves during the
enhancement stage.

Compared to the resilience evaluation framework pro-
posed for sudden disasters, this framework for adjacent 
construction disturbances more comprehensively incorpo-
rates characteristics such as adjacent construction, struc-
ture functional redundancy, and functional suitability. It 
introduces initial performance values (Q0) and perfor-
mance allowable values (Qa), and further clarifies the cate-
gories of functional suitability requirements, where
achieving or exceeding Qa is a fundamental prerequisite
for the normal operation of existing shield tunnels, as
shown in Fig. 4. Also, there are still a number of key issues 
in the established evaluation frameworks that need to be 
urgently discussed and unified. For example, how to deter-
mine the Q0 and Qa, how to take into account the impact of 
structure decay, how to consider the impact of economic
costs, how to determine the separate time phase of the
entire disaster chain, and how to quantify the relevance
of human interventions in the process of the disaster chain.
3 Impact mechanism and deformation characteristics of 
shield tunnels under adjacent construction disturbances

3.1 Mechanisms of adjacent construct ion disturbances

There are 3 types of disturbance to the existing tunnels 
from adjacent construction, including adjacent pit excava-
tion, proximity tunnel crossing, and ground surface sur-
charge. Among them, unloading and lowering of the 
water table during the excavation of the adjacent pit exca-
vation will lead to changes in the additional stress and dis-
placement fields of the surrounding soil, and then the
tunnel produces a force and deformation response during
this process (Zhang et al., 2013; Zhou et al., 2015; Liang
et al., 2017, 2018; Vinoth & Aswathy, 2022). As shown in
Fig. 5, when the excavation pit is located directly above 
the shield tunnel, the excavation of the pit leads to the 
release of stresses in the soil at the bottom of the pit, and 
the stresses at the top of the tunnel are passively reduced, 
thus the tunnel is subjected to additional stresses upwards, 
leading to vertical uplift deformation of the tunnel; when
the excavation pit is located on the side of the shield tunnel,
the excavation of the pit makes the lateral earth pressure of
the shield tunnel decrease, resulting in tunnel convergence,
and produce obvious lateral displacement deformation
(Huang et al., 2011; Ng et al., 2013; Huang et al., 2015;
Liao et al., 2015; Shi et al., 2015b ; Li et al., 2019; Bi
et al., 2022; Tanoli, et al., 2022;  D  . Zhang et al., 2022a). 

The influencing mechanism of proximity tunnelling 
through existing shield tunnels is complex, which is mainly 
closely related to the relative position, crossing angle, tun-
nel spacing, ground conditions, boring parameters, and
reinforcement schemes (Jin et al., 2019;  G  . Wei et al.,
2021; Fu et al., 2022). According to the relative positions 
of the new tunnels and the existing tunnels, there are 4 
types of proximity crossing disturbances including over-
crossing disturbances, under-crossing disturbances,
superimposed-crossing disturbances and parallel-crossing
disturbances, as shown in Fig. 6. For the over-crossing dis-
turbances, the upper tunnel boring produces excavation 
unloading and ground stress release, resulting in the exist-
ing shield tunnel is subjected to upward additional stress,
so that the tunnel structure produces vertical uplift defor-
mation and lateral convergence (Ghaboussi et al., 1983;
Zhao et al., 2021;  Z  . Zhang et al., 2022). For the under-
crossing disturbances, the new tunnels cause stratigraphic 
losses and stratigraphic disturbances, resulting in the exist-
ing tunnels showing a tendency of ‘downward pulling and 
upwar d compression’ in terms of stress changes, as well as
lateral convergence and vertical settlement deformations
(Zhang et al., 2014a; Lin et a l., 2019; Feng et al., 2023;
Jiang et al., 2023; Islam & Iskander, 2024).

Ground surface surcharge refers to the phenomenon of 
filling a large amount of earth or construction materials
above the existing shield tunnel, which leads to an increase
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Fig. 6. Different types of proximity crossing disturbances. (a) Over-
crossing disturbances, (b) under-crossing disturbances, (c) superimposed-
crossing disturbances, and (d) parallel-crossing disturbances.
in the additional stresses in the ground and the existing 
tunnel, and produces a disturbing effect on the existing tun-
nel, resulting in the phenomenon that leads to the differen-
tial settlement and transverse convergence of the tunnel
(Wang & Zhang, 2013; Huang et al., 2017; Liang et al.,
2023). The disturbance influence of ground surface sur-
charge is closely related to the surcharge size, surcharge 
location, tunnel depth, tunnel diameter, stratum condi-
tions, tunnel stiffness, and control measures (Shao et al.,
2016; Yang et al., 2017;  J  . Zhang et al., 2019, 2021; Wei
et al., 2022). 

3.2 Deformation characteristics of shield tunnels

The deformation characteristics of shield tunnels under 
disturbance are crucial for selecting the resilience evalua-
tion indicators, which generally include vertical deforma-
tion, horizontal deformation, convergence deform ation,
segment dislocation, and structural cracks. However, dis-
tinct disturbance mechanisms are caused in existing shield
Table 2 
Deformation characteristics of shield tunnel under different types of adjacent

Vertical 
deformation 

Ho
de

Types of adjacent construction disturbance

Adjacent foundation pit
excavation

Crossing existing
tunnels

O

Adjacent to existing
tunnels

Proximity tunnel crossing Over-crossing O
Under-crossing O 
Parallel-crossing 
Overlaying-crossing O 

Crossing existing
tunnels

Ground surface surcharge O

Adjacent to existing 
tunnels

Note: ‘‘ ” means it’s bound to happen; ‘‘O” means it probably happens.
tunnels by different types of adjacent construction activi-
ties, resulting in significant differences in the deformation 
characteristics of these structures. The deformation cha rac-
teristics of existing shield tunnels under different types of
adjacent construction disturbances are summarized in
Table 2. 

Vertical and convergence deformations in existing shield 
tunnels can result from adjacent pit excavation, proximity 
tunnel crossing, and ground surface surcharge, potentially 
leading to structural cracks. The occurrence of horizontal 
deformation depends on whether the adjacent construction 
disturbance induces additional horizontal stress on the tun-
nel, which mainly includes lateral excavation, parallel tun-
nel crossing, and lateral surface loading. Moreover, since 
shield tunnels can be approximated as infinitely long linear
annular segmented structures, the disturbance from adja-
cent construction has sectional characteristics. The uneven
distribution of additional stresses can lead to segment dis-
location within the shield tunnel, which warrants signifi-
cant attention.

Based on the mechanisms and stress-deformation char-
acteristics of adjacent construction disturbances on existing 
shield tunnels, the evaluation of the impact of adjacent 
construction disturbances on shield tunnel structures 
should primarily consider vertical de formation and conver-
gence deformation indicators. Additionally, other defor-
mation indicators specific to the type of disturbance
should also be taken into account.

4 Evaluation method for shield tunnel resilience under 
adjacent construction disturbances

The evaluation indicators for structural resilience need 
to comprehensively reflect the fundamental aspects of 
robustness, redundancy, resourcefulness, and rapidity, 
accounting for the initial perfor mance of systems and their
changes over time, as well as the post-disaster recovery pro-
cess and effectiveness (Ayyub, 20 20). Based on this, the log-
O O
O O
O O

O O

construction disturbances.

rizontal 
formation 

Convergent 
deformatio n

Segment 
dislocation 

Structural 
crack 

O 

O 

O 

O 
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ical relationship of the resilience indicators for shield tun-
nels is shown in Fig. 7. The external effectiveness indicators 
of shield tunnel resilience include 4 dimensions: structural 
performance, tunnel functionality, economic costs, and 
affected time. In essence, the resilience of shield tunnels is
determined by intrinsic impact factors such as technical,
organizational, social, and economic dimensions.

The essential step in devising a scientific and reasonable 
resilience evaluation method for shield tunnels, while 
accounting for adjacent construction disturbances, hinges 
on systematically integrating intrinsic impact facto rs to
predict pre-disaster resilience and leveraging external effec-
tiveness indicators for comprehensive disaster chain
analysis.

4.1 Resilience evaluation based on imp act factor indicators

Resilience evaluation based on impact factor indicators 
primarily considers the influence of factors in technical, 
organizational, social, and economic dimensions. Each of 
these impact factor indicators is assessed and graded
accordingly, and a comprehensive evaluation method is
employed to establish an indicator system and evaluation
methodology.

Based on this approach, Q. Wei et al. (2021) developed a 
tunnel construction safety resilience evaluation indicator 
system that c onsiders the unique characteristics of tunnel
Fig. 7. Intrinsic logic of sh
engineering, geological conditions, and emergency manage-
ment. They analyzed the impact of complex factors such as 
constr uction disturbances and emergency management on
tunnel construction safety resilience. Borghetti et al.
(2021) studied the impact of emergency measures on tunnel 
fire resilience through case analysis. Su et al. (2024) consid-
ered factors such as disaster severity, geological vulnerabil-
ity, resistance, recoverability, and adaptability to construct 
a resilience eva luation model for the geological environ-
ment of urban deep underground spaces. Luo et al.
(2023) developed an underground space resilience indicator 
system encompassing 5 dimensions including the organiza-
tional structure, infrastructure, environment, society, and 
economy, and established an evaluation model of under-
ground space resilience based on the entropy weight
method. Emanuel and Ayyub (2019) considered stake-
holder preferences in the resilience evaluation system, 
studying the connotations and methods of urban infras-
tructure resilience evaluation through 4 basic models.
Shadabfar et al. (2022) discussed the resilience connota-
tions of infrastructure such as underground space struc-
tures based on resilience design concepts, and provided a 
comprehensive review of resilience evaluation models, tech-
nical methods, and computing platforms.

To some extent, resilience evaluation based on impact 
factor indicators aligns with existing safety and risk assess-
ment methods. However, while safety and risk assessment
ield tunnel resilience.
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typically focus on the instantaneous state at a specific point 
in time, resilience evaluation takes into account the entire 
disaster chain, providing a more comprehensive and ele-
vated evaluation of the performance over the entire pro-
cess, as shown in Table 3. Hence, the key to ensuring the 
scientific and accurate results of this resilience evaluation 
lies in reflect ing the dynamic evolution of resilience and
its interaction with the environment.

4.2 Resilience evaluation based on effectiveness indicators

The resilience evaluation based on effectiveness indica-
tors during the disaster chain primarily considers dimen-
sions such as structural performance, tunnel 
functionality, affected time, and economic costs. As shown
in Table 4, performance dimension indicators serve as the 
general foundational indicators for the resilience evalua-
tion of shield tunnels. These indicators focus on structural 
deformation, including convergence, settlement, differential 
settlement, ellipticity, and longitudinal settlement, all of 
which take into account the time-dependent characteristics
of deformation indicators. However, the initial or maxi-
mum allowable values of deformation indicators are not
1 2

Table 3 
Comparison of safety, risk, and resilience evaluation of engineering structures

Items Definition

Safety Be capable of withstanding and maintaining the necessary stabi
during and after the fortuitous events.

Risk The combination of the probability of occurrence and the loss o
accident or disaster

Resilience Resistance and recoverability of engineering systems to environm
changes or disasters

Table 4 
Statistics on effectiveness indicators for shield tunnel resilience.

Dimensions Indicators Calculation meth

Structural 
performanc e

Convergence deformation, DD Q t DD0 
DD t

Q t DDmax DD t
DDmax

Q t 1 2 5 10

Settlement deformation, u Q t umax u t 
umax

Differential settlement, DS Q t DSmax DS t 
DSmax

Longitudinal settlement, x Q t xmax x t 
xmax

Longitudinal relative differential 
settleme nt, Sre

Q t Sre t 
Sre0

Ellipticity, DE Q t DE0 
DE t

Tunnel functions Traffic speeds Q Open lanes 
Total lanes 

R
N

Network efficiencies Q t Ef t N 
Affected time Affected duration DT tr ti

Economic costs Restoration costs Ctotal Cdisruption
uniformly quantified, leading to variations in the calcula-
tion methods for the same resilience performance indicator
Q among different researchers.

For instance, Huang and Zhang (2015, 2016) used the 
ratio of initial deformation to time-varying deformati on
as the performance indicator Q. Lin et al. (2022) and 
Jiang and Hao (2022) used the ratio of deformation redun-
dancy to the maximum allowable value as the performance
indicator Q. Hua et al. (2024) used the longitudinal relative 
differential settlement as the index of tunn el structural resi-
lience performance, as shown in Fig. 8. Meanwhile, Zhu 
et al. (2024) employed a piecewise function based on histor-
ical maximum deformation values to characterize the per-
formance indicator Q.

The effectiveness indicators for tunnel functionality are 
highly specific. Current resilience evaluations of shield tun-
nels mainly target traffic tunnels, represented by the speed 
of trains or vehicles passing through the tunnel and the net-
work connectivity efficiency of the tunnel. Affected time 
encompasses the entire process duration, including
enhancement time, disturbance time, evolution time, and
recovery time, making it a crucial dimension in the resili-
ence evaluation of shield tunnels. Presently, the quantifica-
1
2 DD t DDmax his

1
5 10 4DD t 2 DD t DDmax his

.

Key indicators Time characteri stics

lity Factor of safety, load-bearing capacity Instantaneous 

f an Probability, loss Instantaneous 

ental Robustness, redundancy, 
resourcefulness, and rapidity

Entire time process

od References 

Huang & Zhang, 2015, 2016

 Lin et al., 2022

 4 DD t DDmax his
2 Zhu et al., 2024

Lin et al., 2022

Lin et al., 2022

Jiang & Hao, 2022

Hua et al., 2024

Ni, 2021 
educed speed limit
ormal speed limit Khetwal et al., 2019
1 
N 1 i–j

1
dij

Zhang et al., 2018
Huang & Zhang, 2015, 2016; Lin
et al., 2022

 Crepair Zhang et al., 2018
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Fig. 8. Relative unevenness of the longitudinal settlement as the perfor-
mance index (Hua et al., 2024, reproduced with permission, courtesy of
Elsevier).
tion of affected time mainly considers absolute duration or 
the integratio n of structural system performance over time.

Economic cost is an essential dimension that distin-
guishes resilience evaluation from risk evaluation. Zhang 
et al. (2018) conducted a quantitative analysis of disaster 
losses and repair costs for shield tunnels under sudden dis-
aster disturbances. For the resilience of existing shield tun-
nels under adjacent construction disturbances, the 
investment cost during the pre-disturbance enhancement 
phase constitutes a significant, if not the primary, part of
the overall economic costs and serves as a critical basis
for enhancement decision-making. Therefore, it should be
subject to quantitative analysis. Furthermore, Han et al.
(2023) constructed a three-dimensional space of 
performance-time–cost to interpret the evolution laws of 
compo site performance and recovery costs over time, as
Fig. 9. Performance-time–cost three-dim
shown in Fig. 9. And they explored in-depth the interrela-
tionships among structural functionality, affected time, and 
economic cost, and proposed a resilience evaluation frame-
work for unde rground space structures based on the three-
dimensional space of functionality, time, and cost, as
shown in Fig. 10. 

Both resilience evaluation based on impact factor indi-
cators and effectiveness indicators can reasonably assess 
the resilience of shield tunnels under adjacent construction 
disturbances. Furthermore, in addition to deterministi c
evaluation, some scholars have analyzed the impact of
uncertainty on resilience evaluation by means of proba-
bilistic methods (Francis & Bekera, 2014), such as the 
uncertainty of disasters (Gidaris et al., 2022), geological 
conditio ns (Chwała et al., 2023), and performance recover y
(Talebiyan & Duenas-Osorio, 2020). As a functional sys-
tem, the resilience evaluation of shield tunnels should be 
a dialectical unity of both methods, rather than being inde-
pendent or even oppositional. Sy stemic issues in evaluating
the resilience of shield tunnels under adjacent construction
disturbances still demand further research.

5 Research on resilience enhance ment of shield tunnels

Shield tunnels were operated within a complex geotech-
nical environment characterized by multiple fields such as 
stress field, displacement field, and seepage field, and mul-
tiple phases including solid phase, liquid phase, and gas 
phase. The significant coupling interaction between the 
structure and geotechnical environment necessitates that
resilience enhancement for shield tunnels considers the
entire disaster chain impact mechanism, including disaster
action, structure response, disaster control, and resilience
ensional space (Han et al., 2023). 
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Fig. 10. Framework for the resilience assessment of underground structure-stratum (Han et al., 2023). 
enhancement (Gu et al., 2023). It is crucial to explore coor-
dinated resilience enhancement strategies between shield 
tunnels and the geotechnical environment. It is particularly 
noteworthy that, as a comprehensive engineering system, 
resilience en hancement of shield tunnels requires a holistic
consideration of various factors. According to the intrinsic
logic of shield tunnel resilience in Fig. 7, shield tunnel resi-
lience enhancement should be carried out in terms of the 4 
influencing factors including en gineering technology, orga-
nizational management, economic cost, and social security.

Hence, the systematic logic for enhancing resilience of 
the tunnels is illustrated in Fig. 11. In the first, and inner-
most, layer of the diagram is the target for shiel d tunnel
resilience enhancement. The second layer is the enhance-
Fig. 11. Systematic logic for enhancing the resilience of shield tunnels.
ment requirement of shield tunnel resilience, including 
strong robustness, sufficient redundancy, intelligent adap-
tation, and quick recovery. The third layer is the strategic 
dimension of shield tunnel resilience enhancement, includ-
ing engineering technol ogy, organizational management,
economic cost, and social security, which are closely inter-
related to the resilience enhancement requirements of the
second layer.

Engineering technology is the fundamental basis for 
enhancing the resilience of shield tunnels and is currently 
the primary research focus in this area. Based on the distur-
bance mechanisms of adjacent construction disasters on 
shield tunnels, the coordinated resilience enhancement 
technologies can be approached from severa l aspects:
structure optimization design, blocking disturbance trans-
mission, enhancing structural performance, ground rein-
forcement, and auxiliary enhancement. The strategies and
methods for enhancing the resilience of shield tunnels are
summarized in Table 5. 

The optimization design of shield tunnels is a crucial 
technical means to enhance pre-disaster structural resili-
ence. Currently, scholars both domestically and interna-
tionally have proposed structural design optimization 
methods based on reliability and robustness concepts to
effectively improve the pre-disaster resistance resilience of
shield tunnels, as shown in Table 5. However, existing opti-
mization methods based on reliability and robustness pri-
marily aim to reduce structural damage or lower 
economic costs while ensuring structural performance 
requirements. They do not systematically consider post-
disaster functional recoverability or the reciprocal coupling
effects between the tunnel structure and the surrounding
ground. In light of this, Xiao et al. (2023) proposed the 
concept of resilience design and fortification goals for
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Table 5 
Summary of strategies and methods enhancing the resilience of shield tunnels.

Strategies Methods Content Enhancing principle References 

Structure optimization
design

Reliability 
optimization 

Considering the variability of
stratigraphic

Point estimation method Rosenblueth, 1975; Zhao &
Ono, 2000; Kroetz et al.,
2018; Li et al., 2023

Support vector machine Zhao et al., 2014
Logistic regression model Zhang & Goh, 2016
Moving least squares Lü et al., 2017
Response surface 
methodol ogy

Hamrouni et al., 2017; Liu
et al., 2022b

Robustness 
optimization 

Fuzzy set Considering economic costs Gong et al., 2014
3D robust design Considering the variability of

longitudinal stratigraphic
Gong et al., 2015

Multi-objective optimization Robustness and cost multi-
objective optimization

Wang, 2019 

Maximizing robustness and
minimizing cost

D. Zhang et al., 2019

Constrained multi-objective 
algorith m

Robustness and cost 
optimization in the limits

Hua et al., 2022

Blocking disturbance
transmission

Isolation piles Conventional isolation piles Displacement blocking Zheng et al., 2015
Buried isolation piles Provides blocking action and

reduces traction
Du, 2018; Xu et al., 2018

Enhancing structural 
performanc e

Structure form Increase lining thickness Increase structural resistance Meng et al., 2023
L. Zhang et al., 2019;  Y  .
Zhang et al., 2022; Zhang
et al., 2023a; Zhang et al.,
2023b 

Optimization of joints Improved structural stiffness 
and enhanc ed waterproofing

Construction 
materials 

Zhang et al., 2020; Tong
et al., 2022;  D  . Zhang et al.,
2022b 

Fiber-reinforced concrete Improve the resilience of 
structural material

Structural 
reinforceme nt

Structure restoration and
reinforcement

Restoration with carbon 
fiber reinforced polymer

Li et al., 2014

Liu & Zhang, 2014; Ai et al.,
2017 

Restoration with aramid 
fiber reinforced polymer
Restoration with plate Structure reinforcement Zhao et al., 2016; Liu et al.,

2017;  D  . Zhang et al., 2021
Deformation 
recovery 

Ground reinforcement Minor disturbance grouting Recovery from deformation 
due to soil volume change

Zhang et al., 2014b; Zhang
et al., 2014

Real-time compensating
grouting

Strata reinforcement Improvement of strata 
mechanica l properties

Du, 2018; Zheng et al., 2022b
shield tunnels. They developed a resilience design indicator 
system that takes into account structural redundancy, 
robustness, recoverability, and economic efficiency. Ulti-
mately, they established a ‘design + evaluation’ method
for the resilience design of shield tunnels.

Blocking disturbance transmission involves installing 
isolation facilities between existing shield tunnels and 
newly constructed adjacent structures to block stress trans-
mission paths or limit soil displacement. This method aims 
to reduce the intensity of construction disturbances and 
thus collaboratively enhance the resilience of the tunnel. 
For excavation disturbances due to ad jacent construction,
blocking piles are typically placed between the lateral
retaining structures of the excavation pit, or uplift piles
are installed on both sides of the tunnel when excavating
the overlying pit. However, the design of blocking piles
and uplift piles must comprehensively consider the conflict-
ing effects of blocking and traction (Zheng et al., 2015; Du,
2018; Xu et al., 2018). However, blocking disturbance 
transmission is not usually applicable in densely built-up 
urban centers, and the construction of blocking piles and
uplift piles may also result in adjacent construction distur-
bances to existing shield tunnels.

Enhancing structural performance focuses on improving 
the resistance of shield tunnels through modifications to 
structure form, material, and reinforcement. Structure rein-
forcement is a key method for post-disaster recovery of 
existing shield tunnels. However, current research on the 
role of structure reinforcement in enhancing tunnel resili-
ence predominantly emphasizes technical methods, lacking
quantitative analysis that considers performance, time, and
economic costs. Some structural performance enhancing
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measures, such as restoration with fiber reinforced pol ymer
or plate, are expensive.

Ground reinforcement primarily improves its resistance 
to deformation and effectively blocks the stress transmis-
sion in the soil surrounding the tunnel. Simultaneously, 
the volumetric expansion of the soil due to grouting can
be utilized to control the deformation and its recovery in
existing tunnels, as shown in Fig. 12. This method can 
effectively repair structure issues such as segment joint 
openings and segment misalignment induced by uneven 
vertical settlement and lateral deformation, thereby collab-
oratively enhancing the resilience of shield tunnels. Unfor-
tunate ly, grouting reinforcement is subject to significant
uncertainty due to the stratum’s invisibility. Close integra-
tion with site monitoring is generally required.

Additionally, auxiliary measures such as controlling 
ground surface surcharge, optimizing adjacent construc-
tion sequences, increasing the stiffness of support structures 
for nearby excavations, and improving monitoring schemes 
can reduce the impact of adjacent construction on the 
geotechni cal environment. These measures aim to minimize
the initial disturbance, enhance early warning ability, and
improve control efficiency for disaster-related disturbances.
Lei et al. (2023) proposed 7 key resilience enhancement 
technologies for underground space engineering, including 
micro-disturbance construction techniques, equivalent stiff-
ness reinforcement for connected structures, anti-corrosion 
and anti-cracking concrete technology, waterproofing and 
drainage technology, high-durability anchoring, non-
structural energy-dissipating seismic reduction, and disas-
ter prevention and mitigation technologies during opera-
tion and maintenance.

According to the statistics by B. Liu et al. (2024),  as
shown in Figs. 13 and 14, ground improvement, zoned 
excavation, isolation or uplift pile, pit bottom loading, 
and field monitoring are commonly used methods to con-
trol the tunnel displacement induced by adjacent constru c-
tion, especially disturbances by adjacent pit excavation. It
is found that with the improvement of the ground condi-
Fig. 12. Simulation method for lateral grouting in shield tun
tions, the use of displacement control methods was corre-
spondingly reduced. Deformation control of existing 
shield tunnels under adjacent construction disturbances is 
a key indicator of their resilience level. However, current 
resilience enhancement research is mainly application-
oriented, which primarily focuses on analyzing the mecha-
nisms and effects of deformation control by engineering
methods.

Particularly, it is worth paying attention to the fact that 
with the rapid development and application of artificial 
intelligence (AI) technology, the accuracy and time-
efficiency of disaster evolut ion reasoning, performance pre-
diction, resilience evaluation, and decision-making of resi-
lience enhancement will be improved markedly (Shen et al.,
2023; Alkhaleel, 2024). It will greatly facilitate the resilience 
enhancement of the shield tunnels under adjacent construc-
tion disturbances. In reality, shield tunnels, as complex 
functional systems, still lack resilience enhancement strate-
gies considering the combined impact of engineering tech-
nology, organizational management, economic costs, and
social security.
6 Discussion and prospects

It is evident that significant advancements have been 
made in resilience analysis theories, evaluation indicators, 
and enhancement methods by scholars both domestically 
and internationally, based on the aforementioned studies 
on the resilience of shield tunnels under adjacent construc-
tion disturbances. However, several key issues still urgently
remain to be thoroughly addressed as follows.

6.1 Intensity quantification of adjacent construction
disturbance

As an inherent property of engineering structure sys-
tems, resilience represents the capability of a system to
respond to disaster-induced disturbances, resulting in vary-
nel with large lateral deformation (Zhang et al., 2014b). 
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Fig. 13. Proportion of displacement control methods for lateral tunnel (B. Liu et al., 2024, reproduced with permission, courtesy of Elsevier).

Fig. 14. Proportion of displacement control methods for the underlying tunnel (B. Liu et al., 2024, reproduced with permission, courtesy of Elsevier).
ing responses under different disturba nce intensities
(Huang et al., 2024; Shen et al., 2025). Although the 
response of the same shield tunnel system may differ when 
subjected to various adjacent construction disturbances, its 
resilience level should remain relatively consistent. There-
fore, resilience evaluation of shield tunnels under adjacent
construction disturbances must account for the impact of 
disturbance intens ity or adjust the evaluation results
accordingly.

The disturbance intensity of adjacent construction on 
shield tunnels can be defined as the maximum impact that
adjacent construction may have on the shield tunnel with-
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out reinforcement or enhancement measures. This is 
mainly related to the potential deformation of the existing 
shield tunnels and the relative position of the adjacent con-
struction project to the tunnels. Accordingly, research on 
the intensity of adjacent construction disturbances can be 
conducted from 2 perspectives. Firstly, predict and analyze 
the deformation impact of adjacent construction on the 
existing tunnels using existing theoretical analysis, numeri-
cal simulation, and simplified analysis methods, then clas-
sify disturbance intensity levels, and ultimately determine 
the disturbance intensity coefficients based on the magni-
tude of the deformation. Secondly, classify disturbance 
impact levels based on the relative position of the adjacent
construction influence area to the existing shield tunnel,
and use this classification to determine the disturbance
intensity coefficient eventually. After that, the intensity
coefficient can be accounted into the resilience evaluation
framework and resilience calculation formulas, as a correc-
tion factor or evaluation indicator. It deserves in-depth
study for more accurate resilience evaluations.

6.2 Resilience evaluation indexes and resilience level grading

Resilience evaluation indicators for shield tunnels 
include those based on impact factor indicators and those 
effectiveness indicators characterizing the entire disaster 
chain process currently. The selection of these indicators 
is, to some extent, both targeted and reasonab le. However,
the grading of evaluation indicators and resilience levels
remains relatively subjective, utilizing methods such as
the multiple-level grading systems (Su et al., 2024). The 
determination of indicator thresholds lacks a necessary sci-
entific and rational basis. Additionally, the permissible or 
maximum values of performance indicators based on struc-
tural deformation are derived from current standards (Lin 
et al., 2022; Han et al., 2023), which often include safety 
margins, potentially leading to an underestimation of the 
resilience level of the structure. Therefore, it is imperative 
to study and analyze the limit or permissible values of eval-
uation indicators to enhance the scientific basis of indicator
thresholds and resilience grading. This is crucial for
improving the rationality and accuracy of resilience evalu-
ations for shield tunnels under adjacent construction
disturbances.

6.3 Time-dependent resilience prediction of the entire
disaster chain

The resilience of shield tunnels undergoes a dynamic 
evolution process, with resilience evaluation indicators 
exhibiting significant time-dependent characteristics. 
Research on predicting resilience evaluation indicators, 
such as structural deformation, using empir ical models
and deep learning algorithms is relatively advanced and
has established a solid foundation for resilience prediction
analysis (Shen et al., 2023;  D  . Zhang et al., 2024). It is
essential to go beyond the limitations of single engineering
case studies (B. Liu et al., 2024). A case database of adja-
cent construction disturbances should be established to 
improve the rationality and generalization of resilience 
indicator prediction models by investigating the distur-
bance mechan isms of adjacent construction on shield tun-
nels, the evolution of indicators, and the impact of
enhancement measures.

Furthermore, a dynamic evaluation method for shield 
tunnel resilience under adjacent construction disturbances 
should be developed, considering the relationship between 
disturbance intensity, resilience indicators, and resilience 
levels. It includes constructing a time-depen dent resilience
prediction model for the entire disaster chain process, pro-
viding a basis for enhancing shield tunnel resilience and
disaster response decision-making.
6.4 Synergistic enhancement strategy for shield tunnel

resilience

Current research on enhancing the resilience of shield 
tunnels mainly focuses on the impact of individual factors 
such as structure repair or grouting on deformation indica-
tors, with limited studies on the synergistic effect of struc-
ture and soil interactions on resilience indicators (D.
Zhang et al., 2021; Gu et al., 2023). Existing studies are 
mainly application-oriented, lagging in theoretical explo-
ration, and lacking in multi-objective optimization meth-
ods with multi-measure and enhancing strategies that 
consider resilience recovery targets, duration time, and eco-
nomic costs. Based on the resilience requirements of shield 
tunnels under adjacent construction disturbances, it is cru-
cial to integrate intelligent algorithms and technologies
such as machine learning, physical information neural net-
works, knowledge graphs, and pre-trained models. This
integration aims to analyze the mapping relationship
between influencing parameters and resilience indicators.

A comprehensive method that considers resilience goals, 
affected time, and economic costs should be proposed to 
quantify the correlation between multi-measure, multi-
objective resilience enhancement strategies in a structure-
soil context. Additionally, a decision support knowledge 
base and a large language model for the vertical domain 
of shield tunnel resilience should be constructed, equipped 
with autonomou s decision-making and reasoning capabili-
ties. This approach will enable intelligent, rapid, and scien-
tifically sound decisions for ensuring and enhancing the
resilience of shield tunnels throughout the entire disaster
chain under adjacent construction disturbances.

7 Concl usions

The resilience objectives of ‘strong robustness, sufficient 
redundancy, quick recovery, and intelligent adaptation’ are
fundamental requirements for shield tunnels. Resilience
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evaluation provides a new and novel approach for assess-
ing the impact of adjacent construction disturbances on 
shield tunnels. However, there are challenges such as the 
ambiguous definition of resilience, diverse evaluation indi-
cators and measurement methods, and a focus on assess-
ment over enhancement.

It is evident that current resilience evaluation models 
face applicability issues concerning adjacent construction 
disturbances and fail to effectively address the time-
dependent and systematization of resilience evaluation, 
by summarizing and analyzing the fundamental theories 
and evaluation methods of resilience for existing shield tun-
nels. To address these challenges, a resilience evaluation 
framework should be established that encompasses 4 
stages: pre-disaster enhancement, disaster disturbance, dis-
aster evolution, and post-disaster recovery. This frame-
work should incorporate evaluation indicator systems
that consider intrinsic influencing factors such as technol-
ogy, organization, society, and economy, as well as repre-
sentational dimensions like structural performance,
tunnel functionality, affected time, and economic cost.

Resilience enhancement technologies primarily focus on 
practical applications, with application practices outpacing 
theoretical research. There remains a lack of multi-
measure, multi-objective optimized resilience enhancement 
methods and strategies that consider resilience recovery 
targets, recovery time, and recovery costs. Future research 
should focus on 4 key areas: quantifying the intensity of 
adjacent construction disturbances, classifying resilience 
evaluation indicators and resilience levels, predicting 
time-dependent resilience throughout the entire disaster
chain, and enhancing the synergy between shield tunnels
and the surrounding soil. Strengthening research in these
areas will better promote disaster prevention, mitigation,
and resilience enhancement for shield tunnels affected by
adjacent construction disturbances.
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Lü, Q., Xiao, Z., Ji, J., Zheng, J., & Shang, Y. (2017). Moving least
squares method for reliability assessment of rock tunnel excavation
considering ground-support interaction. Computers and Geotechnics,
84, 88–100. 

Meerow, S., Newell, J. P., & Stults, M. (2016). Defining urban resilience:
A review. Landscape and Urban Planning, 147, 38–49. 

Meng, L., Zhu, W., Zhang, Y., Xing, H., Fang, Z., Qian, Y., & Wang, L.
(2023). Analysis of the influence of internal loading patterns on
mechanical properties of shield tunnel with double lining. Highway, 68
(9), 452–457 (in Chinese). 

Nelson, K., Gillespie-Marthaler, L., Baroud, H., Abkowitz, M., &
Kosson, D. (2020). An integrated and dynamic framework for
assessing sustainable resilience in complex adaptive systems. Sustain-
able and Resilient Infrastructure, 5, 311–329. 

Ng, C. W. W., Shi, J., & Hong, Y. (2013). Three-dimensional centrifuge
modelling of basement excavation effects on an existing tunnel in dry
sand. Canadian Geotechnical Journal, 50(8), 874–888. 

Ni, X. (2021). Study on the influencing factors and resilience evaluation 
method of shield tunnel structure resilience in loess area [Master’s thesis,
Xi’an University of Technology]. (in Chinese).

Pandey, S. J., & Sadri, A. M. (2022). Critical review of sustainability,
resilience, and their unifying assessments for civil infrastructure
systems. In Proceedings of Construction Research Congress 2022:
Infrastructure Sustainability and Resilience – Selected, 1-A
(pp. 288–298). 

Redman, C. L. (2014). Should sustainability and resilience be combined or
remain distinct pursuits? Ecology and Society, 19(2), 37. 

Rosenblueth, E. (1975). Point estimates for probability moments.
Proceedings of the National Academy of Sciences, 72(10), 3812–3814. 

Shadabfar, M., Mahsuli, M., Zhang, Y., Xue, Y., Ayyub, B. M., Huang,
H., & Medina, R. A. (2022). Resilience -based design of infrastructure:
Review of models, methodologies, and computational tools. ASCE-
ASME Journal of Risk and Uncertainty in Engineering Systems, Part A:
Civil Engineering, 8 (1), 0312100 4. 

Shao, H., Huang, H., Zhang, D., & Wang, R. (2016). Case study on repair
work for excessively deformed shield tunnel under accidental surface
surcharge in soft clay. Chinese Journal of Geotechnical Engineering, 38
(6), 1036–1043 (in Chinese). 

Shen, Y., Zhang, D., Wang, R., Li, J., & Huang, Z. (2023). SBD-K-
medoids-based long-term settlement analysis of shield tunnel. Trans-
portation Geotechnics, 42, 101053. 
Shen, Y., El Naggar, M. H., Zhang, D., Huang, Z., & Du, X. (2025).
Scalar- and vector-valued seismic fragility assessment of segmental
shield tunnel lining in liquefiable soil deposits. Tunnelling and
Underground Space Technology, 155, 106171. 

Shi, J., Liu, G., Huang, P., & Ng, C. W. W. (2015a). Interaction between a
large-scale triangular excavation and adjacent structures in Shanghai
soft clay. Tunnelling Underground Space Technology, 50, 282–295. 

Shi, J., Ng, C. W. W., & Chen, Y. (2015b). Three-dimensional numerical
parametric study of the influence of basement excavation on existing
tunnel. Computers and Geotechnics, 63, 146–158. 

Singh, R. R., Bruneau, M., Stavridis, A., & Sett, K. (2022). Resilience
deficit index for quantification of resilience. Resilient Cities and
Structures, 1 (2), 1–9. 

Soga, K., Laver, R. G., & Li, Z. (2017). Long-term tunnel behaviour and
ground movements after tunnelling in clayey soils. Underground Space,
2(3), 149–167. 

Su, D., Huang, M., Han, W., & Chen, X. (2024). Evaluation model of
geological environment resilience in the urban deep underground space
and its application. Geology in China, 51(1), 157–169 (in Chinese). 

Talebiyan, H., & Duenas-Osorio, L. (2020). Decentralized decision
making for the restoration of interdependent networks. ASCE-ASME
Journal of Risk and Uncertainty in Engineerin g Systems, Part A: Civil
Engineering, 6 (2), 0402001 2. 

Tanoli, A. Y., Yan, B., Xiong, Y., Ye, G., Khalid, U., & Xu, Z. (2022).
Numerical analysis on zone-divided deep excavation in soft clays using
a new small strain elasto–plastic constitutive model. Underground
Space, 7 (1), 19–36. 

Tierney, K., & Bruneau, M. (2007). Conceptualized and measuring
resilience: A key to disaster loss reduction. TR News, 250, 14–17. 

Tong, Y., Wang, Y., & Zhang, S. (2022). Research progress on mechanical
properties and durability properties of tunnel lining fiber reinforced
concrete. Journal of Materials Science & Engineering, 40(3), 528–536 
(in Chinese). 

Tyler, S., & Moench, M. (2012). A framework for urban climate resilience.
Climate and Development, 4(4), 311–326. 

Vinoth, M., & Aswathy, M. S. (2022). Behaviour of existing tunnel due to
adjacent deep excavation-a review. International Journal of Geotech-
nical Engineering, 16 (9), 1132–1151. 

Wagner, I., & Breil, P. (2013). The role of ecohydrology in creating more
resilient cities. Ecohydrology & Hydrobiology, 13(2), 113–134. 

Wang, F., Liang, S., & Feng, A. (2024). Statistics and development
analysis of urban rail transit in China in 2023. Tunnel Construction, 44
(2), 393–400 (in Chinese). 

Wang, R., & Zhang, D. (2013). Mechanism of transverse deformation and
assessment index for shield tunnels in soft clay under surface
surcharge. Chinese Journal of Geotechnical Engineering, 35(6), 
1092–1101 (in Chinese). 

Wang, R. C. (2019). Robust design of large-diameter shield tunnels in 
multiple strata [Doctoral dissertation, Tongji University]. (in Chinese).

Wei, G., Zhang, S., Yu, J., Ding, Z., & Cui, Y. (2022). Model tests and
theoretical analyses of influences of surface surcharge on confining
pressure of shield tunnels. Chinese Journal of Geotechnical Engineering,
44(10), 1789–1798 (in Chinese). 

Wei, G., Zhao, D., & Huang, R. (2021a). A review of model test studies on
the impact of shield construction on adjacent tunnels. Modern
Tunnelling Technology, 58 (5), 1–8 (in Chinese). 

Wei, Q., Liu, J., Wang, J., & Wang, P. (2021b). Evaluation of safety
resilience in tunnel construction based on ideal fuzzy matter element.
China Safety Science Journal, 31(8), 62–68 (in Chinese). 

Xiao, M., & Feng, K. (2023). Study on the resilient structure design of
shield tunnels. China Journal of Highway and Transport, 36(8), 204–213 
(in Chinese). 

Xu, C., Zeng, X., Qi, X., & Zhao, X. (2018). Analysis of influence of
position of arch double row isolated pile on existing tunnel. Journal of
Railway Science and Engineering, 15(6), 1501–1508 (in Chinese). 

Yamamoto, K., Lyamin, A. V., Wilson, D. W., Sloan, S. W., & Abbo, A.
J. (2012). Stability of dual circular tunnels in cohesive-frictional
soil subjected to surcharge loading. Computers and Geotechnics, 50, 
41–54. 

Yang, F., Zheng, X., Zhang, J., & Yang, J. (2017). Upper bound analysis
of stability of dual circular tunnels subjected to surcharge loading in
cohesive-frictional soils. Tunnelling and Underground Space Technol-
ogy, 61 (1), 150–160.

http://refhub.elsevier.com/S2467-9674(25)00097-2/h0285
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0285
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0285
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0285
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0290
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0290
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0290
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0290
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0295
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0295
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0295
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0295
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0300
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0300
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0300
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0300
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0300
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0305
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0305
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0305
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0305
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0305
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0310
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0310
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0310
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0310
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0315
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0315
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0315
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0315
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0320
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0320
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0320
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0320
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0325
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0325
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0325
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0325
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0325
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0330
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0330
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0330
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0330
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0335
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0335
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0335
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0335
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0335
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0340
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0340
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0340
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0345
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0345
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0345
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0345
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0345
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0350
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0350
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0350
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0350
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0350
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0355
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0355
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0355
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0355
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0365
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0365
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0365
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0365
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0365
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0370
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0370
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0370
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0375
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0375
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0375
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0380
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0380
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0380
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0380
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0380
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0380
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0385
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0385
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0385
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0385
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0385
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0390
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0390
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0390
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0390
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0395
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0395
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0395
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0395
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0395
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0400
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0400
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0400
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0400
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0405
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0405
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0405
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0405
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0410
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0410
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0410
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0410
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0415
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0415
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0415
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0415
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0420
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0420
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0420
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0420
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0425
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0425
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0425
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0425
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0425
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0430
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0430
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0430
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0430
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0430
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0440
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0440
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0440
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0445
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0445
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0445
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0445
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0445
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0450
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0450
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0450
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0455
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0455
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0455
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0455
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0460
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0460
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0460
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0465
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0465
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0465
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0465
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0470
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0470
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0470
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0470
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0470
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0480
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0480
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0480
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0480
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0480
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0485
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0485
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0485
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0485
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0490
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0490
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0490
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0490
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0495
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0495
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0495
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0495
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0500
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0500
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0500
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0500
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0505
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0505
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0505
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0505
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0505
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0510
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0510
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0510
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0510
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0510


386 D.-M. Zhang et al. / Underground Space 25 (2025) 368–386
Zhai, C., Zhao, Y., Wen, W., Qin, H., & Xie, L. (2023). A novel urban
seismic resilience assessment method considering the weighting of post-
earthquake loss and recovery time. Internation al Journal of Disaster
Risk Reduction, 84, 103453. 

Zhang, D., Zong, X., & Huang, H. (2014a). Longitudinal deformation of
existing tunnel due to underlying shield tunneling. Rock and Soil
Mechanics, 35 (9), 2659–2666 (in Chinese). 

Zhang, D., Zou, W., & Yan, J. (2014b). Effective control of large
transverse deformation of shield tunnels using grouting in soft
deposits. Chinese Journal of Geotechnical Engineering, 36(12), 
2203–2212 (in Chines e). 

Zhang, D., Du, F., Huang, H., Zhang, F., Ayyub, B. M., & Beer, M.
(2018). Resiliency assessment of urban rail transit networks: Shanghai
metro as an example. Safety Science, 106, 230–243. 

Zhang, D., Zhai, W., Huang, H., & Chapman, D. (2019a). Robust
retrofitting design for rehabilitation of segmental tunnel linings: Using
the example of steel plates. Tunnelling and Underground Space
Technology, 83, 231–242. 

Zhang, D., Xie, X., Zhou, M., Huang, Z., & Zhang, D. (2021a). An
incident of water and soil gushing in a metro tunnel due to high water
pressure in sandy silt. Engineering Failure Analysis, 121, 105196. 

Zhang, D., Shen, Y., Huang, Z., & Xie, X. (2022a). Auto machine
learning-based modelling and prediction of excavation-induced tunnel
displacement. Journal of Rock Mechanics and Geotechnical Engineer-
ing, 14 (4), 1100–11 14. 

Zhang, D., Zhou, W., Bu, X., Jiang, Y., Jia, K., & Yang, G. (2022b).
Failure mechanism and stiffness degradation of double lining with
inner R/FRC lining subjected to internal water pressure. Tunnelling
and Underground Space Technology, 130(12), 104737. 

Zhang, D., Guo, X., Shen, Y., Zhou, W., & Chen, X. (2024a). Data- and
experience-driven neural networks for long-term settlement prediction
of tunnel. Tunnelling and Underground Space Technology, 147, 105669. 

Zhang, J., Chen, J., Wang, J., & Zhu, Y. (2013). Prediction of tunnel
displacement induced by adjacent excavation in soft soil. Tunnelling &
Underground Space Technology, 36(6), 24–33. 

Zhang, J., Duan, X., Zhang, D., Zhai, W., & Huang, H. (2019b).
Probabilistic performance assessment of shield tunnels subjected to
accidental surcharges. Structure and Infrastructure Engineering, 15(11), 
1500–1509. 

Zhang, J., Huang, H., Zhang, D., Zhou, M., Tang, C., & Liu, D. (2021b).
Effect of ground surface surcharge on deformational performance of
tunnel in spatially variable soil. Computers and Geotechnics, 136, 
104229. 

Zhang, L., Feng, K., Li, M., Sun, Y., He, C., & Xiao, M. (2019c).
Analytical method regarding compression-bending capacity of seg-
mental joints: Theoretical model and verification. Tunnelling and
Underground Space Technology, 93(11), 103083. 

Zhang, L., Feng, K., He, C., Yang, W., Zhang, J., & Xiao, M. (2023a).
Numerical investigation of the compressio n-bending stiffness of
segmental joints with different types of joint surfaces. Tunnelling and
Underground Space Technology, 132, 104898. 

Zhang, L., Feng, K., Liang, X., Lian, Z., Liu, Y., & Zhang, J. (2023b).
Bearing capacity evaluation method for segment lining structure of
shield tunnel. Journal of Tongji University (Natural Science), 51(9), 
1334–1343 (in Chines e). 
Zhang, W., & Goh, A. T. C. (2016). Predictive models of ultimate and
serviceability performances for underground twin caverns. Geome-
chanics and Engineering, 10(2), 175–188. 

Zhang, W., Han, L., Gu, X., Wang, L., Chen, F., & Liu, H. (2022c).
Tunneling and deep excavations in spatially variable soil and rock
masses: A short review. Underground Space, 7(3), 380–407. 

Zhang, Y., Huang, H., & Zhou, M. (2022d). Full-scale tests on
deformation recoverability of longitudinal joints of shield tunnel.
Chinese Journal of Geotechnical Engineering, 44(S2), 112–115 (in
Chinese). 

Zhang, Z., Feng, J., & Zhang, M. (2020). Analysis of damage development
of tunnel lining structure under train loads based on toughness
characteristics of fiber concrete. Chinese Journal of Rock Mechanics
and Engineering, 39(12), 2483–2504 (in Chinese). 

Zhang, Z., Liang, R., Gao, K., Li, Z., Xiao, M., Guo, Y., Le, T., & Wu,
W. (2022e). Analysis of longitudinal displaceme nt of existing shield
tunnel due to construction of above-crossing new tunnel considering
the weakening of circumferential joint. Chinese Journal of Rock
Mechanics and Engineering, 41(S1), 2955–2970 (in Chinese). 

Zhang, Z., Han, Z., Xue, G., Gou, K., Zhu, Z., & Ma, W. (2024b).
Resilience damage analysis of shield tunnels considering couple
influences with heavy vehicle crash and fire disaster. Engineering
Failure Analysis, 166(12), 108924. 

Zhao, H., Ru, Z., Chang, X., Yin, S., & Li, S. (2014). Reliability analysis
of tunnel using least square support vector machine. Tunnelling and
Underground Space Technology, 41, 14–23. 

Zhao, H., Liu, X., Bao, Y., Yuan, Y., & Bai, Y. (2016). Simplified
nonlinear simulation of shield tunnel lining reinforced by epoxy
bonded steel plates. Tunnelling and Underground Space Technology, 51
(6), 362–371. 

Zhao, X., Wei, D., Yu, W., Xia, M., & Shi, Y. (2021). Impact analysis of
small curve radius shield tunnel crossing existing tunnel. Chinese
Journal of Underground Space and Engineering, 17(4), 1216–1224 (in
Chinese). 

Zhao, Y., & Ono, T. (2000). New point estimates for probability moments.
Journal of Engineering Mechanics, 126(4), 433–436. 

Zheng, G., Du, Y., & Diao, Y. (2015). Optimization analysis of efficiency
of isolation piles in controlling the deformation of existing tunnels
adjacent to deep excavation. Chinese Journal of Rock Mechanics and
Engineering, 34(S1), 3499–3509 (in Chinese). 

Zheng, G., Cheng, X., Zhou, H., Zhang, T., Yu, X., Diao, Y., Wang, R.,
Yi, F., Zhang, W., & Guo, W. (2022a). Resilient evaluation and
control in geotechnical and underground engineering. China Civil
Engineering Journal, 55 (7), 1–38 (in Chinese). 

Zheng, G., Su, Y., Diao, Y., Zhao, Y., Chen, H., & Huang, J. (2022b).
Field measurements and analysis of real-time capsule grouting to
protect existing tunnel adjacent to excavation. Tunnelling and Under-
ground Space Technology, 122, 104350. 

Zhou, Z., Chen, S., Tu, P., & Zhang, H. (2015). An analytic study on the
deflection of subway tunnel due to adjacent excavation of foundation
pit. Journal of Modern Transportation, 23(4), 287–297. 

Zhu, M., Chen, X., Xia, C., Wang, C., & Bao, X. (2024). Resilience
evolution of shield tunnel structures under ground surcharge. Chinese
Journal of Geotechnical Engineering, 46(1), 35–44 (in Chinese).

http://refhub.elsevier.com/S2467-9674(25)00097-2/h0515
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0515
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0515
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0515
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0515
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0520
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0520
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0520
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0520
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0525
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0525
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0525
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0525
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0525
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0530
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0530
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0530
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0530
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0535
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0535
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0535
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0535
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0535
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0540
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0540
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0540
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0540
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0545
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0545
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0545
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0545
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0545
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0550
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0550
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0550
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0550
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0550
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0555
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0555
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0555
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0555
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0560
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0560
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0560
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0560
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0565
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0565
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0565
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0565
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0565
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0570
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0570
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0570
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0570
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0570
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0575
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0575
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0575
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0575
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0575
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0580
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0580
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0580
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0580
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0580
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0585
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0585
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0585
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0585
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0585
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0590
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0590
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0590
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0590
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0595
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0595
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0595
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0595
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0600
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0600
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0600
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0600
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0600
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0605
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0605
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0605
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0605
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0605
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0610
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0610
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0610
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0610
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0610
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0610
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0615
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0615
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0615
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0615
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0615
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0620
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0620
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0620
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0620
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0625
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0625
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0625
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0625
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0625
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0630
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0630
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0630
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0630
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0630
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0635
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0635
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0635
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0640
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0640
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0640
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0640
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0640
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0645
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0645
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0645
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0645
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0645
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0650
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0650
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0650
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0650
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0650
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0655
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0655
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0655
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0655
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0660
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0660
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0660
http://refhub.elsevier.com/S2467-9674(25)00097-2/h0660

	Resilience of shield tunnel subjected to adjacent �construction disturbances: A review
	1 Introduction
	2 Resilience evaluation method for shield tunnels
	2.1 Definition of shield tunnel resilience
	2.2 Resilience evaluation framework for shield tunnels under adjacent construction disturbances

	3 Impact mechanism and deformation characteristics of shield tunnels under adjacent construction disturbances
	3.1 Mechanisms of adjacent construction disturbances
	3.2 Deformation characteristics of shield tunnels

	4 Evaluation method for shield tunnel resilience under adjacent construction disturbances
	4.1 Resilience evaluation based on impact factor indicators
	4.2 Resilience evaluation based on effectiveness indicators

	5 Research on resilience enhancement of shield tunnels
	6 Discussion and prospects
	6.1 Intensity quantification of adjacent construction disturbance
	6.2 Resilience evaluation indexes and resilience level grading
	6.3 Time-dependent resilience prediction of the entire disaster chain
	6.4 Synergistic enhancement strategy for shield tunnel resilience

	7 Conclusions
	Data availability
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgement
	References




