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Abstract

Urban underground space (UUS) development has been acknowledged as a positive contribution to urban resilience (UR). Such con-
tribution has been qualitatively addressed in recent years, but only quantitatively discussed in few studies. Quantitative evaluation meth-
ods for UR are widely used in China and around the world, but the role of underground space is barely included. This paper provides a
way to bridge this gap on the city scale. A UR evaluation framework was carefully constructed that covers the basic aspects and elements
of UR. The contributions of UUS to UR were identified and integrated into the UR evaluation framework, and the measurement meth-
ods for each indicator related to UUS were determined. A case study of 19 sample cities in China were conducted using the integrated
evaluation model. Correlation analysis and clustering analysis were further adopted to interpret the evaluation results, mainly with three
indicators reflecting the level of UUS development, namely UUS area (m?), UUS density (10* m?*/km?) and UUS area per capita (m>/
person). The results showed a strong correlation between UUS area and UR. The average proportion of UR provided by UUS in the 19
sample cities was 16.46%, while the maximum figure reached 29.20%. The sample cities were clustered into four categories based on the
relationship between the proportion of UR provided by UUS, UUS area, and GDP per capita, where both high and low UUS area tend
to provide less proportion of resilience than the medium UUS area. Corresponding suggestions for UUS utilization were proposed to

assist cities in achieving urban resilience.

Keywords: Urban underground space (UUS); Urban resilience; Resilience evaluation; Resilient development

1 Introduction

Urban underground space (UUS) has been considered
to have a positive contribution to urban resilience
(Bobylev, 2016). The contribution comes from, but not lim-
ited to, the protection of the interior space when facing nat-
ural disasters (Sterling & Nelson, 2013), assurance of
critical infrastructure such as drainage facilities and civil
defense facilities (Liu et al., 2021), provision of reliable
communication and mobility (Admiraal & Cornaro,
2020), and geosystem services to mitigate climate change
problems (Bobylev et al., 2022; Frisk et al., 2022). It is con-
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cluded that UUS has been widely used to address urban
problems (Bobylev & Sterling, 2016; Qiao et al., 2017).
The use of different types of UUS alleviates these prob-
lems from a variety of perspectives, and most of which can
be categorized as resilience issues because urban resilience
(UR) is a broad and integrated concept (Ribeiro &
Goncalves, 2019; Rus et al., 2018). Urban resilience is gen-
erally defined as the ability of a city to ensure that the
urban functions can continue to operate during any shocks
(Pickett et al., 2013; Nunes et al., 2019; Wang et al., 2023).
As a complex system, the city has multiple functions in dif-
ferent areas, all of which are dynamically changing in the
face of impacts (Zhang & Wang, 2023). To examine the
performance of each corresponding aspect, UR is usually
disaggregated into several sub-dimensions, such as
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Nomenclature

AHP Analytic Hierarchy Process
AUUS Total area of UUS

CO, Carbon dioxide

CRITIC Criteria Importance Though Intercriteria Cor-
relation

DUUS UUS density in built area

GDP Gross domestic product

PGDP  Per capita gross domestic product
PM, s  Fine particulate matter

PUUS  Per capita UUS area

REc Economic resilience
REn Environmental resilience
RI Infrastructure resilience
RS Social resilience

SL Subway length

UR Urban resilience

UR-UUS Contribution of UR to UUS
uus Urban underground space

socio-economic resilience, institutional or governance resi-
lience, ecological or environmental resilience, material and
energy resilience, and infrastructure resilience (Li et al.,
2021). The overall performance of the sub-dimensions is
used to indicate the total UR level. China has been promot-
ing the development of resilient cities since urban resilience
was written into the 14th Five-Year Plan, the first time in a
national-level plan (Zhang & Yu, 2021). A natural idea for
UUS researchers is to take full advantage of the resilient
nature of UUS to facilitate urban resilience, as China has
a massive demand for UUS development (Peng et al.,
2019; Zhao et al., 2016). It is essential to find a reasonable
measurement as a benchmark to answer how much or at
what level UUS contributes to UR. Therefore, quantifying
and evaluating the specific enhancements of UUS to UR at
the city scale is a primary concern.

The quantitative evaluation of UR itself has been a topic
of discussion. One notable feature is that there is not yet a
generally acknowledged evaluation benchmark for resili-
ence, like the Sustainable Development Goals (SDGs) are
for sustainability (Qiao et al., 2019b). Although a number
of leading institutions have proposed city resilience indica-
tors or roadmaps and practiced worldwide (Rockefeller
Foundation & Arup, 2014; United Nations Office for
Disaster Risk Reduction (UNDRR), 2020), each region
still forms a unique and appropriate evaluation system
due to distinctive factors such as geographic location,
statistics accessibility, and working focus (Cutter et al.,
2014; Liu et al., 2022; Scherzer et al., 2019). China issued
Guide for safety resilient city evaluation in 2021 and
started implementing it in 2022, containing 71 indicators
that are categorized in a new classification as population
resilience, infrastructure resilience and governance resili-
ence (Standardization Administration of the People’s
Republic of China, 2021). It provides an acceptable bench-
mark for evaluating the resilience of Chinese cities, yet still
lacks UUS related indicators. Quantifying the contribution
of UUS to UR is an important element in building resilient
cities, the results of which serve as a basis for UUS utiliza-
tion patterns and strategies in the context of resilience.

It is evident, based on the above facts, that two quanti-
tative tasks must be accomplished to answer the question
of how much UUS contributes to UR. A resilience quan-
tification system that is applicable to Chinese cities and
includes the role of UUS is needed in the first place. Sec-
ondly, the system will be used as a benchmark to further
quantify the contribution of UUS in the context. By inte-
grating the qualitative description of UUS resilience and
the quantitative evaluation of UR, this paper intends to
explore the quantitative relationship between UR and
UUS and the factors that influence the proportion of UR
enhanced by UUS.

The remaining paper proceeds as follows. Section 2 pre-
sents the literature review of UR and evaluation methods,
UUS contributions to UR, and constraint factors in previ-
ous studies. Section 3 illustrates the methodology from con-
struction of indicator system to evaluation procedures.
Section 4 demonstrates the case study of 19 sample cities
in China and presents the results and analyses. The discus-
sion and conclusion are given in Sections 5 and 6 respec-
tively at last.

2 Literature review
2.1 Urban resilience and evaluation methods

(1) Definition of urban resilience

Urban resilience is an extension and application of the
concept of resilience to urban studies. The concept of resi-
lience originally comes from physics and is defined as a
quantity that describes the material’s resistance to shock
(van der Leeuw & Aschan-Leygonie, 2005). Recent studies
generally acknowledged that the concept of resilience was
first promoted in 1973 in the field of ecology. A new signif-
icance for the term was proposed to describe the capacity
of a system to absorb, utilize or even benefit from perturba-
tions and changes, so to persist without a qualitative
change in the system’s structure (Holling, 1973). The
greatest insight is from the debate between persistence
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and stability. Unlike a single equilibrium state, a resilient
perspective allows the system to reach a new equilibrium
state after experiencing external influences. This is espe-
cially true for cities, as a system or system of systems,
where transformations keep happening from one state to
another (Pickett et al., 2013). Therefore, urban resilience
is defined in this paper as the ability of cities to absorb,
adapt, recover and transform from a series of uncertainties
to maintain basic and acceptable urban functioning.

The connotation of urban resilience has been continu-
ously expanded by urban researchers and multidisciplinary
experts, and has gradually formed a large and comprehen-
sive framework (Buyukozkan et al., 2022). However,
Shamsuddin (2020) pointed out that nowadays the term
resilience seems to include anything and everything, or con-
fuse with other similar concept such as ‘“‘sustainability”.
This suggests that urban resilience not only needs to cover
a wide range of aspects to be holistic, but also not be overly
complicated and confusing. Ribeiro and Goncalves (2019)
conducted a systematic review on urban resilience and con-
cluded four pillars, five sub-dimensions, and eleven charac-
teristics for urban resilience, which are immensely helpful
in understanding the growing stages, concerned fields,
and distinctive connotations of urban resilience. It is inter-
esting but inevitable that urban resilience has evolved
through a journey of integration to disaggregation, as illus-
trated by Fig. 1.

(2) Quantitative evaluation method for urban resilience

To better understand the commonalities and differences
between the methods, it is first necessary to clarify that the
quantification results are in a form of a single or a set of
values to measure urban resilience, based on which the
strategies of resilience enhancement are then developed.
There are two categories of evaluation methods, depending
on the evaluation idea, but both serve the same purpose as
stated above.

The first category is the widely used indicator system
method. Cutter et al. (2014) constructed an empirically-
based resilience metric called the Baseline Resilience Indi-
cators for Communities (BRIC) with 6 dimensions and
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49 indicators, to provide a simple and feasible approach
to resilience evaluation. Scherzer et al. (2019) applied the
modified BRIC to Norwegian cities, and the results form
a negative correlation with a previously developed inte-
grated vulnerability index. This method features a disag-
gregation of urban resilience by sub-dimension, and the
evaluation results can explain the differences in the contri-
bution of each sub-dimension. Such idea can be applied to
UR evaluations at different scales, such as nationwide,
within urban agglomerations, or between some major cities
(Liu et al., 2022; Mu et al., 2022; Zhao et al., 2022). In
addition to the disaggregation of UR through sub-
dimensions, it can also be done from a process perspective.
The indicators can be built around the requirements of resi-
lience stages, such as ‘“‘anticipatory capacity, absorptive
capacity, and restorative capacity” (Tariq et al., 2021)
and “disaster resistance, disaster absorption, and system
recovery” (Jiao et al., 2023). Despite the differences in
expression, disaggregation, and evaluation regions, the
unique indicator systems have all been successfully con-
structed, which demonstrates the usefulness of the disag-
gregation ideas of urban resilience and provides cross-
validation between indicator systems. However, the
above-mentioned studies have all taken resilience as a
“state”, where the pre-disaster attributes are used to
describe the “preparedness” and predict the functioning
of a city to disasters (Gerges et al., 2023). Since resilience
cares about the whole “process” of before, during, and
after a shock, the function curve for resilience may be,
and should be helpful for evaluation (Bruneau &
Reinhorn, 2007). Gerges et al. (2023) proposed an Area
Resilience metric that integrated both the ‘‘state” and
“process” evaluation method, where each of the indicators
is assigned a function curve over time. It provides practi-
tioners with the ability to capture the true resilience on
varying timescales. This shows that through the appropri-
ate selection of indicators and calculation methods, the
seemingly traditional and static indicator system method
can also reflect the dynamic evolution of resilience over
time.

The second category of evaluation methods is simula-
tion of urban resilience. Complex network theory and sys-

Disaggregated by
Distinctive participants

i Pillars Sub-dimensions Characteristics
i Resisting Economic Redundancy

i Absorbing  Social Diversity

i Recovering  Environmental Efficiency

' Adapting Infrastructure Robustness

! Transforming Institution Resources

! Community Connectivity
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Fig. 1. Evolving process of urban resilience.
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tem dynamics are two typical tools for modeling urban
resilience (Rus et al., 2018). Both physical components
(i.e., building as node and street as link) and social compo-
nents (i.e., citizen as node and social relationship as link)
can be built into a network model and analyzed for effi-
ciency changes (Cavallaro et al., 2014). Any urban system
or a whole city can be constructed as a system dynamics
model to simulate resilience changes over time (Datola
et al., 2022). The question is how much high-quality data
(panel data, “window” data, vector data, etc.) and time
cost to have for the simulation. Therefore, in order to
accomplish the quantitative evaluation, factors such as
evaluation scope, data accessibility, and precision require-
ments must be considered when selecting a method.

2.2 Contributions of urban underground space to urban
resilience

Being surrounded by soil and rocks beneath the surface,
UUS is able to provide separation from earthquake and
artificial damages, which is the very early but basic discus-
sion about the disaster mitigation ability of UUS (Bobylev,
2016; Sterling & Nelson, 2013). Since Sterling and Nelson
(2013) argued that a well-functioning and stable social sys-
tem is more important than the restoration of physical sys-
tems alone, the enhancement of UUS to many aspects of
urban resilience has been discussed. The direct roles include
developing civil defense facilities to provide shelter for peo-
ple, adopting utility tunnels to enhance the safety of lifeli-
nes, constructing deep drainage systems to relieve the
impact from meteorological disasters, and providing
geosystem services to mitigate climate change related issues
(Admiraal & Cornaro, 2020; Bobylev & Sterling, 2016;
Frisk et al., 2022; Liu et al., 2021; Qiao et al., 2024). The
indirect but relevant to daily life roles include the use of
subways to alleviate surface traffic congestion and air pol-
lution (Broere, 2016; Ma & Peng, 2021), the use of under-
ground pedestrian systems to provide alternative paths to
destination (Cui et al., 2019; Cui & Lin, 2016), and the
preservation for environment and urban landscape (He

Table 1
Comparison of UUS development levels.

et al., 2012; Qiao et al., 2017). To provide resilience for
cities, the UUS itself needs to be resilient in the first place
so that it does not have a negative impact on the city
(Huang & She, 2021). Therefore, both the benefits of ser-
vices and the cost of disservices by UUS should be consid-
ered, theoretically (Bobylev et al., 2022). In the following
evaluation process, it is assumed that the UUS meets its
own resilient conditions and has capacity to improve resili-
ence for the city.

2.3 Constraint factors in previous studies

Despite the abundance of urban resilience studies and
UUS contribution studies, the quantification of UUS con-
tribution to urban resilience has been rarely studied, mainly
because of the following two constraint factors.

(1) Applicability to different levels of UUS development

Cities can be seen as a system or a system of systems,
regardless of size or level of development, thus can always
be the objects of resilience evaluation. However, there are
clear differences in the characteristics of UUS at different
levels of development (Table 1). Insufficient scale of UUS
can hardly fully play a resilient role. This has limited the study
of UUS resilience to those cities that already have a certain
size of UUS, not as extensive as urban resilience studies.

(2) Accessibility to key data

UUS related data is not as easily accessible and regu-
larly updated as urban data that are made public by the
government every year, due to the confidentiality of some
special facilities (Lai et al., 2023). The limited data may
only allow studies conducted in a relatively small scale,
or the studies for certain types of UUS (e.g., subway net-
work, underground pedestrian system, and underground
parking system).

The multi-source data emerged in recent years allows for
large-scale and in-depth study of UUS (Dong et al., 2023a;

Initial stage

Scale-up stage

Networked stage

Underground-city stage

Spatial form Scattered Extended and linked
Exemplary functions Parking Commercial

Civil defense Entertainment
Characteristics Independent Dependent

Barely connected Simple connected
Illustration

y ®
>

Networked
Rail transit

Interdependent
Interconnected

Multi-dimensional
Utility tunnels

Deep drainage system
Intensive

Integrated

(Referred to Wang (2022) and Chen and Liu (2011), redrawn by the authors).
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Fig. 2. Process of constructing the indicator system.

Peng et al., 2023). To overcome the above two difficulties,
this study selects a set of Chinese cities with a certain level
of UUS development as study objects, and ensures the
accessibility of related UUS information with the help
multi-source data.

3 Methodology

3.1 Integrated indicator system for urban resilience
evaluation

The construction of the indicator system follows the
basic process shown in Fig. 2. The index systems in litera-
ture are summarized as criteria for constructing the resili-
ence indicators. It means that indicators can be
constructed according to different needs, not necessarily
identical to the original ones, as long as they follow the cor-
responding criterion. This section of the work is partially
referenced to Sharifi (2016). Then the UUS contributions
are ordered by underground space type. A single type of
underground facility can contribute to multiple resilience
indicators, and a single resilience indicator can also receive
contributions from multiple underground facilities. Rather
than a simple replication of the urban resilience indicator

Intermediate Indicator
layer 1 layer
Category 1 Indicator 1.1
Indicator 1.2
Category 2 Indicator 2.1
Indicator 2.2
Category 3 Indicator 3.1
Indicator 3.2

(@)

system, this paper uses it as a “‘backdrop” or reference to
examine the resilience contribution from UUS. Therefore,
this paper does not pursue a rich number of indicators
but try to ensure that each aspect of the necessary criteria
has an indicator to measure.

Before selecting indicators, it is also usually necessary to
identify at least one intermediate layer between the target
(UR score) and the indicator layer (each indicator) (see
Fig. 3(a)). Since urban resilience covers a wide range of
domains, the intermediate layer(s) can help to divide the
broad resilience into several subsets in which the appropri-
ate indicators are selected. It is an important step because a
good intermediate layer can solve both the omission and
the double-counting of indicators at the same time (see
Fig. 3(b)). Based on previous experience, the intermediate
layer can be “dimension”, “‘sub-dimension”, “domain”,
etc. of UR (Sharifi, 2016; Liu et al., 2022; Zhao et al.,
2022), and recent studies have also used the “resilience pro-
cess” as an intermediate layer (Tariq et al., 2021; Jiao et al.,
2023). The different systematic ways of disaggregating UR
are presented in Table 2. Either perspective aims to form a
comprehensive UR evaluation system, which is of great
help in forming the specific evaluation indicator system in
this paper.

Ideal relationships
UR boundary

Category, U Category, U --- U Category, = UR
Category; N Category; = @,forV1<i,j<n,i#j

Real relationships __ UR boundary

i

,.f'/// /

Overlaip Overlap Unconsidered
Category, U Category, U --- U Category,, = UR — unconsidered

Category; N Category; = overlap,31 < i,j<n,i#j

(b)

Fig. 3. Features of a usual indicator system for UR. (a) Layers of indicator system for UR, and (b) relationships among categories and UR.
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Table 2
Systematic ways of disaggregating UR.

Literature Basis Disaggregation of UR

Cutter et al. (2014) Types Social Economic Capital Institutional Infrastructural Environmental
Sharifi. (2016) Dimensions Environmental Social Economic Infrastructure Institutional

Liu et al. (2022) Dimensions Social Economic Technology Ecological

Zhao et al. (2022) Domains Economic Social Institutional Ecological Infrastructure

Tariq et al. (2021) Capacities Anticipatory Absorptive Restorative

Jiao et al. (2023) PSR model Pressure State Response

In addition to the above-mentioned reasons and refer-
ences, the item 6.5(e) in Guide for safety resilient city eval-
uation also suggests to construct a specific evaluation
indicator system based on the actual situation for evalua-
tion object and in conjunction with the Indicator System
proposed in the document. Therefore, this paper builds a
unique evaluation system that considers the contribution
of UUS, by disaggregating urban resilience into four sub-
dimensions, i.e., infrastructure resilience, environmental
resilience, social resilience, and economic resilience. This
disaggregation is not only common in urban resilience
studies, but also coincides with the classification of types
of UUS benefits (i.e., economic benefits, social benefits,
environmental benefits, and disaster-mitigation benefits)
(Qiao et al., 2017). In this way, indicators of UR and con-
tributions of UUS can have an identical order of construc-
tion and can be more accurately associated. Finally, an
evaluation system consisting of 17 indicators was estab-
lished, with each sub-dimension containing almost the
same number of indicators. The explanation of UUS con-
tribution is listed in Table 3, and the final evaluation sys-
tem is shown in Table 4.

3.2 Quantitative calculation for each UUS-related indicator

In general, the values of such evaluation indicators
should be obtained directly from reliable sources. Since
there are almost no data directly reflecting the contribution

of UUS in general statistics, the values of UUS-related
indicators in this paper need to be derived indirectly
through a series of calculations. The following contents
present the calculation methods of indicators and the pro-
portion of UUS contribution (using the notation §), and
explain some considerations for the acquisition of relevant
data.

(1) Equivalent shelter area per capita (4,)

According to Code for design of metro in China, all the
underground subway lines and stations are required to
incorporate shelter design (Ministry of Housing and
Urban-Rural Development of the People’s Republic of
China, 2013). Therefore, the shelter area can be divided
into subway-related area and the area of other single or
interconnected underground basements. The reason for
this division is that there is a significant difference in peo-
ple’s familiarity with the two kinds of facilities. People
are more likely to know the distribution of subway stations
than shelter facilities, which somehow affects the usefulness
of the latter. Considering this, the following formula can be
used to calculate A;:

Al = (ushelter - usubway) + ﬁ[usubwaw (1)

where #gheiier and Ugybway are the per capita area of the total
and subway respectively, and f; is the importance coeffi-
cient of tsypway, Which is over 1.

Table 3
Explanation of UUS contribution to UR and references.
Contribution of UUS to UR Notation Underground space types References
Perform as shelter and relief facilities C, Civil defense, underground rail transit, underground Liu et al. (2021)
parking
Provide reliable critical infrastructure C, Utility tunnels, deep underground drainage system Admiraal and Cornaro (2020)
Provide extra transportation capacity C; Underground rail transit Broere (2016)
Provide extra evacuation passage Cy Underground rail transit Liu et al. (2021)
Improve redundancy of urban Cs Underground rail transit, underground road Qiu et al. (2020)
transportation
Save public green land Ce Total urban underground space Bobylev (2016)
Save green coverage in built area C, Total urban underground space Qiao et al. (2017)
Reduce urban CO, emission Cy Underground rail transit, underground buildings Qiao et al. (2019a); Peng et al.
(2021)
Reduce PM, 5 emission Cy Underground rail transit, underground road Dong et al. (2021); Qiao et al.
(2022a)
Promote GDP, tertiary industry, and Cio Underground rail transit, underground pedestrian Qiao et al., (2019b)
research systems
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Table 4
Indicator system for comprehensive evaluation of UR.

Sub-dimension Criteria Indicator Notation Attribute C-
UusS
Infrastructure resilience (RI) Shelter and relief facilities Equivalent shelter area per capita (m?/person) A, + C,
Robustness of critical Equivalent municipal index A> + C,
infrastructure
Capacity of transportation Transportation capacity index (unit/10% persons) A3 + Cs
Equivalent road area per capita (m>/person) Aq + Cy
Multi-modal transport Transportation redundancy index As + Cs
Environmental resilience Ecological conservation Public green land area per capita (m?/person) Ag + Ce
(REn) Green coverage in built area (%) Aq + C;
Environmental quality Urban CO, emission (10° t) Ag — Cg
Annual average concentration of PM» 5 (ug/m’) Ao - Cy
Economic resilience (REc) Economic level GDP (108 yuan) Ao + Cio
GDP per capita (10* yuan/person) An +
Economic structure Percentage of tertiary industry to GDP (%) A +
Percentage of R&D expenditure to GDP (%) Az +
Social resilience (RS) Population vulnerability Population density (persons/km?) Aia —
Percentage of non-vulnerable population (%) Ars +
Resident life quality Disposable income per capita (10* yuan/person) Aiq +
Health care service Hospital beds per 1000 persons (beds/10? Ay +
persons)

It may be found during data acquisition that it is unclear
whether ugpway is included in the ugpeier. In this case, 4,
can be a simple summation of usheieer and Usybway, Where
the actual value of f; in Eq. (1) is limited between 1 and
2 depending on the inclusion ratio. Since the indicator is
completely contributed by UUS, the percentage of UUS
contribution 07 is 100%.

(2) Equivalent Municipal Index (A4,)

Water supply system and drainage system are two
important infrastructures that provide daily support,
post-disaster recovery and flood mitigation. In the context
of urban resilience, the pipeline length or pipeline density in
built area is widely used as an indicator to evaluate the level
of municipal facilities (Liu et al., 2022; Zhao et al., 2022).
However, such quantification does not capture the opera-
tional capacity, the aging degree, or the maintenance level
of the pipelines. This paper takes the development of utility
tunnels as a supplement to the level of municipal facilities,
supposing that the utility tunnels can provide not only the
resilient benefits discussed in Section 3.1, but also drive the
level of municipal management of the whole region. There-
fore, A, and J, can be obtained using the following
formulas:

Az = (1 = B2)Nyipes + BoN uilities (2)

5, = ﬁzj\i;nilities , 3)

2
where Npipes and Nygities respectively refer to the normal-
ized value of pipeline density and utility tunnel density in
built area, f3, is the influencing weight of utility tunnel,
and 0, is the percentage of UUS contribution to 4.

(3) Transportation Capacity Index (43)

The index integrates the capacity of buses and subway
vehicles. In urban statistics, the number of standardized
unit of buses is always included to reflect the city level of
public transportation. The capacity of a single subway
vehicle is apparently different from that of the bus, and
the standardized unit of a subway vehicle remains undeter-
mined nationwide. According to the data in the reports of
rail transit development in the past few years, the coeffi-
cient of standardized unit of subway vehicle is approxi-
mately 2.5. Although Nanjing Transport argued that the
current conversion coefficient is rather low and may not
truly reflect the level of public transportation (Nanjing
Transportation, 2020), this paper still takes 2.5 as a conser-
vative coefficient to calculate 45 and ds:

A3 = Npus + ﬁ3nsubway7 (4)

(5)

ﬁ3nsubway
03 =———,
A3

where npys and ngypway are the number of vehicles of bus
and subway, 3 is the conversion coefficient to standardized
unit of subway which takes 2.5 here, and J; is the percent-
age of UUS contribution to A3 (suppose the contribution
from subway vehicles counted as UUS contribution).

(4) Equivalent road area per capita (A4)

Suppose the interval tunnels of subway serve as travel
and evacuation paths. To be comparable with surface
roads, areas that can be traveled normally need to be deter-
mined. According to Code for design of metro, a minimum
of 0.7 m evacuation platform and an approximation of
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2.5 m wide track can be considered as normal walking area.
Therefore, A4 and J4 can be calculated by following
formulas:

A4 = Qroad + dsub, (6)

Agup = 3~215ub/POPbuilt, (7)
Asub

Oy = — 8

4 A4 ) ( )

where @49 and ag,p, are surface road area per capita and
equivalent area per capita of subway, Iy is the length of
subway that are placed underground, POPy,;, is the popu-
lation in built area, and d,4 is the percentage of UUS contri-
bution to Ajy.

(5) Transportation Redundancy Index (A4s)

The idea of the index is to show the proportion of routes
containing subway to the total routes in a city. To carry out
this work, typical O-D pairs should be identified at first,
which stand for the representative routes in a city with
the origin and destination in such pairs. Referring to
Wang and Xu (2022), the redundancy of road network is
measured by the average number of the alternative routes
for each O-D pair. The alternative routes are a set of routes
called “efficient and not-too-long” route which do not
exceed the shortest path length of the O-D pair multiplied
by a coefficient. This idea can be borrowed to calculate the
redundancy provided by rail transit.

However, time complexity of the calculation and accu-
rate acquisition of the vector data are the two major diffi-
culties of the model itself, and the structures of subway
network and surface road network do not reflect people’s
actual travel choices. Considering these two factors, this
paper takes “the travel proportion of rail transit to public
transport” to reflect the “function” redundancy of subway,
and provides an alternative method to calculate the “struc-
ture” redundancy. Suppose 800 m is the longest acceptable
walking distance to a subway station. All the subway lines
in a city can form a buffer zone with a distance of 800
meters. As long as the origin and destination are located
within the buffer zone, the subway system is able to provide
at least one alternative route. The problem is now trans-
formed into how many O-D pairs are in the buffer zone
and how many O-D pairs are in the whole city. The density
of O-D pairs should vary depending on the distance from
the city center. The planning of subway stations generally
follows 1 km interval in urban areas and 2 km interval in
suburban areas. The density distribution of O-D pairs
can refer to such pattern. The division of urban and subur-
ban areas can be done in Geographic Information System
(GIS) platform, as well as the buffer zone. Then As can
be estimated as follows:

AS = (Rnf +Rns)7 (9)

N =

_ Bfurban /Durban + stuburban /Dsuburban
Bturban /Durban + Btsuburban /Dsuburban

, (10)

S

where R,r and R, stand for the normalized value of func-
tion redundancy (the travel proportion of rail transit to
public transport) and the structure redundancy (R;) respec-
tively, Bf, Bt, and D stand for area of buffer zone, area of
built area, and density of O-D pairs, and the subscripts
urban and suburban indicate the values in the respective
cases. The percentage of UUS contribution 65 is 100%.

(6) Public green land area per capita (Ag)

The value of A4 can be accessed from the statistical data
and the main task here is to derive the percentage of UUS
contribution. As discussed in Section 3.1, the public green
land serves as one of the four basic functions of a city (i.e.,
recreation). Suppose the public green land will be partially
occupied by another basic function (i.e., transportation), if
the UUS are placed above ground. Therefore, the indirect
or “invisible” contribution of UUS to A4 can be derived
from the total area of underground transportation facilities
divide by urban population:

In6 = (lsubdsub + AstationMstation + luroadduroad)/POPurbam
(11)

Il’lé

5g = ———
67 4g — Ing’

(12)

where Ing is the indirect contribution of UUS to A, d¢ is
the contribution percentage, lup, dsubs luroad aNd duroad
are the length and width of subway and underground road,
respectively, dgation aNd Hgiion Stand for the area and num-
ber of subway stations that are placed underground, and
POP ;pan 1s the urban population.

In the case calculation, the value of dg,, and dag,on CAN
be derived according to the design code for metro. The
average value or minimum value are both acceptable for
a conservative estimation.

(7) Green coverage in built area (A7)

The value of A7 can be accessed from the statistical data
as well. To derive the indirect contribution of UUS, sup-
pose the UUS are placed above ground with a certain pro-
portion used for green coverage. In Qiao et al. (2017), the
proportion was set to a fixed percentage of 20%. This paper
assumes that the percentage of UUS area for green cover-
age is equal to the final percentage of green coverage of the
city after the UUS are placed on the ground. Then the cal-
culations are as follows:

A7 - Udensity

Il’17 = )
1 - Udensity

(13)

In7

O =—"
! A7—Il’17,

(14)
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where In; is the indirect contribution of UUS to 45, 07 is
the contribution percentage, and Ugensity is the UUS den-
sity in built area, which is expressed as a percentage.

(8) Urban CO, emission (A5g)

The value of urban CO, emission at city scale can be
accessed from institution reports, if possible, or estimated
through methods provided by leading institutions such as
Intergovernmental Panel on Climate Change (IPCC). The
main task here is to calculate the reduced CO, due to
UUS use. There are two categories of CO, reduction
regarding UUS use. The first part is the low carbon benefit
of underground building compared to above ground build-
ings (Qiao et al., 2019a). The second part is the reduction
by taking underground rail transit rather than compared
to surface motor vehicles (Dong et al., 2021). Suppose
the UUS are placed on the surface and the subway passen-
gers are fully taken by surface public transportation, the
indirect contribution of UUS to Ag can be derived from
the difference between the hypothetical case and the real
case:

Il’lg = (Ceqmt - Csub) + (Ceqbd - de)v (15)
Il’lg

0y = ———— 16

8 Ag — Il’lg ’ ( )

where Ing is the indirect contribution of UUS to Ag, 03 is
the contribution percentage, Cy, and Cpq are the CO,
emission of subway and underground building, and Ceqm,
and Ceqpq stand for the emission in the hypothetical situa-
tion with equivalent capacity of motor vehicles and area of
surface buildings.

This paper only considers CO, emission at the source,
which means the CO, absorbed by urban green spaces (in-
cluding the secondary benefit of UUS saved green space) is
neglected. To calculate Cgyp and Cegny, a table of green-
house gas (GHG) emission factors can be used as a refer-
ence. To be more accurate, the latest version of Baseline
emission factors for power grid CO, in China can be used
to correct the calculations (Table 5) (Ministry of Ecology
and Environment of the People’s Republic of China
(MEE), 2020a).

(9) Annual average concentration of PM, 5 (A4o)

The indirect contribution of UUS to Ay basically comes
from the use of underground rail transit that relieves the
ground traffic which account for around 20% of the
PM,; 5 source in major cities. However, according to China
Mobile Source Environmental Management Annual Report
2021, over 90% of the PM source comes from trucks
(heavy, medium and light) (MEE, 2021). The public trans-
portation on the ground has already accounted for a small
percentage of PM, s source, so the indirect reduction
brought by subway could conceivably account for even
less, plus the promotion of buses and taxis running on

new energy in recent years. Therefore, dq is set to 0% in this
paper.

(10) Economic resilience related indicators (A419—A4;3)

The benefits of UUS use can be monetarily valued and
Qiao et al. (2017) has concluded with a value that reached
up to 1.8% of the city’s GDP. However, the direct benefits
(i.e., underground parking fee, and underground commer-
cial service), account for only 15% of the 1.8%. Despite the
qualitative contributions of UUS utilization to drive GDP,
provide tertiary industry work, and promote the relevant
science and research development, the quantitative calcula-
tion of UR enhancement ¢ is set to 0% in this paper.

3.3 Evaluation procedure of the indicator system

3.3.1 Weighting method

A combination of subjective and objective methods is
used in this paper to determine the indicator weights. The
objective assignment is carried out through the entropy
method, which determines weights based on the informa-
tion redundancy provided by the data. The main idea is
that the more likely something is to happen, the lower
the weight. Since there is no certain decisive indicator in
the evaluation indicator system of UR, the entropy weight-
ing method can be widely used in resilience-related studies
(Zhao et al., 2022). The subjective assignment method used
in this paper is actually referring to the weights of the resi-
lience sub-dimensions in several similar UR evaluations.
Each set of weights is treated as expert knowledge and
modifies the sub-dimensional weights obtained by the
entropy weighting method. The final indicator weights
are then adjusted proportionally. The purpose of this com-
bination of weights is to reduce the impact of the relatively
small number of UR evaluation indicators constructed in
this paper, and to serve as a test of the reasonableness of
the model.

3.3.2 Weighting procedure

(1) Data preparation

Indicators for which data are not directly available,
should first be calculated according to the method in Sec-
tion 3.2. The values of each indicator j for city i together
form a max(7)-by-max(;) initial matriX, Xjmax(i)xmax(j- 1he
matrix for UUS contribution, &jmax(i)xmax(» Should be pre-
pared as well for the following processing.

(2) Data normalization

To eliminate the influence of different magnitudes of the
indicators, this paper uses the method of most-value nor-
malization to transform all data between 0 and 1. The pos-
itivity and negativity of the indicators are illustrated and
shown in Table 4. The following equations are used.
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Table 5
CO, emission factors of ground transportation.

Name of power grid

EFgrid, oM simple, y (tCO2/(MW-h))

EFgrid, BM, y (tCOZ/(MWh))

North China Branch of State Grid 0.9419 0.4819
Northeast China Branch of State Grid 1.0826 0.2399
East China Branch of State Grid 0.7921 0.3870
Central China Branch of State Grid 0.8587 0.2854
Northwest China Branch of State Grid 0.8922 0.4407
China Southern Power Grid 0.8042 0.2135

Positive indicator: where w; is the final weight of indicator j, b, is the number

X, — min(X;) .Of ipdicatgrs in t-th set, wy?) an.d w_.](sub) Tepresent thF: j-th

Y= ’ Y. (17)  indicator in r-th set and the subjective weight, respectively.

max(X;;) — min(X)
Negative indicator: 3.3.3 Urban resilience calculation

Suppose a1, o, a3, and oy represent the weights of infras-

Y= max(X) — X , (18)  tructure resilience (RI), environmental resilience (REn),

* max(X;) — min(Xy) economical resilience (REc), and social resilience (RS)

where Xj; represents the j-th indicator of the i-th city, max
(X;) and min(X;) represent the maximum and minimum
values of the j-th indicator among all sample cities, and
Y; is the normalized value corresponding to Xj;.

(3) Entropy weighting calculation

The entropy weighting method takes a series of calcula-
tion to obtain the final results. Suppose m represents the
number of sample cities and # is the number of indicators,
the calculation steps are as follows:

Dij Z:'n:IYij’ ( 9)
E; = ~fam imPy In(py) - p;#0 "
- 0 =0’ (20)
bi; =
. 1-E;
obl) =5 E 1)
j=1"-7

where p;; is the coefficient of variation, E; is the information
entropy of indicator j, and w{obj) is the weight of indicator
j obtained through entropy method.

(4) Weight correction

Suppose there are a sets of related UR evaluation
weights as empirical data, and each set of weights was cal-
culated based on b indicators. S, is the set of a sub-
dimension of UR, where k ranges from 1 to 4. The subjec-
tive weight of each sub-dimension of UR and the final sub-

jective—objective weight for each indicator can be
calculated as follows:

b S cwi(t
ij(sub) _ thl ! aZjCSk J( ) 7 (22)
JCSk Zt:lbt

—ow;i(ob)) + > .o w;(sub

w, = Wj(ObJ) ~ Z]CSk /( J) ZJCSk A/( ) 7 (23)
oS jcs 23" s, wi(obj)

respectively. Sub-dimension resilience can be calculated,
taking RI as an example, as follows:

JCSi
The final UR of each sample city can be obtained by:
UR; = oy x RI; + o, x REn; + o3 x REc; + a4 x RS;.
(25)

The total contribution percentage of UUS to UR, which
is 0;, can be calculated as follows:

10
2 iwidyYy

5[ ==
UR;

(26)

4 Case study and result analysis
4.1 Study areas and data preparation

The sample cities for the study are selected by geograph-
ical location. North China cities: Beijing, Tianjin; North-
east China cities: Dalian, Harbin; East China cities:
Shanghai, Nanjing, Suzhou, Hangzhou, Fuzhou, Xiamen,
Nanchang, Qingdao; Central China cities: Zhengzhou,
Wuhan, Changsha; South China cities: Guangzhou, Shen-
zhen; Southwest China city: Chengdu; and Northwest
China city: Xi’an. The 19 sample cities cover urban
agglomerations of Beijing-Tianjin-Hebei, Yangtze River
Delta, and the Greater Bay Area, as well as several typical
core cities from other urban agglomerations in China.
Every city has a certain amount of UUS development thus
a situation, where the contribution of UUS is “too low”, is
avoided in the evaluation. The diagram of UUS develop-
ment for each city is shown in Fig. 4.

Another importance factor of concern is the data acces-
sibility of each sample city. This paper adopts multi-
sources data in 2020 to ensure the conduction of the eval-
uation. Data in some of the documents titled 2021 is actu-
ally for 2020, while in other documents titled 2020 are
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exactly for 2020. To avoid misunderstanding, the paper
does not indicate the year of the document and all data
sources present the actual data for year 2020. Basic city
information is obtained from China Statistical Yearbook,
Urban Construction Statistical Yearbook, Statistical Year-
book for each city or province in which the city is located.
In particular, the data related to carbon emissions is pub-
licly available from Carbon Emission Accounts & Datasets
(CEADs) (Shan et al., 2022). UUS related data, including
the three key monitoring indicators suggested by Bobylev
(2016), namely UUS area, UUS density and UUS area
per capita, are derived from China Urban Underground
Space Development Blue Book (Public Edition) (Chinese
Academy of Engineering et al., 2021). The rail transit
related data, including subway length, passenger volume,
passenger kilometers, power consumption, etc., are
retrieved from China Urban Rail Transit Annual Statisti-
cal Analysis Report (China Association of Metros, 2021).
The vector files of administrative boundaries and subway
lines are extracted from OpenStreetMap (https://www.
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openstreetmap.org/), and POI data is obtained using Auto-
Navi Map API (https://Ibs.amap.com/). Some key infor-
mation of cities is shown in Table 6, and the column of
Geographical location gives more specific locations of the
typical sample cities (Beijing-Tianjin-Hebei urban agglom-
eration in North China, Yangtze River Delta urban
agglomeration in East China, and the Greater Bay Area
urban agglomeration in South China).

4.2 Evaluation results and validation

4.2.1 Results of the weights

The weights for each sub-dimension of urban resilience
calculated by the entropy weighting method are 0.3088,
0.2085, 0.1920, and 0.2907, corresponding to REc, RS,
REn, and RI. The initial weighting results indicate rela-
tively high and balanced weights for economic resilience
and infrastructure resilience, while social resilience and
environmental resilience receive lower weights, which is
consistent with the results of existing studies (Sharifi,

v
ﬁ S
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Beijing Tianjin ~Dalian Harbin Shanghai
Nanjing SLEEIJ Hangzhou Fuzhou A Xia%en
\/—\/ »\g
Nanchang Zhengzhou Wuhan S\u\fé\gg:ha
R S Legend
g > U
POl of UUS
2 2 — City boundary
_, Guangzhou Shenzhen Chengdu Xi'an
J

Fig. 4. Diagram of UUS development for sample cities (Scaled and displayed within a circular range).
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Table 6

Some key information of the sample cities.
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City name Population density Built area Subway length UUS density in built Geographical location
(persons/km?) (km?) (km) area (m?/km?)

Beijing 4587.81 1469.05 727.00 7.47 North China

Tianjin 4449.01 1170.24 238.85 6.77 (Beijing-Tianjin-Hebei)

Dalian 2536.84 444.04 155.58 5.59 Northeast China

Harbin 10 686.05 473.00 31.83 6.71

Shanghai 3829.57 1237.85 719.37 10.14 East China

Nanjing 1614.49 868.28 394.15 7.68 (Yangtze River Delta)

Suzhou 2797.33 481.33 210.16 9.67

Hangzhou 3788.69 666.18 305.49 8.78

Fuzhou 6351.92 305.30 59.96 7.50 East China

Xiamen 9152.61 401.94 71.90 6.42

Nanchang 7363.21 366.02 88.71 4.73

Qingdao 1780.86 758.16 254.97 4.62

Zhengzhou 9416.72 640.80 215.52 6.18 Central China

Wuhan 5959.30 885.11 388.01 8.06

Changsha 3304.77 409.51 161.19 10.57

Guangzhou 6141.90 1350.40 538.78 6.92 South China

Shenzhen 6765.37 955.68 423.47 7.76 (the Greater Bay Area)

Chengdu 6891.69 977.12 601.97 6.94 Southwest China

Xi’an 7047.10 700.69 232.17 5.41 Northwest China

2016). Five relevant studies listed in Table 7 are taken as
expert opinions to verify and correct the initial weights.
Figure 5 visualizes the magnitude of each weight in this
paper and the references, which clearly shows that the ini-
tial weights are within the envelope of those in the relevant
studies. The final weighting results are shown in Table 8.

4.2.2 Results of the UUS-related indicators

There are three categories of UUS-related indicators
according to the composition of the indicator value. The
first category of values has a specific meaning, e.g., A; indi-
cates that the equivalent protected area per capita of the
sample cities has reached an average of 2.49 m? which
exceeds the national requirement of 1 m>. A5 and A, show
that the UUS has an average increase of 25.71% and 1.23%
in traffic capacity and road area per capita, respectively.
The second category including 4, and As is calculated
and normalized by multiple sub-items, so the magnitude
of the values is only meaningful for comparison between
cities. The third category, all of which are indicators of
environmental resilience, indicates that the UUS improves

Table 7

Weights for each sub-dimension of urban resilience in relevant references.

public green land, green coverage, and reduces CO, emis-
sion by 2.03%, 12.24% and 1.92% respectively.

Since the UUS-related indicators are calculated rather
than directly obtained, and unlike other metrics that have
been validated in several previous studies, the indepen-
dence test of the indicators is needed to ensure that the
indicator composition meets the basic requirements. Fig-
ure 6(a) gives the scatter plots matrix of A,—Ag, and
Fig. 6(b) shows the correlation coefficients between the
indicators. The results show the independence between
the indicators, thus validating the rationality of the indica-
tor composition.

4.2.3 Results of the evaluation

The results of the resilience evaluation include two
major parts, the first of which is the resilience scores for
each sample city, and the second is the quantitative contri-
bution of UUS, both illustrated in Fig. 7. The resilience
scores range from 0.7728 for Beijing to 0.2213 for Harbin,
and show a strong pattern of geographical distribution.
The capital, Beijing, together with 4 cities in Yangtze River

Reference REc RS REn RI Indicators Study region Weighting method
Li and Zhai (2017) 0.2682 0.1890 0.1997 0.3421 32 Nationwide AHP-Entropy

Bai et al. (2019) 0.3641 0.2223 0.1422 0.2714 28 Nationwide Entropy

Zhao et al. (2022) 0.3003 0.2451 0.2131 0.2415 35 Nationwide Entropy

Liu et al. (2022) 0.2044 0.3060 0.2500 0.2396 37 Provincial capitals CRITIC

Mu et al. (2022) 0.4422 0.2426 0.0680 0.2473 24 Urban agglomeration Entropy
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RS

—-— Liand Zhai (2017)
—-— Baietal. (2019)
—-— Zhao et al.(2022)
---- Liu et al.(2022)
---- Mu et al.(2022)
- This study

Fig. 5. Comparison of each sub-dimension weight between relevant studies.

Ren
RI
Table 8
Weights for each sub-dimension of urban resilience in this study.
Weights REc RS REn RI
Initial weights 0.3088 0.2085 0.1920 0.2907
Corrected weights 0.3065 0.2261 0.1881 0.2793

Delta and 2 cities in the Greater Bay Area, dominate the
top 7 in sample cities. The cities in the Northwest and
Northeast show relatively low resilience in this study. The
contribution of UUS, expressed as a promoting percent-
age, varies from 29.20% to 3.11%. Except for the two
northeastern cities, the rest of the sample cities receive
more than 10% contribution to UR from UUS. The mag-
nitudes of contribution of UUS present a different geo-
graphic distribution pattern from that of the resilience
scores, where the top-ranked cities are mostly located in
Central and Southwest China.

Since the contribution of UUS is based on the overall
UR, the reliability of the evaluation results is then of great
importance. The previous subsection verifies the rationality
of the indicator system by testing and correcting the
weights of the UR sub-dimensions, and checking the inde-
pendency between UUS-related indicators. To further test
the reliability of the evaluation results, an intuitive idea is
to compare the evaluation results with similar existing
studies. Through literature research, it is found that most

of the studies have relatively old evaluation data (before
2015), incomplete study cities, or no permission to share
data. Fortunately, Jiao et al. (2023) provides nationwide
evaluation results of UR from 2013 to 2019. The indicator
system is constructed from three urban resilience stages
(i.e., resistance, absorption, and recovery), corresponding
to the Pressure-State-Response (PSR) framework. Such
approach skips the division of UR sub-dimension in usual
evaluation and starts from an alternative resilience perspec-
tive, which is exactly suitable for cross-validation with the
results of this paper. It is noted that the magnitude of the
resilience scores are only comparable within respective
studies, but the ranks of the resilience scores are compara-
ble between studies. The comparative graph is shown in
Fig. 8. The Spearman’s rank correlation coefficient between
the results in Jiao et al. (2023) and this paper reaches 0.885
with p-value less than 0.01, indicating a strong positive cor-
relation thus verifying the reliability of the results in this
paper. This lays the necessary foundation for the subse-
quent analysis.

4.3 Correlation and clustering analysis

4.3.1 Correlation analysis for UR

The scores of UR and the percentages of UUS contribu-
tion to UR are the two most important outcomes in this
study. How the UUS affects these two results need to be
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Fig. 6. Graphical display of the correlation analysis of the UUS-related indicators (A4,-Ag). (a) Scatter plots matrix of the values of UUS-related

indicators, and (b) correlation heatmap of the UUS-related indicators.

examined in the next. As suggested by Bobylev (2016),
UUS area, UUS density and UUS area per capita are three
key indicators to monitor UUS use. The statistics in China
Urban Underground Space Development Blue Book (Pub-
lic Edition) also adopts these three indicators, although
there is a slight difference in units, the former using cubic
meters and the latter using square meters. In the process
of constructing and calculating the indicators, the subway
length was found to be another important factor that influ-
enced more or less the resilience evaluation metrics. There-
fore, a correlation analysis was performed in Statistical
Product and Service Solutions (SPSS) with a total of six
sets of data, i.e., urban resilience (UR), contribution of
UUS (UR-UUS), UUS area (AUUS), UUS density in built
area (DUUS), UUS area per capita (PUUS), and subway
length (SL). The procedures for correlation analysis are
as follows. First, the Pearson correlation coefficients (p)
were calculated, ranging from -1 to 1 (Dong et al.,

2023b). Usually the coefficient must be greater than 0.7
to indicate strong positive correlation. Second, each set
of data needs to satisfy normal distribution for statistical
testing, and the diagonal of the scatter plots matrix in
Fig. 9 indicates that the requirement was substantially
met. Third, the #-test with corresponding degree of freedom
(df) was conducted to examine the significance of the
results. Usually the p-value (p) needs to be less than 0.05
to suggest the correlation is significant.

The results show that the only strong correlations with
UR are AUUS (p = 0.818, p < 0.01) and SL (p = 0.813,
p < 0.01). The scatter plots matrix in Fig. 9 demonstrates
the strong correlation between UR and AUUS, UR and
SL, and AUUS and SL. To further analyze the true corre-
lation among UR, AUUS and SL, a partial correlation
analysis was complemented. The results are listed in
Table 9. It shows that only between AUUS and SL there
is a strong positive correlation.
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Fig. 7. Resilience scores and UUS-related proportions for sample cities.
4.3.2 Clustering analysis for UR-UUS sis, and the problem becomes how to select the rest of the

The contribution of UUS to UR (UR-UUS) has no cor-  variables used for clustering. To analyze the influence of
relation with the 4 UUS monitoring indicators (see Fig. 9) UUS development, AUUS should be involved in clustering
or any of the resilience evaluation indicators (see Fig. 10), analysis. The scatter plots of UR-UUS and AUUS show
which is exactly suitable to be involved in clustering analy-  that the high value of UR-UUS is distributed in medium-
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Fig. 8. Comparison of results between reference and this study.

sized AUUS cities rather than higher or lower AUUS
cities. Considering the meaning of UR-UUS, a lower value
of UR-UUS may also mean that the UR performs higher
in other non-UUS aspects. Therefore, the level of urban
development is considered to be another important factor
affecting UR-UUS, which can be expressed using GDP
per capita (PGDP in the following analysis).

After qualitative analysis and systematic clustering, 4
categories are expected to be clustered using k-means clus-
tering. The result of clustering is shown in Table 10. The
analysis of variance (ANOVA) was further conducted to
examine the effectiveness of clustering analysis. Key indica-
tor is the F statistic with the following definition:

SSA/df,
SSE/df,’

where SSA is the sum of square between categories with
degree of freedom (df}) equal to 3 in this paper, and SSE
is the sum of square error with degree of freedom (df5)
equal to 15 in this paper. Then the significance can be
determined by referring to the F distribution table through
F, df}, and df5.

The results in Table 11 indicates that the means of three
variables differ among the four categories, which means
that all three variables contribute to the clustering and
the result can be accepted. A visual diagram for the result
of clustering analysis is shown in Fig. 11, with annotations
of some representative cities that contain maximum or
minimum values.

F= (27)

5 Discussion
5.1 Insights from the correlation analysis for UR

It is finally proved with data in this paper that there is a
strong linkage between urban resilience and UUS develop-
ment. The strong correlation comes from the total UUS
rather than UUS per capita or UUS density. Although in
general perception, a per capita or intensity indicator might
be a better indicator to reflect the level or limits of develop-
ment, the result shows that total UUS area is a more pre-
ferred monitoring indicator in the context of urban
resilience.

The relationships between urban resilience, total UUS
area (AUUS) and total subway length (SL) all showed high
positive correlation (p > 0.800, p < 0.01), which means the
operation kilometers of subway can, to some extent, indi-
cate the resilient level of the city and the development level
of UUS. However, the true relationship was obtained by the
partial correlation analysis that only AUUS and SL have
strong correlation while neither of them can independently
form a correlation with urban resilience. This interesting
result suggests that the intrinsic developing and interaction
mechanisms of AUUS and SL within a city are automati-
cally complied, so that the subway and other types of
UUS can act together in urban resilience. If an imbalance
exists between AUUS and SL, urban resilience will show
no correlation to either of them. It is worth noting that
no correlation does not speak to irrelevance. The causal
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Fig. 9. Scatter plots matrix of the correlation analysis between outcomes and monitoring indicators.
Table 9
Results of correlation and partial correlation analysis.
Variables UR AUUS SL
Correlation Partial Correlation Partial Correlation Partial
UR Correlation 1.000 1.000
Sig.(2-tailed) 0.000 0.000
df 0 0
AUUS Correlation 0.818%** 0.296 1.000 1.000
Sig.(2-tailed) 0.000 0.133 0.000 0.000
df 17 16 0 0
SL Correlation 0.813%* 0.253 0.927%* 0.781 1.000 1.000
Sig.(2-tailed) 0.000 0.311 0.000 0.000 0.000 0.000
df 17 16 17 16 0 0

Note: ** Correlation is significant at the 0.01 level (2-tailed).



18

S.-C. Liu et al. | Underground Space 17 (2024) 1-24

Ay A, Ay Ay As Ag
e p=0.82 ° ° e p=024 ° e p=0.12 |o e p=038 ° ° e p=0.16
g . o .' -... ¢ L .0. ...'- 0.. e ° =. °
= ® o ° ° LY ° ° ° ° e °
C!‘: ° o ° L ° o @ o ° ° ° ° e ° °® .. L ° °
> ®e e ° ¢ o e o ° ® o0 e ®
° ° e p= -0.14 ° ° ° °
A Ag Aq Ao A Aip
e p=020 e p=-0.16 e p=036 o o e p=-0.04 3 e p=0.03 e p=-021
L] ° e o L] [ ] ° %o
[%2]) oo ° P ) & ° ® @ oo & . °, ° o o
= ° e ® o e ° e o @ %
= L ° L] e o ° ° [ ° °
Eli .. ° L] ° L] ° . o ° . ° ° . ° L] ° ° .. . ° ° L]
= ° 8 s ° ° o, L ° ° e ° °°
A A Ass Ass A
° e p=-023 e p=0.04 e p=-0.25 ° e p=-0.10 ¢ o p=-0.22
L) ° ° L ° ° L J
g L .u' o ® o ° . %% o o % . o ’~ ° °
b | ° o ° ° @ o © o ©
Elﬁ o’ ° ® 5 ®e ° % ° L te ° . o® °
-} o %o o ® ° ° . ° ° ° o ° K
Fig. 10. Scatter plots for the relationship between UR-UUS and all evaluation indicators.
Table 10 more than 50% of the UUS contribution to urban resilience.
Results of clustering analysis for sample cities. Therefore, the SL is still recommended as a fourth monitor-
Cities UR-UUS PGDP AUUS Category ing indicator of UUS use because the information of sub-
Beijing —0.5248 1.3545 1.7455 1 way is more readily accessible and more intuitive.
Tianjin —0.7681 —0.6137 0.7468 2
Dalian —1.2779 —0.8133 —1.0324 4
Harbin —2.0479 —2.1733 —0.8054 4 5.2 Insights from the clustering analysis for UR-UUS
Shanghai 0.0913 1.1237 2.2605 1
Nanjing 0.0105 1.1892 0.3355 1 .
Suzhou 02920 11767 03215 ) There are three perspectives to gndqrstand why UUS
Hangzhou —0.9408 0.5217 0.0687 2 and the percentage of UUS contribution to UR (UR-
Fuzhou 0.6465 0.0070 —1.0951 3 UUS) have no correlation. Firstly, there is an upper limit
Xiamen 0.3437 0.1318 —0.9997 2 to this contribution percentage, regardless of how much
Nanchang 0.5546 —0.8757 —1.2776 3 UUS grows, because other urban indicators always have
Qingdao 0.2757 0.0944 —0.6976 2 . £ ibuti S dl h inal
Zhengzhou 1.4558 08071 —0.5497 3 a cert.am 'amount of contribution. Secondly, the margmz.l
Wuhan 0.5343 0.3065 0.4899 2 contribution of UUS to UR may decrease when UUS is
Changsha 1.4902 0.0788 —0.4289 3 already large (Qiao et al., 2022b). Thirdly, the urban devel-
Guangzhou —0.2120 0.4536 1.2112 1 opment level required by the UUS development may have
Shenzhen —0.8518 12173 0.5805 ! simultaneously increased urban resilience in non-UUS
Chengdu 1.9541 ~1.0753 0.3729 3 hereby © sine” th ) £ UUS
Xi‘an _0.4414 —1.2968 —0.6035 4 aspects, thereby “compromising” the proportion o

Note: The values of variables are listed in standardized form (Z-score).

Table 11
ANOVA for the clustering analysis.

Cluster Error
Variables  Mean square df Mean square df F Sig.
UR-UUS 4.246 3 0.351 15 12.101  0.000
PGDP 4.560 3 0.288 15 15.831  0.000
AUUS 3.886 3 0.423 15 9.193  0.001

relationship still presents in the discussion of indicator con-
struction and quantitative calculations. Besides, the subway
related resilience enhancement accounts for an average of

contribution. Based on this understanding, the cluster anal-
ysis further divided the cities into four categories by three
variables (i.e., UR-UUS, AUUS, and PGDP). Category 1
shows the characteristic that high PGDP with medium-
to-high AUUS leads to medium UR-UUS. Category 2 dis-
plays the characteristic that medium-to-high PGDP with
medium-to-low AUUS also leads to medium UR-UUS.
Category 3 exhibits the characteristic that medium-to-low
PGDP with medium-to-low AUUS brings high UR-
UUS. Category 4 indicates that low PGDP with low
AUUS has the least magnitude of UR-UUS.

The clustering result shows a strong distribution pattern
of the three variables. If PGDP and AUUS are ranked with
high, medium and low (as the characteristic of each clus-
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Fig. 11. Diagram for the result of clustering analysis.

ter), the rank of AUUS is always no greater than that of
PGDP, as shown in Fig. 12(a), which indicates that the
high PGDP cities might have less UUS use for some con-
cerns but a low PGDP city is not able to develop more
UUS because of economic constraint. The patterns for
UR-UUS vs PGDP and AUUS in Fig. 12(b) illustrate that
although the percentage of UUS contribution to UR varies
widely when the values of AUUS and PGDP are small, the
contribution will eventually converge to a moderate value
as UUS and PGDP develop. Based on the distribution pat-
tern, this paper proposes a conceptual wedge model where
most of the points (cities) can be described and included in
the interior of the model (see Fig. 13).

To determine the upper surface and lower surface of the
geometric boundary, a simple linear programming (LP)
approach can be used, and the steps are shown in
Fig. 14. In this case, taking 6 = 45° for trial calculation,
the lower and upper boundary equations are given respec-
tively at the end of Fig. 14.

The model can serve two purposes, the first of which is a
quick check if a city is situated inside the wedge. Being too
far out of the wedge may indicate uneven UUS develop-
ment or errors in the statistics. The second purpose is to
estimate the range of UUS contribution to urban resilience
improvement by PGDP and AUUS of the city and further
determine the category to which the city belongs, so that an
appropriate development strategy can be selected. Different
categories of cities require unique and appropriate strate-
gies to enhance urban resilience through the use of UUS,
but all can be a prioritized selection or combination of
the following two general strategies: (1) increasing the
amount of UUS development; and (2) improving the effi-
ciency of UUS use. For category 1 where UUS use is
already mature, the priority strategy is to improve the effi-
ciency of UUS use. This can be understood as taking a ser-
ies of organizational, administrative, and publicity
methods to raise the public’s awareness of the resilient
function of UUS, to develop the technical skills of the
related workers, and to strengthen emergency management

capabilities, thereby improving the efficiency of the UUS
use during emergencies. For category 2, the two general
strategies can be used in a balanced way, because the cities
have a steady foundation of PGDP to further develop
UUS, and a certain amount of UUS for effective guidance.
For category 3, it is not recommended to prioritize the
increase of the amount of UUS, and more attention should
be focused on why the none-UUS resilience is relatively
low, since UUS takes the highest percentage among the
four categories with a rather low PGDP value. For cate-
gory 4, increasing the amount of UUS development should
be the first priority.

5.3 Insights from the indicator system for UR evaluation

Unlike other studies where UR is the final evaluating
target, the UR framework built in this paper is to provide
a “backdrop” and reference for studying the contribution
of UUS. Rather than repeat or recombine the existing resi-
lient indicators or systems, a relatively small number of UR
indicators are selected and the focus is placed more on the
role of UUS. The examination of the weights for each sub-
dimension, which shows consistency with other studies,
ensures that the contribution of UUS is not overstated,
since the indicators for non-UUS account for more than
52% of the contribution while the indicators that contains
direct UUS contribution account for less than 28%. This
paper ensures the proportion of non-UUS contribution,
only not able to explain those non-covered aspects.

Many previous studies pointed out that institutional (or
organizational, governance) factors are important indica-
tors to measure urban resilience (Li & Zhai, 2017; Sharifi,
2016), however, not included in this paper for the difficulty
in definition and evaluation. Similarly, some important but
difficult to determine indicators are also discarded in this
paper. One of the key perspectives on the city’s path to resi-
lience is to “look back”, that the past experience (from dis-
asters) is helpful for future development (Holling, 2002).
Such “help” is not only related to the number of past dis-
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Fig. 12. Distribution patterns for UR-UUS, PGDP and AUUS. (a) AUUS vs PGDP, and (b) UR-UUS vs PGDP and AUUS.

asters, but also to the city’s learning ability, which should
be relevant to urban governance capacity. When referred
to the Annual report on urban management of China
(Liu, 2021), the evaluation system uses indicators that over-
lap considerably with the resilience framework, and the dif-
ference only lies in the interpretation of the results as
reflecting the level of management. The overlap of metrics
is not desirable in this paper. Therefore, factors related to
institutional resilience are suggested to be used in the dis-
cussion of evaluation results and the development of strat-
egy recommendations.

This paper produces an evaluation result using data
from 2020 for both the city and UUS. However, urban
data and UUS data have different continuity in time.
Urban data is made public annually while UUS data is
not necessarily available or updated every year. Even
assuming the continuous annual growth in UUS and the
public availability of data, the newly operating subway
would have a vertical enhancement to urban resilience in
that year. Therefore, this characteristic needs to be consid-
ered in future studies of urban resilience evaluation that

integrates UUS over time, and smoothing methods may
be used if necessary.

5.4 Insights from the UUS-related indicators

The direct contribution of UUS to UR, such as shelter
area, transportation capacity and protection from utility
tunnels, hardly changes due to external factors, because
their very existence is a solid resilient foundation. However,
those indirect contributions that are evaluated by converting
to surface scenarios will change with situations on the
ground. For example, the reduction in air pollution comes
from the difference between subway and surface transporta-
tion for the same passenger turnover. With the implementa-
tion of the National VI Standards, pollution from surface
traffic will be significantly reduced than during the National
V Standards (MEE, 2020b, 2018). Although this shift “low-
ers” the contribution of UUS in this indicator, it is actually
an improvement for overall urban resilience. Another exam-
ple presented in Another example presented in China Urban
Rail Transit Annual Statistical Analysis Report is that due
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Let /oy, be the slope of the lower surface

then gy, is solved by

Let z; stand for UR-UUS;, x; = cos@ - PGDP; — siné - AUUS; , y; = siné - PGDP; + cos@ - AUUS;
(where @ is the rotation angle around z-axis to make the upper and lower surfaces parallel to y-axis)
Let “down” be the subscript of min(zy,z,,-,z,), “top” be the subscript of max(zy, z,, *-, zy,)

Plane equation for lower surface: KjowerX — 2 = KjowerX¥down — Zdown

Plane equation for upper surface: kupperx —-z= kupperxtop = Ztop

| lower boundary equation: UR—UUS = 0.2504PGDP + 0.2504AUUS — 1.302
upper boundary equation: UR—UUS = —0.4559PGDP — 0.4559AUUS + 1.634

|
|
L T e

Let £,

upper
then ke, is solved by

be the slope of the upper surface

Fig. 14. LP steps to determine the upper and lower surfaces of geometry boundary of the model.

to increased ventilation required by the pandemic control
(during Covid-19), operation of new subway lines, and
decrease in passenger volume, the average per capita energy
consumption of subways nationwide has risen by more than
50% in the reported year. In this case, the contribution of the
subway to CO, reduction would be greatly reduced or could
even become negative. At this point, appropriate opera-
tional strategies should be adopted to minimize the waste
of resources while not affecting normal transportation func-
tions. Therefore, the values of the indicators and the conno-
tations behind them are equally significant for
understanding UUS contribution to UR, as well as the cor-
responding management actions and guidance.

5.5 Limitations

Theoretically, there are some limitations and notes when
using this method. First, with increasing development of
the resilience concept in urban theory and practice, the
understanding and classification of UR may evolve dynam-
ically in future studies. As a “backdrop” or reference for
examining the contribution of UUS to UR, the indicator
system in relevant studies, including this paper, need to
be updated accordingly to meet the latest resilience require-
ments. Second, the evaluation model only reflects resilience
capacity but does not consider specific hazard types, which
means the following two conditions are assumed to be met:
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(1) The city as a whole is uniformly affected by the disaster;
(2) Places with different disaster consequences can support
each other in time and reallocate resources. Only few actual
cases satisfy this assumption, such as the impact of Covid-
19 on cities. Third, very little data are available for study,
and the number of sample cities are not enough for general
studies (generally need more than 30). The lack of data and
the lack of relevant research requires constant verification
of the reliability of the results and conclusions from as
many perspectives as possible. Lastly, the conclusions are
drawn and the suggestion are made based on the normal
patterns of urban development. Some evaluation indicators
cannot be singled out for analysis and would lose their
practical meaning. For example, the population density is
a negative indicator (higher value represents higher vulner-
ability) while the per capita indicators are positive. It can-
not be concluded that urban resilience can be improved by
reducing the population. The right conclusion should be
acknowledging the objective difficulty and enhancing the
ability to resist risks of these indicators.

6 Conclusions

The contribution of UUS to UR is successfully inte-
grated into the quantitative evaluation framework of UR.
The framework proposed in this paper allows the quantita-
tive evaluation of UR while calculating the ratio of UUS
contribution. The proposed ideas and methods for direct
and indirect calculations of the resilience contributed by
UUS are not only applicable in this case, but can also pro-
vide inspiration for other assessments related to UUS. The
main conclusions of this paper are as follows.

(1) Total underground space development (AUUS) and
urban resilience (UR) are strongly correlated
(p = 0.818, p < 0.01), while the other two under-
ground space development indicators, UUS area
per capita (PUUS) and UUS density in built-up areas
(DUUS), have no correlation with UR. This suggests
that AUUS is a better indicator for monitoring UUS
development when considering issues related to UR.
Although this is not a causal relationship, the data
still validate in a quantitative way that “a more resi-
lient city tends to have more adequate UUS develop-
ment” and vice versa.

(2) The mean value of the contribution of UUS to UR in
the sample cities is 16.46%, with a maximum value of
29.20% and a minimum value of 3.11%. Higher con-
tribution values occur when cities have a moderate
level of AUUS and GDP per capita. The wedge
model proposed in this paper suggests two boundary
patterns of resilience enhancement by UUS on the
path to a resilient city. The lower limit is a gradual
increase in the resilience enhancement contribution
as UUS development increases, while the upper limit

is a declining line, where smaller amount of AUUS
has larger contribution value, and the value decreases
with further development of UUS. Eventually, when
both UUS development and urban development
reach a high level, the proportion of UUS contribu-
tion to UR tends to be at an intermediate value (in
this study, around or below the mean value 16.46%).

(3) The total urban subway length (SL) is suggested as
the fourth or an auxiliary monitoring indicator for
UUS development, for the extremely strong correla-
tion (p = 0.927, p < 0.01) with the first monitoring
indicator AUUS. Compared to the other three, the
data for this indicator is more accessible, and more
importantly, the changes in total subway length have
clear announcements, accurate time points, and more
possible experiences. An interesting result is derived
from the partial correlation analysis that neither SL
nor AUUS is a separate influential factor on UR,
but together they have a significant impact on UR.
This suggests that UR is better enhanced by UUS if
city follows the inherent influencing mechanisms of
UUS development and subway development; if an
imbalance exists between UUS and subway develop-
ment, there is no clear pattern of the impact on UR
enhancement.

(4) To fully leverage the role of UUS in enhancing UR,
two strategies should be adopted: increasing the
amount of UUS development and improving the effi-
ciency of UUS use. For cities with low UUS develop-
ment, priority should be given to developing UUS,
especially rail transit, rail transit-oriented UUS and
supporting facilities. For cities with high level of
UUS development, when the cost of constructing
new UUS is high at this time, the efficiency of UUS
use should be improved by means of organization
and management (not reflected in the indicator sys-
tem but mentioned in the discussion section), includ-
ing improving the awareness of the people, the level
of emergency management, and the disaster learning
ability. Notice that the final goal is the construction
of resilient cities, not the simple pursuit of a higher
ratio of UUS contribution. Therefore, the percentage
of UUS contribution should be used to reflect the
position of UUS development in the context of
improving urban resilience, so that a balanced strat-
egy can be developed. Thus, UUS can better serve
the construction of resilient cities.

With the limited data type and data volume, this paper
analyzes, as far as possible, the pattern of the contribution
of UUS to UR and proposes relevant suggestions for UUS
development and management. In the future, with the sup-
port of more potentially available data, especially spatial
distribution information and UUS vector data, further
exploration of the spatial distribution patterns of UUS
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resilience or resilience contributions at the city scale can be
conducted, and more refined conclusions are expected to be
derived.
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