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Spatial correlation networks characteristics and
influence mechanisms of the resilience of
Beijing-Tianjin-Hebei urban agglomeration: a
complex network perspective

Peixing Zhang"2® Tianlu Jin"2, Min Zhang' & Aijun Zhu'

Urban resilience forms a multi-level, multi-node spatial correlation network in terms of risk
complexity and regional collaboration. However, few studies have explored urban agglom-
eration resilience in terms of the spatial network. Therefore, a resilience evaluation index
system for the Beijing-Tianjin-Hebei urban agglomeration (BTHUA) is constructed in this
study based on the driving force-pressure-state-response (DPSR) framework. To this end, the
resilience and change characteristics from 2014 to 2022 are analysed using an entropy
weight-TOPSIS method and kernel density estimation. Further, the correlation strength and
structure of the resilience spatial correlation network in BTHUA are explored using a modified
gravity model and social network analysis method, and a quadratic assignment procedure
model is used to explain the correlation and mechanism of the influencing factors of the
resilience spatial correlation network. The following results were observed: (1) A
“core-periphery” pattern in the BTHUA resilience spatial correlation network, with Beijing and
Tianjin as pivotal nodes, Shijiazhuang and Tangshan as intermediary connectors, and
Zhangjiakou, Xingtai, and Hengshui as weak nodes. (2) Variations in the closeness of the
resilience spatial correlation network of BTHUA, with the network exhibiting strong con-
nectivity. However, network centrality shows non-equilibrium characteristics, indicating
obvious hierarchical differentiation. (3) Geographic distance, openness to the outside world,
economic development level, technological innovation, and urbanisation are identified as
influencing factors affecting the resilience spatial correlation network, which show both
temporal and spatial heterogeneity. This study provides insights into the collaborative gov-
ernance of urban agglomerations from the perspective of spatial correlation networks.
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Introduction

he urbanisation rate of China has approached 64% and is

projected to exceed 70% by 2035. This trend is anticipated

to result in urban populations comprising 70% of the
global population, and urban carbon emissions and urban energy
consumptions comprising 75% of the global total (Shi and Li,
2024). Urbanisation and digitalisation have accelerated the
agglomeration of people, information and resources, while pro-
moting interdependence and interaction between cities. While
such connectivity can improve system efficiency, unmanaged
centralisation, particularly where institutions are dispersed or
infrastructure is under-redundant, may result in more complexity
and diversity of risks (Chen et al. 2024a; Chen et al. 2024b; Haque
et al. 2024). Against this backdrop, the risks often exhibit char-
acteristics of high management difficulty, strong destructiveness,
and transcendence of spatial and temporal boundaries, severely
impacting and affecting the normal functioning of cities (Wang
et al. 2024). Consider the public health crises as an example: the
population concentration and development of transportation
networks accelerated the spread of the COVID-19 virus among
cities, affecting not only the stable operation of individual cities
but also the sustainable development of surrounding adjacent
cities (Guo et al. 2025).

Urban agglomerations emphasise that cities are no longer
individual entities in the trend of regional collaborative devel-
opment and have multiple types of connections, including geo-
graphical and functional linkages, because of their geographical
contiguity and their economic and ecological spillover effects
(Ding et al. 2024). Infrastructure systems of cities develop com-
plex interdependencies over the course of urban development.
Under this strongly interconnected structure, the failure of any
key node in the existence of material or information interactions
can affect the operational efficiency and stability of other cities
through the correlation network (Zhao et al. 2024). At present,
China’s urban agglomerations mainly include the Yangtze River
Delta urban agglomeration, the Pearl River Delta urban
agglomeration, and the Beijing-Tianjin-Hebei urban agglom-
eration (BTHUA). As the third largest urban agglomeration in
China, BTHUA ‘s development pattern is significantly different
from that of Yangtze River Delta and Pearl River Delta. Beijing, as
the core city of the BTHUA, has been undertaking too many non-
capital functions for a long time, which has led to “big city dis-
eases” such as over-concentration of population, traffic conges-
tion, environmental pollution. Tianjin and Hebei, on the other
hand, have the capacity to take over the functions of
Beijing-Tianjin-Hebei. Tianjin and Hebei, on the other hand,
have insufficient capacity to take over functions, and the gap
between Hebei’s level of economic development and that of
Beijing and Tianjin, in particular, limits the overall synergistic
effect. The lack of megacities in the region as a “bridge”, Shi-
jiazhuang, Tangshan and other cities in Hebei are insufficient in
scale and economic strength, making it difficult to form an
effective sub-growth pole.

Improving urban resilience is widely acknowledged as an
effective approach to adapt to uncertain events (Almulhim and
Cobbinah, 2025; Du et al. 2020). Urban resilience is a concept in
sustainable urban planning that emphasises the ability of cities to
maintain or quickly restore their basic functions under external
pressures and adapt to changes for sustainable development
(Jabareen, 2013). The concept of urban resilience is no longer
spatially limited to individual cities under the development trend
of risk complexity and regional synergy, and instead, it gradually
forms a multi-centre, multi-level, and multi-node resilience cor-
relation network structure. Cities interact and synergise with each
other through the network structure, enhancing the overall risk
resilience of urban agglomerations (Fu et al. 2016). Therefore, in
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the current context of highly uncertain, frequent, and coupled
occurrence of global economic, social, and natural disaster risks,
exploring the characteristics of urban agglomeration resilience
correlation and its influencing factors from a spatial network
perspective is crucial to identify the weak nodes of urban
agglomeration considering risky events and resilience building.

This study constructed the evaluation index system of urban
resilience based on a DPSR framework and calculated the level of
urban resilience in the BTHUA from 2012 to 2021 and com-
prehensively applied the entropy weight and technique for order
preference by similarity to ideal solution (TOPSIS) method to
measure urban resilience in the BTHUA from 2012 to 2021.
Subsequently, the strength of the spatial correlation of urban
agglomeration resilience and structural characteristics of the
spatial correlation network were explored using a modified
gravity model and social network analysis. In addition, a quad-
ratic assignment procedure (QAP) model was applied to explain
the mechanisms of the influencing factors on the resilience spatial
correlation network of the BTHUA.

The remainder of this manuscript is organised as follows:
Section 2 provides a comprehensive literature review and sum-
marises the concepts of resilience and its spatial correlation net-
work. Section 3 introduces the relevant methods used, selection of
indicators, and data sources. Section 4 presents the results of the
case study. Section 5 discusses the results and proposes future
work. We conclude the work and provide policy implications in
Section 6.

Literature review

Concept of urban resilience and its spatial correlation network.
Defining urban resilience forms the basis for rationally con-
structing the evaluation indicator system. Resilience first
appeared in engineering and was defined as the ability of a
material to absorb energy during plastic deformation and fracture
(Wied et al. 2020). In the 1970s, Holling introduced the concept
of resilience into ecology, describing it as the ability of a system to
recover after an external disturbance (Holling, 1973). Although
the definition of ecological resilience is more comprehensive than
that of engineering resilience, it is still affected by the equilibrium
perspective, which views system development as a transition from
one equilibrium state to another. However, socio-economic sys-
tems are in a constant state of evolution and development, which
limits the applicability of the equilibrium theory to such systems.
Therefore, Alberti defined resilience as the ability of a city to
maintain its original structure and function after changes in
internal and external driving forces (Alberti, 2005). Wilbanks
posited that resilience was the capacity of a city to minimise harm
to public safety and socio-economic impacts in the face of mul-
tiple crises (Wilbanks and Sathaye, 2007). The Rockefeller
Foundation defined resilience as the ability of individuals, com-
munities, institutions, and systems within a city to survive, adapt,
and develop under pressure (Cutter et al. 2008). Based on the
definitions of urban resilience from the aforementioned studies,
this study contends that urban resilience represents the ability of
a city to maintain normal operation and development by relying
on its dynamic equilibrium, redundancy buffer, and self-repair
characteristics under various societal and environmental pres-
sures. This emphasises the ability of the cities to resist, recover,
adapt, and learn in the face of disasters.

Urban resilience is not only a property of a single city but is
also affected by interactions between cities (Eldesoky and
Abdeldayem, 2023). This characteristic indicates that the study
of urban resilience needs to expand from the perspective of a
single city to that of city agglomeration to consider spatial
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Fig. 1 Effects of resilience spatial correlation network.

interconnections between cities (Liu et al. 2025). As a core unit of
regional development, the optimisation of the spatial structure of
urban agglomerations is crucial to enhance the overall competi-
tiveness of the region (Zhao et al. 2025). A polycentric and
networked perspective emphasises synergy and cooperation among
cities and promotes resource sharing and complementarity of
advantages by constructing an efficient urban network to achieve
sustainable regional development (Cucuzzella et al. 2022). There-
fore, the study of spatial structure characteristics has evolved from a
single-centre approach to a multi-centre and networked perspec-
tive, and the research perspective has changed from individual
cities to the exploration of the evolutionary characteristics of the
overall network of urban agglomeration (Liu et al. 2024a; Yang and
Su, 2024). Further, the study of urban resilience needs to change
from the measurement of single-city resilience to the analysis of the
spatial network structure characteristics of urban agglomeration
resilience. An urban resilience spatial correlation network is
essentially the spatial extension and expansion of regional
resilience, and it can be defined as the ability of an urban network
system to prevent, resist, respond, and adapt to the effects of
external shocks and recover or transform from them with the help
of inter-city collaborative and complementary relationships across
social, economic, engineering, and organisational domains (Wu
et al. 2024). The effects of urban resilience and the network of
spatial correlation of urban resilience on urban functions is
illustrated in Fig. 1. Compared to the inherent resilience effect of a
city, cities within the urban resilience spatial correlation network
are affected by the resilience spillover effects from other cities.
Consequently, under this superimposed effect, the loss of urban
functions during disasters is smaller, the recovery speed after
disasters is faster, and urban functions are more improved after full
adaptation.

Construction of an urban resilience evaluation index system.
Both domestic and global researchers have defined and measured
the resilience of urban subsystems including economic resilience
(Shang and Liu, 2024), social resilience (Ruggiero et al. 2024),
ecological resilience (Feng et al. 2024a), and territorial resilience
(Assumma et al. 2021). The resilience evaluation of a city requires
a comprehensive assessment from a multi-dimensional perspec-
tive. Current research on the construction of an urban resilience
evaluation index system falls into three categories: (1) Key factors
affecting urban resilience were identified based on the four
characteristics of resistance to disturbance, redundancy, wisdom,
and rapidity, and an evaluation indicator system for urban resi-
lience was constructed (Wang and Shen, 2025). (2) From the
perspective of recovery and learning, infrastructure, economy,
community, and organisation were evaluated comprehensively as
four dimensions for assessing the resilience and adaptability of a
city in the face of shocks (Liu, 2021). (3) Based on the perspec-
tives of ecology, economy, society, and infrastructure services, the
indicators of sewage treatment rate, gross domestic product

(GDP), and number of beds in healthcare institutions reflected
the basic service capacity and economic development level of the
city (Datola, 2023; Sun and You, 2021).

However, these assessment perspectives do not adequately
reveal the dynamic process of urban resilience in terms of
resistance, recovery, adaptation, and enhancement in the face of
disasters, which limits the comprehensive understanding and
systematic identification of factors that affect urban resilience. In
contrast to traditional frameworks for assessing urban resilience,
the driving force-pressure-state-response (DPSR) framework
provides a dynamic perspective that is closely aligned with the
increasing complexity and diversity of urban risks. The frame-
work helps to provide a holistic view of urban resilience to risk by
dividing the process of urban response into three phases: first,
responding to immediate disruptions; second, adapting to long-
term changing conditions; and third, enhancing the city’s ability
to withstand and recover from future challenges. By integrating
these stages, the DPSR framework provides valuable insights for
urban planners and policymakers.

Quantitative methods for urban resilience correlation and
influence mechanisms. Quantifying the resilience of individual
cities is a prerequisite to assess the spatial correlation of resilience
in urban agglomerations. Various multi-criteria decision analysis
and decision-making methods are employed to assess urban
resilience. We classify these methods into three categories: (1)
Model-driven methods: System dynamics and STIRPAT models
for simulating changes in resilience dynamics and analysing
complex interactions (Tian et al. 2024; Li et al. 2020). (2) Data-
driven approaches: Entropy weight-TOPSIS and data envelop-
ment analysis for toughness assessment based on empirical data
(Xia and Zhai, 2022; Li et al. 2024a). (3) The GANPSort II genetic
algorithm and hybrid entropy weight-DEMATEL method, which
combines simulation capabilities with empirical validation to
deliver comprehensive evaluations (Assumma et al. 2024; Jiao
et al. 2024). Among these methodological paradigms, the entropy
weight-TOPSIS approach has gained prominence in multi-criteria
resilience evaluations because it can objectively determine indi-
cator weights through entropy calculations while systematically
ranking alternatives via the TOPSIS technique. This contrasts
with purely model-driven methods that suffer from subjective
parameterisation and hybrid approaches that require more
complex implementation frameworks.

For exploring the influencing mechanism of the spatial
network of resilience, decision-making trial and evaluation
laboratory-interpretative structural modelling has been applied
to identify key factors affecting resilience, clarify pathways and
hierarchical structures among these factors, and construct multi-
level cascading structure models that can visually present the key
factors and their pathways (Chen et al. 2021). Huang et al. (2022)
used social network analysis, Spearman’s correlation coefficient,
and a cubic model to explore factors that affect the ecological
resilience system of the Shandong Peninsula urban agglomeration
and their action mechanisms. They suggested that the resilience
of the urban agglomeration ecosystem was enhanced by
optimising the ecological network structure. Further, some
researchers explored the spatial network structure of economic
resilience and found that economic resilience among Chinese
provinces forms a multi-level network structure that is more
compact in urban agglomerations wherein geographic distance
and human capital are key factors affecting the spatial network of
economic resilience (Wang and Ge, 2023).

Research gaps and main contribution. Although some progress
has been achieved in the research on urban resilience, the
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following shortcomings remain: (1) The construction of an
indicator system lacks comprehensiveness, systematicity, and
dynamism, and thus, it fails to consider the entire process
through which urban resilience operates, thereby leading to the
omission of key factors when building indicator systems. (2) Most
studies focus on measuring the resilience levels of individual
cities, while ignoring the spatial correlation network of urban
agglomeration resilience in the context of globalisation and
regional integration. This limitation in research perspective
restricts our understanding of the role of interdependence and
synergy in improving the resilience of urban agglomeration. (3)
Although many studies have conducted comprehensive analyses
of the factors influencing urban resilience and their mechanisms,
research on factors and mechanisms affecting the spatial corre-
lation network of urban agglomeration resilience is relatively
scarce.

This work aims to fill the knowledge gaps and contribute to the
existing urban resilience discourse by establishing a resilience
evaluation index system based on the DPSR framework that can
provide a structured approach to evaluating urban resilience.
Further, the structural characteristics of the BTHUA resilience
spatial correlation network are investigated using the modified
gravity model and social network analysis, and the results help
identify the key nodes and connections in urban agglomerations,
enhancing the resilience and recovery of urban agglomerations in
the face of natural disasters, economic crises, and other shocks.
The factors influencing the resilience spatial correlation network
are investigated based on the QAP model. This approach enables
the study to identify key factors affecting the correlation and
heterogeneity of the resilience spatial correlation network at the
scale of urban agglomeration, thereby providing a scientific basis
for enhancing the resilience correlation between cities and
improving resilience. The research framework is presented in
Fig. 2.

Material and methods

Study area. The BTHUA, as a core component of China’s capital
economic, includes two municipalities directly under the central
government of Beijing and Tianjin, as well as the cities of Shi-
jiazhuang, Tangshan, Qinhuangdao, Handan, Xingtai, Baoding,
Zhangjiakou, Chengde, Cangzhou, Langfang, and Hengshui in
Hebei Province. The geographical location of the BTHUA is
illustrated in Fig. 3. However, the BTHUA has long been facing
development problems such as the obvious phenomenon of
“mono-core polarisation” and urban hierarchical faults, which
have seriously hindered the reasonable distribution of resources
within the urban agglomerations, and are not conducive to the
construction of the overall resilience network. Therefore, it is
necessary to explore the structural characteristics and influence
mechanisms of the resilient spatial correlation network of the
BTHUA, to reveal the weak nodes of the resilient spatial corre-
lation network of the BTHUA under the “single-core” driving
mode, and to provide a reference paradigm for the balanced
security and development of similar urban agglomerations
around the world.

Construction of the indicator system. As one of the logical fra-
meworks for constructing an evaluation system, the DPSR frame-
work has been widely used in different fields such as urban human
settlement resilience assessment, water environment carrying
capacity assessment, and ecological security assessment (Wu et al.
2022). This study employs the DPSR framework to establish a
causal chain encompassing driving forces, pressures, states, and
responses and conduct a comprehensive analysis of the intricate
process through which a resilience of a city is activated in the
aftermath of various disturbances. The constructed index system
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and the logical relationship are shown in Fig. 4. As the evaluation
framework covers indicators of urban infrastructure, healthcare
conditions, and the environment, it can be applied to assess the
resilience of cities in the face of risks such as natural disasters,
public health crises, and pressure on ecological resources.

Data sources. The socio-economic, demographic, and environ-
mental statistics of the Beijing-Tianjin-Hebei region from 2014
to 2022 were obtained from the China Urban, Hebei, Beijing, and
Tianjin Statistical Yearbooks. Geographic distances between cities
were calculated using ArcGIS software. Individual missing data
were supplemented using interpolation and autoregressive fitting
methods, and by querying the statistical yearbooks of cities with
missing data.

Entropy weight-TOPSIS method. The entropy weight method
determines the weights by calculating the information entropy of
each indicator, reducing the effect of subjective judgement and
making the evaluation process more objective. Based on the
weights of indicators determined by the entropy method, the
TOPSIS method evaluates the merits and demerits of each object by
calculating the distance between the evaluation objects and the best
and worst schemes. The combined use of entropy weight-TOPSIS
method provides a more scientific and objective evaluation for
urban resilience measurement, which improves the reliability of the
evaluation results by comprehensively considering the objective
weights of the indicators and proximity of the evaluation objects to
the ideal solution. In urban resilience measurement, this method
comprehensively considers indicators from multiple dimensions
(e.g. social, ecological, infrastructure, and economic) and provides a
dynamic and multi-dimensional evaluation tool for urban planners
and decision makers (Szpotowicz and Téth, 2020). The calculation
steps are as follows:

(1) Use the min-max standardisation method to standardise
positive and negative indicators in the resilience evaluation
index system. Indicators besides the construction land area
are treated with positive normalisation.

For positive indicators,

x; — min(x;)

- max(x;) — min(x;)

For negative indicators,
g, = ) =% @
7 max(x;) — min(x;)
In Egs. (1) and (2), y; x;» and min(x;) and max(x;) represent
the standardised indicator value, value of indicator j(j =
1,2,...,m) in evaluation unit i(i=1,2,...,n), and the
minimum and maximum values of indicator j, respectively.
(2) Calculate proportion Pj; occupied by the i-th evaluation unit
in the j-th indicator using

Vij

Py = y (3
(3) Calculate the entropy value ¢; of the j-th indicator using
1
ej=——lnnZLIPijln(pij),OSejsl (4)
(4) Determine weights w; of the indicators using
1-— €
K 21— ej) )

(5) Construct the weighted normalisation matrix z, where w;
represents the weight of each indicator determined using
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Fig. 2 Methodological framework of this research.

the entropy value method, as shown in
Z = (z;) = (wyy;) (6)

(6) Calculate the optimal distance D} and worst distance Dy
from the ideal scheme for the object of evaluation using

mxXn mxn

n

+ 2

Df = ; (Z]-+ - z;)
(i=1)

D=,/ X (Zj’ - zij)2
\/ (i=1)

zZt = (vazga o Z;)727 = (ZfaZ;» o Z;)

where Z and Z; represent the maximum and minimum
values of the j-th indicator, respectively.
(7) Obtain the resilience of the evaluation object using

)

R Dr

DD, ©

Modified gravity model. The gravity model represents the
mutual forces of interaction between different spatial units, not
only measuring the spatial connectivity of a region but also the

internal spatial flow paths between individuals (Feng et al. 2024b).
Given the limitations of the traditional gravity model in dealing
with the regional connectivity of resilience levels and issues of
fluidity and asymmetry, this study improved the model based on
the asymmetry of economic element flow. The modified gravity
model is expressed as

R,R
G — k a ‘b
ab Dzb (9)
R
k= 4
R, +R, (10)
dap
D, = —= 11)
’ &8s — &b

where G, represents the strength of the correlation of resilience
between city a and city b; the gravitational constant k describes
the correction factor for the resilience; R, and R, represent the
level of resilience of cities a and b, respectively; g, and g, repre-
sent the GDP of cities a and b, respectively; d,, represent the
distance between cities a and b; and D, represent the economic-
geographical distance of the city.
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Social network analysis. Compared to other methods, social
network analysis can effectively reflect the overall characteristics
of a network structure and position of individuals in the network.
It is often used to explore the spatial correlation network of
regional carbon emissions, spatial correlation network of water
resources, environmental and ecological efficiency, and spatial
correlation network of green innovation efficiency, thereby pro-
viding a powerful tool to understand and optimise these complex
networks (Liu et al. 2024b; Li et al. 2024b). Social network ana-
lysis is grounded in social network theory, which posits that
individuals or entities (nodes) are interconnected through the
various types of relationships (edges). These relationships form a
network structure that can significantly affect the behaviour and
outcomes of the nodes within it.

In the context of urban resilience, social network analysis
enables us to examine how cities within a region are
interconnected and how these connections affect their resilience.
Therefore, we used the indicators of network density, network
connectedness, network hierarchy, network efficiency, and
centrality to explore the overall characteristics and individual
differences of the resilience spatial correlation network of the
BTHUA. The methods of calculating the indicators and their
meanings are listed in Table 1.

Quadratic assignment procedure model. The resilience spatial
correlation network of urban agglomerations results in the
interplay among various factors. If traditional econometric
models are employed for empirical testing, the results could be
biased because of multi-collinearity among factors. QAP is a non-
parametric testing method for examining regression relationships
between multiple matrices and a single matrix. Compared to
traditional multivariate regression statistical testing methods, the
QAP model can overcome the issue of multi-collinearity among
independent variables (Bai and Lin, 2024).

The formation of the resilience spatial correlation network is a
manifestation of the multi-dimensional interaction and

collaboration among cities in geographical space, with individual
differences between cities being the main cause of the asymmetric
phenomenon in the flow of elements. Thus, the difference matrix
of geographical distance, level of economic development, degree
of openness to the outside world, government macro-control,
ecological resources and environment, and level of infrastructural
services are selected as explanatory variables. These socio-
economic factors can reflect the situation of the flow of factors
of production, industrial synergy and infrastructure connectivity
between cities in the event of external shocks such as natural
disasters and economic crises. The specific descriptions provided
in Table 2. The constructed model is expressed as:

UR = f(GD, ED, OOW, TN, UD, ISL). (12)

Results

Measurement of urban resilience. Equations (1)-(8) are used to
calculate the resilience of individual cities, and the results are sum-
marised in Table 3. Urban resilience increased between 2014 and
2018, which was closely associated with urban development, policy
support, and infrastructure construction. However, a decline in
resilience was observed in 2022 for these cities, which can be
potentially attributed to the COVID-19 pandemic and economic
fluctuations. Beijing and Tianjin, as two direct-controlled munici-
pality cities within the region, maintained a high level of resilience
during this period, reflecting their advantages in resource allocation,
policy formulation, and emergency response capabilities.

Kernel density estimation can reveal spatial distribution character-
istics, patterns, and polarisation levels of urban resilience. In this
study, we applied this method to explore the trends in the BTHUA
resilience across different years, as illustrated in Fig. 5. In 2014, the
urban resilience of BTHUA exhibited a significant polarisation
characteristic. From 2014 to 2018, the distribution of resilience within
urban agglomeration became more concentrated, with the peak
shifting to the right. This trend indicates that, during this period, the
overall resilience level of BTHUA was enhanced, and the polarisation

Indicators Equation

Table 1 Indicators for evaluating the structure characteristics of spatial correlation network.

Symbolic significance

Function

Network density P =Ry

Network C=1-Nx(N-1/2v
connectedness
Network efficiency = D = O

i#jeG 1

Network hierarchy

respectively.

M and N represent the number of edges and nodes in the
network, respectively.

C and V represent the connectedness and logarithm of
unreachable points in the network, respectively.

E, Dj, and G represent the efficiency, shortest distance of all from
city i to city j, and set of remaining nodes in the network after
removing the nodes, respectively

Gy, V, and MAX(V) represent the network hierarchy, number of
point pairs of mutually symmetrically reachable regions in the
correlation network, and maximum number of pairs of points in
the network that are mutually reachable by two points,

X indicates whether there is a direct link between cities, with 1 for

d(i,j) represent the shortest distance from a city i to other city j.

gix and g (i) represent the total number of shortest paths
between city j and k that generate links and number of shortest
paths through city i that generate links from j to k, respectively.

n
Degree O (il = 22X /tn =) dicat ,
centrality  degree =1 a direct link and O, otherwise.
n
In-degree Cy(h) = ; Xﬁ/(n )
n
Closeness  Qut- Colh=(—="7/ % dij)
centrality  closeness i#],j=1
centrality
n
In- Cely = =1/ > i)
closeness i#),j=1
centrality )
Betweenness centrality C,(i))= > %0
ik 9k

Describes the density of node
distribution.

Measure the tightness of
connections between nodes
in the network.

Used to measure the
information transfer
efficiency in the network.
Evaluate the stability and
complexity of the network.

Measures the number of
connections a city has to or
by other cities.

Measure the average
distance from a node to all
other nodes.

Measure the intermediary
role of a node.
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phenomenon was mitigated. However, from 2018 to 2022, the
distribution of urban agglomeration resilience in this region became
dispersed again, with the peak shifting to the left, influenced by the
pandemic and economic conditions. This change reflects differences
in resilience among various cities. Cities with higher resilience levels
can adapt and respond effectively when faced with external shocks,
which can reduce the impact of the shock. In contrast, cities with
lower resilience levels are more severely affected because of their
relatively weaker adaptability and response capabilities.

Structural characteristics of the resilience spatial correlation
network

Analysis of the strength of resilience correlation in urban
agglomerations. Based on the modified gravity model, the resi-
lience correlation strength between cities was determined using
Egs. (9)-(11) to calculate the gravity matrix of resilience in the
BTHUA from 2014 to 2022. The natural breaks method was
applied to categorise the correlation strength into four levels for
clearly illustrating the internal resilience correlation strength.
Further, the ArcGIS software was utilised to visualise the spatial
correlation network, as shown in Fig. 6.

From 2014 to 2018, the correlation strength of the BTHUA
resilience exhibited an increasing trend, which implied a growing
frequency of economic and ecological resource transfers. Higher
resilience connection strengths were observed among core cities
within the urban agglomeration, forming a spatial development
pattern centred around ‘Beijing-Tianjin-Shijiazhuang-Tangshan’,
which generated a radiating and driving effect on the surrounding
cities. In addition, the number of weakly and moderately correlated
cities increased significantly, further enriching the levels and
structure of internal resilience correlation within BTHUA. From
2018 to 2022, the resilience correlation strength between cities
showed a reduction. During this period, only a strong correlation
was maintained among core cities such as Beijing, Tianjin,
Tangshan, and Shijiazhuang, whereas the resilience correlation
strength between core and peripheral cities weakened.

8

Table 2 Selection of variables.
Indicator Abbreviation Measurement
Dependent variable Resilience spatial correlation network UR BTHUA resilience spatial correlation matrix
Independent variable Geographic distance GD Euclidean distance between cities based on ArcGlIS software
Level of economic development ED Per capita GDP
Degree of openness to the outside world oow Actual amount of foreign capital utilised
Technological innovation capability N Number of patent applications authorised
Urbanisation degree ub Construction area of building projects
Infrastructure service level ISL Total urban water supply volume
ors Kernel density estimate
Table 3 Urban resilience of BTHUA. o
City 2014 2018 2022 N
Shijiazhuang 0.642 0.852 0.821
Chengde 0.442 0.631 0.604 > — 2022
Zhangjiakou 0.468 0.692 0.652 § 21 - ggii
Qinhuangdao 0.589 0.791 0.71
Tangshan 0.676 0.783 0.763 N
Langfang 0.548 0.774 0.720
Baoding 0.570 0.719 0.661
Cangzhou 0.402 0.550 0.500 04, ' i i .
Hengshui 0.303 0.646 0.566 02 0.4 06 0.8 1
Xlngtal 0300 0629 0593 kernel = epanechnikov, bandwidth=0.04tégban resitence
Handan 0.524 0.776 0.635
Beijing 0.886 0.924 0.917 Fig. 5 Results of kernel density estimation.
Tianjin 0.654 0.718 0.700

Social network analysis of resilience spatial correlation network
structure. The resilience spatial correlation network in 2014, 2018
and 2022 are shown as Fig. 7. The UCINET software is used to
analyse the network structure characteristics from 2014 to 2022,
and the results are presented in Table 4. A clear trend of
increasing resilience spatial correlation network density within
BTHUA from 2014 to 2018 was evident, rising from 0.359 to
0.394. This upward trajectory signified a growing intensity of
inter-city connections and interactions, suggesting an enhance-
ment in the connectivity of the network. However, the COVID-19
outbreak in 2019 had a severe impact on BTHUA, which resulted
in a sharp drop in network density to 0.353. This could be
attributed to the lockdown measures, transport restrictions, and
reduced economic activity of the city during the pandemic, which
weakened physical and economic correlation between cities and
affected the resilience correlation between them. From 2020 to
2022, the resilience spatial correlation network density showed an
upward trend again, rising to 0.372. This reflected the positive
regulatory role of the government and the self-adjustment and
resilience of urban agglomerations in the face of external shocks.

The network connectedness remaining at 1 from 2014 to 2022
indicated that all cities within BTHUA were connected to at least
one other city, with no cities developing in isolation. The network
efficiency increased from 0.546 in 2014 to 0.515 in 2019,
suggesting an enhancement in the efficiency of information
transfer. The network efficiency exhibited a fluctuating upward
trend, increasing from 0.546 in 2014 to 0.561 in 2022, with
network efficiency dropping to its lowest point of 0.455 in 2019
and 2021. This phenomenon not only reflected the overall
improvement in the efficiency of resource factor flow but also
highlighted the significant adaptive and rapid recovery capabil-
ities of BTHUA in the face of external shocks. The network
centrality increased from 0.4 in 2014 to 0.572 in 2018, reflecting a
strengthening of intercity connections. It subsequently declined to
0.286 in 2020, and then recovered to 0.561 in 2021 and 0.574 in
2022. The recent ceiling increased from 0.955 in 2014 to 1 in
2022. The network centrality and recent ceiling results demon-
strated an increasing asymmetry within the BTHUA resilience
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Table 4 Density and correlation analysis of resilience spatial
correlation network.
Year Network Correlation analysis
density
Network Network  Network Recent
connectedness efficiency hierarchy ceiling
2014  0.359 1 0.546 0.4 0.955
2015 0.372 1 0.561 0.4 1
2016  0.372 1 0.546 0.435 1
2017 0.376 1 0.545 0.546 1
2018 0.385 1 0.515 0.572 1
2019 0.394 1 0.455 0.286 0.985
2020 0.353 1 0.546 0.286 0.985
2021  0.361 1 0.455 0.561 0.985
2022 0.372 1 0.561 0.574 1

spatial correlation network, with significant differences in node
accessibility. This trend can be attributed to the fact that certain
cities hold more strategic positions within the network, possessing
greater resources and influence compared to those of the others.

Characteristics of nodes in the resilience spatial correlation net-
work. In the context of the resilience spatial correlation network
of the BTHUA in 2022, the results for the degree centrality,
closeness centrality, and betweenness centrality of each node in
the network are listed in Table 5. The in-degree in both Beijing
and Tianjin was 12, which is significantly higher than their out-
degree, underscoring their strong attractiveness for resources and
capacity to aggregate information. This suggests that these two
cities are not only the political, economic, and cultural hubs but
also the primary destinations for resource flow in the BTHUA.
Shijiazhuang had an out-degree of 7, which is higher than that in
the in-degree, indicating that it has the strong capacity for
information output and resource radiation. Tangshan had an out-
degree of 9, which is greater than that of the in-degree, which is
related to its status as an industrial city that exports more
resources and information to other cities. Baoding, Cangzhou,
and Zhangjiakou had degree centralities of 6, 5, and 5, respec-
tively, which reflects a moderate level of connectivity. Baoding
and Cangzhou exhibited a relatively balanced out-degree and in-
degree, which suggests a symmetrical pattern of bidirectional
communication within the network. In particular, Zhangjiakou
showed an out-degree of 5 and an in-degree of 0, thereby indi-
cating a greater dependency on information and resource inflow
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Table 5 The network centrality of BTHUA.
City Degree centrality Closeness centrality Betweenness centrality
Out-degree In-degree Out-closeness In-closeness
Beijing 4 12 34.286 Beijing 29.667
Handan 4 1 37.5 Handan 4.355
Xingtai 4 2 375 Xingtai n
Hengshui 4 2 37.567 Hengshui 5.879
Shijiazhuang 6 7 40 Shijiazhuang 19.65
Cangzhou 5 2 38.710 Cangzhou 9.5
Baoding 5 3 38.710 Baoding 6.317
Langfang 4 4 37.5 Langfang 9.667
Tianjin 5 12 36.364 Tianjin 22.083
Tangshan 6 9 37.5 Tangshan 13.233
Qinhuangdao 3 1 30.769 Qinhuangdao 10.622
Zhangjiakou 5 0 60 Zhangjiakou 2.833
Chengde 3 3 30.769 Chengde 8.65

from other cities. One of the main reasons for this is Zhangjia-
kou’s weak economy and infrastructure, which limits its ability to
attract external resources. Its industrial structure is monolithic,
dominated by agriculture and mining, with a low demand for
external information and resources. In addition, the city’s remote
location and poor accessibility also impede the inflow of infor-
mation and resources. Handan, Xingtai, Hengshui, Langfang, and
Chengde cities had a low degree centrality of 4, 4, 5, 4, 3, and 4,
respectively, and thus, they were at the periphery of the resilience
spatial correlation network of the BTHUA.

Beijing’s out-closeness centrality was 34.286, whereas its in-
closeness centrality was as high as 100. This not only implies that
the average distance between Beijing and other cities is very short
but also indicates that Beijing is the core hub in the BTHUA, with
extremely high accessibility. Further, Tianjin achieved an in-
closeness centrality of 100. Shijiazhuang and Tangshan had
relatively high accessibility, second only to Beijing and Tianjin,
which demonstrates the significant position of these two cities in
the resilient network of the BTHUA. In contrast, regions with
lower accessibility, such as Zhangjiakou, Xingtai, and Hengshui,
have a weak correlation in the BTHUA resilience spatial
correlation network. Further, it is necessary to strengthen their
connections with other cities to enhance their accessibility and
influence within the regional network, which increases their
capacity to withstand sudden risk events.

Beijing exhibited the highest betweenness centrality with a
score of 29.667, which underscores its pivotal bridging role within
the BTHUA network and highlights its substantial effect on the
connectivity and overall efficiency of the network. Tianjin’s
betweenness centrality was 22.083, ranking second, and its
contribution to regional connectivity was second only to Beijing.
In addition, Shijiazhuang had a relatively high betweenness
centrality of 19.650. Combined with the analysis of degree
centrality, it is evident that Shijiazhuang not only has numerous
direct connections with other cities but also plays a crucial role in
connecting other non-directly connected cities. In contrast, cities
such as Handan, Hengshui, and Zhangjiakou have relatively lower
betweenness centralities at 4.355, 5.879, and 2.833, respectively.

In summary, Beijing, Tianjin, Shijiazhuang, and Tangshan,
leveraging their advantages in technology, economy, and
geographical location, assumed central leadership roles in the
network, thereby providing solid support for the stability and
development of the entire region. In contrast, peripheral cities
represented by Handan, Hengshui, Zhangjiakou, and Chengde
played the role of ‘beneficiaries’ within the network, which
primarily relies on core cities to enhance their connectivity and
resilience. Beijing and Tianjin, as municipalities that are directly
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under the central government, occupied a core position in the
resilience spatial correlation network; however, their role in
resource transfer and resilience spillover within Hebei Province
was weaker than that of Shijiazhuang. This is attributed to
differences in administrative hierarchy and restrictions in
resource allocation mechanisms, which create certain barriers in
the transfer of resource elements. Shijiazhuang and Tangshan
play a more important role in the synergistic development of
resilience among cities in Hebei Province.

Influence mechanisms of resilience spatial correlation network
Correlation and significance analysis of resilience spatial correla-
tion network with other variables. The correlation and significance
coefficients between the resilience spatial correlation network and
other variables of the BTHUA, as depicted in Fig. 8. The results
indicate that the resilience spatial correlation network exhibits a
negative correlation with geographical distance at the 1% sig-
nificance level, which suggests that the resilience of the spatial
correlation network of urban agglomeration may weaken with an
increase in geographical distance. This finding can be related to
the facilitating role of geographical proximity in inter-city con-
nections. An increase in GD can result in diminished interactions
and connectivity among cities, consequently affecting the devel-
opment of the resilience spatial correlation network. In contrast,
ED, OOW, TN, UD, and ISL all showed significant positive cor-
relation with the resilience spatial correlation network. The
BTHUA with a higher ED can possess greater resources and
capabilities for tackling a range of challenges. A higher OOW can
foster increased interactions and collaboration among cities.
Enhancements in the TN can introduce novel solutions and
strategies to the BTHUA. In addition, a higher UD can bolster
interconnectedness between cities, while an improved ISL can lay
a more robust material foundation for the development of urban
agglomerations. The inter-city resilience correlation in the
BTHUA is enhanced through these pathways.

QAP analysis and heterogeneity analysis. The results of the QAP
regression are presented in Table 6, which indicates the impact
coefficients and significance levels of relevant factors on the
resilience spatial correlation network. The R? for 2014, 2018, and
2022 are 40.1%, 48.8%, and 53.5%, respectively, and they are
significant at the 1% level. This implies that independent variables
selected in this study have a strong explanatory power for the
dependent variable.

Overall, GD was the most significant factor affecting the urban
resilience network in 2014 and 2018, while in 2022, ED became
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Table 6 Results of QAP regression.

Variables 2014 2018 2022

GD -0.218"" —0.288"" —-0177™
ED 0.013” 0.266™ 0.272"
oowW 0.105™ 0.0878" 0.139™
TN 0.182" 0.205" 0.2317
ub 0.180™ 0.077” 0.162”"
ISL 0.084" 0.039"” 0.110™
R2 0.401™" 0.488"" 0.535""

*P<0.1; **P<0.05; ***P<0.01.

the most critical influencing factor. The regression coefficient for
GD was negative and significant at the 1% level, reflecting that
adjacent cities are more likely to form resilience correlations.
However, the absolute value of its coefficient shows a decreasing
trend, dropping from 0.218 to 0.170, which suggests that the
dependence of urban resilience correlation on GD is gradually
decreasing. In contrast, the improvement of ED has a significant
positive effect on the urban agglomeration resilience network.
The impact coefficient for ED increased continuously from 0.013
in 2014 to 0.27 in 2022, which implies that with urban economic
development, cities, based on their resource endowments,
gradually build specialised industrial chains, thereby enabling
resources and information to flow and share rapidly within the
urban agglomeration, significantly enhancing the urban agglom-
eration risk resistance capacity.

The OOW played a positive role in the resilience spatial
correlation network in 2014, 2018, and 2022, and the impact
coefficient increased gradually. This can be attributed to
enhancing OOW being more attractive foreign investment and
outward investment, thereby promoting exchanges and coopera-
tion among cities and the diversified development of the
economy, which increases urban economic vitality.
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*kk
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-0.6
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0'50
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Although the impact coefficient of the level of TN fluctuates, it
showed an upward trend, which rises from 0.182 in 2014 to 0.231
in 2022, thereby playing a positive role in promoting the
development of the BTHUA resilience network. This implies
that TN can promote the modernisation of urban governance
systems and capabilities, which improves the efficiency and level
of urban governance.

In the early stages of urbanisation, the effect of UD on the
urban agglomeration resilience spatial correlation network did
not pass the significance test. However, in 2022, the level of
urbanisation showed a positive promotion effect on the urban
agglomeration resilience spatial correlation network at the 10%
significance level. This is because, at the early stage of
urbanisation, there were relatively few correlations and interac-
tions within the BTHUA, and resource spillovers and synergies
between cities that are yet to be brought into full play. The
connections and interactions within the urban agglomeration
gradually strengthen with advancements in the process of
urbanisation, and the resource spillover and synergy effects
between cities begin to emerge.

The regression coefficient of ISL changes from 0.084 to 0.11
from 2014 to 2022, revealing that the role in the improvement of
the level of infrastructure services in enhancing the resilience
spatial correlation network of the BTHUA is gradually strength-
ening. This indicates that improvements in the efficiency of key
services such as transport, energy, and communications increased
the efficiency of the internal correlation of urban agglomeration
and facilitated economic, social, and cultural exchanges within
the BTHUA. Such enhanced exchanges contribute to the
formation of a closer and more complex network of resilience
spatial correlation in the BTHUA.

Discussion
Geographical conflicts, ecological degradation, and economic
crises, which occur frequently, have extensive negative impacts
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within urban agglomerations, challenging their operational effi-
ciency and sustainable development. Therefore, investigating and
reinforcing the resilient interconnections between cities from a
spatial network perspective is necessary. This perspective
emphasises that, in the face of risk events, urban agglomerations
should actively coordinate resources, share information, and
jointly respond to external shocks to enhance their overall resi-
lience. This study innovatively constructed a resilience evaluation
index system throughout the entire process of resilience function.
From a social network perspective, it analysed the structural
evolution characteristics of the resilience spatial correlation net-
work in the BTHUA, identified weak nodes and development
patterns, and further explored the related factors influencing and
their spatiotemporal heterogeneity.

Characteristics of the evolution of resilience in the BTHUA.
Current studies on urban resilience focus on assessing the resi-
lience levels of individual cities. For example, Sun et al. indicated
that the resilience of the BTHUA is developing with Beijing and
Tianjin as the core (Sun et al. 2024). Mu et al. employed the
entropy method to measure the urban resilience of BTIHUA from
2000 to 2018, and findings showed an increasing trend in urban
resilience over the study period (Mu et al., 2022). All these con-
clusions show that Beijing and Tianjin exert a radiating and
driving effect on surrounding cities, and the capacity of the
BTHUA to maintain or restore the normal functioning of urban
systems in response to external disturbances and challenges has
been progressively strengthening. However, in this study, it is
worth noting that Tianjin’s resilience remained at a high level in
2014, while its resilience level is no longer in the lead after 2018.
The main reason for this is that, as a traditional industrial centre,
Tianjin’s economy is dependent on traditional industries such as
petrochemicals and heavy manufacturing. In 2014, the value
added of the petrochemical industry accounted for as much as
30% of the city’s total industrial output value. This dependence
makes Tianjin less resilient to external shocks, including eco-
nomic downturns and increasingly stringent environmental reg-
ulations. In addition, the devastating port explosion in 2015,
coupled with recurring environmental crises such as air and water
pollution, led to a decline in its resilience in the post-2018
rankings.

In comparison, although the Yangtze River Delta and Pearl
River Delta urban agglomerations possess core cities, their
patterns and velocities of resilience development differ. The
resilience of the Yangtze River Delta urban agglomeration was on
a continuous growth trajectory, while that of the Pearl River Delta
urban agglomeration has transitioned from a low to a high-speed
phase (Zhu et al. 2020). In contrast, this research focused on the
period from 2014 to 2022, considering the process of resilience
function and constructed a dynamic resilience evaluation index
system. The findings of this study reveal a significant decline in
the resilience of the BTHUA after 2019, which can be attributable
to the effects of the COVID-19 pandemic. With the inherent
resilience of the city and government intervention, there is a clear
upward trend in resilience; however, the area is still recovering.

Characteristics of resilience spatial correlation network in
the BTHUA. Analysing the resilience spatial correlation strength
in the BTHUA revealed that higher resilience connections exist
between core cities within the urban group, forming a spatial
development pattern centred on Beijing-Tianjin-Shijiazhuang.
This finding is similar to that reported by Zhao et al., wherein the
development quality of cities within the BTHUA and pattern of
inter-city connections exhibited a ‘belt’ structural development in
space. Although this ‘belt’ structure is also reflected in the
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Yangtze River Delta and Pearl River Delta urban agglomerations,
it differs in specific manifestations (Zhao et al. 2018). For
example, the urban resilience in the Yangtze River Delta urban
agglomeration showed a positive spatial agglomeration, forming a
Z-shaped high-resilience urban zone (Wang and Wang, 2024). In
addition, there are significant differences in the growth pole effect
between the BTHUA and Yangtze River Delta and Pearl River
Delta urban agglomerations. The growth pole effect in the
BTHAU is reflected in the two core cities of Beijing and Tianjin,
while the Yangtze River Delta and Pearl River Delta urban
agglomerations exhibited a more balanced distribution of growth
poles (Du et al. 2019; Fang et al. 2024; Fang et al. 2025). This
suggests that the BTHUA needs to focus on the balanced devel-
opment within the region and the supporting role of small and
medium-sized cities.

The density of the resilience spatial correlation network in the
BTHUA increased year-by-year from 2014 to 2018. Economic,
social, and infrastructure urban systems were severely affected
under the effect of the pandemic, leading to a reduction in the
exchange of resources between cities and a decrease in network
density in 2020. However, complex networks possess robustness
and resilience when facing attacks and disturbances (Lu et al.
2023), and therefore, the network efficiency recovers gradually in
2021 and 2022. In addition, the characteristics of the resilience
spatial correlation network in the BTHUA differ from those of
other urban agglomerations. The structure of the resilience
network in the Chengdu-Chongqing urban agglomeration
evolved from a weak connection state to a tight connection state
(Shi and Niu, 2024). In contrast, the BTHUA demonstrates a long
history of market segmentation and administrative barriers,
which result in increasingly asymmetric networks of spatial
correlation of resilience and lower levels of network density.

The network centrality of each city in the BTHUA’s resilience
network shows differentiated characteristics. Core cities like
Beijing, Tianjin, and Shijiazhuang play central leadership roles in
the resilience network, underpinning regional stability and
development. This is because they are the political, economic,
and cultural hubs of the BTHUA and thus facilitate resilience
spillover (Ren et al. 2024). In contrast, peripheral cities mainly
depend on core cities to strengthen their connectivity and
resilience.

Notably, Beijing and Tianjin have a relatively weak role in
resource transfer and resilience spillover within Hebei Province.
This is mainly due to administrative and resource allocation
differences. In comparison, Shijiazhuang and Tangshan are better
integrated into Hebei’s provincial administrative and resource
systems. As Hebei’s capital, Shijiazhuang is central to policy
implementation and resource distribution within the province,
making it more effective at promoting resource transfer and
resilience spillover among Hebei’s cities (Luo et al. 2024).

Influence mechanisms of the resilience spatial correlation
network in the BTHUA. Differences in UD, ED, GD, ISL, TN,
and OOW primarily affect the urban resilience spatial correlation
network. Increased urbanisation and economic development
enhance inter-city connectivity and resource allocation capacity,
positively affecting the resilient spatial correlation network,
similar to the results of previous studies (Hu et al. 2022). The
increase in GD has a negative effect on the resilience network. A
possible explanation for this can be the higher probability of
neighbouring cities to form close connections because of lower
communication costs, which is crucial for the formation of the
spatial relational network of urban resilience (Zhang et al. 2020).
The ISL directly affects the connectivity capability of a city (Li
et al. 2024c). The TN is a key factor in promoting urban
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development and an important approach for improving urban
resilience because technological innovation can introduce new
solutions to help cities better cope with various challenges, such
as improving urban management efficiency and disaster response
capacity through smart city technology (Wang and Hao, 2024). In
addition, the opening-up policy helps promote the diversification
of the economic and industrial structure of urban agglomerations,
reduce the dependence on a single industry, and enhance the
resilience of the economy, thereby improving the resilience of
urban agglomerations.

Policy recommendations. Based on the results of the study, we
put forward the following recommendations to strengthen the
resilience network of the Beijing-Tianjin-Hebei coordinated
development region and to improve the overall regional resilience
in the face of potential risks in order to promote sustainable
regional development.

Firstly, for Beijing-Tianjin, as the dual core of the
Beijing-Tianjin—-Hebei resilience spatial correlation network,
there is a need to take advantage of its resources and policies to
strengthen its correlation with other cities, promote resource
sharing, and bear risks together. The Beijing-Tianjin-Hebei Joint
Sovereign Bond Issuance Mechanism can be established, with the
Beijing Financial Street and Tianjin Free Trade Zone as the
platforms, to pilot the issuance of “Regional Resilience Special
Bonds”, which can be directed to support the supply of public
goods such as cross-municipal flood control facilities and
emergency material storage depots.

Secondly, strengthen the supportive role of sub-core cities such
as Shijiazhuang and Tangshan, build a close industrial chain and
innovation chain through the interconnection of transport,
information and other infrastructures, share the functions of
the dual-core cities together, and become a new engine to drive
the development of other cities in Hebei Province. The “Policy
Enclave” model can be implemented in Shijiazhuang, Baoding,
Langfang Science and Technology Innovation Corridor, Beijing-
Hebei Caofeidian Cooperative Development Demonstration
Zone, and Shijiazhuang Hi-Tech Zone can be allowed to set up
a “Special Zone of Industry Chain Resilience” in Handan.
“Shijiazhuang Hi-Tech Zone” is allowed to set up a special
resilience zone in Handan, sharing carbon emission quotas and
emergency capacity indicators.

Thirdly, for the peripheral cities in the resilient spatial network,
such as Handan, Xingtai, Chengde, infrastructure investment
should be increased to promote the modernisation of transport,
energy, communications, to build an efficient, safe and intelligent
infrastructure network, and to enhance its position in the urban
resilience spatial correlation network.

Limitations. Although this study has achieved progress in
exploring the characteristics of the resilience spatial correlation
network structure and its influencing mechanisms, it suffers
from the following limitations. The current research does not
fully incorporate simulation under sudden risk events. Future
research should develop and apply more refined simulation
models to analyse the performance of urban resilience under
various risk scenarios. In addition, non-geographic factors, such
as institutional coordination agreements and asymmetric “aid-
dependency” relationships and boundary effects, may dominate
interactions in high resilience nodes. Future research could
address this limitation by incorporating more detailed data on
inter-city institutional interactions and resource-sharing
agreements.

Conclusions

Exploring the characteristics of urban agglomeration resilience
network structure and its influencing factors is of great sig-
nificance for constructing urban agglomeration resilience net-
works and enhancing the overall risk resistance capacity of urban
agglomerations. This study considered the BTHUA as the
research object, and based on the DPSR framework, constructed a
dynamic perspective resilience evaluation system from the entire
process of resilience action. The entropy weight-TOPSIS method
was used to measure the resilience of each city in the region.
Further, the resilience correlation between cities was quantita-
tively analysed using the modified gravity model. Based on the
analysis results, a social network analysis and QAP model were
used to explore the resilience spatial correlation strength, struc-
tural characteristics of the network, and its influencing mechan-
isms. The main conclusions are as follows:

From 2014 to 2022, the resilience correlation intensity
between cities in the BTHUA showed a trend of increasing first
and then decreasing, with high resilience contact intensity
among the core cities. In contrast, the resilience connection
between core cities and peripheral cities was weaker. The
resilience correlation between different cities gradually resulted
in a complex spatial correlation network. The resilience net-
work of the BTHUA formed during the research period, and
the density change trend of the resilience spatial correlation
network in the BTHUA was diversified. The connectedness and
stability of the network showed signs of improvement; how-
ever, they remained at a relatively low level, with pronounced
hierarchical disparities evident within the network. The resi-
lience spatial correlation network of the BTHUA showed a
multi-level structure characteristic with ‘Beijing and Tianjin as
the dual core and Shijiazhuang and Tangshan as the sub-core
layer’. Cities such as Handan, Xingtai, Hengshui, Langfang,
Qinhuangdao, and Chengde assumed the role of ‘beneficiaries’
and were the weak nodes in the network, urgently requiring
further strengthening of the resilience construction of these
cities.

The evolution of the BTHUA resilience spatial correlation
network is influenced by a multitude of factors, and the influence
intensity shows different trends over time. There exists a negative
correlation between GD and the resilience network. The effect of
distance on the urban resilience spatial correlation network
development is progressively diminishing, and conversely, factors
such as ED, OOW, TN, ISL, and UD exhibit a positive correlation
with the resilience network, with their influence intensifying
over time.

Data availability
The data that support the findings of this study are available from
the authors.
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