https://doi.org/10.5194/egusphere-2025-5830
Preprint. Discussion started: 14 January 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

1 A Process-Based Four-Stage Framework for Seismic
2 Resilience Assessment of Urban Water Distribution

3 Networks through Multi-Attribute Metrics

4 Huiquan Miao?, Ya’nan Liu®, Benwei Hou® *, Jie Wei’, Chengshun Xu®

2 Key Laboratory of Urban Security and Disaster Engineering, Ministry of Education, Beijing
University of Technology, Beijing 100124, China;
" Key Laboratory of Structures Dynamic Behavior and Control, Ministry of Education, Harbin

Institute of Technology, Harbin 150090, China

© 00 N o O

Correspondence: Benwei Hou (benweihou@bjut.edu.cn)

10  Abstract: Urban water distribution networks are critical lifelines whose seismic resilience is essential for
11  maintaining daily functions and post-disaster service continuity. However, most existing studies focus on
12 seismic-induced functional failures and short-term recovery, while neglecting pre-disaster preparedness and
13 long-term adaptation—two stages that fundamentally shape the overall resilience trajectory. Conventional
14 assessments typically rely on single-dimensional hydraulic or network indicators, which tend to be one-sided
15  and error-prone. These limitations hinder a comprehensive understanding of WDN behavior across different
16  seismic disturbance stages, yielding only coarse performance judgments that offer limited guidance for
17  diagnosing vulnerabilities or planning effective resilience enhancement and retrofit strategies. To address
18  these limitations, this study proposes a process-based four-stage seismic resilience framework that explicitly
19  incorporates preparedness, robustness, recoverability, and long-term adaptation, capturing the full evolution
20  of WDN performance during seismic events. A multi-attribute indicator system integrating topological
21 homogeneity, energy redundancy, pipeline fragility, hydraulic service performance, and recovery efficiency
22 is developed to enable refined stage-specific assessment. An adaptation index (ACI) is further introduced to
23 quantify the integrated improvement achieved by different retrofit strategies. Applications to the Jilin and
24 Mianzhu WDNs demonstrate clear stage-dependent resilience disparities and provide actionable guidance
25  for optimizing seismic resilience enhancement. Application to the Jilin and Mianzhu WDNs demonstrates
26  the framework’s applicability and reveals clear stage-dependent resilience disparities, which provide
27  scientifically grounded guidance for optimizing seismic resilience enhancement in urban WDNs.

28 Key Words: Water distribution network; Monte Carlo simulation; Seismic resilience framework; Four-stage

29  assessment; Resilience enhancement strategies
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30 1 Introduction

31 As a critical lifeline engineering system, urban water distribution networks (WDNs) not only ensure
32 daily domestic water supply but also play an irreplaceable role in post-disaster emergency response,
33  firefighting, and public livelihood support. However, earthquakes frequently cause extensive and severe
34  damage to WDNSs. Historical seismic disasters have demonstrated that WDN failure can trigger widespread
35  water supply interruptions and secondary hazards, such as urban fires and public health crises (Bouziou et
36  al., 2017; Takada et al., 1992). For example, the 1906 San Francisco earthquake ruptured more than 300
37  pipelines and ignited over 60 secondary fires. Due to the lack of firefighting water, the fires burned for three
38  consecutive days, destroying 492 city blocks and killing more than 3,000 people; the losses from secondary
39  fires were three times greater than those caused directly by the earthquake (Scawthorn et al., 2006). In the
40 1976 Tangshan earthquake, 140 km of pipelines were damaged at 646 locations, leaving residents without
41  water for over a week. The resulting water shortage led to outbreaks of infectious diseases such as dysentery,
42 with household infection rates reaching 89.3% in some areas (Liu et al., 2002). Similarly, the 1995 Kobe
43  earthquake caused nearly 1,000 joint failures and widespread disruption of firefighting water supply, severely
44 impeding fire suppression efforts (Kuraoka et al., 1996). Other serious disasters, such as the Chile, Lushan,
45 and Wenchuan earthquakes (Tang et al., 2013; Eidinger et al., 2014; Tang, 2014), further underscore that
46 enhancing the seismic resilience of WDNs has become a critical priority for urban disaster prevention and
47 mitigation.

48 The growing emphasis on resilience research has highlighted the need for systematic frameworks to
49  evaluate and enhance infrastructure performance under serious disasters. Bruneau et al. (2003) pioneered the
50  community seismic resilience framework, defining it as "the ability of social units to mitigate hazards, contain
51  disaster impacts, and recover in ways that minimize social disruption and reduce future earthquake effects."
52  They conceptualized resilience across four dimensions—technical, organizational, social, and economic—
53  with attributes of robustness, redundancy, resourcefulness, and rapidity. Building on this foundation,
54 researchers have applied multi-stage, dynamic resilience assessments to diverse lifeline systems (Cimellaro
55 etal., 2016; Shin et al., 2018; Ouyang et al., 2012; Nan et al., 2017). The U.S. National Academy of Sciences
56  (American Lifelines Alliance [ALA], 2005) formalized this approach through a "Preparedness—Absorption—
57  Recovery—Adaptation" cycle, in which infrastructure sequentially passes through four stages to complete a
58  resilience loop. Exemplifying this trend, Xu et al. (2022) proposed a four-stage seismic resilience assessment
59  for metro systems; Zhang et al. (2018) developed a three-stage resilience-oriented decision framework for
60  road networks—pre-disaster mitigation, post-disaster emergency response, and long-term recovery—to
61  guide stochastic multi-objective optimization; and Zong et al. (2022) evaluated gas network resilience
62  through pre-disaster network enhancement, post-disaster pressure testing, and restoration. Also, multi-stage
63  resilience assessment has been extended to healthcare facilities (Pei et al., 2025), power systems (Sun et al.,
64  2019; Xie et al., 2025), and interdependent infrastructure networks (Ravadanegh et al., 2022), demonstrating

65  the framework’s versatility and growing relevance in infrastructure risk management.
2
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66 In the field of water distribution network (WDN) resilience, extensive research has been devoted to
67  developing assessment frameworks and indicator systems (Diao et al., 2016; Cimellaro et al., 2015). Zhang
68 et al. (2024) divided WDN resilience into three stages—pre-disaster preparedness, post-disaster response,
69  and recovery—and established a staged evaluation framework. Chen et al. (2025) incorporated resistance,
70  absorption, and recovery capacities, employing the Sobol sequence-based Quasi-Monte Carlo (QMC)
71  method to assess the seismic resilience of large-scale WDNs. Zhou et al. (2022) further proposed a three-
72 stage dynamic framework to evaluate the comprehensive resilience of rural water supply systems (RWSS) at
73 different stages. Although these studies acknowledge the staged evolution of resilience, most adopt three-
74 stage or lifecycle-based divisions that inadequately capture the dynamic evolution of the entire earthquake
75  process. Fundamental questions—such as how to delineate the seismic resilience stages of WDNs and
76 identify the dominant resilience characteristics within each stage—remain insufficiently explored. Moreover,
77  existing studies lack quantitative methods to characterize the adaptive attribute of resilience, limiting their
78  ability to represent the system’s enhanced capacity to cope with subsequent hazards (Zhang et al., 2024).
79 Four primary methods have been developed for WDN resilience evaluation: indicator-based, energy-
80  based, complex network-based, and recovery simulation methods. (1) The indicator-based method extracts
81  factors reflecting system resilience, scores them, and derives the final assessment. For example, Woolf et al.
82  (2016) used a subjective 1-5 scale to score WDN resilience; Cimellaro et al. (2016) used the proportion of
83  houscholds without tap water; Miao et al. (2021) used indicators like per capita pipeline length and per capita
84  water consumption. While simple to implement, these methods heavily rely on researchers’ subjective
85  experience. (2) The energy-based method defines resilience by node redundant water pressure, assuming
86  higher redundant pressure indicates greater resilience. A representative indicator is Todini’s (Todini, 2000)
87  residual energy index, which focuses on the system’s inherent ability to overcome adverse conditions without
88  considering uncertainties. However, it fails to reflect network topology or post-damage recovery. To address
89  this, scholars improved indicators by incorporating network balance and loop characteristics (Prasad et al.,
90  2004; Farahmandfar et al., 2018; Jayaram et al., 2010): Huang et al. (2025) proposed node secondary
91  neighborhood-based energy indicators (NRlx, NRu); Caetano et al. (2025) introduced the loop diameter
92  uniformity coefficient (CR/) to the Todini index for more accurate reflection of redundant energy’s
93  contribution to resilience. Nevertheless, post-disaster recovery remains unaddressed. (3) The complex
94 network method, based on graph theory, simplifies WDNSs into nodes and edges, measuring topological
95  robustness via average path length, connectivity, and independent loops (Yazdani et al., 2011; Assad et al.,
96 2019; Selicato et al., 2024; Meng et al., 2018). It identifies structural vulnerabilities but is limited to static
97  topology, ignoring functional attributes and dynamic post-disaster recovery. Yu et al. (2024) summarized
98  graph theory applications in WDNs, suggesting combining graph theory and hydraulic indicators to improve
99  assessment. (4) The recovery simulation method calculates WDN damage and recovery performance
100  functions via full-process hydraulic analysis, defining resilience by integrating the system performance

101  recovery curve within a control period based on the "resilience triangle" concept (Cimellaro et al., 2015; Liu
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et al., 2020; Song et al., 2022; Sun et al., 2015; Bata et al., 2022). It well reflects dynamic post-disaster
recovery but requires extensive, time-consuming hydraulic calculations and only provides overall results
without local optimization guidance. In summary, selecting appropriate methods and indicators is a key
challenge for quantitative WDN seismic resilience evaluation (Sakai, 2024). Table 1 lists representative
quantitative indicators, advantages, and disadvantages of these four methods.

Table 1 A summary of indicators for assessing the seismic resilience of WDNs
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108 In summary, while significant progress has been made in WDN resilience theory and methods, two

109  limitations remain: (1) Temporally, stage divisions inconsistent with actual earthquake processes fail to
110  accurately reflect the dynamic evolution of the entire seismic resilience process, especially lacking
111  quantitative analysis of adaptation during the long-term post-disaster enhancement stage; (2) Functionally,
112 mainstream indicator systems tend to be simplistic (Lestakova et al., 2023; Shuang et al., 2019), and no
113  quantitative indicator system for multi-stage resilience assessment has been established, preventing
114  comprehensive quantitative analysis of WDN seismic resilience and failing to meet the needs of disaster
115  prevention, mitigation, and system optimization.

116 To address these limitations, this study establishes a four-stage framework that encompasses the entire
117  seismic process of water distribution networks (WDNs), explicitly defining the onset, termination, and key
118  characteristics of each stage. On this basis, a multi-dimensional indicator system is developed to quantify the
119  seismic resilience of WDNs from multiple perspectives, including topological configuration, energy
120  redundancy, pipeline resistance, hydraulic service performance, and recovery duration. This framework
121  enables a systematic and refined assessment of resilience characteristics across all stages. Furthermore, this
122 study reveals the variations in resilience across different stages and applies the proposed framework to
123  support intervention decisions, thereby providing a scientific basis for optimizing network configuration and

124 enhancing urban disaster prevention and mitigation capacity.

125 2 Four stages and resilience characteristics of WDNSs in response to

126  earthquakes

127 An examination of the entire damage and recovery process of water distribution networks (WDNs)
128  during past earthquakes reveals that network disruption and restoration are not “one-time events” but evolve
129  through multiple stages. For instance, after the 1995 Hanshin Earthquake, full water supply recovery in Kobe
130  City required approximately 90 days (Kuraoka et al., 1996). Following the 2008 Wenchuan Earthquake,
131  emergency water supply vehicles and temporary pipelines were deployed in the short term, while long-term
132 recovery involved network renovation, seismic standard upgrades, and personnel training. These

133 observations demonstrate that the manifestation of WDN seismic resilience is inherently dynamic, with
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134  distinct characteristics, objectives, and dominant mechanisms at different stages of seismic disturbance.
135  Based on an in-depth analysis of WDN damage and recovery processes in twelve earthquake-affected cities—
136  including Mianzhu and Chengdu—this study categorizes the evolution of WDN functionality before and after
137  an earthquake into four sequential stages (Liu & Zhang, 2013), and define the resilience characteristics

138  corresponding to each stage.
139 2.1 Pre-disaster preparedness stage: Preparedness

140 The pre-disaster preparedness stage refers to the period prior to an earthquake, typically within one
141  year, during which measures such as developing seismic codes, reinforcing vulnerable pipelines, replacing
142  aging materials, stockpiling emergency supplies, and training repair personnel are implemented. During this
143  stage, WDN resilience is primarily reflected in preparedness, defined by Keim (2008) as “activities and
144  measures taken in advance to effectively respond to future disaster impacts.” Its essence lies in structural
145  rationality and resource availability. The system needs to identify critical vulnerable nodes and pipelines
146  through vulnerability assessment, and evaluate topological redundancy and energy reserve capacity.
147  Accordingly, this study defines preparedness as the system’s capacity to maintain functionality despite
148  failures of vulnerable components or insufficient energy, achieved through rational network topology and
149  sufficient energy reserves.

150 At the node level, a node importance index is proposed, accounting for local connectivity and water
151  demand proportion; nodes with high demand and low connectivity are identified as critical vulnerabilities.
152 At the system level, the Gini coefficient quantifies disparities in node vulnerability, with smaller values
153  indicating a more balanced and rational network structure. Resource redundancy is characterized by the

154  network’s remaining energy; higher energy availability reflects greater system resilience.
155 2.2 In-disaster resistance stage: Robustness

156 The in-disaster resistance stage occurs during the main earthquake and aftershocks, usually lasting from
157  several seconds to hours, during which WDNs performance undergoes drastic changes under seismic action,
158  typically showing varying degrees of decline. Pipelines, valves, instrumentation, and water treatment plant
159  structures experience seismic-induced displacements and deformations. Excessive deformation often causes
160  pipeline ruptures, joint leakage, and structural tilting or collapse. During this stage, WDN resilience is
161  primarily reflected in robustness, which highlights the system’s capacity to resist and absorb seismic impacts.
162  Its main objective is to minimize structural damage while maintaining service levels. Robustness is defined
163  asthe WDN’s ability to withstand disruptions and minimize service performance loss under seismic loading.
164 Robustness relies not only on the seismic strength of individual components but also on the system’s
165  capacity to sustain operations under partial damage. To address this, spatial variability of ground motion and
166  intensity uncertainty are considered in WDN damage simulations. Evaluation indicators include average
167  pipeline seismic damage rate and post-disaster water supply satisfaction; superior performance in these

168  metrics reflects greater system robustness.
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169 2.3 Post-disaster recovery stage: Recoverability

170 The post-disaster recovery stage starts from the end of the earthquake, this stage lasts approximately 3
171  days to 3 months (3d~12 weeks), with the goal of quickly restoring basic WDNs water supply capacity and
172 ensuring drinking water safety and accessibility. Typical measures include deploying emergency water
173 vehicles, installing temporary pipelines, and swiftly detecting and repairing leaks in critical pipelines. During
174 the post-disaster short-term recovery stage, WDN resilience is primarily reflected in recoverability,
175  highlighting the system’s ability to rapidly restore service functions via component repair, resource allocation,
176  and operational adjustments. Recoverability is defined as the system’s capacity to quickly return to pre-
177  disaster functional levels.

178 It focuses on meeting basic post-disaster urban water demand (to measure short-term recovery capacity),
179  rather than in-depth functional recovery or structural optimization. Recoverability is defined as the system’s
180  capacity to quickly return to pre-disaster functional levels. Therefore, this study confines the short-term
181  recovery stage to restoration of pre-disaster service levels. Evaluation indicators include WDNs recovery rate
182  and service performance restoration, with faster recovery and higher restored performance indicating greater

183  system recoverability.
184 2.4 Long-term enhancement stage: Adaptation

185 Long-term enhancement stage begins after short-term recovery, this stage lasts several months to years
186  (typically 3 months to 3 years or longer). Objectives include full facility repair, replacement of damaged
187  pipelines, enhancement of seismic standards, increased network redundancy, improved system monitoring,
188  and personnel training. The long-term enhancement stage is characterized by adaptation. Adaptation
189  emphasizes the system’s ability to learn from disasters and, aligned with urban reconstruction and
190  development planning, improve future seismic response through structural modifications and resource
191  upgrades. It is defined here as the ability of WDNs to strengthen future earthquake response by modifying
192  topology or augmenting energy reserves.

193 Adaptation primarily involves WDNs structural optimization and key component enhancement,
194  focusing on future risk mitigation and integration with urban development. Ductility enhancement and
195  network expansion strategies (Zhao et al., 2015) are employed to assess post-renovation changes in
196  preparedness, robustness, and recoverability, thereby quantifying WDN adaptation under various

197 interventions.
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199 Fig.1 Four-Stage framework for seismic resilience assessment of Water Distribution Networks

200 3 Quantitative method for four-stage resilience of WDNs

201 Based on the Chapter 2, a four-stage seismic resilience assessment framework for WDNs is proposed
202 (Fig. 1). Across the four stages of earthquake response, WDNs exhibit resilience characteristics of
203  preparedness, robustness, recoverability, and adaptation. Resilience quantification at each stage is conducted

204  using indicators derived from WDN attributes, including topology, energy redundancy, pipeline unit strength,

8
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205  hydraulic performance, and recovery time. The main components of the methodology are summarized as
206  follows. The process of four-stage quantitative assessment can be specifically illustrated in Fig. 4.
207 3.1 Construction of earthquake damage scenarios

208 First, the post-disaster damage state of WDNss is determined using the WDN seismic fragility model and
209  ground motion attenuation model. Monte Carlo Simulation (MCS) is employed to incorporate uncertainties

210  inseismic damage. Finally, post-disaster WDN performance is assessed via hydraulic simulation results. The

Start

Input: Pre-earthquake hydraulic model of the WDNs, peak ground
acceleration of the site, correction coefficient of pipeline earthquake

211 workflow is illustrated in Fig. 2.

repair rate, number of Monte Carlo (MC) simulations N

Randomly generate N physical damage scenario samples of the
pipe network through Monte Carlo (MC) simulation

Establish the post-earthquake hydraulic model of the WDNs
based on the d d pipelines and node hydraulic models

J
Perform hydraulic balance calculation on the post:
hydraulic model of the pipe network

Calculate the post-earthquake performance ssig'(y) of the
WDNs based on the hydraulic balance results.

. No

Kk

Qutput: Seismic performance evaluation index SSIQ(t) of
the pipe network

212

213 Fig. 2 Construction of earthquake damage scenarios
214 3.1.1 Seismic hazard analysis

215 Seismic hazard analysis involves scientifically assessing the potential seismic impact an engineering
216  site may experience over future time horizons. Commonly applied approaches include deterministic and
217  probabilistic methods. Probabilistic Seismic Hazard Analysis (PSHA) (Jayaram et al., 2010; McGuire, 2008)
218  assumes that temporal, spatial, and intensity characteristics of future seismic events, as well as regional
219  intensity levels, are inherently stochastic. Results are typically expressed as exceedance probabilities of site-
220  specific intensity measures or ground motion parameters. This study employs the ground motion attenuation
221 model by Toro et al. (1997) to compute the Peak Ground Acceleration (PGA) at each pipeline, as given by
222 the following formula:

In PGA = 2.20 +0.81-(M,,-6) ~1.27In \[R +9.3’
223 [Re +9.3°
+0.11-max| In| Y20 || 0.0021- [R? +9.3°

100

M

224 Inthe formula, PGA represents Peak Ground Acceleration (g); My is the moment magnitude; and Rj, denotes

225  the shortest horizontal distance from the earthquake rupture.
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226 3.1.2 Seismic fragility model of pipelines

227 A water distribution networks (WDNs) primarily comprises four components: water source,
228  transmission, distribution, and consumption. It includes water intake pumping stations, water transmission
229  pipelines, water treatment plants, water distribution pipelines, various valves and instruments, and other types
230  of structures. Among these components, the water distribution pipeline network accounts for the largest
231  proportion of the total assets of the entire WDN, usually approximately 60% to 80%. They are also the most
232 vulnerable components during seismic events. Accordingly, this study focuses only on pipeline damage,
233 neglecting impacts on secondary components such as pumping stations and valves.

234 The fragility model of water distribution pipelines is usually obtained by fitting historical seismic
235  damage data. Damage is commonly quantified by the pipeline repair rate, defined as the number of damages
236  perkilometer under a given seismic intensity. This study adopts the calculation formula proposed by Isoyama

237 etal. (2000):

238 RR, =2.88 x107° x (980 x PGA -100)**’ (2)
239 RR=C,xC, xC,xC xRR, )

240  In the formula, RR represents the pipeline repair rate (locations per kilometer); Cp, Cm, C, and Cirepresent
241  the correction coefficients related to pipeline diameter, pipeline material, terrain, and site liquefaction degree,
242  respectively, and their values please refer to literature (Isoyama et al., 2000).

243 Assuming that the number of damages occurring in each pipeline after an earthquake follows a Poisson

244 distribution along the pipeline length L, the probability of n damages occurring in a pipeline is given by:

n
245 P(N, =n) :%wm @)

246 In the formula, Nq represents the number of damages occurring in the pipeline; L is the length of the pipeline

247  (km). Based on this formula, the probability of post-disaster pipeline damage can be derived as follows:

248 P, =1-P(N,=0)=1-g "¢ )

249  3.1.3 Leakage model of water distribution networks

250 This study assumes that pipeline damage types include two categories: leakage and breakage, accounting
251  for 80% and 20% of total damage, respectively. The leakage model for WDN:ss is illustrated in Figure 3. For
252 pipelines with leakage (Figure 3(a)), a virtual pipeline with a check valve is introduced at the damage site,
253  connecting a virtual node to a virtual reservoir (Figure 3(b)). For pipelines with breakage (Figure 3(c)), two
254 virtual reservoirs are installed at the break point, linked to Nodes A and B via pipelines with check valves.
255  Each connecting pipeline has a length of L/2, with diameter and material identical to the original pipeline AB
256  (Figure 3(d)). The elevation of the virtual reservoirs is the same as that of the pipeline break location.

257  Additional parameters are detailed in Reference (Han et al., 2020).

10
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259 Fig. 3 Diagram and hydraulic model of pipeline damage

260 3.2 Preparedness quantification

261 First, key nodes and pipelines are identified using the node importance index (V;) and betweenness

262  centrality index (MCB;)). The Gini coefficient-based node homogeneity index (Gw) is employed to assess
263  topological rationality and the disparity in node vulnerability. Second, available energy reserves are
264  calculated to evaluate system redundancy. Finally, Gy and the energy index (NEI) serve as quantitative
265  indicators of WDN preparedness.

266 Specifically, node importance is quantified from functional and structural perspectives, accounting for
267  the node’s water demand proportion and local connectivity. The node importance index (V) is calculated as

268 follows:

Q_req D
269 Voow = 1B "
Z.:lQireq maX{Dlv D21--., D,,}

270 In the formula, V; represents the importance index of Node i; Q" represents the basic water demand of

271 node i; n is the number of user nodes; D; is the degree of node i, i.e., the number of pipelines connected to
272 this node; wiand w» are weight coefficients with wi+w> =1, which can be determined according to actual
273  conditions and managers’ requirements.

274 For the identification of key vulnerable pipelines, the assessment is conducted from two aspects:
275  topology and pipeline resistance. The pipeline betweenness centrality index MCB;, incorporating seismic
276  hazard, is employed. Pipelines exhibiting high betweenness and high seismic damage probability are

277  regarded as key vulnerable pipelines. The calculation formula is as follows:

278 MCcB, =R, .Y, Zul) %)
Ox

279  In the formula, MCB; represents the importance index of Pipeline j; RR; represents the seismic damage rate
280  of Pipeline j under the current design-basis earthquake intensity; V is the set of all nodes in the topological
281 structure of the water distribution network; oy is the number of shortest paths from Node s to Node #; and
282  oy(j) is the number of shortest paths from Node s to Node ¢ that pass-through Pipeline ;.

283 At the network level, the Gini coefficient (Gw), derived from node importance, is employed to evaluate
11
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284  network structural rationality. Gy ranges from 0 to 1; the closer Gy is to 0, values closer to 0 indicate more
285  uniform node vulnerability and a more rational network structure. The Gy calculation is given by the

286  following formula:

l N N
287 G, =—— vV —V 8
YN 21;‘ Vil ®)

288 In the formula, N represents the total number of user nodes; V;is the node importance of node i; and V s

289  the average value of node importance across all user nodes.
290 System energy reserve is quantified using the Todini index, which accounts for pipeline diameter
291  uniformity (Huang et al., 2025). Higher index values correspond to greater WDN energy reserves. The index

292 is calculated as follows:

nc e (H. — Hre
293 NEI = ,z“ QT -, )
zklerk . Hrk _Zileireq . Hireq

_d,
294 C = 2% (10)
n, -max{d,,d,,....d;}

]

©)

295  In the formula, NEI represents the energy index considering pipeline diameter uniformity; H; represents the
296  actual water pressure at node i; H; represents the required water pressure at node i; r is the number of water

297  sources; Q. denotes the output water quantity of water source k; H, is the total head of water source k; C;
298  represents the uniformity coefficient; P;represents the set of pipelines connected to node 7; djis the diameter

299  of pipeline j(mm); and n,; denotes the number of pipelines connected to Node i.
300 3.3 Robustness quantification

301 First, probabilistic seismic hazard analysis (PSHA) is applied to estimate the peak ground acceleration
302  (PGA) at each pipeline location in the WDNs. Monte Carlo simulation (MCS) is then employed to account
303  for seismic damage uncertainty, establishing a physical damage model for the WDN. The robustness of the
304  WDNs is assessed from two perspectives: individual pipeline resistance and overall hydraulic service
305  performance. Finally, two quantitative indicators are adopted: the average post-disaster pipeline seismic
306  damage rate RR and the system service water adequacy quotient at the initial post-disaster state, SS/Q(#1).
307 Specifically, for individual pipeline resistance, the seismic damage rate of each pipeline is first obtained
308  using Eq. (3). Subsequently, the average seismic damage rate of all pipelines in the WDNSs is then calculated
309  as follows:

310 RR =42 11)

311  In this formula, RR represents the average seismic damage rate of the pipelines; K represents the total
312 number of pipelines in the network; RR;is the seismic damage rate of of pipeline j, which is derived from Eq.

313 (4.
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314 To evaluate the post-disaster service performance of the WDN:Ss, this study adopts the demand-based
315  performance indicator proposed by Liu et al. (2020). The water supply satisfaction indicator SS/Q is defined
316  asthe ratio between the total actual water delivered to all user nodes after a disturbance and the total baseline
317  demand under normal operating conditions. The indicator is defined as follows:

Q™)
318 SSIQ(t) = = —— (12)

>ar
i=1

319  In this equation, SSIQ represents the performance indicator of the WDNSs at time ¢; i represents the water-
320  demanding node i; N is the total number of water-demanding nodes in the WDNs; Q7 stands for the actual
321  water distribution volume at water-demanding node i at time t (L/s); Q*® represents the basic water demand
322  volume of water-demanding node i (L/s). This study assumes that the baseline water demand at each
323 consumption node remains constant and is unaffected by disturbances such as earthquakes. Under normal
324  pre-disaster conditions, the actual supply at each node equals its baseline demand, resulting in an initial water
325  supply satisfaction (SS/Qo) of 1. Here, #; refers to the time when the WDNs performance drops to its lowest
326  point after the earthquake.

327 3.4 Recoverability quantification

328 In the short-term recovery stage, this study models only pipeline restoration, assuming that restoration
329  activities fall into three categories: isolation, replacement, and repair. First, the restoration sequence of
330  damaged pipelines is determined, followed by hydraulic simulations of the recovery process for the damaged
331  WDNS. Second, based on the simulated recovery process, the WDN’s recovery extent and rate are evaluated.
332  Finally, two quantitative indicators are adopted to assess recoverability: (1) the water supply satisfaction
333 index, SSIQ(t:), representing WDN performance after three days of restoration, and (2) the network recovery
334 rate, r.

335 Specifically, for the restoration of broken pipelines, the damaged section is first isolated and then
336  replaced. In contrast, for leaking pipelines, only repair operations are needed to restore them to normal service
337  conditions. The restoration time of a pipeline is determined by both the type of damage and the pipeline
338 diameter, and it is calculated as follows:

0.25-N e isolation

339 T =:0.156-D"™, replacement (13)
0.223-D%",  reparation

340  In this equation, nvae denotes the number of isolation valves required for isolating broken pipelines.

341 Second, the restoration sequence of damaged pipelines has a direct impact on the recovery rate and
342  overall resilience of the system. In real post-disaster recovery processes of water distribution networks
343  (WDNs), various factors—such as the availability of maintenance resources and administrative directives—
344  introduce considerable uncertainty. Hence, this study adopts a simplified approach to simulate the recovery

345  process of WDNs, focusing on the recovery strategy determined by the static importance of each pipeline.
13
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346  The static importance of a pipeline (/s j) is calculated as follows:

347 I, :Ti(ssmj ~SSIQ,) (14)
i

348  Inthe formula, I jdenotes the static importance index of pipeline j; 7; represents the repair time of pipeline

349  j; and SSIQ; is the water distribution network service performance index after the repair of pipeline j. It can
350  be inferred from the formula that (SSIQ;-SSIQo) stands for the improvement of the network service
351  performance brought by the repair of pipeline j, and this improvement is a key parameter reflecting the
352 importance of pipeline j. For two pipelines with the same improvement in network service performance, the
353  one with shorter repair time not only facilitates the promotion of subsequent pipeline repair work, but also
354 accelerates the improvement of the overall service performance of the system.

355 Finally, to quantify the recovery efficiency of the WDNS, the recovery rate is defined in this study as
356  the ratio of the service performance improvement value of the damaged network to the total recovery time

357  during the recovery process. The calculation formula for the WDN recovery rate r is as follows:
re ASSIQ
AT

359  In the formula, ASSIQ denotes the service performance improvement value of the damaged water

358 (15)

360  distribution network during the post-disaster recovery stage; AT represents the total recovery time.
361 3.5 Adaptation evaluation

362 In this stage, based on the multi-dimensional evaluation indicators established in the previous three
363  stages, this study enhances the resilience of the WDNs from two perspectives: the network’s topological
364  structure and the seismic resistance of its pipeline components. Specifically, two enhancement strategies are
365  implemented: a network expansion strategy and a pipeline ductility improvement strategy (Zhao et al., 2015).
366  Subsequently, seismic damage simulations are performed again on the WDN after the implementation of
367  these renovation measures to evaluate the network’s resilience preparedness, robustness, and recoverability.
368  The total improvement in resilience indices across all stages serves as the criterion for assessing the
369  effectiveness of each renovation strategy. Finally, the average comprehensive improvement rate (4CI) of the
370  indicators is introduced as a measure of the overall adaptation of the WDNs.

371 Specifically, based on the network expansion and pipeline ductility improvement strategies, this study
372 implements three seismic retrofitting measures for the water distribution network: critical pipeline ductility
373 enhancement (S1), network expansion (S2), and combined retrofitting (S3). For each retrofitting measure,

374 the average comprehensive improvement rate (ACI) of each network indicator is calculated as follows:

375
M

376 AR =>"6,,-C,-(1-R)) ke{b,u,a} (16)
m=1

377 ACI :%-(ARb +AR, +AR)) (17)

14
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378  In the formula, k£ represents the stage index(b is preparedness, u is robustness, a is recoverability); Cy
379  represents the implementation intensity of retrofit measure m (S1,S2,83) ; 6, is the corresponding
380  enhancement coefficient for stage k; R! is the baseline resilience level, and (1- R{ ) accounts for the remaining
381  improvement potential; ACI represent the adaptation index, defined as the weighted sum of the improvement
382  rates across all stages.
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384 Fig. 4 Four-stage quantitative assessment flowchart
385 4 Case study
386 4.1 Overview of case networks
387 This study evaluates the proposed method through two case studies: a small-scale water distribution
388  network (Jilin WDN) and a larger, more complex network (Mianzhu WDN) (Fig. 5). (1) Jilin WDN: It
389  comprises 27 nodes, 34 distribution pipelines (average diameter: 266 mm), and a water treatment plant as the
390  source. (2) Mianzhu WDN: It serves an area of approximately 25 km? and a population of about 80,000. After
391  simplification, the WDN includes 107 pipelines, 78 nodes, and two water treatment plants. Water plant R1
392  supplies an average of 16,000 tons of water daily, while water plant R2 supplies about 24,000 tons daily.
393  Both WDNSs use only two types materials: cast iron and plastic pipelines.
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Fig. 5 Topology schematic of the case networks

4.2 Four-Stage seismic resilience assessment

4.2.1 Preparedness assessment

During the pre-disaster preparation stage, the importance index (V;) of each node in both case WDNs
was assessed using Eq. (6) under the assumption that w=w,. The Gini coefficient (Gw) was employed to
evaluate the homogeneity between the structural and functional importance of nodes within the entire
network. The energy redundancy of the two WDNs was then verified, with results presented in Fig. 6. The
key findings are as follows: (1) The Network Energy Index (NEI) for both Jilin and Mianzhu WDNs are
similar, indicating comparable energy reserves. (2) At the system level, the Gini coefficient of Mianzhu WDN
is significantly higher than that of Jilin WDN, indicating notable differences in node importance distribution.
This suggests that Mianzhu WDN has many vulnerable nodes with high water demand but poor local
connectivity, increasing its susceptibility to service disruptions during disasters. (3) The difference between
the two indicator evaluation results indicates that solely considering system energy redundancy cannot
significantly improve preparedness. Although the Mianzhu WDN shows a slight advantage in energy reserves,

its network imbalance may still lead to local instability or water supply interruptions after an earthquake.
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0.20 X 020 5
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Mianzhu Network Jilin Network

Fig. 6 Nodes homogeneity and energy redundancy of WDNs
To further clarify the spatial distribution of critical components within the WDN and guide subsequent

optimization decisions, Fig. 7 shows the spatial distribution of component importance in the two WDNss,
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highlighting the key nodes and pipelines ranked within the top 10% of importance. In both WDNSs, the key
nodes are primarily located along the network periphery. Compared with other nodes, these peripheral ones
have fewer pipeline connections and are more susceptible to service interruptions caused by seismic-induced
pipeline damage. In the Mianzhu WDN, for instance, the water demands of Nodes 76 and 78 are 9.6 times
higher than the network average (5.15 L/s), making them critical targets for optimization and maintenance.

Identifying and reinforcing these vulnerable key components are essential for enhancing the overall seismic

resilience of WDNSs.
7
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Fig. 7 Spatial distribution of WDNs component importance (The darker the color, the higher the
importance of the component. For the identification of key pipelines, it is assumed that the current

seismic fortification intensity is X)
4.2.2 Robustness assessment

In this study, seismic hazard analysis was conducted, incorporating the effect of spatial incoherence of
the ground motion field, to determine the distribution of peak ground acceleration (PGA) along each pipeline.
Figure 8(a) depicts the spatial distribution of the ground motion field at the Mianzhu WDN site, whereas
Figures 8(b) and 8(c) show the corresponding PGA distributions for the Jilin and Mianzhu WDNs under a

scenario earthquake of M,, =7.0.
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Fig. 8 Seismic Hazard Analysis of WDNs (The seismic source is located 20 km west of the network,
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with a depth of 10 km)
427 Based on Eq. (10), the variation curves of the average seismic damage rate for the two case WDNs were
428  obtained, as illustrated in Figure 9. It can be observed that the Jilin WDN exhibits a higher average seismic
429  damage rate than the Mianzhu WDN, and the difference gradually increases with earthquake intensity. Under
430  an Mw 8.0 earthquake, in particular, the average seismic damage rate of the Jilin WDN reaches 0.740, which
431  is markedly higher than 0.576 for the Mianzhu WDN. This can be mainly attributed to the relatively smaller

432  pipeline diameters in the Jilin WDN, which result in a higher overall seismic damage rate.
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433
434 Fig.9 Average seismic damage rate of pipelines under different magnitudes (The boxplot on the right
435 shows the distribution of the seismic damage rate RR for each pipeline under different magnitudes)
436 Furthermore, the Monte Carlo simulation method was employed to perform 200 earthquake damage

437  scenarios for the two case WDNSs. The water supply satisfaction index of the overall WDN in the initial post-
438  disaster state (SSIQ(%,)), together with that of each demand node (SIQ;), was statistically analyzed. Fig. 10
439  presents the post-disaster water supply satisfaction for the two WDNS. In terms of water supply performance,
440  the satisfaction index of the Jilin WDN remains higher than that of the Mianzhu WDN across all earthquake
441  magnitudes. According to the Guidelines for Seismic Resilience Assessment of Urban Engineering Systems
442  (RISN-TGO041-2022, 2022), a performance threshold of 0.45 was adopted for the WDNS in this study. It can
443  be observed that when the earthquake magnitude exceeds 7.5, both the Jilin and Mianzhu WDNSs lose their
444  fundamental service functionality. At the nodal level, under small to moderate earthquakes, the water supply
445  satisfaction indices in both WDNs are relatively concentrated. Under major earthquakes, however, the
446  distribution becomes more dispersed, indicating larger performance disparities among nodes. Under an My
447 8.0 earthquake, the mean nodal satisfaction falls below the median, indicating a pronounced degradation in
448  overall service performance and a substantial proportion of low-performing nodes within the WDN.

449 The robustness assessment reveals a nonlinear relationship between pipeline resistance and system
450  hydraulic performance. Although the Mianzhu WDN exhibits a lower average pipeline damage rate than the
451 Jilin WDN, its post-earthquake hydraulic service performance (SS/Q(t0)) is comparatively poorer. This
452  indicates that system robustness depends not only on the seismic strength of individual pipelines but also on

453  the system’s overall ability to maintain flow distribution and pressure balance under damaged conditions.
18
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Fig. 10 Water supply satisfaction rate under different magnitudes
454  4.2.3 Recoverability assessment

455 To evaluate the recoverability of the WDNSs, a function-based static importance restoration strategy was
456  adopted to simulate the post-disaster recovery process of the damaged networks. The recovery rate (r),
457  recovery time (R7), and water supply satisfaction index on the third day of recovery (SSIQ(t:)) were
458  statistically analyzed for both WDNs. The results are summarized as follows: (1) In terms of recovery rate
459  (Figure 11), the Jilin WDN exhibits a markedly higher recovery rate than the Mianzhu WDN, and this rate
460  decreases with increasing earthquake magnitude. Under an M., 6.5 earthquake, the recovery rates of the two
461  WDNs reach 1.5352 and 1.0067, respectively, both notably higher than those under the other three
462  magnitudes. (2) Figure 12 illustrates the mean performance recovery curves and their one-standard-deviation
463  confidence intervals for the Mianzhu and Jilin WDNs under seismic events of different magnitudes. Under
464  an M, 7.0 earthquake, both networks show a rapid rise in SS/Q within 72 hours, reaching mean values above
465  0.90, indicating that most service functionality can be restored within three days. Under an M,, 7.5 earthquake,
466  the mean SSIQ at 72 h decreases to about 0.6442 in Mianzhu and 0.9595 in Jilin, revealing a significant
467  decline in short-term recovery efficiency due to more severe pipeline damage and prolonged restoration time.
468  (3) The Mianzhu WDN presents wider uncertainty bands, particularly under the M,, 7.5 earthquake,
469  suggesting greater variability and vulnerability in post-seismic recovery, which attributed to its complex
470  topology and uneven redundancy. In contrast, the Jilin WDN exhibits narrower uncertainty ranges and higher
471 SSIQ(t3), indicating more robust and predictable recovery performance.

472 The recovery-stage results indicate that the pre-disaster topological and energy conditions exert a
473 significant feed-forward effect on post-disaster recovery capacity. Owing to its higher topological rationality
474  and energy redundancy during the preparedness stage, the Jilin WDN achieves a markedly faster recovery
475  rate (r) and higher water supply satisfaction (SS/Q(#3)) than the Mianzhu WDN. This suggests that
476  recoverability is not an independent stage-specific attribute but is jointly influenced by the system’s pre-

477  disaster preparedness and overall hydraulic performance.
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481  4.2.4 Adaptation assessment
482 In this study, two resilience enhancement strategies were implemented for the Jilin and Mianzhu WDNs:
483  a network expansion strategy and a pipeline ductility enhancement strategy. Specifically, three renovation
484  measures were applied to the case networks, as summarized in Table 2. Seismic damage simulations were
485  then re-conducted on the renovated WDNSs, and the improvement of each resilience index under different
486  earthquake intensities was calculated to evaluate the adaptation of the enhancement strategies. Based on the
487  key components identified in the preparedness stage and the results of the robustness analysis, the damage
488  frequency of each pipeline in 200 Monte Carlo (MC) simulations was statistically analyzed, as illustrated in
489  Fig. 13. Subsequently, the ductility enhancement strategy was applied to key pipelines and those exhibiting
490  high failure probabilities (i.e., more than 50 failures in 200 simulations), while the network expansion
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491  strategy was implemented for key nodes. The specific nodes and pipelines involved in the renovation are

492  shown in Fig. 14.

493 Table 2 Seismic retrofit strategies for WDNs
No. Retrofit Measures Remarks
Pipeline Ductility The original pipeline diameters were increased by 50 mm, and the cast iron
S1
Enhancement Strategy pipelines (CIP) were replaced with ductile iron pipelines (DIP)
Additional pipeline connections were established at key nodes, and all newly
S2 Network Expansion Strategy
added pipelines were ductile iron pipelines (DIP)
The pipelines of key pipelines were replaced and enlarged by 50 mm in
S3 Combined Retrofit Strategy
diameter, while additional connections were introduced at key nodes
494
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495 Fig. 13 Statistics on pipeline failure frequency
496 (Orange indicates the pipelines that are involved in the renovation)
497 The resilience of the WDNs at each stage under different renovation measures is shown in Fig. 15. The

498  main findings are summarized as follows: (1) Under the ductility enhancement strategy, the adaptation index
499  (ACI) of the Jilin WDN is 0.2013, whereas that of the Mianzhu WDN is only 0.0042, indicating that this
500  strategy exerts a significant positive effect on the Jilin WDN. (2) Under the network expansion strategy, the
501  adaptation index of the Jilin WDN is 0.0622, while that of the Mianzhu WDN reaches 0.0976. Either the
502  ductility enhancement or network expansion strategy alone produces limited improvements in both WDN:ss;
503  however, the Mianzhu WDN exhibits a more pronounced enhancement under the network expansion strategy.
504  (3) When the two strategies are implemented simultaneously, the adaptation index of the Jilin WDN reaches
505  0.2785, while that of the Mianzhu WDN reaches 0.1396. It is evident that the combined retrofit strategy (S3)
506  yields the greatest improvement in seismic resilience for the Jilin WDN, whereas its effect on the Mianzhu
507  WDN remains relatively limited. (4) For the Mianzhu WDN, all three retrofit strategies exhibit limited effects
508  on improving overall resilience. Nevertheless, implementing two strategies simultaneously provides better
509  resilience enhancement than adopting a single strategy. This finding suggests that more tailored retrofit

510  strategies should be developed to optimize seismic resilience based on the specific characteristics of different
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Fig. 15 Resilience indices of WDN at various stages under different retrofit measures (SO represents the

resilience level of the initial WDNs)

514 5 Discussion

515 The proposed four-stage seismic resilience assessment framework for WDNs comprehensively captures
516  the dynamic evolution of seismic resilience. Within the proposed framework, the quantitative assessment of
517  preparedness, robustness, recoverability, and adaptation has been systematically achieved. The case studies
518  revealed distinct differences in the four resilience dimensions among different WDNs, as well as the
519  heterogeneous impacts of various retrofit strategies on enhancing seismic resilience. This framework offers

520  anovel perspective and a practical methodology for the seismic design and optimization of WDNss.
521 5.1 Rationality verification of the four-stage assessment framework

522 To further validate the rationality of the proposed assessment framework, the stage-wise resilience levels

523  of the two case WDNs were computed using a weighted summation of the stage-specific evaluation indices,
22
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524 assuming equal weights for all indicators. These calculations were based on the results presented in Section
525 4. In addition, the evaluation results were compared with those derived from the conventional single-index
526  method based on the system functionality recovery curve. The formula for evaluating the seismic resilience

527  of WDNs using the conventional method is expressed as follows:
1
tc - ti

529  In the formula, SSIQ(?) represents the system performance function, with its specific calculation referring to

528 Rl =

j; SSIQ(t)dt (18)

530  Eq. (12); t represents the time at which the system performance recovers to the normal level; and # is the
531  time at which the restoration activities start.

532 When M,, =7.5, the resilience levels of each stage are presented in Table 3. It can be observed that, under
533  the four-stage assessment framework, the robustness of the Mianzhu WDN is slightly superior to that of the
534  Jilin WDN. This result is consistent with that obtained using the traditional Resilience Index (R/) method,
535  with calculation errors of 0.084 and 0.082, respectively. Although the two WDNs exhibit comparable overall
536  seismic resilience levels based on the traditional RI metric, their stage-specific performances differ markedly
537  under the proposed four-stage framework. The Jilin WDN demonstrates outstanding recoverability, and when
538  both the ductility enhancement and network expansion strategies are implemented simultaneously, its
539  adaptation index reaches a maximum value of 0.2785. In contrast, the Mianzhu WDN shows a marginal
540  advantage in robustness but relatively weaker preparedness and adaptation, with corresponding gaps of
541  0.0229 and 0.1389 compared to the Jilin WDN. Therefore, the proposed assessment framework can more
542  comprehensively reveal the resilience disparities among different WDNSs across the four seismic stages from
543  a multi-attribute perspective. Compared with previous approaches that rely solely on a single hydraulic
544  service performance indicator, this framework can explicitly characterize the resilience level of each seismic

545  stage and provide a decision-making basis for subsequent stage-specific seismic retrofitting and optimization

546  of WDNs.
547 Table 3 Four-Stage seismic resilience indices of WDNs (My = 7.5)
Adaptation
Preparedness Robustness Recoverability (R Rl
(Rv) (Ru) (Ra) S1 © $3
Jilin WDN 0.4122 0.6009 0.6181 0.2013  0.0622 0.2785 0.6567

Mianzhu WDN 0.3893 0.6141 0.3688 0.0042  0.0976 0.1396 0.6688
548 5.2 Decision-Oriented paths for enhancing WDNs resilience
549 Under the proposed four-stage assessment framework, this study further conducted an in-depth analysis

550  of how the three renovation measures influence the preparedness, robustness, and recoverability of WDNs.
551  Fig. 16 illustrates the resilience levels of the two case WDNSs at each stage under different renovation

552  measures when My, = 7.5. The main findings are summarized as follows:

23



https://doi.org/10.5194/egusphere-2025-5830
Preprint. Discussion started: 14 January 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

553 (1) The resilience enhancement effects of different renovation measures vary considerably among
554  different WDNs. Overall, Renovation Measure S3 exhibits the best performance in enhancing the
555  preparedness, robustness, and recoverability of both WDNs, with total improvement rates of 0.677 and 0.459,
556  respectively. Specifically, for the Jilin WDN, the single pipeline ductility enhancement strategy (S1) yields
557  greater improvements in the preparedness and robustness stages than the network expansion strategy (S2);
558  whereas for the Mianzhu WDN, the network expansion strategy (S2) produces a more pronounced
559  improvement in the preparedness stage (0.251). Therefore, the Jilin WDN is more suitable for adopting the
560  pipeline ductility enhancement strategy (S1), whereas the Mianzhu WDN achieves more pronounced seismic
561  resilience improvements under the network expansion strategy (S2).

562 (2) Different renovation measures exert varying influences on resilience enhancement across the four
563  stages. For the Jilin WDN (Fig. 16(a)), under the S3 strategy, the improvements in preparedness and
564  robustness reach 0.185 and 0.438, respectively, whereas the enhancement in recoverability is only 0.054. For
565  the Mianzhu WDN (Fig. 16(b)), under the S2 strategy, the preparedness improvement reaches 0.251, which
566  is markedly higher than the 0.002 obtained under the S1 strategy; and at the robustness and recoverability
567  stages, the corresponding improvement values under the S3 strategy are 0.050 and 0.159, respectively.

568 Therefore, adopting differentiated renovation strategies tailored to the specific characteristics of each
569  WDN is essential for optimizing seismic resilience. For the Jilin WDN, simultaneous implementation of the
570  network expansion and ductility enhancement strategies (S3) can substantially enhance its robustness,
571  whereas for the Mianzhu WDN, prioritizing the network expansion strategy (S2) can maximize the
572  improvement in preparedness. These findings provide a scientific foundation and practical decision support

573  for the seismic optimization and design of WDNs.
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Fig. 16 The effect of four-stage resilience retrofit of Water Distribution Networks
574 6 Conclusion
575 In this study, a four-stage seismic resilience assessment framework for water distribution networks

576  (WDNs) is developed from a temporal perspective. The framework enables quantitative analysis of both the
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577  inherent disaster-response capacity of WDNs and their post-disaster learning and adaptation, while revealing
578  variations in the four resilience characteristics across different systems. Based on this framework, evaluation
579  indices for each stage were established by considering key attributes of WDNs, including topological
580  structure, energy reserves, pipeline resistance, hydraulic service performance, and recovery duration. The
581  proposed framework was then applied to two case studies—the Jilin and Mianzhu WDNs—to evaluate their
582  seismic resilience across the four stages. From this perspective, the study examined whether these systems
583  possess sufficient resilience and explored the effects of various seismic retrofitting measures on WDN
584  resilience at each stage, thereby providing socio-technical insights for the seismic optimization and design
585  of WDNs. Four-stage resilience assessment indicates that the seismic resilience of WDNSs originates from the
586  synergistic evolution of multiple indicators and the dynamic coupling among different stages. The key
587  controlling factors at each stage are both independent and interrelated, suggesting that overall resilience
588  essentially emerges as a dynamic equilibrium among multiple interacting indicators. The main research
589  results are as follows:

590 (1) Under the four-stage seismic resilience assessment framework proposed in this study, the full process
591  of “pre-disaster preparedness — in-disaster robustness — post-disaster recoverability — long-term adaptation”
592 s integrated into a unified quantitative system for the first time. This framework effectively differentiates
593  resilience variations among WDNs that cannot be captured by traditional assessment methods, rendering the
594  evaluation more comprehensive and precise. It facilitates quantitative analysis of the four-stage resilience
595  characteristics of WDNs, enabling systematic evaluation of the networks’ preparedness, robustness,
596  recoverability, and adaptation. In particular, the adaptation assessment establishes a foundation for enhancing
597  the resilience of WDNS.

598 (2) Case studies indicate that different WDNs display distinct behaviors across the four resilience
599  characteristics; an advantage in one characteristic does not necessarily imply superiority in others. The
600  Mianzhu WDN exhibits an advantage in robustness, whereas the Jilin WDN markedly outperforms in
601  preparedness, recoverability, and adaptation. The stage-specific limitations identified by the framework
602  provide explicit targets for differentiated retrofitting interventions.

603 (3) Different seismic retrofitting measures exert distinct effects on enhancing resilience at each stage.
604  The pipeline ductility enhancement strategy (S1) produces the most pronounced improvement in the
605  robustness of the Jilin WDN; the network expansion strategy (S2) is the most effective in enhancing the
606  preparedness of the Mianzhu WDN; and the combined retrofitting measure (S3) achieves the maximum

607  overall benefit across all stages.
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