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Abstract 
 

Disaster resilience of existing urban critical infrastructures is very essential to ensure post-disaster functionality. 

Critical infrastructures like water distribution systems (WDSs) are vulnerable to damage from catastrophic 

occurrences like earthquakes, cyclone, floods, etc. This study presents multi-hazard resilience assessment of 

WDSs due to a scenario earthquake and a power outage. The American Lifelines Alliance (ALA) pipeline 

vulnerability functions are used to define seismic vulnerability of the WDSs. The approach is applied to an urban 

WDS for multi-hazard seismic and power outage to assess important hydraulic resilience metrics, e.g., water 

service availability, Todini resilience index, and population impacted. The study findings show that the 

earthquake affects the system functionality and the served community, which gets worsened by the power 

outage. This study provides decision support to authorities, planners, engineers, and decision-makers to mitigate 

multi-hazard effects to WDSs with functionality assurance.  
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1 Introduction 
 

Water distribution systems (WDSs) are essential facility infrastructures that play significant role to support 

socioeconomic activity, public health, and emergency response capabilities. Their continuous operation is 

essential particularly in urban areas, where even short service interruptions can have cascading societal 

consequences. However, WDSs are vulnerable to natural or man-made hazards, including earthquake, cyclone, 

flood, fire, etc. Earthquake, particularly in the region of high seismicity, can seriously impair the functionality of 

WDSs. Earthquakes cause physical damage to the components of water infrastructure systems, e.g., pipelines, 

tanks, and pumping stations, reducing hydraulic performance and service continuity (Klise et al., 2017). In 

addition to the physical damage to WDSs earthquake often trigger power outages creating a compound scenario, 

in which the interdependency between power and water infrastructure exacerbates system vulnerability and 

community functionality. 

 

Research on seismic resilience of WDSs has traditionally emphasized structural vulnerability, with pipelines 

identified as the most fragile components due to susceptibility to ground shaking, liquefaction, ground 

settlement, etc. Fragility curves and probabilistic models have been widely applied to estimate component-level 

damage and subsequent service disruptions. More recently, the focus has shifted toward system-level resilience, 

where metrics such as water service availability (Ostfeld et al., 2002) and the Todini resilience index (Todini, 

2000) quantify both immediate service loss and recovery capacity. Performance and various resilience metrics of 

WDSs can now be assessed using EPANET (Rossman, 2000) and the Water Network Tool for Resilience 

(WNTR) (Klise et al., 2017) considering physical damage with hydraulic performance, even with direct or 

indirect simulation of various hazard scenarios (earthquake, cyclone, flood, power outage, contamination, etc.). 

 

The resilience of any system is the capability to quickly recover after any hazard event, e.g., earthquakes, 

cyclones, or other catastrophic events, with a minimum required or expected functionality level to serve the 

community. Assessing resilience of infrastructure system including water infrastructure is crucial, especially in 

the context of multiple hazards (Becher et al., 2023). Water distribution systems largely depend on the 

availability of electricity for pumping and other operations. Recent studies highlight that the interdependencies 

between power and water systems are critical, which affects the hydraulic performance and system performance 

(Guidotti et al., 2016; Rodriguez‐Garcia et al. 2024). 

WDSs can be severely impacted by the combined effects of earthquake and power outage due to earthquake, 

cyclone, flood, severe wind, etc. As the power outage can cause severe effect to the served community, it is 

necessary to observe its effect along with another extreme event like earthquake. While only earthquake effects 

on the system components have been studied (e.g., Li et al., 2023; Mazumder et al., 2020) and also hydraulic 
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simulation and resilience metrics evaluation (e.g., Hou et al., 2023; Diao et al., 2016) have been applied to 

seismic scenarios individually, assessment combining impacts of earthquake and power outage are not addressed 

yet. To observe the cascading impacts of earthquake and power outage on the served community, community 

requirements, hydraulic performance, as well as system resilience must be investigated comprehensively.  

 

This paper illustrates a framework integrating hydraulic simulation, modelling seismic fragility and its effect, 

power outage analysis, and assessment of hydraulic performance and system resilience. The framework is 

applied to a WDS to observe the effects of earthquake and power outage considering water serviceability (WSA), 

population impacted, and Todini resilience index (RI).  
 

 

2 Methodology 
 

The illustrated framework with a case study demonstrates hydraulic performance and resilience assessment under 

three scenarios: (i) no hazard condition, (ii) a scenario earthquake, and (iii) a scenario earthquake with power 

outage. This study utilized WNTR, a Python-based tool to perform hydraulic simulations and system resilience 

assessment under the considered scenarios. The following sub-sections illustrates hydraulic simulation including 

the leak and break, scenario earthquake simulation, simulation of power outage for a period of time, and also the 

hydraulic and system resilience assessment approach. Framework of this study is illustrated in Figure 1. 

 

 
 

Figure 1.  Framework of the study. 

 

2.1 Hydraulic Simulations 

In this study pressure-driven simulations were used, which is recommended for low pressure scenarios due to 

power outages and pipe leaks/breaks for earthquake, using the following relationship (Wagner et al., 1988): 

 

 (1) 

 

 

Leak can be modelled to the network using a leak mode with the relationship proposed by Crowl and Louvar 

(2011). Pipe break is defined as 25% of the pipe leak. 

 

    (2) 

 

where 𝑑𝑙𝑒𝑎𝑘 is the leak demand (m3/s), 𝐶𝑑 is the discharge coefficient assumed as 0.75, 𝐴 is the area (m2), ℎ is the 

head (m), 𝑔 is the acceleration due to gravity (m/s2).  

 

2.2 Earthquake Simulation 

This study uses a scenario earthquake to investigate its impact of on the WDS. Peak ground acceleration (PGA) 

peak ground velocity (PGV) for the location of pipes and junctions due to the scenario earthquake are estimated 
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using ground motion prediction equations (GMPEs). GMPE proposed by Kawashima et al. (1984) was used for 

the PGA estimation and for PGV GMPE by Yu and Jin (2008) was used.  

 

PGA =403.8×100.265M×(R+30) −1.218 (3) 

PGV =10−0.848+0.775M−1.834log10(R+17)   (4) 
 

ALA (2001) fragility function for pipeline repair rate is calculated using PGV at pipe’s location as expressed in 

Eq (5). Based on the RR of a pipe, the failure probability of the pipe is calculated using Eq. (6). 

 

RR = K1×(0.00187)×PGV   (5) 

Pf = 1 − e −RR × L     (6) 

 

where RR the number of repairs per 1000 feet of pipe, L is the pipe length, PGV is in unit of inch/second, K1 is a 

modification factor. 

 

2.3 Power Outage Simulation 

WDSs can experience power outage due to earthquake or other hazards (e.g., cyclone). Power outages in a 

community can be for short period or can also span for a long period like several days affecting the community. 

In water distribution systems, a power outage can result in reduced water pressure affecting the hydraulic 

performance and availability. WNTR can be utilized to consider power outages in hydraulic simulation by 

defining the starting time and duration of the outage. 

 

2.3 Hydraulic Performance and Resilience 

This study assessed three hydraulic metrics– water service availability (WSA), population impacted and the 

Todini resilience index, for the three considered scenarios. WSA for hydraulic functionality is estimated as is the 

ratio of delivered and expected demand. Todini resilience index (Todini, 2000) is used to estimate the ability of 

the water system to deliver expected water to the junctions when subjected to failure scenarios. If the WDS has 

greater index, the system has a better ability to keep its functionality at required levels. Population that is 

impacted by a specified pressure threshold can be estimated using the ratio of average expected demand and 

average volume of consumed water per capita per day (0.00000876157 m3/s or 200 gallons/day). 
 

 

3 Case Study 
 

The current study applied the framework to the representative urban WDS, the North Marin Water Distribution 

system used by Clark et al., (1994), which is known as Net3 in the EPANET. This system, as shown in Figure 2, 

is based on the North Marin Water District (NMWD) in Novato, CA and serves a population of around 64,000 

people with an average demand of 4.9 MGD. An earthquake of 7.2 magnitude with 10 km was considered in this 

study near the WDS, as shown in Figure 2. The corresponding PGA, PGV, and repair rate was estimated for the 

components of the system. Figure 3a and 3b illustrates PGA at junctions and PGV at pipe locations based on the 

GMPEs used. Pipe fragility and pipe damage states are shown in Figure 4.  

 

 
Figure 2.  Case study water distribution system. 

 

Hydraulic simulations for all the scenarios were performed for 24 hours duration. It was considered that the 

earthquake occurred after 11 hours initiating leaks to the pipes. A power outage for 4 hours was starting from 11 

hours along with the earthquake. It should be mentioned that the power sources operates from 1 hour, closes after 

14 hours. The required pressure was considered as 21.097 m. From the simulation results it was seen that the 

average system pressure drops due to the leaks caused by the scenario earthquake, which was even decreased by 
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the simulated power outage. Leak demand due to the earthquake is shown in Figure 5a and average system 

pressure after the eathquake with outage is shown in Figure 5b. 

 

a)     b)  

Figure 3.  Earthquake intensity for the WDS– a) PGA at junctions, b) PGV at pipes. 

 

  
Figure 4. Pipe fragility and damage state. 

 

Hydraulic performance and system resilience metrics are checked from the results of the hydraulic simulations. It 

should be mentioned that WSA before earthquake for this system is 1 for the full 24 hours. Pressure demand 

were assessed from the WDS network modelling consideration and available pressure and junctions were 

assessed from the simulation results. WSA after the earthquake and after the earthquake with power outage are 

shown in Figure 6a and 6b, respectively. Population served by the available water and population impacted were 

estimated following method as illustrated in WNTR. The average water consumption per person was considered 

as 200 gallons/day, from which the population was estimated according to demand at nodes. Figure 6c and 6d 

illustrates population impacted before and after the earthquake with power outage, respectively. Todini resilience 

index was also assessed for the system with effect from the earthquake and earthquake with power outage, which 

are illustrated in Figure 7a and 7b, respectively. Population impacted due to earthquake and earthquake with 

power outage is tabulated for some nodes in Table 1, which reflects effect of power outage. 

 

a)   b)   

Figure 5. Effect on WDS– a) leak demand, b) system pressure after the earthquake and power outage. 
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a)  b)  

c)  d)   

Figure 6. Hydraulic performance– a) WSA after earthquake only, b) WSA after earthquake with power outage, c) 

population impacted before earthquake, d) population impacted after earthquake and power outage. 

 

a)  b)  

Figure 7. Todini resilience index– a) effect of earthquake only, b) effect of earthquake with power outage. 

 

Table 1.  Impacted population for selected junctions. 

 

Node ID Population 

Impacted 

Time (Hour) 

Earthquake Earthquake with 

Power Outage 

35 12,371 20 19 

101 1,463 16 15 

203 32,486 20 19 

 

 

4 Conclusion and Discussions 
 

This study developed a framework and performed hydraulic performance and system resilience assessment of 

WDS considering earthquake and power outage using WNTR. Twenty-Four hours hydraulic simulations were 

performed for three cases, normal condition without any hazard, a 7.2 magnitude earthquake, and an earthquake 

with power outage. To determine the pipe damage state due to earthquake stochastic approach was simulated and 

the failure events were added to the hydraulic simulations. This study selected hydraulic availability, population 

impacted and Todini’s resilience index to assess the system performance and resilience. The results shows that 

the earthquake affects the hydraulic performance and system resilience abruptly, which is further negatively 
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influenced by the power outage. For the selected WDS and selected scenarios, it is observed that the earthquake 

and outage have great impact on the population, reduce the WSA and Todini index abruptly. It is also observed 

that the power outage also affects the community with extra one (01) hour as compared with only the earthquake 

case. Todini’s index is also reduced one hour before due to the power outage. It should be mentioned that if the 

power operating timing algorithm is changed (currently the pump off hours is huge) or the network is changed, 

effect of the power outage may be even higher leading to more negative impact on the performance of the WDS. 
 

Current study is limited to assessment base on selected performance or resilience metrics. Other metrics can also 

be added for the assessment of the interdependency between water and power system in the face of earthquake. 

The study illustrates the significance of multi-hazard resilience assessment and risk reduction planning for 

critical infrastructure systems, including water distribution system. Future work may consider different 

restoration strategies, effects of aging and corrosion, and effect of fire-fighting demand for earthquake-induced 

fire in addition to the current considered earthquake and power outage scenario. 
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