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ABSTRACT

Measuring and predicting the functionality of buildings is a core aspect of community resilience analysis, which is jointly dependent on structural
integrity and essential services provided by critical infrastructure systems. A functional building is one that is used for its intended services. This
paper develops a multi-step community-level functionality analysis framework by modelling: (1) building functionality that integrates the building’s
structural performance, essential water and electric power service performance, and physical accessibility through road networks; (2) portfolio-level
building recovery by aggregating functionality of buildings for an entire community; and (3) serviceability of infrastructure systems. Graph theory is
applied to assess performance of infrastructure systems. The cascading effect of water pipe failure on the road network is modelled through
geographic dependency analysis. Post-earthquake water demand changes due to household dislocation and return, and increased water service
demand at essential facilities are captured to model the performance of the water network under stressed conditions. The framework also assesses
household-level housing recovery and integrates results with physical damage repair to more holistically depict the functional recovery of buildings
from the perspective that buildings must be occupied to be fully functional. The proposed framework is illustrated for a scenario earthquake for the
virtual community of Centerville. Findings provide an up-to-date measurement of post-disaster functionality for buildings and critical infrastructure
systems that can guide decision-makers during pre-disaster planning and post-disaster recovery. The example demonstrates that consideration of
essential infrastructure services significantly alters the functionality of the built environment during the recovery process. For instance, power
outages resulted in functionality loss of up to 75 % of physically operable buildings for as much as 14 days. Consideration of physical accessibility
loss to nearest road segments resulted in a portfolio functionality drop of up to 9 % for 6 days, and partial water shortage significantly hampered the
functionality of the impacted area, including the regional hospital. Approximately 3 % of households were unable to repair their damaged homes
and became homeless. The proposed framework enables risk-informed decisions regarding long-term recovery at the community scale with in-
clusion of those living at the margins and most susceptible to long-term negative consequences from disasters.

1. Introduction

Functionality of a system is defined as the system’s ability to perform its intended functions. For a community, functionality thus
includes providing shelter, healthcare, employment, education, and social and cultural networks and opportunities. Built system is the
cornerstone of a functioning community through providing the buildings required for sheltering, for accessing healthcare, education
and employment, and for hosting events that bring people together, as well as through providing the essential utility services, such as
power, water, wastewater, and telecommunications, that make buildings themselves function. The interdependent and temporal
process of functionality recovery of built system from extreme events remains a poorly understood topic, and research on analyzing the
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functionality of a community is rare. Buildings and infrastructure systems are interdependent where infrastructure systems can be
regarded as the physical structure of a community, such as roads, water and wastewater systems, bridges, and energy systems, etc., that
supports wellbeing and smooth functionality of the buildings and society (Mazumder et al., 2018; ASCE, 2021). Over the last decade,
resilience was studied for individual infrastructure system, such as Water Distribution System (WDS) [1-4], Electrical Power Network
(EPN) [5-71, Transportation Network (TN) [8-11], Wastewater Collection System [12,13], and Gas Transportation Network [14,15],
as well as for buildings in general [16-18]. Since the failure of one infrastructure system often leads to the failure of other infra-
structure systems, some studies have analyzed cascading impact and interdependency among more than one infrastructure systems
[19-21] but were largely limited by not capturing the interaction between buildings, utility services, and especially occupancy or use.

Many recent studies have attempted to analyze community resilience comprehensively, which account for the interaction between
buildings and infrastructure systems ([22-29]; Han and Koliou 2023; [30,31]). Although these community resilience studies (e.g.,
Ref. [23,24]) did consider the interaction between buildings and infrastructure systems, their analysis did not account for building
functionality holistically, such as building’s physical access to the road network or occupancy status. Another drawback is that these
studies overlooked how the social characteristics of households can affect the recovery process. Furthermore, post-disaster demand
changes (i.e., due to population dislocation or relocation) on damaged infrastructure systems is not accounted for in existing func-
tionality models, which is crucial to account for the flow analysis of network systems during the restoration process. The present
research fills this gap by developing a comprehensive framework for estimating post-earthquake community functionality by
modelling building functionality restoration and integrating utility services, physical damage and repair while accounting for realistic
demand changes due to physical damage and population dislocation in WDS serviceability analysis, building’s physical access to the
road network, system interdependency, social characteristics in household level housing recovery.

2. Literature review
2.1. Building functionality and recovery

Although buildings rely on other systems to be functional, building design codes focus on preserving occupant safety and do not
specify requirements for reducing functionality loss caused by design-level or extreme loads that lead to service disruptions. Recent
disasters have shown that service disruption can lead to building occupant fatality, especially for the most vulnerable populations,
including those who rely on power-dependent medicines and medical devices [32,33]. To resume normal activities and access to
emergency and essential services (e.g., hospital, grocery) after a disaster, road network accessibility to buildings is crucial [34,35].
Furthermore, service disruptions, including lost accessibility through the transportation network, can cause organizations and busi-
nesses to close — either temporarily or permanently — with many indirect consequences, including work disruption for employees,
decreased service offerings to the community, and local economic decline, which all impact community-level functionality and re-
covery [29,35-37].

Researchers have evaluated the functionality of buildings using various proxies, such as structural and nonstructural performance,
repair time, re-occupancy time, housing recovery, and utility service restoration, etc. [35,38-41], where many of these were left as
qualitative relationships or quantified with limited empirical data or major simplifying assumptions. Almufti and Willford [42] pre-
sented post-earthquake downtime assessment methodology where various functionality recovery of buildings (i.e., re-occupancy,
functional and full recovery) are defined based on building repair time estimated through FEMA P-58 probabilistic seismic perfor-
mance assessment tool and utility disruption. Recent studies (e.g., Ref. [25-27]) applied probabilistic framework for damage
assessment and put an effort in detailing structural damage levels. Terzic et al. [25] developed a generic fault tree method where
various structural components and utilities (e.g. HVAC, Electrical, Plumbing) are equally weighted in estimating functionality of
buildings. Cook et al. [26] also applied FEMA P-58 approach and used fault tree model to connect component-level damage to
structural system performance. Molina Hutt et al. (2022) analyzed how tall building design relates to functionality recovery to
characterize performance goals for re-occupancy and recovery, particularly for tall buildings. In addition to utilizing the existing FEMA
P-58 to estimate repair cost and REDi approach to model temporal building recovery, the authors accounted for delays in repair
initiation, labor allocation, and repair sequencing. Mohammadgholibeyki et al. [43,44]; evaluated feasibility of functionality
achievement of retrofitted reinforce concrete buildings depending on various strategies and motivation. Other researchers (e.g.,
Ref. [45]) measured important building’s (i.e., hospital) functionality based on the amount of useable physical space.

Comparably fewer models have attempted to determine the holistic functionality of buildings considering the coupled interaction
between buildings and essential infrastructure services. Recent studies [17,23-26,29,46] developed simulation-based techniques that
linked building physical performance with essential utility services. Aghababaei and Koliou [29,37] and Han and Koliou (2023) used
agent-based model where various physical systems (e.g. water network) are modelled as an agent and logical flows of interrelationship
among these agents are accounted for resilience and mitigation strategy simulation at the community level. While many components
are blend, a large amount of assumption may limit (e.g. coupled performance of interdependent components) its application.
Blagojevic et al. [30] provided a computational framework to connect individual building-level recovery to regional-scale recovery,
accounted for various factors associated with building recovery and regional resource constrains. Although these studies made sig-
nificant progress in defining the functionality of buildings, these models did not incorporate physical access to the road network.
Moreover, most of the past studies have modelled the serviceability of infrastructure systems using minimal input information on
topology and logical flows but not flow-based metrics which are important for water networks to account for pressure differences in the
system.
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In general, previous studies have overlooked the importance of physical access to the road network in building functionality
models, which is critical for post-disaster response and recovery. Additionally, limited efforts have been made in estimating interaction
between household-level housing recovery and building functionality recovery modeling; when considered (e.g., Ref. [37]), the impact
of household dislocation and return on infrastructure was not taken into account. To prevent or reduce service disruptions in buildings
and accessibility loss to buildings, more research is needed to understand the coupled interaction between built infrastructure systems
during and after disruptive events.

2.2. Infrastructure system performance

The performance of distributed infrastructure systems can be estimated using topology-based and flow-based metrics [47].
Topology-based metrics evaluate a network’s mechanical connectivity using the concept of graph theory. Flow-based measures
evaluate the adequacy of supplied flow volume at consumer nodes through network flow simulation. Performance measures for a
particular infrastructure system are selected based on the type of services provided and their network characteristics. In some cases,
topology-based functionality measures alone are not sufficient to analyze the actual behavior of infrastructure systems, which further
require flow-based performance analysis to measure the serviceability at demand nodes. For instance, flow analysis is required for
capturing the performance of WDS under stressed conditions after a disaster. Hence, the functionality of infrastructure systems needs
to be evaluated with realistic performance measures. Moreover, the functionality of infrastructure systems is interdependent due to
physical proximity, direct input-out functional linkage, shared resources, and so on [48-50]. Failure in one infrastructure system
affects the performance of dependent infrastructure systems, which should be captured in estimating resilience of a community [51].

Various methods were applied in evaluating post-disaster performance recovery of infrastructure systems towards resilience
modelling, including weighted operable service nodes [52], role of interdependency [20], generic network-based model [53], and
multi-criteria decision-making model [31]. Ameri and van de Lindt [52] assigned weight to service nodes based on the amount of
consumed service by buildings associated with service node. Guidotti et al. [20] used complex network theory to account for the
independent infrastructure systems’ recovery. Mohammadgholibeyki et al. [53] developed a generic network-based probabilistic
recovery model of interdependent lifeline systems to avoid complex network analysis and regional seismic hazard analysis used in
existing studies. Opabola and Galasso [31] presented a post-disaster recovery model for communities that considers the influence of
electrical outages and building recovery pathways in developing countries, where a multi-criteria decision-making model was utilized
to determine the sequencing of intervention in recovery modelling. Furthermore, major hazard events typically cause widespread
damage to buildings and infrastructure components. A damaged infrastructure system is likely to suffer functionality losses to some
extent and may not be able to provide adequate services to the community, which leads to essential service unavailability of buildings
[54]. Simultaneously, physical damage (as well as service disruption) to one’s home leads to household dislocation, and sometimes
relocation, and increased service demand on essential facilities, after a disaster, which alters the demands on critical infrastructure
systems throughout the restoration process and influences the performance of infrastructure systems. Social characteristics of
household play a vital role in recovery of damaged buildings given differential access to recovery resources, such as insurance and
different types of federal recovery aid, that can drastically speed up or slow down rebuilding timelines. Very little research focused on
analyzing changes in demand on infrastructure systems, and their cascading effect on building functionality analysis [20,54,55].
Studies have quantified a household’s individual make-up with sociodemographic estiamtes for residential buildings in post-disaster
resilience modelling [54,56]. However, existing models do not account for demand changes due to increase service demands at
essential facilities (e.g., increased demand at hospitals). Overall, community resilience analysis requires a comprehensive model that
accounts for cascading failure effects in interdependent infrastructure systems, as well as post-disaster demand changes on infra-
structure performance throughout the restoration process. The current study formulates a comprehensive post-earthquake function-
ality analysis framework to overcome existing gaps in functionality analysis of buildings and infrastructure systems, as discussed next.

3. Community resilience analysis framework

The proposed framework incorporates the performance of multiple interdependent infrastructure systems with buildings and uses
an updated performance metrics to evaluate community seismic resilience. As shown in Fig. 1, the framework connects the physical
systems to social systems to measure functionality of buildings by accounting for occupancy status and integrating serviceability of
water and electrical power networks, and accessibility to the transportation network (TN) through roadways. Both physical and social
systems are characterized using geospatial datasets. Using a scenario earthquake and Ground Motion Prediction Equation (GMPE), the
framework estimates spatially distributed seismic intensities at testbed site. Damage states to buildings and infrastructure components
are assigned using fragility functions, measured intensities, and random-state simulations. Physical damages are integrated into the
geospatial damage layers to model interdependency between infrastructure systems and buildings. Functionality of buildings and
infrastructure system is measured considering inputs from other systems. The performance of EPN is considered independent. The
functionality of WDS depends on EPN serviceability (i.e., water pumping relies on electric power to operate). Therefore, the func-
tionality of WDS is estimated considering physical damage to water pipelines and inputs from EPN. Similarly, functionality of TN is
measured considering geospatial interdependency with the WDS. The functionality of buildings is estimated considering extent of
physical damage and inputs from infrastructure systems. The link between physical and social systems is established by identifying the
number of households occupying residential buildings. The household’s sociodemographic characteristics are estimated and used to
influence their predicted housing recovery experience. When building damage occurs, households often dislocate, which subsequently
alters demands on the WDS. The demand changes due to household dislocation and return is accounted for through serviceability
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Fig. 1. Overview of proposed community-level resilience analysis framework.

analysis of WDS. Household dislocation and household-level housing recovery are modelled considering whether their home is safe to
occupy and considering the household’s social vulnerability (SV). During the recovery, physical system repair and household recovery
are coupled to estimate community-level functional recovery.

3.1. Hazard analysis

The first step of this framework involves generating spatially distributed seismic hazard intensities to estimate probable physical
damage to buildings and infrastructure systems. Using a scenario earthquake, seismic intensities at buildings and infrastructure sites
are estimated using Ground Motion Prediction Equations (GMPEs) that account for uncertainties in predicted intensities. The GMPE
requires scenario seismic event characteristics, including magnitude, epicenter location, distance between epicenter and site, fault
characteristics, and site condition. Intensity measures (e.g., peak ground acceleration) can be selected based on the vulnerability
associated with the structural systems of interest.

3.2. Vulnerability analysis

In the second step, the seismic vulnerability of buildings and infrastructure components is evaluated by estimating the expected
performance levels (measured here by damage states (DS)) against a given seismic intensity. Fragility functions are commonly used to
determine the expected structural performance levels where probabilities of exceeding various DSs of a structure are conditioned on
estimated seismic intensity. This study uses four DSs (i.e., slight, moderate, extensive, and complete) for aboveground structures and
two DSs (i.e., leak and break) for buried pipelines from literature, as described in Table 1.

3.2.1. Fragility functions
Fragility functions are typically defined using lognormal cumulative distributed functions. The fragility function for a DS can be
defined as [57]:

riosim (1) /{ w

Table 1
Damage State definitions.

Structural System Description Reference
Buildings/Bridges/Water Tank/ None: no visible non-structural or structural damage is visible. FEMA [57]; Nielson and
Substations/Poles Slight (DS1): minor cracks, spackling, fallen contents, etc. No structural repair is required. DesRoches [58]
Moderate (DS2): reparable structural damage to structural components without substantial
demolition.

Extensive (DS3): large diagonal cracks in structural elements; permanent lateral movement of
structural components; cracks in foundations; structurally inoperable.
Complete (DS4): structure may have large permanent displacement or failure of the lateral
load resisting system; large foundation cracks; collapsing and losing the total of its contents.
Pipelines None: no structural damage to pipeline. ALA [59]
Leak: enables unwanted water escaping from the pipeline by means other than through a
controlled action; still able to provide service with water.
Break: suffers breaks in some way and is unable to provide water flow/service.




R.K. Mazumder and E.J. Sutley International Journal of Disaster Risk Reduction 114 (2024) 104929

where ¢ is the standard normal cumulative distribution function, 1 and ¢ are median capacity and logarithm standard deviation and im
is intensity measure.

Expected probabilities of DS for aboveground structures, including buildings, bridges, elevated water tanks, electrical poles, etc.,
are estimated using lognormal fragility functions. On the other hand, damage states for buried pipelines are estimated using empir-
ically observed damage data fitted to Poisson functions [59]. Fig. 2 shows an example of typical lognormal and Poisson fragility curves
for structures.

3.2.2. Damage simulation

DS to buildings and infrastructure components is assigned through a stochastic simulation. Probabilities of exceeding various DSs
are estimated using appropriate fragility functions given estimated seismic intensity. Fig. 2 shows generalized fragility curves for
buildings and infrastructure components. Four types of seismic damage states (DS) are typically determined for buildings and infra-
structure components, except for pipelines. Two types of DS, namely leak and break, may occur in buried pipelines. A DS is assigned to
each building or infrastructure component by comparing the fragility functions, seismic intensities, and a randomly generated number
on a uniform distribution U[0,1] in stochastic realization. The intersection of x-axis (i.e., earthquake intensity) and y-axis (i.e., random
number) values is mapped on fragility curves to determine the damage state for a particular building or component for a single sto-
chastic realization [60,61], as illustrated in Fig. 2.

3.3. Functionality analysis

Functionality is measured by the ability of buildings or infrastructure systems to serve their intended purpose [38,42]. Following a
disruptive event, the framework assesses the functionality of buildings, EPN, WDS, and TN, incorporating cascading effects and
interdependency between them.

3.3.1. Buildings

It is assumed that a building experiencing DS either extensive or complete will be unsafe to occupy [18]. The functionality states of
buildings are defined based on the physical operability (Og) (i.e., if the building sustained none, minor or moderate damage),
availability of water (Sw) and electrical power (Sg) services, and physical accessibility to the road network (Ag). Three functionality
states of building (FSB) are adopted herein, as follows.

Fully Functional NS NSwNA
ully Fune 10Ila’case when Qp & OW R

Partially Functional, c NSeNSw NAR

FSB; = ase when Og @

Non — Functional,

case when Op N (Sg USy)

where building-i is fully functional if the building is physically safe to occupy and having minimal level of required water and elec-
tricity and has physical access to nearest road segment; building-i is partially functional if the building is operable and has water and
electricity but lost physical access to nearest road segment; and building-i is non-functional if building at least sustain higher > DS3 or
experience either water or electricity outage.

Fig. 3 illustrates the dependency of buildings on EPN, WDS, and TN, as well as the interdependency between them. FSB is measured
using equation (2). Water and electrical availability to a building are mapped based on the functionality of the corresponding service
area, as discussed later in this paper. Physical accessibility to the nearest road segment is estimated using the shortest path method.
Household Social Vulnerability (SV) plays an important role in their decision to dislocate from damaged buildings and their recovery,
which is captured through an existing Household-level Housing Recovery (HHHR) model [62]. The results of physical damage repair
and housing recovery are coupled to determine a realistic return to their homes. A dislocated household recovered from the HHHR
model will return to their original home as long as their building becomes operable or safe to occupy after repair. Otherwise, a dis-
located household needs to wait in temporary housing until their damaged home is repaired. On the other hand, if a dislocated
household is permanently unable to recover, the repair analysis assumes that the building will never recover and be abandoned.

f Failure
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Fig. 2. Stochastic damage simulation for: a) buildings/bridges/water tanks/electrical substations, and b) pipelines.
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Damage repair and HHHR analysis are performed to simulate post-earthquake recovery until the community returns to its near
pre-disaster state (indicated by the timeline in Fig. 3).

Communities consist of numerous buildings of various occupancies and structural types, which collectively support the func-
tionality of a community. To aggregate the functionality of buildings in a zone, the portfolio-level building recovery is defined as a ratio
of functional buildings to total buildings evaluated at any given time. The building portfolio functionality is expressed by the following
equation from Lin and Wang [63]:

N .
> FSB{(t)
FP.(t)==L
i(t) N 3
where FPj(t) is the portfolio functionality of the j-th building zone at time t; N is the total number of buildings in the zone; FSB; is the
binary functionality state of i-th building, as defined in equation (2).

3.3.2. Infrastructure systems

The system-level functionality of infrastructure systems is evaluated by estimating topology-based performance metrics and hy-
draulic availability. In EPN, substations are the weakest components when exposed to seismic loading; research has shown that the
seismic vulnerability of transmission lines can be considered negligible [64]. Therefore, the damage to EPN is determined for the
electrical substations only. The functionality of the EPN is estimated by the percentage of service nodes (i.e., electrical poles) that
remain connected to a source (i.e., distribution substation) after an earthquake. For the WDS and TN, the vulnerability is mainly
determined for links (i.e., pipe, road segment). Therefore, the system-level functionality of WDS and TN is measured by the network
efficiency metric which evaluates network performance using the shortest-path algorithm. Infrastructure networks are modelled using
graph theory where an edge of a network graph represents pipe/road segment/wire, and a vertex of a network graph represents service
nodes (i.e., nodes, poles, junctions, tanks).

3.3.2.1. Network connectivity. The network connectivity determines percentage of demand/service nodes are physically connected to
source. Connectivity depends on the topological layout of the network and the possible optimal flow patterns. Network connectivity
estimation does not rely on the physical characteristics of the network but can capture demand and supply of flow constraints to some
extent [65]. This measure is widely used to evaluate the functionality of a network after perturbation [21]. The following equation
estimates the connectivity (n.) of a network.

1 Tdemand Pi

Ngemand i P, i,0

(€))

where P; is the number of source nodes connected to a demand node, P; ¢ is the number of source nodes connected to i-th node before
failure, and ngemang is the number of demand nodes.

3.3.2.2. Network efficiency. The network efficiency estimates the coordination of nodes within the network as a function of the
average shortest path distance. The shortest distance among nodes is likely to increase in case of failure of link(s) in a network,
reducing the overall coordination among nodes and the network’s performance [66]. The shortest path-based network efficiency is a
powerful tool to analyze the topological effectiveness of a network after perturbation and during recovery. The network efficiency is
measured by the following expression [67]:
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(5)

where 7(G) is the network efficiency at time t; dj; is the shortest path between node i and node j; n is the number of nodes in the network.
If the node i is disconnected from the node j, then d;; becomes infinity (co).

3.3.2.3. Hydraulic availability. WDS’s ability to provide a satisfactory amount of water service without interruption not only depends
on connectivity but also depends on the pressure at demand nodes. The hydraulic availability at a demand node is estimated by the
actual water supplied. The available water volume at a demand node is correlated with pressure at the node. A pressure-driven hy-
draulic simulation is performed to capture actual water flows at demand node under partially failed conditions [68]. The following
equation developed by Wagner et al. [69] is used to estimate actual supplied water volume at demand node:

0;p<Py

a re. —Pn
Q=1 Q™ /p—pi Pn< PP, ©)

Q"p=Ps

where Qf is the actual supplied water at node j; Q" is the required water demand at node j; P is the required pressure at node j to

supply required volume of water; Py, is the minimum required pressure to supply water, below this level, the node will not receive any
water; p is the pressure at demand node j. If a node’s required pressure is satisfied, the node will be able to provide adequate supply to
all dependent households. Q values less than 1 represent partial water supply meaning the household will receive water.

3.3.2.4. Dislocation and demand changes. Physical damage to buildings may result in household dislocation and an increase in service
demands on critical facilities (e.g., hospitals), which must be accounted for in altered demands assignment and serviceability analysis
of the WDS. Buildings with severe or extensive damage are marked as inoperable; hence, residents in these buildings are dislocated
immediately after the disaster. Buildings experiencing moderate damage have safety concerns, and residents in these buildings may
dislocate. The building damage level and the household’s SV are used to estimate the households’ probability to dislocate [54].
Households with low SV may choose to leave their home until repaired, whereas households with high SV typically have fewer
relocation choices due to fewer resources. The SV of each household is assigned on a scale of [0,1] based on their socioeconomic
attributes (e.g., race, ethnicity, income, tenure status, etc.), where the maximum value represents the highest SV [62,70]. Expanded
from the Sutley and Hamideh [62] original work, here, households dislocate if they have an SV lower than a specified threshold and a
damaged home that reaches or exceeds moderate damage. Household dislocation and return are accounted for through demand
changes to the WDS hydraulic model throughout the recovery process. Increased post-earthquake demands on critical facilities can be
accounted for by an adjustment factor based on service type, capacity, and more.

3.3.2.5. Interdependency. The functionality analysis of buildings needs to measure the availability of the WDS and EPN and acces-
sibility to the nearest road segment, whereas infrastructure systems are interdependent on each other. As shown in Fig. 3, WDS requires
electrical power for pumping stations to ensure pumping operation for an adequate water supply. Input-output (I-O) interdependency
is considered between EPN and WDS. Roads and water pipelines are often physically collocated, and the failure of a water pipe is likely
to interrupt nearby road operations due to the close physical proximity among them. Geospatial analysis is performed to account for
WDS and TN proximity. A 10-m buffer offset is set in the Geographic Information System (GIS) from the centerline of the water
pipelines to identify the intersecting road segments within buffer zones [50]. It is assumed that collocated road segments will be closed
for damaged water pipe repairs. Inoperable links and nodes are removed from the network while estimating the performance of these
networks. Infrastructure I-O interdependency is modelled as follows:

q=2(G)q +J=‘ %)

where q is the non-functionality vector resulting due to perturbation in individual network’s Z(G) non-functional components f (i.e.,
perturbation vector). The non-functionality vector q can be estimated as

1=

q=1-zG)" f ®)

3.3.2.6. Service area. Service area for each infrastructure system can be determined using various approaches, including Cellular
Automata Algorithm, Graph Approximation and Voronoi Polygons, etc. [71,72]. In this study, service areas for infrastructure systems
are estimated using Voronoi polygons [73]. Service area is approximated based on primary service nodes (e.g., water nodes, sub-
stations) within the study area. EPN and WDS service to buildings within a specific service area comes through associated primary
node. Hence, if a primary service node is out of service, the buildings within the same service area will not receive service from that
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network. For road network, the shortest path distance is used to identify the primary and nearest road segment accessibility. Using this
approach, the serviceability of WDS/EPN nodes (i.e., Sw, Sg) and road segments (i.e., Ag) are mapped to associated building’s oper-
ability to determine the functionality of building.

3.4. Restoration analysis

3.4.1. Physical Damage repair

Damaged structures need to be repaired following a disaster. The time required to repair a damaged building or infrastructure
component depends on the extent of physical damage and available resources (e.g., repair crew availability, accessibility, travel to site,
weather, equipment availability, financial resources). Expected repair time for damaged structural components can be adapted from
literature. This study utilizes mean repair time for damaged buildings and infrastructure components documented in FEMA [57] and
Porter [74] to simulates a feasible long-term recovery approach assuming recovery resources are eventually allocated to each system,
and only one repair could be performed at a time (Mazumder et al., 2022). Repair time is simulated through a Monte Carlo simulation
where uncertainty associated to repair process is accounted for assuming repair time follows normal distribution based on the expected
repair time and standard deviation [21].

3.4.2. Household level housing recovery

A household’s housing recovery process depends on myriad factors, including the household’s social vulnerability, financial re-
covery resources, and the extent of damage to their home, among other factors [62]. Here, a household can be defined as a group of
individuals who live together in a single dwelling, sharing spaces and functioning as a single unit. This may include a family,
roommates, or any other group of people who reside together. A household can consist of either one person or multiple people living
together. Here a household-level housing recovery trajectory is predicted using the model developed by Sutley and Hamideh [62]. The
household recovery sequence is modelled using a modified Markov chain capturing movement through five discreet states: emergency
shelter (S1), temporary shelter (S2), temporary housing (S3), permanent housing (S4), and failure to recover (S5). Transition prob-
abilities are a function of the household’s Social Vulnerability (SV); rules are used to determine when to send a household to S5 for
languishing in unstable housing. This model is applied here to estimate the housing recovery sequence of single-family household only.
Required sociodemographic characteristics of households can be attained from census and other public data sources.

3.5. Algorithms

The proposed framework is executed through developing a Python script coupled with geospatial analysis conducted within a GIS
environment. The stepwise procedures of the framework at each recovery time-step are depicted in Fig. 4.

Algorithm for Community-Level Functionality Analysis

1. Inputs: Buildings, Bridges, Tanks, Pipes, Sut i (Geodatab - di | types); ny: number of buildings, ng: number of
substations, n: number of tanks, ny: number of pipes, ng,: number of bridges, N: all structures
2. Estimate Seismic Intensities at Site: (Ground Motion Prediction E ion - Magnitud; pi 1 Depth and Location of Earthquake,

Distance to Site)

3. Define Fragility Curves for Structures and Simulate Damage:

4. Calculate DS probabilities Pg; for all structure i in [1:N] given intensity

S. Generate random numbers on uniform U[0,1] for all structure i in [1:N] and compare with DS probabilities and assign DS;

6. Estimate i ion: check for all buildings - j in [1: ny):

7. if (DS;= 3 is true and building structural archetype = ‘RES’) then h hold disl

8. Find Damaged in EPN: check for all substations - k in [1: n,J:

9. if (DS, > 3) is true then remove substations from EPN, and remove dependent pumps from WDS

10. assign electrical outage to dependent buildings found using Voronoi polygons

11. Estimate Damage in WDS: check for (Break or Leak) in all pipes - x in [1: ng]:

12. if (Break or Leak) is true then remove the pipe from WDS, and remove road segment(s) within 10 m buffer from center of the pipe
13. check for all tanks - y in [1: n, J:

14. if (DS> 3) is true then remove the tank from WDS

15. Estimate Damage in TN: check for all bridges - b in [1: ny,):

16. if (DS > 3) is true then remove road segment contains the bridge

17. Adjust demands of service nodes: based on household dislocation outputs (from steps 6-7) and to essential facility

18. perform WDS hydraulic simulation - estimate serviceability to all buildings (using Voronoi polygons & hydraulic simulation results)
19. GIS — network analysis : (i) find buildings that lost accessibility to nearest road segment (due to road closure found in steps 12 & 16)
20. (ii) find buildings within clectricity outage arca (Voronoi polygons with no clectrical serviceability - from step 10)
21. Estimate functionality : (i) individual building (eq. 2)

22. ii) community-level functionality (eq. 3)

23. system-level network performance (eq. 4-5)

24. Repair Simulations : (i) estimate repair time of damaged structures based on mean repair time (from Table 6 & MCS).

25. (ii) repaired structure added back to original system

26. Perform Household-level Housing Recovery for disl dh in steps (6-7)

27. (i) If household recovery time < building repair time: household waits for repair to be completed

28. (ii) If a houschold fails to recover: building remain at the same FS and become abandoned

29. Re-estimate and update i ity

Fig. 4. Steps of the proposed framework at each recovery time-step.
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4. Illustrative analysis

The proposed community resilience analysis framework is demonstrated using the Centerville virtual testbed [75]. Centerville
represents a typical mid-size community in the midwestern USA over an area of approximately 100 km?2. Four types of physical
infrastructure systems (i.e., buildings, electrical, water, and road) are modelled as Centerville’s built environment (see Fig. 5). The
building portfolio contains 15,130 buildings and 20,484 households in 7 residential zones, 2 commercial zones, 2 industrial zones, 19
essential facilities (i.e., regional hospital, fire stations, schools, etc.). An estimated 52,029 people live in the seven residential zones.
These residential zones are categorized according to the income level of the residents as well as the building density. The two com-
mercial zones are located along major roadways. The light industrial zone is located at the north of the community, while the heavy
industrial zone is located at the southeast of the community. Table 2 reports the number of buildings, households, people and mean SV
of households by zone.

4.1. Service area and interdependency

Fig. 6(a)-6(c) show the service area of the EPN and WDS, as well as the nearest road segments from buildings. By employing
Voronoi polygons, we ascertain the service areas for EPN and WDS, where infrastructure services emanate from specific primary
service/demand nodes. If a service/demand node becomes non-functional, the buildings within the corresponding service area will no
longer receive that service. The physical I-O linkage is assessed to determine the physical interdependency between EPN and WDS, and
geographic interdependency is measured for WDS and TN. For EPN and WDS, three pumping stations PS1, PS2, and PS3 operation
dependent on electrical service from electrical poles P28, P19 and P15, respectively, where substation P8 feeds pole P15 and substation
P27 feeds pole P28 (see Figs. 4 and 6(a)-(b)). Therefore, service outage in P8, P15, P19, P27 and P28 will result in cascading service
failures in the WDS. A 10m buffer alongside the center of pipelines is drawn to determine road segments collocated to water pipes. As
shown Fig. 6(d), red segments within the buffer are termed as collocated road segments, meaning failure of any pipelines within this
buffer will result in closure of collocated road segments for pipeline repair works.

4.2. Hazard and physical Damage analysis

A hypothetical My, 7.8 earthquake scenario with an epicenter located approximately 20 km southwest of Centerville is simulated.
Peak Ground Acceleration (PGA) is estimated for measuring damage to buildings and most infrastructure components. Since seismic
wave propagation is the main cause of buried pipeline damage, Peak Ground Velocity (PGV) is measured to evaluate the seismic
performance of buried pipelines [4]. Seismic intensities at sites are generated using GMPEs developed by Kawashima et al. [76] and Yu
and Jin [77], as expressed by following equations
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Fig. 5. Centerville Testbed: a) buildings, b) EPN, c¢) WDS, and d) TN (Adapted from Ref. [75]).
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Table 2

Number of buildings, households and population.
Zone ID Buildings Households Population Mean SV
Z1 4246 4246 10,785 0.17
z2 2267 3067 7790 0.19
z3 800 800 2032 0.34
z4 3592 4767 12,108 0.42
z5 1856 1856 4714 0.62
z6 777 4396 11,166 0.37
77 1352 1352 3434 0.35
Z8 57 Retail/Business -
Z9 94 Retail/Business -
710 25 Light Industry -
Z11 45 Heavy Industry -

19 Essential Facilities (Schools/Hospital/Fire Station/Govt.) -

Total 15,130 20,484 52,029

Buildings
CIEPN Service Area
® Tower/Poles/Stations

Buildings
[ WDS figrvice Area

b)

Buildings © Junctions
® Junctions — Roads
— Roads — Collocated Road
Building to Road D Pipelines
RS Buffer Layer

Fig. 6. Centerville physical systems: a) EPN service area, b) WDS service area, ¢) buildings to nearest road segments, and d) TN and WDS
interdependency.

PGA =403.8 x 10%2°M(R 4 30)'?'® 9)

PGV — 1(-0848+0.775M+1.834 log(R+17) 10)

where PGA and PGV are expressed in cm/s? and cm/s, respectively; M is the magnitude; R is the distance from epicenter expressed in
km. Then, the damage for physical systems is simulated using estimated seismic intensity, fragility functions, and randomly generated
numbers, as described in section 3.2.2.

4.2.1. Electrical power network

Centerville EPN consists of 1 power plant, 1 transmission substation, 1 main grid substation, 5 distribution substations, and 24
towers or poles connected by transmission, distribution, and sub-distribution lines. Fig. 7(a) shows various components of EPN and the
associated service area. Seismic vulnerability is considered negligible for electrical lines, and damage states are [64]. Hence, seismic
damage was estimated for substations only. Fragility functions for electrical substations are adapted from FEMA [57], as shown in
Table Al. The cascading effect of any substation failure was determined by analyzing the connectivity of substations and electrical
poles/towers. For instance, the failure of distribution substation P8 leads to the functionality loss of dependent poles P9-P18 (see Fig. 4
(b)). Estimated PGA and DS for EPN are shown in Fig. 7(b) and (c), respectively. Southwest part of the Centerville experienced higher
seismic intensities due to scenario earthquake. Substation P8 and distribution station P6 suffered extensive damage, resulting in
electrical outage in a large part of Centerville, as shown in Fig. 7(d). These two distribution substations (i.e., P8 & P6) are located in
zones with lower level of social vulnerability compared to transmission substation (P7) and main grid substation (P5) (see
Appendix Al). However, higher level of damages to these substations, P8 and P6, are due to higher seismic intensities, and

10
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Fig. 7. Electrical Power Network: a) network and service area, b) PGA, c) damage states, and d) power outage area after earthquake.

uncertainties associated with scenario event simulation. Buildings and pumping stations depended on substations P8 and P6 suffer
electrical outages. Other stations that experienced slight or moderate damages remain functional after the earthquake.

4.2.2. Water Distribution System

Centerville WDS consists of 14 demand nodes, 2 tanks, and 5 junctions connected by 24 large-diameter pipelines. Fig. 8(a) shows
components of WDS and their service area. Seismic damage to WDS was simulated for the buried water pipelines and elevated water
tanks. The fragility functions for buried water pipelines are defined based on American Lifeline Alliance (ALA) 2001 guideline. The
failure probability of pipe leakages and breaks are estimated as follows [61].

PGV(cm/s)

Tank 2

~—q

. 3 Tank 1
® None
® Slight

©) NIy d)

Break
= Leak
— None

L10

- :
WDS Service Area 2 3
Full Supply o
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Fig. 8. Water Distribution System; a) network and service area, b) PGA, c¢) PGV, d) damage states of tanks, e) damage states of pipes, and f)
impacted service area.
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Pleax =1 — e TR ®
Ppreak = 0.25 X Preax )

where repair rate, RR is estimated by k; x 0.00187 x PGV for every 1000 ft; PGV is in inch per second; k; is the correction factor for
pipe material, size, joint, and soil type [59].

Fig. 8(b) and 8(c) show estimated PGA and PGV values for water tanks and pipelines, respectively. Fragility functions provided in
Equations (8) and (9) and Table A1 were used to determine damage to pipelines and tanks, respectively. Fig. 8(d) and (e) show DS for
water tanks and pipelines, respectively. None of the tanks experienced severe or extensive damage; hence, both tanks remain func-
tional after the earthquake. One pipe experienced a break (pipeline with yellow color), and 6 pipes experienced leaks (pipelines with
green color) due to the earthquake, as shown in Fig. 8(e). Fig. 8(f) shows the service area that suffered some extent of water
serviceability loss due to damage in the WDS.

4.2.3. Transportation network

Centerville TN consists of interstate/state highways, major roads, and 9 bridges, as shown in Fig. 9(a). Major roadways connected
to various zones can be seen from Fig. 4(d). The most vulnerable component of TN against earthquakes is the bridge. Seismic damage to
TN was evaluated for bridges only. It is assumed that if a bridge is damaged, then the road segment containing the bridge will be closed
due to bridge repair work. DS to bridges are assigned using fragility functions developed by Nielson and DesRoches [58], and stochastic
analysis. Fig. 9(b) shows the estimated PGA for TN. Two bridges (B3 and B7 in Fig. 4(c)) experienced extensive and complete damage,
and therefore became inoperable after the earthquake. Four bridges experienced either slight or moderate damage and remain
functional after the earthquake. Fig. 9(c) shows DS of bridges. Fig. 9(d) shows links from closed road segments to the nearest buildings
using the shortest path method. These buildings will experience a physical accessibility burden; hence, their travel time after the
disaster will significantly increase through an alternative route, if available.

4.2.4. Buildings

Centerville’s building inventory consists of 16 structural archetypes for 11 building occupancy types, including residential,
commercial, industrial, and critical facilities such as hospitals, fire stations, schools, and government offices. A total of 15,130
buildings, including 19 critical facilities, are distributed over 7 residential zones, 2 commercial zones, and 2 industrial zones (1 light
industry and 1 heavy industry), as shown in Fig. 10(a). Fragility parameters for the archetypes are adapted from FEMA [57] and
provided in Table A2.

Fig. 10(b) and (c) show estimated PGA using GMPE provide in Eq. (9) and DS of buildings, respectively. It should be noted that the
seismic intensity was estimated based on a single instance of hazard and a single instance of damage. Table 3 summarizes building DSs.
Approximately 20.6 % of total buildings suffered either extensive or complete damage, leaving the buildings unsafe to occupy after the
earthquake.

4.3. Repair analysis

The mean repair time for buildings, EPN, and water tanks is adapted from FEMA [57], and the mean repair time for pipelines is
adapted from Porter [74]. It is assumed that each utility has enough resources to repair one damaged component at a time during the
recovery process (as opposed to simultaneously). Uncertainty in the repair process is considered through a Monte Carlo Simulation
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Fig. 9. Transportation Network: a) components, b) PGA, ¢) damage states, and d) buildings experiencing accessibility loss to nearest road segment
after earthquake.
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Fig. 10. Buildings: (a) distribution of building structural archetypes; (b) PGA; and (c) damage states (0: None; 1: Slight; 2: Moderate; 3:Extensive;
4:Complete).

Table 3
Building damage states.
Damage State No. of Buildings (%) No. of Households (%)
None 3532 (23.3 %) 5356 (26.2 %) 4000
Slight 3799 (25.1 %) 5990 (29.2 %) p— Trand
Moderate 4713 (31.2 %) 5557 (27.1 %) - :o,,mlm
Extensive 2147 (14.2 %) 2465 (12.0 %) 30001
Complete 939 (6.2 %) 1106 (5.4 %) 2500 1
Total 15,130 100.0 % 2000 4
1500
1000 A
500 4
ZonelD
Table 4
Mean repair time (days) adapted from FEMA [57] and Porter [74].
Structure Types Minor Moderate Extensive Complete
Building RES1 5.0 (1.5) 120.0 (36.0) 360.0 (108.0) 720.0 (216.0)
RES2 5.0 (1.5) 20.0 (7.0) 120.0 (36.0) 240.0 (72.0)
RES3 10.0 (3.0) 120 (36.0) 480.0 (144.0) 960.0 (288.0)
COM1/COM3 10.0 (3.0) 90.0 (27.0) 270.0 (81.0) 360.0 (108.0)
COM4 20.0 (7.0) 90.0 (27.0) 360.0 (108.0) 480.0 (144.0)
COM6 20.0 (7.0) 135.0 (40.5) 540.0 (162.0) 720.0 (216.0)
IND1/IND2 10.0 (3.0) 90.0 (27.0) 240.0 (72.0) 360.0 (108.0)
GOV2 10.0 (3.0) 60.0 (18.0) 270.0 (81.0) 360.0 (108.0)
EDU1 10.0 (3.0) 90.0 (27.0) 360.0 (108.0) 480.0 (144.0)
EPN Transmission Substation 1 (0.5) 3.0 (1.5) 7.0 (3.5) 30.0 (15.0)
Main/Sub-grid Substation 1(0.5) 3.0(1.5) 7.0 (3.5) 30.0 (15.0)
N MSC Concrete Bridge 0.6 (0.6) 2.5(2.7) 75.0 (42.0) 230.0 (110.0)
MSSS Concrete Bridge 0.6 (0.6) 2.5(2.7) 75.0 (42.0) 230.0 (110.0)
WDS Tank 1.2 (0.4) 32.7) 93 (85) 155 (120)
Leak Break
Pipe (<20 in. Diameter) - 0.34 (0.10) - 0.50 (0.15)
Pipe (>20 in. Diameter) - 0.50 (0.15) - 1.33 (0.40)

Note: all restoration functions are normal distribution where mean (standard deviation) are provided. RES: Residential; COM: Commercial; IND:
Industrial; GOV: Government; EDU: Educational.
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where a coefficient of variation of 0.3 is assumed. The mean repair time and standard deviation by structure type are provided in
Table 4. Repair analysis outcomes were used to update changes in demand on the WDS throughout the repair process. The Monte Carlo
process generates 10,000 samples for each damaged building or structural component, where the mean value of the generated numbers
is considered the repair time for damaged building or component. It should be noted that the expected building repair time also in-
cludes potential delays in decision-making, financing, and the inspection process [57].

4.4. Functionality restoration analysis

4.4.1. System-level functionality restoration of infrastructure systems

The functionality of infrastructure systems was determined using connectivity and network efficiency, as described in section 3.3.2.
The system-level performance of the EPN is measured by network connectivity, and the performance of the WDS and TN is measured
by network efficiency. The Networkx python tool was used to estimate network efficiency and analyze connectivity [78]. Fig. 11 shows
post-earthquake system-level functionality restoration of infrastructure systems. The scenario earthquake resulted in extensive damage
to substations P8 and P6. The failure of P8 leads to an outage of eight dependent poles and subsequent power outage in zones Z1, 74,
79, one high school, and hospital buildings. The failure of station P6 leads to an electrical power outage in Z11. The connectivity of
EPN drops about 40 % due to the failure of substations P8 and P6. Two repair sequences, S1[repairing P8 first followed by P6] and S2
[repair P6 first followed by P8 repair], were considered to estimate functionality recovery of EPN, as shown in Fig. 11(a). Since
repairing sub-distribution station P8 restores electrical power service to a large part of Centerville, the sequence S1[P8, P6] provides
higher functionality recover during the repair process.

The water pipes repair sequence is developed based on typical asset repair practice where a pipeline experiencing a break is
repaired first followed by repairing leaky pipes. Leaky pipelines were prioritized for repair based on their serviceability to essential
facilities. Table 5 shows the repair sequence and corresponding repair time of WDS. Water tanks experiencing minor damages are
repaired after repairing all damaged pipelines. Fig. 11(b) shows post-earthquake network efficiency of WDS. Immediately after the
earthquake, network efficiency drops about 24 %, and more than 6 days were required to recover completely. Also, dependency on
water pumping on EPN was considered. Due to the outage at sub-station P8 and pole P15, pump station PS3 experienced an electrical
outage for 7 days after the earthquake, lasting until station P8 was repaired. Pump stations PS1 and PS2 did not experience any power
outage.

In TN, bridges B3 and B7 experienced extensive and complete damage, respectively, leading to the closure of road segments R3-R4
and R5-R6. Three possible repair sequences (S1[#3, #71, S2[#7, #3], and concurrent repair) were considered for estimating func-
tionality recovery of TN, as shown in Fig. 11(c). Repairing the extensively damaged bridge B3 takes a relatively shorter period than the
time to repair the completely damaged bridge B7. Repair following sequence S1[#3, #7] provides higher functionality than the repair
following sequence S2[#7, #3]. Repairing two bridges simultaneously requires 230 days, whereas repairing one bridge at a time
requires 305 days to complete the repair process. Although the other four bridges experience either slight or moderate damage, they
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Fig. 11. Post-earthquake functionality of (a) EPN, (b) WDS and (c) TN.

14



R.K. Mazumder and E.J. Sutley International Journal of Disaster Risk Reduction 114 (2024) 104929

Table 5

Repair of WDS.
SL Pipe Type Pipe # Feeding to Damage Days Cumulative Days
1 Large Lo1 Break, hospital, water treatment plant Break 1.34 1.34
2 Small 120 Fire Station Leak 0.34 1.68
3 Large L12 Tank, pump station Leak 0.50 2.18
4 Large L08 Residential Leak 0.50 2.68
5 Small L24 Residential, reservoir Leak 0.34 3.02
6 Small L10 Industrial Zone Leak 0.34 3.36
7 Small L21 Residential Leak 0.34 3.70
8 Tank #1 Source Slight 1.20 4.90
9 Tank #2 Source Slight 1.20 6.10

remain functional during and after the earthquake. The failure of two bridges decreases network efficiency and increases travel delays.
Since there is redundancy, the network efficiency drops slightly (about 1.5 %) due to the failure of two bridges. However, the failure of
water pipes also resulted in the closure of dependent P3-P6, P5-R6, and R6-P7 segments, further dropping about 9.7 % of network
efficiency. As a result of road closures, buildings nearby these segments experienced travel burden and physical accessibility lost to the
nearest road segment (see Fig. 9(d)). The recovery of WDS was faster among these three networks, given that only one pipe completely
breaks, and the repair time for damaged breaks and leaks is relatively faster than repairing extensively damaged electrical substations
or bridges. Although WDS remained damaged for a shorter period than TN, WDS experienced a higher network efficiency loss
compared to TN. This is because the TN network has more loops than WDS and a higher level of redundancy.

4.4.1.1. Hydraulic availability of WDS. The break in the WDS pipeline prevented water flow, whereas leaked pipelines experienced
reductions in water flow volume. Pressure-dependent hydraulic simulation was performed using the Water Network Tool for Resilience
(WNTR) to evaluate the hydraulic availability of WDS [60]. Damaged water pipelines were removed from the hydraulic model until
they are repaired. Also, Pump Station PS3 was unable to provide water supply as a result of electricity outage until 7 days after the
earthquake. As repair progresses, repaired pipelines are added back to the network for hydraulic simulation. Demand changes are also
incorporated into the WDS hydraulic model during the restoration process. It is assumed that households will dislocate from buildings
experiencing extensive or complete damage. For moderately damaged buildings, it was assumed for analysis purposes that households
with an SV less than or equal to 0.2 will dislocate until their homes are repaired. SV score was generated using a scalable SV model
developed by Enderami and Sutley [70] where a household with lower social vulnerability will have higher socioeconomic status and
greater access to resources. Thus, approximately 46.1 %, 31.8 %, 8.5 %, 14.8 %, 15.4 %, 5.6 %, and 8.7 % of households dislocated
immediately after the earthquake from zones Z1, Z2, 73, Z4, Z5, Z6, and Z7, respectively. The ratio of dislocated households is
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Fig. 12. Hydraulic performance of WDS: a) demand patterns (adapted from Ref. [20]), b) post-earthquake adjusted demand patterns for zones Z1
and Z2, c) pressure before earthquake, (d) at t = O-hr (without dislocation), (e) at t = 0-hr (with demand changes), and (d) after repairing
damaged pipelines.
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correlated with building damage levels and household SV. Zone Z1 experienced a higher level of damage, as most buildings are
comparatively more vulnerable (i.e., pre-code W2) than other wood buildings and experienced higher seismic intensities. Most
households in zone Z1 have low SV and are high-income households, which contributes to a higher rate of dislocation from
non-functional or partially functional households. Zones Z2 and Z3 are middle-income and low-density neighborhoods, but zone Z2
has a relatively lower level of SV and experienced a higher level of building damage than zone Z3. Therefore, a comparatively higher
number of households are being dislocated from zone Z2. Zones Z4 and Z5 are middle-income housing with moderate levels of SV and
experienced higher levels of damage. These zones have relatively lower levels of household dislocation compared to the higher damage
levels. Zones Z6 and Z7 are low-income, high-density areas with mobile homes. However, zones Z6 and Z7 experienced the least
amount of damage compared to other zones and therefore, have the lowest rate of household dislocation.

The regular fluctuation of demand for a particular node varies over time, and this variation was captured using demand patterns in
hydraulic modeling of WDS [60]. The ratio of occupied housing units is used to update demand patterns. Fig. 12(a) shows daily
demand patterns for residential, commercial, and industrial zones adapted herein from Guidotti et al. [20]. Assuming the earthquake
hit at noon, the demand adjusted immediately after the occurrence of the earthquake until the community returned to its
pre-earthquake state. Fig. 12(b) shows demand pattern adjustment for residential zones Z1 and Z2 for 36 h after the earthquake based
on household dislocation. Demand drops to 53.4 % and 69.2 % immediately after the earthquake in these zones, eventually helping the
damaged WDS to continue to meet the dynamic demand. While demand in residential zones were reduced due to household dislo-
cation, it was assumed that service demands at critical facilities (i.e., hospitals) increased significantly due various reasons as appli-
cable, including increased patient loads, extended stays, additional water to fight fires, sanitation needs, etc. Therefore, an adjustment
factor of 2.5 was assumed based on expert knowledge to account for increased service demands at fire stations, hospitals, and other
essential facilities. Characteristics of the WDS hydraulic model presented in Table 6 are obtained from IN-CORE [79].

Fig. 12(c)—(f) show pre-and post-earthquake hydraulic simulation results for the WDS. Fig. 12(c) and (d) show nodal pressure of
WDS before and immediately after the earthquake, respectively. Seven damaged pipelines were removed from the hydraulic model, as
shown in Fig. 12(d). The failure of water pipelines LO1 and L24 disconnected Zone Z1 from the water reservoir. As a result of pipeline
damages, pressure dropped significantly throughout the damaged WDS. For instance, zones Z1, Z9, Z4, and one fire station experi-
enced partial water outages. However, the integration of demand changes due to household dislocation in residential zones and
increased water demand at essential facilities alters the performance of the damaged WDS, as shown in Fig. 12(e). While water
availability increases near residential zones, WDS cannot supply adequate water to the regional hospital. This can be visually
determined by comparing Figs. 12(e) and 4(a). The performance of WDS returns to its normal state after repairing damaged pipelines
as shown in Fig. 12(d). The incorporation of changes in water demand alters the performance of the WDS significantly during the repair
process. As a result of significant pressure drops at demand nodes related to zones Z2, Z8, and Z10, these zones suffer from partial water
outages. However, since a large portion of households dislocated from Z1 and Z2, the reduction in demand helps the WDS to satisfy
revised demand even after sustaining physical damage.

4.4.2. Building functionality

Repair was simulated for all damaged buildings (except housing units whose households ended in stage 5 failure in the HHHR
model). Building functionality was estimated by integrating physical performance with infrastructure inputs. Centerville suffered
extensive building damage, as listed in Table 3. Water and power outages exacerbated the situation and dominated the functionality of
buildings. Zones Z1, Z4, 79, Z11, and regional hospitals suffered from electrical power outages. Zones Z2, Z8, Z10, and regional
hospitals (located near Z1) suffered from partial water outages, and a large area of zone Z5 lost physical access to nearest roads due to
damage in bridge B3 and nearby water pipe failures (see Figs. 9(d) and 14(a)). Residential Z3 and retail business Z9 also experience
road accessibility burden due to the failure of nearby water pipe, and bridge B7. Fig. 13 shows various stages of post-earthquake
functionality of buildings. Fig. 13(a) shows building functionality immediately after the earthquake, where approximately 20 % of

Table 6

Characteristics of water distribution systems.
Zone Node ID Elevation (m) Base Demand (LPS) Head(m) Pattern
Z11 N14 510 35.7 735.97 Industrial
74 N11 580 71 970.77 Residential
GOVT NO8 535 57.4 971.16 Commercial
HS NO04 500 7.5 971.16 Commercial
Z1 NO3 660 74.5 763.37 Residential
z9 N10 590 71.8 971.42 Industrial
Z3 NO6 550 11.6 736.42 Residential
Z10 NO1 500 78.1 736.4 Industrial
z9 NO7 595 8.9 970.78 Commercial
FS N21 555 7.9 970.72 Commercial
Hosp N31 540 7.9 736.34 Commercial
77 NO2 520 39.3 736.35 Residential
z6 NO5 550 65.4 736.32 Residential
z8 NO09 525 66.8 736.08 Commercial
75 N12 555 91 736.09 Residential
Z2 N13 605 97.3 737.77 Residential
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Fig. 13. Functionality of buildings after: a) the earthquake, b) 3.02-days, c) 6.1-days, d) 7-days, e) 14-days, f) 75-days, g) 220-days, and h)
900-days.

buildings sustained extensive or complete damage, resulting in buildings being unsafe to occupy and non-functional. Failure of sub-
stations P8 and P6 resulted in an electrical outage in the entire Z1, part of Z4, and some heavy industry buildings in Zone Z11. Water
pipes failure imposed partial water outage in zones Z9, Z5, and Z11. Further, the failure in the water pipe resulted in the closure of P5-
R6, and R6-P7 road segments for pipeline repair, and bridge failures resulted in the closure of Robinson Street (R3-R4), and Linsey
Street (R5-R6), leading to road accessibility losses in nearby buildings. Approximately 48 %, 9 %, and 43 % of buildings became non-
functional, partially functional, and fully functional, respectively. At 3 days after the earthquake, the broken pipeline was repaired, and
a few buildings at the edge of zone Z1 became functional. Although water service in zone Z1 is restored, buildings in Z1 remained non-
functional due to electrical outage, as shown in Fig. 13(b). Just over six days are required to repair damaged components of WDS. As a
result of collocated pipe repair, road segments P5-R6 and R6-P7 have been reopened. Therefore, functionality is fully restored in many
buildings in zones Z5 and Z6, but power outages remain in Z1, Z4, 79, and Z11, as shown in Fig. 13(c).

It took 7 days to repair sub-distribution P8, and another 7 days for repairing substation P6. After 7-days, functionality was restored
in repaired and undamaged buildings in zones Z1, Z4, as shown in Fig. 13(d). Functionality of the regional hospital and high school
were also affected due to electrical power outage in substation P8. The regional hospital suffered from partial water outages (about 30
% water shortage) due to increased water demand. Approximately 22 %, 3 %, and 75 % of buildings became non-functional, partially
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household recovery.

functional, and fully functional, respectively, after 7-days. Building functionality is significantly restored in zones Z4 and Z5 after
restoring substation P6 after 14-days (see Fig. 13(e)). After 75-days, repairing bridge B3 restored the shortest path accessible to
buildings in Z4 and Z5 (see Fig. 13(f)). Further, it took on average 120 days to repair extensively damaged RES2 buildings and more
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time to repair other buildings experiencing damage > DS3. After 220 days, bridge B7 is repaired resulting in partially functional
buildings in Z6 becoming fully functional. At the same time, all RES2 that experienced < DS3 become fully functional (see Fig. 13(g)).
Fig. 13(h) shows that 99.5 % of buildings are fully recovered after 900 days of recovery.

Fig. 14(a) and (b) compare the damage repair and functionality restore of buildings. Residential building zones Z1-Z4 have the
slowest repair trajectories, whereas industrial building zones (i.e., zones Z8, Z9, and Z11) have relatively quicker repair patterns due to
a lower amount of building damages in industrial zones. This is also because the expected repair time for damaged industrial or
commercial buildings is faster than the expected repair time for residential buildings. Buildings in mixed-use zones Z5-Z7 and Z10
repair faster than other residential zones but slower than industrial zones. Consideration of infrastructure service significantly alters
the restoration process, particularly at the beginning of the functionality restoration (i.e., until 14 days) when infrastructure suffers
outages. Fig. 14(c) shows the repair of all damaged buildings. An estimated 100, 125, and 900 days were required to repair
approximately 50 %, 75 %, and 99 % of buildings, respectively. The HHHR model outcomes were integrated into the functionality
restoration process. An estimated 124 households from mobile homes, 288 households from 48-dwellings multifamily buildings, and
4267 households from single-family homes are dislocated. Of these 4639 households, 1342 households’ homes experience moderate
damage but were predicted to dislocate due to their low SV (<0.2). The remaining 3297 households were forced to dislocate due to
extensive or complete damage to their home. The HHHR analysis was performed for the 4391 households residing in mobile homes and
single-family homes but not for multifamily dwellings. Fig. 14(d) shows the number of households that did not achieve permanent
housing during the 7-year post-earthquake recovery period. The HHHR model predicts that 88 % of households return to permanent
housing after 6 months, where damage had not been fully repaired for 70 % of those households by this time. Buildings experienced
damaged > DS2 typically require at least about 240 days to complete the repair process. Recovery was mostly completed for dislocated
households in RES2 housing that sustained moderate damage. At the end of the recovery simulation, 118 households permanently
failed to recover. Thus, 64, 40, and 14 households from Z4, Z5, and Z3, respectively, permanently became homeless, where the repair
trajectory of their pre-disaster homes then becomes beyond the scope of the present analysis.

Semi-log Fig. 15 plots the functionality restoration of the six zones that sustain relatively higher functionality losses than the other
zones. This process accounted for coupled outcomes of the damage repair and the HHHR model. Fig. 15(a) shows that about 75 % of
buildings became fully functional after electricity is restored in zone Z1. Functionality restoration of the rest of the buildings (25 %) in
this zone is dominated by physical repair. Buildings in this zone did not experience physical accessibility loss to roads. About 20 %, 40
%, and 100 % of buildings in zones Z3, Z4, and Z5, respectively, became non-functional, as shown in Fig. 15(b)-15(d). About 15 % and
5 % of buildings experience partial functionality loss in zones Z3 and Z4, respectively, due to road accessibility loss. Zone 5 initially
suffers from water outage, and all buildings became non-functional. After the water pipeline is repaired at 3.7 days post-earthquake,
20 % and 50 % of buildings became fully functional and partially functional, respectively. Fig. 15(e) and (f) show the functionality
restoration trajectory of retail/business zone Z8 and heavy industry zone Z11, respectively. Z8 suffered an initial 20 % of functionality
loss, and Z11 experienced 85 % of initial functionality loss before restoring. As an overall trend, after water and power are restored
after 14 days, functionality restoration is dominated by the estimated physical repair of buildings.

5. Conclusions

This paper proposes a functionality analysis framework that incorporates multiple interdependent infrastructure systems with
buildings with an updated performance metrics into community disaster resilience analysis. The key contributions of the framework
include the following.

e This framework accounts for coupled interaction among the buildings and infrastructure systems, and household-level housing
recovery to estimate the functionality of buildings at the community level. The framework incorporates the road network physical
accessibility to buildings in the functionality evaluation of buildings.

The current approach addresses the changes in demands on WDS due to household dislocation and return, and increased service

demand on essential facilities throughout the recovery and restoration process following an earthquake, which is often ignored in

past studies.

The cascading impacts of water pipeline failure on TN are modelled through geographic dependency analysis. GIS buffer analysis is

performed to identify the physically collocated water and road segments. Input-output interdependency is modelled between WDS

and EPN.

e The performance of the buildings and infrastructure systems are determined separately. Then, the interaction between buildings
and infrastructure systems is modelled through input-output physical linkage. Service area of infrastructure systems is approxi-
mated using Voronoi polygons. Network theory is applied to evaluate the performance of infrastructure nodes and dependent
building zones. The links between physical and social systems are established by modeling household dislocation and re-occupancy
considering the household’s social vulnerability and the extent of home damage.

Recent disasters resulted in functionality losses and brought enormous consequences to the community despite the buildings
remaining physically operable after the disaster. The proposed functionality analysis can provide useful insights for decision-making in
mitigating the impact of natural disasters. This model can account for the effect of utility serviceability and reflect real-world scenarios
in the aftermath of a disaster. Although the current approach is explained for post-earthquake functionality and resilience analysis, the
proposed resilience analysis framework can be applied to a general class of interconnected infrastructure systems and buildings and
any hazard type that causes physical damage. The case study findings reveal that the consideration of utility availability and road
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network physical access to buildings significantly alters the functionality of building clusters. A large part of the building portfolio lost
functionality, even though they were physically operable immediately after the earthquake. The restoration process shows that the
recovery of buildings was slower than the recovery of infrastructure systems, which dominates the recovery process. Approximately
75 %, 64 %, 30 %, and 60 % of buildings lost functionality in zones Z1, Z4, Z5, and Z11 during infrastructure serviceability restoration
until 14 days after the earthquake. WDS had the shortest recovery time. In comparison to WN and EPN, TN had a longer recovery time.
The cascading effect of water pipeline failure on TN significantly alters the network efficiency of TN. Collocated water pipeline failures
resulted in nearby road segment closures, leading to an additional 9.7 % drop in network efficiency for TN. Changes in demand and
infrastructure interdependency also significantly influence the functionality of the community.

The framework can be used to analyze existing systems for vulnerabilities, as well as to explore potential mitigation and adaptation
strategies, such as increasing redundancy and/or hardening one or more of the infrastructure systems or strategically deploying repair
and recovery resources to reduce specific resilience metrics such as recovery times for infrastructure systems, number of dislocated
households, or number of households becoming homeless. There exist a few limitations that should be considered in future study. The
recovery assessment assumed that each network and community have sufficient recovery resources, which will vary significantly
across communities and hazard events. Correlation of seismic intensities and damages was not accounted for while estimating seismic
intensities and physical damages. Physical accessibility loss to nearest road segment may further delay in engineering inspection and
repair process, which was ignored. Building repair process adopted from FEMA [57] accounted for associated inspection, permission
delay, and repair time. However, the restoration of damaged infrastructure components depends on many factors, including available
recovery resources, repair crew availability, accessibility, weather, equipment availability, travel time to the damage location, etc.,
which were not accounted for in the recovery estimation, and recovery process assumed only one repair could be performed at a time
for each infrastructure system. The HHHR model is applied only to single-family households, as the recovery of multi-family housing
involves different social vulnerabilities and recovery mechanisms. Future studies may be expanded to include a multi-family housing
recovery and a detailed household dislocation model that reflects realistic changes in demand on infrastructure systems. The proposed
framework is applied to a virtual testbed, which needs further application to real network. The application of current framework is
computationally intensive, particularly for a large community with hundreds of infrastructure components. Therefore, we executed an
illustrative example by developing a Python script following the algorithm provided in Fig. 4, which is time-efficient (e.g., one
simulation took 40 min on a personal computer with 8 GB RAM and an Apple M1 chip with an 8-core CPU) and requires less
computational cost.
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Appendix

Table Al
Fragility parameters for infrastructure components (Adapted from FEMA [57] and Nielson and DesRoches [58])

Component Type PGA (g)

Slight Moderate Extensive Complete

A ¢ A ¢ A ¢ A ¢
Low-Volt Distribution Substation 0.15 0.70 0.29 0.55 0.45 0.45 0.90 0.45
Medium-Volt Main Grid Substation 0.15 0.60 0.25 0.50 0.35 0.40 0.70 0.40
High-Volt Transmission Substation 0.11 0.50 0.15 0.45 0.20 0.35 0.47 0.40
Steel Tank 0.30 0.60 0.70 0.60 1.25 0.65 1.60 0.60

(continued on next page)
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Table A1 (continued)

Component Type PGA (g)
Slight Moderate Extensive Complete
A ¢ A g A S A S
Concrete Tank 0.25 0.55 0.52 0.70 0.95 0.60 1.64 0.70
MSC Concrete 0.15 0.70 0.52 0.70 0.75 0.70 1.03 0.70
MSSS Concrete 0.20 0.65 0.57 0.65 0.83 0.65 1.17 0.65
Note: A: median, (: log-standard deviation.

Table A2
Fragility parameters for building structural archetypes [57].

Building Type Design Code PGA (g)

Slight Moderate Extensive Complete

A g A ¢ A g A S
w1 pre-code W2 0.12 0.64 0.19 0.64 0.37 0.64 0.60 0.64
W2 low-code W1 0.20 0.64 0.34 0.64 0.61 0.64 0.95 0.64
w3 moderate-code W1 0.24 0.64 0.43 0.64 0.91 0.64 1.34 0.64
W4 pre-code W1 0.18 0.64 0.29 0.64 0.51 0.64 0.77 0.64
W5 low-code W2 0.14 0.64 0.23 0.64 0.48 0.64 0.75 0.64
W6 low-code MH 0.11 0.64 0.18 0.64 0.31 0.64 0.60 0.64
S1 low-code S2L 0.13 0.64 0.17 0.64 0.30 0.64 0.50 0.64
RC1 low-code C1L 0.12 0.64 0.15 0.64 0.27 0.64 0.45 0.64
RM1 pre-code RM1L 0.13 0.64 0.16 0.64 0.24 0.64 0.43 0.64
S2 low-code S3 0.10 0.64 0.13 0.64 0.20 0.64 0.38 0.64
S3 pre-code S2L 0.11 0.64 0.14 0.64 0.23 0.64 0.39 0.64
S4 moderate-code S2L 0.20 0.64 0.26 0.64 0.46 0.64 0.84 0.64
RC2 low-code C1M 0.12 0.64 0.17 0.64 0.32 0.64 0.54 0.64
RM2 low-code RM1L 0.16 0.64 0.20 0.64 0.29 0.64 0.54 0.64
RC3 moderate-code C1L 0.16 0.64 0.23 0.64 0.41 0.64 0.77 0.64
RM3 moderate-code RM1L 0.22 0.64 0.30 0.64 0.50 0.64 0.85 0.64

Note: A: median, ¢: log-standard deviation.

Data availability

Data will be made available on request.
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