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Abstract: A simulation-based model designed to conduct in-event simulation for the assessment and quantification of seismic resilience of
communities is presented. The proposed simulation approach employs a dynamic analysis that models the behavior of the community at each
time step as the seismic event occurs (time step in seconds) and as the community recovers after the event (time step in days). The dynamic
nature of the analysis permits explicit consideration of in-event interdependencies that can arise between the physical (i.e., buildings-related)
and social (i.e., injured people-related) systems of the community and provides detailed information about the temporal and spatial distri-
bution of injuries/fatalities during the seismic hazard. The proposed model is modularized into independent simulators that model different
aspects of the studied scenario, including the city layout, seismic hazard, community losses, and physical and social recovery trajectories. The
capability of the proposed simulation model to support hazard mitigation planning was demonstrated through a case study that showed the
trade-off between physical and social costs of various feasible mitigation strategies. DOI: 10.1061/(ASCE)NH.1527-6996.0000413.© 2020
American Society of Civil Engineers.

Introduction

Early models for assessment of earthquake impact on a community
computed loss as a function of high-level parameters. For example,
Chen et al. (1997) proposed an earthquake loss estimation method
based on population distribution and gross domestic product. As it
became clear that economic and social losses were highly depen-
dent on the physical damage caused by an extreme event, the state-
of-the-art evolved toward more-realistic and more-detailed loss
models that explicitly accounted for structural response.

A prominent example of damage-based loss estimation methods
is the HAZUS methodology (FEMA 2003). HAZUS computes
direct and indirect social and economic losses based on building
fragility functions. However, it treats a building as a single-degree-
of-freedom (SDOF) system, which limits the granularity of the
methodology. In particular, losses are assessed at the entire building
level and not at the story level. This limitation was solved by the
FEMA P-58 (FEMA 2012b) methodology by quantifying the per-
formance of each structural and nonstructural component in the
building separately (i.e., different fragilities) in terms of repair time,
repair cost, and casualties.

A number of researchers have developed computational frame-
works using available damage and loss estimation models to assess
earthquake loss and, more broadly, community resilience (Burton
et al. 2016, 2017; Vona et al. 2018; Sutley et al. 2017; Cimellaro
et al. 2016; Kammouh et al. 2018). Miles and Chang (2003, 2006)

proposed a conceptual framework for community recovery, which
was extended into a numerical model implemented in ResilUS
(Miles and Chang 2011). Cimellaro et al. (2010) simplified the
recovery process by defining three types of recovery functions
(linear, exponential, and trigonometric) depending on community
preparedness. Special attention was given to the recovery and resil-
ience of the healthcare system in a community by Kirsch et al.
(2010), Mitrani-Reiser et al. (2012), and Jacques et al. (2014).
Hassan and Mahmoud (2018) developed a framework for the as-
sessment of postearthquake functionality of the hospital system in a
community based on a set of structural and nonstructural parame-
ters. The framework was extended by Hassan andMahmoud (2019)
to address hospital functionality restoration. Other notable frame-
works for community resilience are those of Lin and Wang (2017,
2019) and Masoomi et al. (2018).

Most available frameworks for assessing resilience have key
limitations. Many are based on generic loss estimation models
(e.g., HAZUS) in which each building is simplified to a fragility
curve. Even when finer granularity is taken into account to permit
computation of repair time at the component level (e.g., based on
FEMA P-58), there frequently is insufficient information about the
required number of workers, repair sequences, and delay times
needed for accurate and realistic recovery computations. Most of
the available recovery models do not accurately consider the avail-
ability of resources and the interdependencies between the different
infrastructure systems of society during the recovery stage. In
addition, the majority of existing frameworks are fully integrated
platforms, which makes it difficult to extend them, add new fea-
tures, or expand their capabilities to address new situations.

Two frameworks were proposed to address the aforementioned
shortcomings: IN-CORE, which is being developed by the Center
of Excellence for Risk-Based Community Resilience Planning
(Ellingwood et al. 2016), and the platform developed by Lin et al.
(2019) and applied by Abdelhady et al. (2019). The former is a
modular platform, and the latter also is modular and is based on
a publish–subscribe data management model implemented within
a distributed computing simulation environment. Distributed com-
puting enables executing different models (simulators) across multi-
ple processors (or computers) connected through a communication
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network. The simulation model proposed herein has architectural
similarities to these two platforms.

Unlike most previous approaches, the proposed model employs
a simulation-based dynamic analysis that models the behavior of
the community at each time step as the seismic event occurs (time
step in seconds) and as the community recovers after the event (time
step in days). Therefore, it permits explicit consideration of in-event
interdependencies (i.e., during the hazard as well as the recovery
stage) that can arise between the physical (i.e., buildings-related)
and social (i.e., injured people–related) systems of the community
and provides detailed information about the temporal and spatial dis-
tribution of injuries and fatalities during the seismic hazard. This sort
of data allows emergency teams to better optimize the utilization of
their resources, which results in more-realistic modeling of recovery
trajectories.

Another key innovation in this work is the combination of the
FEMA P-58 (FEMA 2012b) methodology for loss estimation,
which provides detailed information about the spatial distribution
of the seismic losses at the component level, and the REDi model
(Almufti and Willford 2013) for assessment of downtime, repair
schedule, and required number of workers to repair the damaged
buildings at the community level. This combination permits evalu-
ation of the recovery path of the community based on realistic repair
schedules as well as the availability of workers in the community.

This paper describes the new simulation model and showcases
how it can be used to explicitly model in-event interdependencies
that arise between the physical (i.e., buildings-related) and social
(i.e., injured people–related) systems of the community. The
capability of the proposed model to support hazard mitigation plan-
ning was demonstrated through a case study that highlighted the
trade-off between the physical and social costs of different mitiga-
tion strategies.

Simulation Model Overview

The proposed simulation model (Figs. 1 and 2) connects different
simulators that model different aspects of the studied scenario,
including the city layout, seismic hazard, community losses, and
physical and social recovery path simulation. Each simulator can
be replaced with another of higher or lower fidelity as long as it
takes input and provides output in the same format as the original
simulator. For example, the structural analysis simulator computes
the structural responses of the buildings (i.e., output) using the
ground motion parameters from the ground motion simulator
(i.e., input) regardless of the fidelity of the structural model imple-
mented in the structural analysis simulator. It can be as simple as a
two-dimensional (2D) elastic representation of the building or as
detailed as a three-dimensional (3D) inelastic model.

There are two types of connectivity between the simulators: se-
quential and interdependent connectivity. In sequential connectiv-
ity, the simulators are connected in such a way that the data flow in
one direction during each time step. In the latter, the data flow in
two directions between the simulators, meaning that both simula-
tors update each other within a time step to account for mutual in-
terdependencies. There are four types of simulators, based on how
they are connected to the model (Fig. 2): (1) a simulator that runs
once at the beginning of the hazard event and broadcasts initial re-
quired data (i.e., city simulator), (2) simulators that run at every
time step during the earthquake (time step in seconds), (3) simu-
lators that run once at the end of the hazard event to estimate the
initial conditions for the recovery stage (e.g., economic and social
losses), and (4) simulators that run at each time step during the re-
covery stage (time step in days).

Methodology

Problem Setup and Naming Scheme

The city simulator broadcasts information about the community in-
cluding coordinates, elevation, occupancy, material, structural sys-
tem, structural and nonstructural component specifications, and
quantities of all the buildings to all other simulators. It reads this
information from a MATLAB database, providing flexibility in
studying any existing, new, or virtual community if the attributes
are modeled properly in the MATLAB database. To facilitate the
interpretation of building attributes in the studied community, the
buildings are designated ABC-D-E (the naming scheme used by
Sediek et al. 2019), in which A denotes the material, B denotes the
structural system, C denotes the design code, D denotes the number
of stories, and E denotes the occupancy of the building. For exam-
ple, SFC-2-1 is a steel moment frame, old code (pre-1973) 2-story
commercial building. The naming scheme used by the city simu-
lator is listed in Table 1.

Demand and Capacity Computations

The ground motion simulator takes the ground motion history at the
underlying rock or rocklike layer of a recording station as input. It
then performs site response analysis by propagating the ground mo-
tion in both directions (i.e., vertically and horizontally) at each time
step during the earthquake. To propagate the ground motion verti-
cally through different soil layers, the lumped mass-spring analysis
formulated by Idriss and Seed (1968) is used by assuming linearly

Fig. 1. Proposed simulation model overview.
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elastic soil layers. Then, a Newmark-beta scheme is used to solve
the formulated equations of motion. The ground motion history is
scaled using the attenuation relationship proposed by Campbell and
Bozorgnia (2008) to propagate the ground motion horizontally
under each building in the community.

The structural analysis simulator evaluates the dynamic response
of each building in the community using nonlinear dynamic analysis
in OpenSees (McKenna et al. 2000) based on the ground motion
history provided by the ground motion simulator. The structural re-
sponses evaluated by the structural analysis simulator then are used
to evaluate the damage state (DS) of each building in the community
at each time step during the earthquake based on the damage state
limits obtained from HAZUS-MH version 2.1 (FEMA 2003). These
limit states are based on building attributes such as total height,
building area, lateral force resisting system, and the design year.

HAZUS categorizes the building damage into four limit
states: slight, moderate, extensive, and complete. More details
about the description of each damage state were given in FEMA
(2003).

The structural responses evaluated by the structural analysis
simulator also are used by the component damage simulator to
evaluate the damage state of each structural and nonstructural com-
ponent in each building in the community at each time step during
the earthquake (for the noncollapsed buildings) based on the fra-
gility curves specified in the FEMA P-58 database (FEMA 2012a).
The fragility curves of FEMA P-58 are defined using different en-
gineering demand parameters (EDPs), including interstory drift,
floor acceleration, or floor velocity. The seismic fragility functions
of all the components in FEMA P-58 are described by a lognormal
cumulative distribution function (CDF)

Fig. 2. Schematic diagram of the proposed simulation model.

Table 1. Naming scheme of buildings used by city simulator

Material Structural system Design code Occupancy

Label Description Label Description Label Year Label Description

S Steel B Braced frame A >1994 1 Commercial
C Concrete 2 Elementary schools

3 Middle schools
WS Small wood (area < 465m2) F Moment frame B 1973–1994 4 High schools

5 Healthcare
WL Large wood (area > 465m2) 6 Hospitality
RM Reinforced masonry S Shear wall C <1973 7 Residential buildings

8 Research laboratories
URM Unreinforced masonry 9 Retail

10 Warehouse

© ASCE 04020041-3 Nat. Hazards Rev.
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FRðxÞ ¼ Φ

�
ln

�
x
mR

��
βR

�
ð1Þ

where FRðxÞ = fragility function; x = EDP; mR = median capacity;
βR = logarithmic standard deviation; and Φ = standard normal
probability integral.

A random number with a uniform distribution between 0 and 1,
Nij, is generated at the first time step of the simulation for the jth
component of building i. Then the maximum EDP for each damage
state is computed using Eq. (1) (Fig. 3). The expected damage state
of the jth component of building i is evaluated at each time step
during the earthquake for each of the conducted simulations based
on the structural response EDPij, using the following criteria:

No damage if EDPij < EDPDS1

Damage state 1 if EDPDS1 ≤ EDPij < EDPDS2

Damage state 2 if EDPDS2 ≤ EDPij < EDPDS3

Damage state 3 if EDPij ≥ EDPDS3 ð2Þ

Seismic Losses

Seismic losses of buildings are classified into two types: economic
and social losses. Economic losses are expressed in terms of down-
time, repair cost, unsafe placarding status, and amount of debris
resulting from damaged components. Social losses are expressed
in terms of potential injuries and fatalities resulting from the col-
lapse of buildings or damaged structural and nonstructural compo-
nents of the buildings. The casualties and debris are evaluated at
each time step during the earthquake in the casualties and debris
simulators, respectively, whereas the downtime, repair cost, and un-
safe placard simulators evaluate the economic seismic losses once,
at the end of the earthquake (initial conditions for the recovery
stage). The amount of debris generated at each building is calcu-
lated based on the empirical approach proposed by the HAZUS
methodology (FEMA 2003). The debris is classified into two types:
debris that falls in large pieces (e.g., structural elements), and debris
that falls in smaller pieces (e.g., bricks, glass, wood, and so forth).

The repair cost and unsafe placarding status of each building in
the community are calculated probabilistically using the conse-
quence functions specified in the FEMA P-58 database for all struc-
tural and nonstructural components of buildings. The downtime
simulator evaluates the downtime of each building in the commu-
nity using the REDi methodology (Almufti and Willford 2013),
which relates the damage state of structural and non-structural com-
ponents evaluated using FEMA P-58 to actual downtime of build-
ings including both the repair time evaluated by FEMA P-58 and
impeding factors which delay the initiation of repairs to the build-
ings. The impeding factors considered by the REDi methodology
are inspection, financing, contractor mobilization and permitting,
and engineering mobilization and review/redesign. These factors
typically are evaluated probabilistically and are influenced by
the degree of building damage. The downtime simulator constructs
an initial repair schedule for each building in the community con-
sidering the aforementioned impeding factors, the sequence of re-
pairs that will be undertaken (Fig. 4), the number of workers
required to perform repairs of each component type in the building
and the maximum number of workers that are able to work on-site
simultaneously.

The casualties defined in FEMA P-58 are either fatalities or in-
juries (requiring hospitalization) that occur inside the building
envelope. Minor injuries and outdoor casualties were not consid-
ered in the scope of this study. The population distribution in each
building is based on its occupancy (i.e., commercial, schools, etc.)
as specified in FEMA P-58. Thus, the time of day and day of the

Fig. 3. Fragility curves for steel column base plates specified by
FEMA P-58 (B1031.011a).

Fig. 4. Repair schedule of buildings including impeding factors proposed in the REDi methodology. (Data from Almufti and Willford 2013.)
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week of the occurrence of the earthquake are important to accu-
rately evaluate the casualties. In the case of building collapse,
the number of injuries and fatalities is calculated based on the casu-
alty rates specified in HAZUS for Casualty severity levels 3 and 4,
respectively, and the population present in the building at the time
of the earthquake. Casualty severity level 3 is a life-threating injury
that requires hospitalization, whereas Level 4 is a fatality. If col-
lapse does not occur, the number of injuries and fatalities at each
time step during the earthquake is calculated probabilistically using
the consequence functions specified in the FEMA P-58 database, in
which each damage state of the structural and nonstructural com-
ponents includes a description of potential life safety hazards and
the corresponding affected area.

Physical Recovery

It is important to differentiate between two types of community
recovery efforts: physical and social. Physical recovery is defined
as the ability of buildings to recover from the physical damage
caused by the earthquake and return back to full functionality. So-
cial recovery is defined in this work as the ability of injured people
to return to normal health. In the proposed simulation model, each
type of recovery is simulated by different simulators based on the
factors affecting the recovery process.

The first step in simulating the physical recovery of a commu-
nity is to evaluate the initial functionality of each building in the
community immediately after the earthquake. Therefore, the com-
ponents of the buildings are classified into three groups based on
their importance and effect on the functionality of the building:
(1) structural components (S), (2) nonstructural essential compo-
nents (NE), and (3) nonstructural nonessential components (NN).
The first group (S) is the components that directly affect the sta-
bility of the building (e.g., columns, beams, connections, and so
forth). The second group (NE) is those components that impede
reoccupying a building, i.e., Sequences B, C, D, and F, and pipes
from Sequence A defined in the REDi repair sequences (Fig. 4).
The third group (NN) is components that do not prevent reoccu-
pancy of the building, i.e., Sequence A, except pipes, and Sequence
E defined in the REDi repair sequences.

The damage states of structural and nonstructural components in
FEMA P-58 are expressed in discrete states, which are not the same
for all components (e.g., bolted shear tabs have three damage states,
whereas concrete roof tiles have only two damage states). To relate
the DS of the different components of the building to the function-
ality of the building, it is important to have a unified scale to
express the damage of the components. Thus, the repair time re-
quired to recover from each DS of the components is normalized
to the repair time required to recover from the maximum damage
state of the component (designated %RT). Then, Eq. (3) is used to
map the DS of the components to a unified scale of three damage
states. The limits in Eq. (3) are based on the average %RT consid-
ering each DS for components that can be classified into three dif-
ferent damage states according to FEMA P-58 (FEMA 2012a)

DS1∶ 0 < %RT ≤ 30

DS2∶ 30 < %RT ≤ 75

DS3∶ 100 < %RT ≤ 100 ð3Þ

Four functionality states of a building are considered: (1) not
functional (NF), (2) reoccupancy (RO), (3) basic functionality
(BF), and (4) full functionality (FF). NF implies that the building
suffers from extensive structural or nonstructural damage that
threatens life safety. A NF state prevents the building from provid-
ing its intended service. The RO state implies that the building

suffers from minor to moderate structural or nonstructural damage
that does not prevent the occupation of the building. However, RO
prevents the building from providing its full intended service. The
BF state implies that the building suffers from slight structural or
nonstructural damage that does not prevent it from providing its
essential intended services. However, the building does not provide
its full intended services as it did before the occurrence of the earth-
quake due to the ongoing repairs that partially hinder this ability.
The FF state implies that the building does not suffer any damage
after the earthquake, and it can provide its full intended service as it
did before the occurrence of the earthquake. To quantify the seismic
resilience of the community, each physical functionality state,
QpðtÞ, is quantified as 0%, 50%, 80%, or 100% for the NF, RO,
BF, or FF states, respectively, based on the definition of each func-
tionality state described previously. The initial functionality of each
building in the community is related to the level of damage of the
three aforementioned components (S, NE, and NN) in the physical
recovery simulator using the combinations in Fig. 5.

The available resources simulator evaluates the available num-
ber of workers in the community at each time step during the re-
covery stage based on the number of casualties obtained from the
healthcare system simulator. It is assumed that the percentage of
total casualties in the population of the community is the same
as the percentage of casualties in the population of workers. Thus,
the available number of workers increases during the simulation
due to recovery of workers from earthquake-induced injuries.
The physical recovery simulator allocates the limited number of
workers available in the community calculated by the available re-
sources simulator to repair the damaged buildings using the repair
schedule and required number of workers evaluated by the down-
time simulator. The number of workers is allocated to buildings
based on the priority of the building in the community in which
the buildings are prioritized based on their usage and occupancy
level. Usage priority used in this research is as follows: hospitals,
schools, residential houses, commercial buildings, retail, and other
occupancies.

After allocating the available workers to repair the damaged
buildings in the community, the physical recovery simulator returns
a list of buildings that have not been repaired at the current time
step, due to the limited number of available workers, to the down-
time simulator to update their repair schedule. The downtime sim-
ulator sends back the updated schedules to the physical recovery
simulator to be used in the next time step.

The physical functionality of each building in the community
is updated at each time step during the recovery stage based on the
functionality in the previous step and the damage state of different
components in the building. For a building in the NF state, the
physical functionality is restored in two stages. The first stage
is to return to the RO state after finishing the repairs of the com-
ponents specified as Schedules B, C, D, and F, and pipes from
Sequence A in the REDi methodology. The repair sequence of
the different components adopted in the REDi methodology is
summarized in Fig. 4. The second stage is to return to the FF state
after finishing all the required repairs in the building. However,
for a building in the RO or BF state, the physical functionality is
restored in only one stage by returning to the FF state after fin-
ishing all the repairs in the building. Fig. 6 is a schematic diagram
of the physical functionality restoration process. The total physi-
cal functionality of the community QpðtÞ is evaluated at each time
step during the recovery stage as the weighted average of all the
physical functionalities of the buildings in the community at this
time step based on the importance of each building in the com-
munity as follows:

© ASCE 04020041-5 Nat. Hazards Rev.
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%QpðtÞ ¼
P

n
i¼1 Ii ×%QiðtÞP

n
i¼1 Ii

ð4Þ

where %QiðtÞ = functionality of building i in community at time
step t; Ii = seismic importance factor of building i based on its
occupancy as specified in ASCE 7-16 (ASCE 2016); and n = total
number of buildings in community.

Social Recovery

The social recovery of the community is a measure of the number
of casualties in the community with respect to the total population.
Therefore, the first step to simulate social recovery of the commu-
nity is to evaluate the number of injuries that need treatment at each
time step during the recovery stage. At the end of the earthquake
(i.e., the initial time step of the recovery stage), the casualties sim-
ulator evaluates the total number of injuries and fatalities at each
building in the community. Some of the injured will be trapped in
damaged or collapsed buildings (i.e., they cannot be assigned to
hospitals until they are rescued). In the proposed model, 60% of
the injured people are assumed to be trapped and to need rescue
during the recovery stage, as modeled by Fawcett and Oliveira
(2000). The rate at which the trapped, injured people are rescued
during the recovery stage depends on the emergency response capa-
bilities of the community and is an important characteristic of resil-
ient communities. In the proposed simulation model, the daily rate
of rescue of injured people is assumed to be constant. However, it
can be adapted to any other assumption, as discussed by Fawcett
and Oliveira (2000). The other 40% of injured people will be wait-
ing to receive treatment by the hospital system in the community.
The healthcare system simulator assigns the waiting injured people
to hospitals in the community based on the closest hospital to the
building in which the injury occurs and the available number of
beds in the hospital, which is calculated as follows:

BðtÞ ¼ QpðtÞ × Bt − BbðtÞ ð5Þ
where BðtÞ = available number of beds at time t during recovery
stage; QpðtÞ = physical functionality of hospital building evaluated
by the physical recovery simulator; Bt = total number of beds in
hospital before the earthquake; and BbðtÞ = number of filled beds at
time t.

The length of stay for an injured person in the hospital to receive
treatment is modeled as a random variable with lognormal distri-
bution with a median of 13 days and dispersion of 0.4. These num-
bers are based on data regarding postearthquake injuries treated at a

field hospital after the Haiti earthquake in 2010 (Nos 2011). During
the first days after the earthquake, there is a high mortality rate,
which is about 20%–25% according to Coupland (1994). The pro-
posed simulation model considers a constant mortality rate of 3%
per day for untreated injuries, as modeled by Fawcett and Oliveira
(2000). The remaining 97% of untreated injured people will con-
tinue to the next time step to be assigned to hospitals if open beds
are available.

Rescued people with injuries are added to the waiting injured to
be assigned to hospitals in the next time step. Furthermore, it is
assumed that 20% of the waiting injured people who are not as-
signed to hospitals at the current time step will be mobilized to
hospitals in nearby zones to model the fact that injured people usu-
ally are distributed to nearby health care facilities after a seismic
event in cases in which no beds are available in the hospitals in
their zone. Fig. 7 is a schematic diagram of the injury-treatment
process during the recovery stage performed in the healthcare sys-
tem simulator. The social functionality of the community is evalu-
ated at each time step during the recovery stage by the social
recovery simulator as follows:

%QsðtÞ ¼ 100 ×

�
1 −Xn

i¼1

CiðtÞ
�
P

�
ð6Þ

where CiðtÞ = total number of injuries and fatalities at building i at
time step t; and P = total population in the community. The social
functionality of the community will not return to 100% if fatal-
ities occur.

Quantifying Seismic Resilience of Communities

The total functionality of the community is calculated at each time
step during the recovery stage by the total recovery simulator as the
product of the physical and social functionalities as follows:

%QtðtÞ ¼ QpðtÞ ×QsðtÞ ð7Þ

Fig. 5. Combinations used to evaluate the initial functionality of buildings in the physical recovery simulator (the appended number is the damage
state).

Fig. 6. Restoration of building functionality at each time step during
the recovery stage.
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The seismic resilience index of the community (%R) is evalu-
ated as the area under the total recovery path during the recovery
time (Fig. 8), which can be represented mathematically as follows
(Bruneau and Reinhorn 2004, 2007):

%R ¼
R t0þTRE
toE QtðtÞ

TRE
ð8Þ

where t = time during recovery stage; toE = time when earthquake
occurs; TRE = time required by community to restore full function-
ality after the earthquake; and QtðtÞ = total functionality of the
community calculated by Eq. (7).

Case Study: Seismic Resilience of Archetype
Community

Building Portfolio

The proposed simulation model and its capabilities are demon-
strated through a case study that focused on a part of Shelby
County, Tennessee (Fig. 9). It is a typical midsize community with
a population of approximately 40,000 (Statistical Atlas 2018), and
is approximately 14 km2 (5.4 mi2) in area. It consists of about
8,600 buildings with different occupancies, structural systems,
heights, and design codes. The data for the buildings were extracted
from the database provided in Ergo-EQ software version 4.0 Beta 2
(NCSA 2018). The buildings were mapped to 100 different devel-
oped archetype buildings. Table 2 lists the archetype buildings des-
ignated according to the naming scheme described previously and
the total number of each archetype. Most of the buildings were
wooden houses that are typical of US communities.

There were three hospitals that were 2, 4, and 12 stories high
(SFA-2-5, SFA-4-5, and CSA-12-5, respectively). The total number
of beds in the hospitals before the earthquake was 140, 223, and
326 for SFA-2-5, SFA-4-5, and CSA-12-5, respectively, based
on data for hospitals located in Tennessee from the AHD (2018).

The total number of construction workers available in the commu-
nity before the earthquake was 1,400, which was approximately
3.5% of the community’s population, representing the same per-
centage of construction workers in the US population as per data
from the BLS (2018). The buildings were prioritized as mentioned
previously and the buildings with the same priority were repaired
starting from the Midtown area (north side of the community).

Moment-resisting and braced-frame steel structures were as-
sumed to be the same as the archetype buildings designed in NIST
(2010). The seismic demands on the moment-resisting frame build-
ings were assumed to be resisted by the three-bay special moment
frames (SMFs) on the buildings’ perimeter. The behavior of the
moment-resisting frame buildings was modeled using 2D concen-
trated plasticity beam–column elements in OpenSees (McKenna
et al. 2000). The modified Ibarra–Medina–Krawinkler deterioration
model (Ibarra and Krawinkler 2005) was used to represent the

Fig. 7. Schematic diagram for the injury treatment process performed in the healthcare system simulator.

Fig. 8. Evaluation of seismic resilience of a community.
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strength and stiffness deterioration properties due to cyclic loading,
in which the material model parameters were quantified using the
experimental database of Lignos and Krawinkler (2012).

The seismic demands on the braced-frame buildings were as-
sumed to be resisted by one-bay special concentrically braced
frames (SCBF) located on the buildings’ perimeters. The behavior
of the SCBFs was modeled using 2D concentrated plasticity mod-
els (McKenna et al. 2000) in OpenSees. Due to its modular nature,
the proposed simulation model supports the use of detailed struc-
tural models of all of the buildings in the inventory. However, for
the sake of simplicity and to showcase the ability of the proposed
simulation model to accommodate different modeling methods of
the buildings in the community, the other types of buildings were

represented using the fragility curves provided in HAZUS (FEMA
2003). The Normative Quantity Estimation Tool provided in
Volume 3 of FEMA P-58 (FEMA 2012a) was used to evaluate the
nonstructural component quantities and distributions in the buildings.
This tool estimates the quantities of the components likely to be in a
building with a specific occupancy on a gross square-foot basis.

Seismic Hazard

The seismic event was the first horizontal component of the ground
motion record RSN 1961 (PEER 2018) which was recorded at the
Lepanto station near the studied community. The epicenter was lo-
cated at 35°18′N, 90°18′W, and the peak ground acceleration (PGA)

Fig. 9. Archetype community location. (Map data ©2020 Google.)

Table 2. List of building archetypes and total number of each archetype in studied community

Model Total Model Total Model Total Model Total Model Total

CFB-2-1 2 CSC-20-1 1 RMC-2-2 1 SFC-2-1 5 WLC-2-9 5
CFB-2-10 1 CSC-20-8 1 RMC-2-7 1 SFC-4-1 1 WLC-2-7 177
CFB-2-9 4 CSC-2-1 1 RMC-2-9 3 URMB-2-7 1 WLC-3-1 4
CFB-6-1 2 CSC-2-2 1 SBA-2-1 1 URMC-2-6 1 WLC-3-7 2
CFB-8-1 1 CSC-2-7 1 SBA-2-10 14 URMC-2-1 220 WSA-1-7 11
CFC-12-10 1 CSC-2-9 4 SBA-2-9 2 URMC-2-7 105 WSA-2-7 93
CFC-12-7 1 CSC-4-2 3 SBA-4-9 5 URMC-2-10 60 WSA-3-7 209
CFC-2-1 7 CSC-4-7 2 SBB-2-1 1 URMC-2-2 1 WSB-1-1 1
CFC-2-10 4 CSC-6-1 1 SBB-2-10 9 URMC-2-9 64 WSB-1-10 8
CFC-2-7 29 CSC-6-7 1 SBB-2-9 7 URMC-4-7 139 WSB-1-7 1
CFC-2-9 2 CSC-8-1 1 SBC-2-1 8 URMC-4-10 15 WSB-1-9 60
CFC-4-1 3 CSC-8-7 3 SBC-2-10 51 URMC-4-2 4 WSB-2-7 3
CFC-4-7 1 RMA-2-1 1 SBC-2-9 8 URMC-4-1 2 WSC-1-9 172
CFC-6-1 1 RMA-2-7 3 SBC-4-1 40 URMC-4-9 6 WSC-1-10 25
CFC-6-7 2 RMA-2-9 2 SBC-4-10 6 URMC-6-1 11 WSC-1-1 1
CFC-8-7 1 RMA-4-1 10 SBC-4-9 4 URMC-6-10 1 WSC-1-7 4,671
CSA-12-5 1 RMB-2-1 1 SFA-2-5 1 WLA-2-7 2 WSC-2-1 5
CSA-2-9 1 RMB-2-9 2 SFA-4-5 1 WLB-2-1 3 WSC-2-9 1
CSB-20-1 1 RMB-4-1 11 SFB-2-1 1 WLB-2-7 4 WSC-2-7 2,156
CSC-12-7 2 RMC-2-1 1 SFB-2-7 1 WLC-2-1 4 WSC-3-7 1
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was scaled at each building location to meet the PGA for a Mw7.7
earthquake scenario specified by the USGS (2018) for the studied
region. The spatial distribution of the PGA at the buildings location
in the studied community is shown in Fig. 10. The earthquake event
was assumed to occur on a weekday at 8:00 p.m. For the sake of
simplicity, vertical propagation of the ground motion was not con-
sidered in the demonstrated case study.

Results and Discussion

To account for the many uncertainties inherent in the factors affect-
ing the different types of losses after a seismic event, the FEMA
P-58 methodology (FEMA 2012a) and thus the proposed model
uses a Monte Carlo procedure to perform loss calculations. The
proposed simulation model is computationally demanding and
therefore was implemented and run within a parallel computing
environment. The computational time for running 100 Monte Carlo
simulations for the presented case study was about 10 h on a per-
sonal computer with four cores and 32 GB RAM. The number of

Monte Carlo simulations was selected based on a sensitivity study
in which the number of simulations progressively increased until
convergence occurred (after 150 simulations). Convergence was
deemed to occur when changes in the range, mean, and standard
deviation of the recovery time (TRE) and resilience index (%R) did
not exceed 10%. The sampling was performed based on the distri-
bution properties of each component specified in the FEMA P-58
methodology (FEMA 2012b). Fig. 11 shows the evolution of
trapped and free individuals with injuries during the earthquake
for an arbitrary Monte Carlo simulation in two areas of the studied
community, namely Midtown and Central Gardens (Fig. 9). No in-
juries occurred in either areas during the first few seconds. How-
ever, by 30 s into the simulation, about 150 people were trapped
and had injuries in Midtown. By 60 s, the number increased to
1,100. Dynamic analysis implemented in the proposed simulation
model provides step-by-step information about injuries, which can
help rescue and medical teams better plan their first response efforts
during simulation exercises. For longer-duration events (such as
hurricanes), in which actual models are being used during the event
itself, data of this sort can be used to optimize first-response oper-
ations, emphasizing the importance of dynamic analysis.

Most of the buildings were in the none to moderate damage
states (75.6%), which indicates that the studied community per-
formed relatively well under the seismic event. About 9.5% of
the buildings suffered complete collapse. Table 3 lists the mean
percentage of collapsed buildings with respect to building material,
design code, and building occupancy. Most of the collapsed build-
ings were wood buildings (67.1%), which represented the majority
of the buildings in the studied community. No steel buildings
collapsed during the studied earthquake, whereas 3.2% of the
collapsed buildings were RC buildings. Almost all the collapsed
buildings were those designed according to old codes (pre-1973
buildings) emphasizing the relatively high vulnerability of older,
unretrofitted buildings in modern communities. Most of the col-
lapsed buildings were residential buildings, which represented
the majority of the building inventory.

The majority of the casualties associated with earthquakes result
from the collapse of buildings. As reported by Nobuhara et al.
(2000), about 90% of the casualties that resulted from the 1995
Kobe earthquake were due to collapsed buildings. This is in accord
with the results of the proposed model, in which 93% of the casu-
alties in the studied community occurred in collapsed buildings,
whereas the other 7% were caused by falling components inside

Fig. 10. Spatial distribution of the PGA at the buildings location in the
studied community.

Fig. 11. Evolution of trapped and free injuries during the earthquake for an arbitrary Monte Carlo simulation in two areas of the studied community.
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the noncollapsed buildings. The percentage of casualties in RC
buildings was relatively high compared with that in wood buildings
(Table 3). Approximately 98% of the casualties occurred in build-
ings designed according to old codes (pre-1973 buildings), again
emphasizing the higher vulnerability of older, unretrofitted buildings

in modern communities. As noted previously, the earthquake event
was assumed to occur on a weekday at 8:00 p.m., which implies that
most of the population was in residential buildings rather than other
types of buildings. Consequently, most of the casualties (91.5%)
were located in residential buildings.

Fig. 12 shows the spatial distribution of the physical function-
ality of the buildings during the recovery stage immediately after
the earthquake and at three different times for one arbitrary Monte
Carlo simulation. A significant number of buildings regained their
functionality in the first 60 weeks (∼1.2 years) after the earthquake.
This relatively rapid recovery in functionality is attributed to the
fact that buildings with high repair priority and lower damage states
have relatively low delay time. However, after the first 60 weeks,
repair of the buildings with lower priority and higher damage states
(thus requiring longer repair times) started, contributing to the
plateau in the recovery trajectory in Fig. 13(a). The mean restora-
tion period of full physical functionality for the studied community,
TRE, was approximately 240 weeks (∼4.6 years). The recovery
clouds in Fig. 13(a) show the range of possible recovery trajecto-
ries, taking into consideration the inherent uncertainties in the pro-
posed methodology. To improve the recovery of the studied
community in response to earthquakes, several mitigation actions
were considered and evaluated, as discussed subsequently.

Evolution of the social functionality of the studied community
is shown in Fig. 13(b). During the first few weeks, the mean num-
ber of treated injuries in the local hospitals was relatively low

Fig. 12. Spatial distribution of the functionality of the buildings in the studied community for one arbitrary Monte Carlo simulation: (a) immediately
after the earthquake; (b) after 30 weeks; (c) after 60 weeks; and (d) after 240 weeks.

Table 3. Distribution of building collapse and casualties with respect to
building characteristics in studied community

Building
attribute

Building
characteristics

Collapsed
buildings (%)a

Casualties
(%)b

Building
material

RC 26 (3.2) 715 (19.1)
Reinforced masonry 3 (0.4) 22 (0.6)
Unreinforced masonry 239 (29.3) 655 (17.5)

Wood 546 (67.1) 2,352 (62.8)

Design code New (Code A) 2 (0.2) 11 (0.3)
Moderate (Code B) 9 (1.1) 82 (2.2)

Old (Code C) 803 (98.7) 3,651 (97.5)

Building
occupancy

Commercial 56 (6.9) 15 (0.4)
Residential 670 (82.4) 3,426 (91.5)

Retail 61 (7.5) 300 (8.0)
Warehouse 27 (3.2) 3 (0.1)

aNumbers without parenthesis are the number of buildings. Whereas, the
numbers with parenthesis are their percentages in the community (%).
bNumbers without parenthesis are the number of casualties. Whereas, the
numbers with parenthesis are their percentages in the community (%).
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(approximately 120 injuries) because of the loss of functionality of
the hospitals due to physical damage. However, as time progressed,
the hospitals regained their functionality and the mean number of
treated injuries increased gradually to 240 injuries. After that, pa-
tients with injuries started to regain their health and leave the hos-
pitals, allowing others to receive treatment. Thus, the mean number
of treated injuries decreased gradually until it reached 0 at 30 weeks
after the earthquake (∼7 months). In addition, Fig. 13(b) shows the
evolution of the total injuries in the studied zone during the recovery
stage. The decrease in the first few weeks was due to the 20% un-
treated injuries sent to nearby zones, as discussed previously. The
number of fatalities increased during the first 7 weeks from 300 fatal-
ities immediately after the earthquake to over 500 because of the
daily mortality rate of untreated injuries, as discussed previously.

A key design feature of the proposed simulation model is that it
operates in a plug-and-play sense to facilitate studying the effects of

interdependencies between the different systems of the community.
To showcase this important capability, Fig. 14 plots the mean total
recovery trajectory of the community without considering the inter-
dependency between physical recovery and available number of
workers in the community. This simulation was achieved by simply
unplugging the available resources simulator from the model
(no interdependency) compared with the normal case in which all
the interdependencies were considered (interdependency). Consid-
ering the interdependency between the physical recovery and avail-
able number of workers in the community delayed the recovery of
the community and shifted the recovery trajectory to the right,
which reduced the resilience index of the community from 90%
to 81% (10% reduction). This reduction in the community resil-
ience index is demonstrated by the shaded area under the recovery
trajectory in Fig. 14. A fixed time frame must be used in Eq. (8) to
be able to use the computed community resilience index (%R) as a
metric to compare resilience for different cases. Thus, TRE in
Eq. (8) is the maximum recovery time between the two compared
trajectories (i.e., 240 weeks). In addition, the mean restoration
period of full functionality for the community, TRE, decreased from
240 weeks (∼4.6 years) when considering the interdependency to
only 150 weeks (∼2.9 years) when neglecting the interdependency,
which is a substantial difference in recovery time (∼38%).

Effectiveness of Hazard Mitigation Plans

To further demonstrate the capability of the proposed simulation
model to support hazard mitigation planning, a sensitivity study
was performed to examine the effect of prehazard and posthazard
mitigation actions on the response of the studied community to
earthquakes. Prehazard mitigation actions are defined as those
taken before an extreme event to mitigate the effect of the hazard.
Posthazard mitigation actions are those taken at certain times dur-
ing the recovery process to provide a better recovery trajectory. Ac-
cordingly, three mitigation actions were considered in this study
and applied to the studied community through the proposed model.
The selected actions are representative of a multitude of actions that
could be taken and were used to showcase the capability of the
developed simulation model.
• Action A: a prehazard mitigation action through a community-

wide residential building retrofit plan that entails upgrading the
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Fig. 13. (a) Physical recovery trajectories for conducted Monte Carlo simulations and the mean recovery trajectory for the studied community
(shaded area represents the recovery clouds); and (b) mean number of casualties versus time during the recovery stage of the studied community.

Fig. 14. Effect of the interdependency between physical recovery and
availability of resources in the community during the recovery stage.
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seismic resistance of all residential buildings that were built ac-
cording to design codes prior to 1973 (Code C buildings) to a
current design level (Code A buildings);

• Action B: a posthazard mitigation action that entails increasing
the number of workers to 3,000 (i.e., requesting more workers
from a nearby state) starting 2 months (60 days) after the earth-
quake; and

• Action C: both Actions A and B.
Fig. 15(a) shows the mean number of buildings in different dam-

age states under normal conditions and after applying Action A.
Upgrading the seismic design of residential buildings reduced
the mean number of collapsed buildings from 814 to 298 collapsed
buildings (64% reduction). The mean number of buildings in the
none to moderate damage states increased from 6,473 to 7,921
buildings (22% increase). The mean number of collapse-related
casualties decreased significantly from 3,700 to 1,500 (a 59% re-
duction) [Fig. 15(b)]. Clearly, Action A is quite effective in reduc-
ing earthquake losses.

Fig. 16(a) plots the mean total recovery trajectory of the studied
community before and after applying the mitigation actions. With
Action A, the initial total functionality of the community immedi-
ately after the earthquake increased significantly from 31% to 50%.
The mean restoration period to maximum total functionality, TRE,
decreased from 240 weeks (∼4.6 years) to 160 weeks (∼3.0 years).
Applying Action B did not affect the initial total functionality of the
community immediately after the earthquake. However, the mean
restoration period to maximum total functionality, TRE, decreased
from 240 weeks (∼4.6 years) to 170 weeks (∼3.2 years). Action C
increased the initial total functionality and decreased the mean re-
storation period to maximum total functionality for the studied
community, TRE, from 240 weeks (∼4.6 years) to 120 weeks
(∼2.3 years), which was the best among all the considered mitiga-
tion actions.

Fig. 16(b) shows the resilience index (%R) for different cases of
the studied community. The recovery time, TRE, used in Eq. (8) to
evaluate %R is the maximum recovery time between the compared
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trajectories, as discussed previously (i.e., 240 weeks). Applying the
pre- and posthazard mitigation actions improved the resilience of
the studied community. Action A increased%R from 81% to 92% a
13% improvement in community resilience. Action B increased
%R from 81% to 89%, a 9% improvement in community resilience.
Action C increased %R from 81% to 94%, a 16% improvement in
community resilience.

Choosing the appropriate mitigation strategy depends on many
factors which are community-specific, beyond just the resilience
index (%R). One of these factors is the initial investment required
for each plan (e.g., the cost of upgrading the design of current
buildings versus repairing them after a seismic event). Another fac-
tor is the social aspect of the problem. For example, Action B pro-
vides a comparable enhancement to that of Action A in regard to
the resilience index (%R) of the community. However, it produces
more casualties than Action A, which may motivate decision mak-
ers to choose Action A or Action C.

Simulation Model Limitations

Although the proposed simulation model combines the physical
aspect of community resilience (related to the buildings) and the
social aspect (related to the injuries/fatalities), other critical dimen-
sions of community resilience were been accounted for in this
study. For example, bridge and transportation network damage
can affect traffic flow and, therefore, access to healthcare facilities.
Lifelines, such as power, gas, and water systems, also can pro-
foundly influence resilience and the recovery trajectory. Further-
more, the social vulnerability is expressed in terms of injuries
and fatalities only. However, there are other short- and long-term
social vulnerability indicators that affect the resilience of commun-
ities, including relocation, business disruption, job loss, supply dis-
ruption, family stress, and neighbor disruption that are out of scope
of the current study. These aspects of community resilience can
be accounted for in the future through the addition of relevant sim-
ulators. Furthermore, the presented results and mitigation strategies
were based on the assumptions discussed previously related to the
building portfolio, components, and ground motion scenario.
Clearly, the results (i.e., building collapse, injuries, and recovery
outcomes) will change when using different points for fault rupture
or a different city. However, the proposed model allows for the abil-
ity to evaluate multiple scenarios and strategies, providing the nec-
essary data to make informed decisions.

Summary and Conclusions

This study proposes a simulation-based model for the assessment
and quantification of seismic resilience of communities. The pro-
posed model is modularized into independent simulators, each rep-
resenting an aspect of the overall problem. The system is designed
to step through time as the seismic event occurs (time step in sec-
onds) and as the community recovers after the event (time step in
days). Due to its modularized nature, the proposed simulation
model can combine two different aspects of community recovery
to quantify the seismic resilience of communities: physical and so-
cial recovery.

The proposed model was demonstrated through a case study in
which a part of Shelby County, Tennessee, was subjected to a
Mw7.7 earthquake located northwest of Memphis. The results
showed that the physical recovery of the studied community
was substantially slower than the social recovery. To demonstrate
the capability of the proposed simulation model in supporting haz-
ard mitigation planning, a study was performed to examine the

effect of different mitigation strategies on community resilience.
Three different mitigation actions were studied and applied through
the proposed model. The results of the case study showed that up-
grading the seismic resistance of residential buildings to current
codes improved the seismic resilience of the studied community
by 10%, whereas increasing the number of workers from 1,400
to 3,000 during the recovery stage improved the seismic resilience
of the studied community by 7.5%.

The proposed simulation model has a number of key advantages
that make it well suited for community resilience computations.
First, it provides fine granularity by allowing for separate treatment
of each building in the community. Building seismic performance
is used to calculate economic and social losses, both of which are
handled in an integrated manner within the model. Second, due to
its modularized nature, the proposed model is scalable and adapt-
able. It is designed to operate within a plug-and-play environment
and, therefore it facilitates the improvement/substitution of any
discipline-specific simulator without affecting the other simulators.
Third, the ability to conduct in-event simulation (by explicitly step-
ping through time) allows for full consideration of the interdepen-
dencies that arise between the different systems of society. For
instance, without in-event simulation, it is not possible to consider
the effect of the physical recovery of the hospitals on social recov-
ery as it pertains to injuries. Increasing the number of workers at a
certain time during the recovery stage is straightforward using the
current configuration. The proposed simulation model is a key step
toward quantifying the seismic resilience of communities based on
detailed loss estimation models as well as recovery models that
consider the effect of multiple interdependencies between different
systems of the community.
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