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ABSTRACT
A performance-based recovery modeling framework is presented, which begins with a
characterization of the spatial distribution of ground shaking for a given seismic event.
Probabilistic assessment of building-level damage is described using limit states that inform postearthquake functionality, inhabitability and repairability. These recovery-based limit states serve
as the primary attribute in two alternative types of utility-based models, which are used to account
for the effect of household decision-making on the progression of housing recovery over time.
Stochastic simulation models are used to probabilistically quantify building level recovery
trajectories while considering influencing factors such as lifeline damage and restoration, available
resources and other social recovery actors (e.g. local and federal aid).
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A Performance-Based Post-Earthquake Housing Recovery Model
Henry V. Burton1 and Hua Kang2
ABSTRACT
A performance-based recovery modeling framework is presented, which begins with a
characterization of the spatial distribution of ground shaking for a given seismic event. Probabilistic
assessment of building-level damage is described using limit states that inform post-earthquake
functionality, inhabitability and repairability. These recovery-based limit states serve as the primary
attribute in two alternative types of utility-based models, which are used to account for the effect of
household decision-making on the progression of housing recovery over time. Stochastic simulation
models are used to probabilistically quantify building level recovery trajectories while considering
influencing factors such as lifeline damage and restoration, available resources and other social
recovery actors (e.g. local and federal aid).

Introduction
Following a large-scale earthquake, federal, state and local government officials often intervene
to facilitate the recovery of the functionality and well-being of the residential districts, which
represent the mainstay of communities. Prior research has demonstrated that both pre- and postevent planning are needed to bring about desirable post-event recovery outcomes. Simulation
modeling is one of the many tools that can be used to inform this process by enabling managers
and planners to quantify the benefits and tradeoffs associated with possible interventions. A
performance-based post-earthquake housing recovery model is therefore proposed, which
integrates probabilistic assessment of building performance limit states with the spatiotemporal
representation of homeowner repair and reoccupation decisions and broader factors such as
demographics and infrastructure services, to quantify jurisdictional-scale housing recovery trends.
Performance-Based Recovery Modeling Framework
Framework Overview
Figure 1 shows a schematic illustration of the performance-based recovery modeling
framework. First, seismic hazard analysis is used to characterize the joint occurrence of ground
motion shaking intensities at the sites of the individual buildings in the study-region. Probabilistic
building performance is described using limit states that are explicitly linked to post-earthquake
recovery and functionality (e.g. functionality, occupiability and repairability). Household
decision-making is modeled using theoretical deterministic or empirical probabilistic utility
functions. Community recovery trajectories are generated by using a stochastic process model with
temporal parameters that are statistically linked to endogenous and exogenous factors that
influence the pace of recovery. Models for simulating the spatial distribution of shaking intensities
(the first step in the recovery modeling framework) are fairly well established and are therefore
not addressed further in this paper. The building performance assessment, decision-modeling and
stochastic recovery simulation model are discussed in the next three sub-sections.

Figure 1 Overview of performance-based housing recovery model
Damage Assessment
A probabilistic assessment of four discrete “recovery-based” building performance limit states is
a key step in the proposed recovery modeling methodology. Each limit state is related to a unique
combination of decisions and actions needed to restore residential building functionality. The first
limit state, functional loss, refers to the condition where the building is structurally safe, occupiable
and accessible but has experienced service disruptions. The uninhabitable limit state is used to
represent a building that is either inaccessible or unsafe to occupy following an earthquake due to
structural and/or non-structural damage. Repair of safety- and accessibility-related damaged
components is needed to make the building inhabitable and functionality is restored with the
reestablishment of lost services. A building that is damaged to the extent that repair becomes
technically or economically infeasible, necessitating demolition and replacement is represented
using the irreparable limit state. The collapse (partial or complete) limit state also triggers complete
building replacement and is also relevant to incorporating the effect of injuries and fatalities on
household recovery.
The current framework uses fragility functions to link earthquake shaking intensity to the
probability of exceeding each of the building performance limit states described in the previous
section. These fragility functions for individual buildings can be developed using performancebased assessments, which combine hazard characterization, structural response simulation and
component-level damage assessments [1]. Risk modeling platforms such as HAZUS [2] use
damage fragility functions that relate earthquake ground shaking intensity to building damage.
These “loss-based” damage states are used to compute direct economic losses that result from
having to repair or replace damaged buildings. The damage states, which include slight, moderate,
extensive and complete damage, are classified based on construction type and described in terms
of the type and extent of physical damage to the building. A second but supplemental approach to
establishing the fragility functions for the recovery-based limit states is also proposed. In this
alternative approach, fragility function parameters from the loss-based damage states are mapped

to those of the recovery-based limit states. The details of the limit state fragility mapping approach
are described in [3].
Decision Model
Faced with damage to property
and
their
surrounding
environments, the household
must decide on an appropriate
course of action. Figure 2 shows
an event tree with some examples
of possible recovery actions for a
single-family home conditioned
on the extent of damage, as
measured by the recovery-based
building performance limit states
described in the previous section.
Each of these actions has strong
implications to recovery at the
household, neighborhood and
Figure 2 Modeling household decision-making in the
community levels. For example,
post-earthquake environment
the actions and time-to-recovery
for a single-family residence
where the household chooses to repair and reoccupy their home following an earthquake will be
different from the case where the house is sold without conducting repairs. Likewise, a home that
is abandoned will have a different recovery trajectory than the previous two.
The
attractiveness of an alternative is determined based on a set of exogenous and endogenous
attributes related to the household and the community in which it resides.
The performance-based recovery modeling framework uses utility-based rules as the basis for
household decision-making. Utility values are computed from empirical or theoretical utility
functions. Theoretical utility functions are prescribed based on knowledge of the risk preference
of the decision-maker and typically do not rely on data. Empirical utility functions incorporate
parameters which are derived from statistical analysis using data obtained from surveys of
households that have experienced a real or simulated earthquake. More details on the decision
model can be found in [3].
Stochastic Process Model for Simulating Post-Earthquake Recovery Trajectories
Two types of stochastic process models—discrete-time, state-based and time-based—can be used
to generate recovery trajectories for earthquake-impacted buildings and households, while
explicitly accounting for the myriad of internal and external factors that affect the pace of recovery.
The formulation of either of the two stochastic process models starts with defining the discrete
states used to represent the recovery trajectory. These states can be characterized based on
functionality or recovery activities.
Figure 3 shows a conceptual deterministic step function (or recovery path), which can be used to
describe the recovery of an earthquake-impacted building using discrete functioning states and the

time spent in each
state. For illustration
purposes, the recovery
states are described in
terms of the activities
that are needed to
recover.
The
continuous stochastic
recovery function is
also
conceptually
illustrated in Figure 3.
The basic assumption
in the model is that
there is a probabilistic
relationship between
Figure 3 Stochastic process post-earthquake recovery model
various
exogenous
and
endogenous
factors and the time to complete a recovery process. The probabilistic transition through the
discrete recovery states could be represented by a “purely empirical” (or empirically-based) model,
which uses a theoretical probability distribution (e.g. exponential, lognormal) for the state duration
with parameters that are statistically linked to factors known to affect this duration. Alternatively,
the probabilistic recovery state durations can also be captured in the simulation-based model,
which, as described later, incorporates a more explicit representation of these influencing factors.
Conclusion
The efficacy of various types of intervention measures (e.g. increasing structural robustness of
building stock, facilitating post-earthquake reconstruction) aimed at enhancing the seismic
resilience of communities can be evaluated ahead of time by using simulation models to quantify
their benefits and tradeoffs. Towards this end, a performance-based post-earthquake model is
presented in this paper. Probabilistic building performance limit states are coupled with utilitybased models to integrate damage assessment and household decision-making into a postearthquake recovery model. A stochastic process model is used to represent the probabilistic
transition of individual buildings from lower to higher states of recovery, while accounting for a
broad range impeding and or beneficial factors.
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