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The concepts of disaster resilience and its quantitative evaluation are presented and a unified terminology
for a common reference framework is proposed and implemented for evaluation of health care facilities
subjected to earthquakes. The evaluation of disaster resilience is based on dimensionless analytical
functions related to the variation of functionality during a period of interest, including the losses in the
disaster and the recovery path. This evolution in time including recovery differentiates the resilience
approach from the other approaches addressing the loss estimation and their momentary effects. The
recovery process usually depends on available technical and human resources, societal preparedness,
public policies and may take different forms, which can be estimated using simplified recovery functions
or using more complex organizational and socio-political models. Losses are described as functions
of fragility of systems that are determined using multidimensional performance limit thresholds. The
proposed framework is formulated and exemplified for a typical Californian Hospital building using
a simplified recovery model, considering direct and indirect losses in its physical system and in the
population served by the system. A hospital network is also analyzed to exemplify the resilience
framework. Resilience function captures the effect of the disaster, but also the results of response and
recovery, the effects of restoration and preparedness. Therefore, such a function becomes an important

tool in the decision process for both the policy makers and the engineering professionals.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Over the past years the natural and man-made disasters with
which the human society had to cope with had stressed the neces-
sity to be prepared and to be able to recover in a short time from
a sudden and unexpected change in the community’s technical,
organizational, social and economical condition. The concepts of
‘risk reduction’, ‘vulnerability’, ‘recovery’ and ‘resilience’ have be-
come keywords when dealing with hazardous events, but there is
a need to go beyond the intuitive definition and provide a quanti-
tative evaluation of them. When a disaster strikes, the community
affected requires immediate help to survive, resources, and efforts
to recover in a short time. In other words, the community needs
to be “prepared” and less “vulnerable”, in order to achieve a high
‘resilience’.

The outcomes of the 2005 World Conference on Disaster
Reduction (WCDR) confirmed the importance of the entrance of
the term resilience into disaster discourse and gave birth to a
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new culture of disaster response. Resilience, according to the
dictionary, means “the ability to recover from (or to resist being
affected by) some shock, insult or disturbance” and the root of
the term has to be found in the Latin word ‘resilio’ that literary
means ‘to jump back’. Manyena [1], evaluating all the possible
definitions provided from the 90’ to nowadays, suggests that
Resilience could be viewed as the “intrinsic capacity of a system,
community or society predisposed to a shock or stress to adapt and
survive by changing its non-essential attributes and rebuilding itself™”.
As regards its relationship with the concept of vulnerability, it
can be accepted that the latter is closely associated to the level
of resilience, but it is a complementary aspect of the community
preparedness.

Emphasizing the concept of resilience means to focus on the
quality of life of the people at risk and to develop opportunities to
enhance a better outcome. In contrast, the vulnerability approach
places stress on the production of nature [2] to resist the natural
hazard. Engineers, guided by legislation, play a guiding role in the
quantification of vulnerability. In order to understand better the
relationship between vulnerability and fragility, it is convenient to
focus on the field of seismic engineering. Given a certain control
parameter (e.g. the shaking intensity), vulnerability defines the
loss while fragility gives the probability of some undesirable event
(e.g. collapse). Thus, fragility functions may assess the probability
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that a building will collapse, as well as that a factory may release
hazardous materials into the atmosphere, given a certain seismic
intensity. On the other side, vulnerability functions would provide
as a function of the same control parameter the damage factor
for the building (e.g. valuated as the repair cost divided by the
replacement cost) or the quantity of hazardous materials released.
In the last years, as the idea of the necessity of building disaster-
resilient communities gains acceptance, new methods have been
proposed to quantify resilience beyond estimating losses. Because
of the vastness of the definition, resilience necessarily has to take
into account its entire complex and multiple dimensions, which
includes technical, organizational, social, and economic facets.
Bruneau et al. [3,4] offered a very broad definition of resilience to
cover all actions that reduce losses from hazard, including effects
of mitigation and rapid recovery. However, Bruneau et al. [3,4]
defined a fundamental framework for evaluating community
resilience without a detailed quantification and definition.

After the general framework provided by Bruneau et al. [3]
various studies have been carried out, with the goal of practically
evaluating the concept of resilience and identifying the main units
of measurement of it.

Miles and Chang [5] present a comprehensive conceptual model
of recovery, which establishes the relationships among a commu-
nity’s household business, lifeline networks, and neighborhoods.
The primary aim is to discuss issues of community recovery and
to attempt to operationalize it. Even if a measure of resilience is
not provided in their work, the paper points out the necessity to
correlate the concept of recovery to real factors, such as the house-
hold object, whose attributes are the income, the year the building
of residence was built, and the possible existence of any retrofit
building.

Davidson and Cagnan [6] developed a model of the post-
earthquake restoration processes for an electric power system.
A discrete event simulation model based on available data was
built, with the goal of improving the quantitative estimates of
restoration times that are required to evaluate economic losses,
and identify ways to improve the restoration processes in future
earthquakes.

Chang and Shinozuka [7] contribute to the literature on disaster
resilience discussing a quantitative measure of resilience based on
the case study of the Memphis water system. They explored the
extent to which loss estimation models can be used to measure
resilience.

Cimellaro et al. [8], attempted to formulate the first framework
to quantify resilience, however only the uncertainties of the
intensity measure I were considered, whereas in the framework
proposed in this work all other uncertainties are involved.

Bruneau and Reinhorn [4] for the first time relate probability
functions, fragilities and resilience in a single integrated approach
for acute care facilities. After having defined the main properties
and concepts of resilience, two different options to quantify
the disaster resilience of acute care facilities are exposed as
the percentage of healthy population and as the number of
patients/day that can receive service.

While this literature survey is by no mean comprehensive, it is
presented here to highlight several distinct techniques, and set the
stage for future developments in this work.

The goal of this paper has been to provide a framework for
quantitative definition of resilience using an analytical function
that may fit both technical and organizational issues showing two
applications to health care facilities of the methodology.

2. Definitions and formulations

To establish a common framework for resilience, a unified
terminology is proposed, while the fundamental concepts are
analyzed and presented in this paper.

Definition 1. Resilience (R) is defined as a function indicating the
capability to sustain a level of functionality or performance for
a given building, bridge, lifeline networks, or community, over a
period defined as the control time (T;¢) that is usually decided by
owners, or society (usually is the life cycle, life span of the system
etc.).

Definition 2. The recovery time (Tgg) is the period necessary
to restore the functionality of a structure, an infrastructure
system (water supply, electric power, hospital building, etc., or a
community), to a desired level that can operate or function the
same, close to, or better than the original one.

The recovery time Tgg is a random variable with high uncertainties
that includes the construction recovery time and the business
interruption time and it is usually smaller than the control time
Tic. It typically depends on the earthquake intensities and on
the location of the system with its given resources such as
capital, materials and labor, following the major seismic event.
For these reasons, this recovery time is the most difficult quantity
to predict in the resilience function. Porter et al. [9] attempted
to make a distinction between downtime (recovery time) and
repair time, and tried to quantify the latter. In that work, damage
states were combined with repair duration, and with probability
distributions to estimate assembly repair durations. While the
previous definitions apply to structures, infrastructure, or societal
organizations, a more general application of such definitions is for
“disaster resilient communities”.

Definition 3. Disaster resilient community is a community that
can withstand an extreme event, natural or man made, with a
tolerable level of losses, and is able to take mitigation actions
consistent with achieving that level of protection [10].

Using MCEER (Multidisciplinary Center of Earthquake Engineering
to Extreme Event) terminology, the seismic performance of the
system is measured through a unique decision variable (DV)
defined as “Resilience” that combines other variables (economic
losses, casualties, recovery time etc.) which are usually employed
tojudge seismic performance. This Resilience is defined graphically
as the normalized shaded area underneath the functionality
function of a system, defined as Q(t). Q(t) is a non-stationary
stochastic process and each ensemble is a piecewise continuous
function as the one shown in Fig. 2(a), where the functionality Q (t)
is measured as a dimensionless (percentage) function of time. For a
single event, Resilience is given by the following equation [4,8,11]

top+Tic
R= / Q(0)/Tycdt (1
toE
where
Q(t) = [1—Ld, Tge)][H (t — tog) — H (t — (tor + Tre))]
X frec (t, to, Tre) (2)

where L(I, Tgg) is the loss function; frec(t, tor, Tre) is the recovery
function; H() is the Heaviside step function, T is the control time
of the system, Tgg is the recovery time from event E and; tyg is the
time of occurrence of event E.

2.1. The four dimensions of resilience

While defining Resilience is clearly challenging, identifying the
features of organizations and other social units that make them
resilient is even more difficult. Resilience is an important concept
for disaster managements of complex systems. Researchers at the
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MCEER [3,8,11] have identified four dimensions along which re-
silience can be improved. These are robustness, resourcefulness, re-
dundancy, and rapidity. These dimensions can be better understood
by looking at the functionality curve shown in Fig. 2.

Rapidity is the “capacity to meet priorities and achieve goals
in a timely manner in order to contain losses and avoid future
disruption” [3]. Mathematically it represents the slope of the
functionality curve (Fig. 2(a)) during the recovery-time and it can
be expressed by the following Eq. (3)

dQ(t
Rapidity = —%E );

for tor <t < tor + Tre (3)
where d/dt is the differential operator; Q(t) is the functionality
of the system. An average estimation of rapidity can be defined by
knowing the total losses and the total recovery time to reach again
100% of functionality, as follows

L
Rapidity = . (average recovery rate in percentage/time) (4)

RE
where L is the loss, or drop of functionality, right after the extreme
event.

Robustness referring to engineering systems is, “the ability of
elements, systems or other units of analysis to withstand a given
level of stress, or demand without suffering degradation or loss of
function” [3]. It is therefore the residual functionality right after the
extreme event (Fig. 2(b)) and can be represented by the following
relation

Robustness = 1 — L(my, 01); (%) (3)

where [ is a random variable expressed as function of the mean
m; and the standard deviation o;. A more explicit definition
of robustness is obtained when the dispersion of the losses is
expressed directly as follows

Robustness = 1 — i(mL, +aoy); (%) (6)

where a is a multiplier of the standard deviation corresponding to
a specific level of losses. A possible way to decrease uncertainty
in robustness of the system is to reduce the dispersion in the
losses represented by o;. In this definition, robustness reliability
is therefore also the capacity of keeping the variability of losses
within a narrow band, independently of the event itself (Fig. 2(b)).
Two examples of systems with and without robustness are
respectively the Emergency Operation Center (EOC) and the Office
of Emergency Management (OEM) organization during the World
Trade Center disaster in 2001 [12]. The EOC facility, part of OEM,
was not sufficiently robust to survive the September 11, attack
(being located in the 23rd floor of the 7 World Trade Center).
However, on the strength of its resourcefulness, OEM exhibited
considerable robustness as an organization, demonstrating an
ability to continue to function even after losing its WTC facility
and a great part of its communications and information technology
infrastructure. When the latter was restored, it contributed to the
resilience of the OEM as a functional and effective organizational
network.

According to the earthquake engineering field, Redundancy is
“the quality of having alternative paths in the structure by which
the lateral forces can be transferred, which allows the structure to
remain stable following the failure of any single element” [13]. In
other words, it describes the availability of alternative resources
in the recovery process of a system. Redundancy is “the extent to
which elements, systems, or other units of analysis exist that are
substitutable, i.e. capable [of] satisfying functional requirements in
the event of disruption, degradation, or loss of functionality” [3].
Simply, it describes the availability of alternative resources in the
loss or recovery process.

Redundancy is a very important attribute of resilience, since it
represents the capability to use alternative resources, when the
principal ones are either insufficient or missing. If the system
is resilient, there will always be at least one scenario allowing
recovery, irrespective of the extreme event. If this condition is not
met by the system, then changes to the system can be made, such as
duplicating components to provide alternatives in case of failure.

An example of a system without redundancy is well illustrated
in the World Trade Center terrorist attack mentioned above, where
the EOC facility was destroyed and there was no other office, which
could immediately, or instantaneously, replace the main facility.
Redundancy should be developed in the system in advance and it
should exist in a latent form as a set of possibilities to be enacted
through the creative efforts of responders as indicated later.

Resourcefulness is “the capacity to identify problems, establish
priorities, and mobilize resources when condition exist that threaten
to disrupt some element, system, or other unit of analysis” [3]. This is
a property difficult to quantify since it mainly depends on human
skills and improvisation during the extreme event.

Resourcefulness and Redundancy are strongly interrelated. For
example, resources, and resourcefulness, can create redundancies
that did not exist previously. In fact, one of the major concerns
with the increasingly intensive use of technology in emergency
management, is the tendency to over-rely on these tools, so that if
technology fails, or it is destroyed, the response falters. To forestall
this possibility, many planners advocate Redundancy. Changes in
Resourcefulness and Redundancy will affect the shape and the
slope of the recovery curve and the recovery time Tgg. It also
affects Rapidity and Robustness. It is through Redundancy and
Resourcefulness (as means of resilience) that the Rapidity and
Robustness (the ends of resilience) of an entire system can be
improved.

2.2. Loss function

Earthquake losses are by their very nature highly uncertain, and
are different for every specific scenario considered. However, some
common parameters affecting these losses can be identified. In fact
the loss function L (I, Tgg) is expressed as a function of earthquake
intensity I and recovery time Tgg. The total losses can be divided in
two types: Direct losses (Lp) which occur “instantaneously” during
the disaster, and Indirect losses (L;) which have also temporal
dependencies. Within these two groups, they can be distinguished
two subcategories: Economic losses (Lg) and Casualties losses (L¢).
Therefore, losses L consist of four contributions: (i) Direct economic
losses Lpg (or Contents losses); (ii) Direct Causalities losses Lpc; (iii)
Indirect economic losses L (or Business interruption losses); (iv)
Indirect Causalities losses Lic all function of recovery period Tgg.
For simplicity of presentation, Lpg, Lpc, Lig and Lic are described
considering a health care facility, so that the direct economic losses
that are mainly physical structural and non-structural losses can
be expressed as ratios of building repair and replacement costs as
follows

| Cs; (14 6)
LD,.;(I)—;[ . H A 1U1<Rlzn.ml>/1
where P; is the probability of exceeding a performance limit state
j conditional an extreme event of intensity I occurs, also known
as the fragility function; C;; are the building repair costs associate
with a j damage state; I are the replacement building costs; r; is
the annual discount rate: t; is the time range in years between
the initial investments and the occurrence time of the extreme
event; §; is the annual depreciation rate. Eq. (7) assumes that the
initial value of the building is affected by the discount rate, but the
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value also decreases with time according to the depreciation rate
d8;, which may vary with time.

Direct economic losses Lpg, (I) are obtained for every structural
and non-structural component k using the formulation in Eq. (7).
In essential facilities like hospitals, research laboratories or some
highly specialized manufacturing plants the non-structural losses
can be much larger than the structural losses. Then, the direct
economic losses are obtained using a weighted average expressed
as

N
Lpe(1) = (Z wy - LDE_ka)) / N 8)

k=1

where Lpg () is the direct economic loss associated with
component k, N is the total number of structural and non-
structural components in the system and wy is a weight factor
associated with each structural/non-structural component in the
building. Non-structural components include ceilings, elevators,
mechanical and electrical equipments, piping, partitions, glass
etc. Direct causalities losses Lpc are measured as a ratio of the
(instantaneous) number of injured or dead Ni,! and the total
number of occupants N,

N in
N tot

The number of injured patients N, depends on multiple factors
such as, the time of day of earthquake occurrence, the age of the
population and the number and proximity of available health care
facilities. The time at which the earthquake occurs determines
the number of patients exposed to injury, so the probability of
having a large number of injured patients varies during the day.
Moreover, the age of population is also very important as indicated
by Peek-Asa et al. [ 14] who found that during the 1994 Northridge
earthquake the predominant number of injured patients was
elderly.

The indirect economic losses Lig(I, Tgg) are time dependent
compared to all the previous losses considered. Among the post-
earthquake losses these are the most difficult to quantify, because
of the different forms they can take. They mainly consist of business
interruptions, relocation expenses, rental income losses, etc. Losses
of revenue, either permanent or temporary, can be caused by
damage to structures and contents, and this is most important
for manufacturing and retail facilities, and to lifelines. Damage
to the former could mean less ability to deliver resources and
services, like electricity, water, natural gas, or transportation. For
example, structural damage such as collapse of a bridge span in
a major highway generates direct losses, and indirect losses due
to the loss of revenues from impact on the traffic to businesses
served. In other cases, even if structural damage and loss of
contents are minimal, there may be some indirect losses due
to the disruption of services such as water and power. These
losses can be more significant than the direct losses. Therefore,
Indirect economic losses Lig due to business interruption should be
modeled considering both the structural and non-structural losses
Lpg, and the time necessary to repair the structure Tgg [5,15,16].
These two quantities are not independent, but are related because
the recovery time Tgg increases with the extent of structural
damage. The fourth losses considered in the formulation are the
indirect causalities losses (Lc) that describe the number of patients
thatare injured or die because of hospital dysfunction, for example.
For a hospital, Lic is expressed in a form similar to Eq. (9) as the ratio

Lpc() =

(9)

1 The two groups can be considered separately, but in this formulation are
grouped for simplicity.
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Fig. 1. Schematic representation of disaster resilience.

between the number of injured persons Nj, due to dysfunction and
the total population Ny served
Nin

Ntot .

Finally, the total losses L can be expressed as a combination of
Direct Lp and Indirect L; losses as follow

L, Tgg) = Lp(I) + aiL; (I, Tre) (11)

where o, = the weighting factor related to indirect losses
(i.e. importance of the facilities for the community, influence of the
facilities versus other system, etc.).
Additionally, Lp and L, are given by

L) =

(10)

Lp = L3 - (14 apclpc)
L =Lg" - (1+ arcLic)

where apg is a weighting factor related to construction losses
in economic terms; o is a weighting factor related to business
interruption, relocation expenses, rental income losses, etc.;
apc, ac are the weighting factors related to the nature of
occupancy (i.e. schools, critical facilities, density of population).
These weighting factors are determined based on socio-political
criteria (cost benefit analyses, emergency functions, social factors,
etc.). Engineers, economists, and social scientists usually address
this subject jointly. It should be noted that the two casualties’
losses in Eqs. (9) and (10) do not appear as loss functions, but as
penalty functions in Eq. (12).

(12)

2.3. Simplified recovery function models

Most of the models available in the literature, including the
“PEER equation framework” [17] developed at the Pacific Earth-
quake Engineering Research Center (PEER), are loss estimation
models that focus on initial losses caused by disaster, where losses
are measured relative to pre-disaster conditions. The temporal di-
mension of post-disaster loss recovery is not part of that formula-
tion. As indicated in Fig. 1 the recovery time Tge and the recovery
path are essential for evaluating resilience, so they should be esti-
mated accurately. Unfortunately, most common loss models, such
as HAZUS [18] evaluate the recovery time in crude terms and as-
sume that within one year, everything returns to normal. However,
as shown in Fig. 1 the system considered may not necessary re-
turn to the pre-disaster baseline performance. It may exceed the
initial performance (Fig. 1-curve C), when the recovery process
ends, in particular when the system (e.g. community, essential fa-
cility, etc.) may use the opportunity to fix pre-existing problems
inside the system itself. On the other hand, the system may suffer
permanent losses and equilibrate below the baseline performance
(Fig. 1-curve A).

A clear example of the condition shown in Fig. 1-curve A is
represented by Kobe earthquake that clearly demonstrates that
certain kinds of long-term impacts losses do occur, at least in
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Fig. 2. Dimensions of resilience: Rapidity (a) and Robustness (b).

catastrophic disasters. In 1994, prior to the earthquake, the Port
of Kobe was the world’s sixth largest container port in terms of
cargo throughput; in 1997, after repairs had been completed, it
ranked seventeenth [19]. In fact, performance and recovery of
transportation systems often requires longer repair times than
other lifeline systems and in the case of Kobe port, it appeared
to play a major role in the development of long-term impacts.
Transportation losses served to accentuate existing social and
economic conditions of vulnerability, and they lead to permanent
loss in business and therefore the port never came back to its pre-
earthquake ranking.

These considerations show that the recovery process is complex
and it is influenced by time dimensions, spatial dimensions
(e.g., different neighborhood may have different recovery paths)
and by interdependencies between different economic sectors that
are interested in the recovery process. Therefore, different critical
facilities (e.g. hospitals) that belong to the same community, but
are located in different neighborhoods, have different recovery
paths and in some areas (mainly poor areas), these essential
facilities may experience long term or permanent losses [20]. In
summary, the recovery process shows disparities among different
geographic regions in the same community, showing different
rates and quality of recovery. Modeling recovery of a single critical
facility or of an entire community is a complex subject. These two
processes cannot be assumed to be independent.

Information on comprehensive models that describe the
recovery process is very limited. Miles and Chang [5] set out
the foundations for developing models of community recovery
presenting a comprehensive conceptual model and discussing
some related issues. Once these complex recovery models are
available, it is possible to describe relationships across different
scales-socioeconomic agents, neighborhood and community, and
to study the effects of different policies and management plans
in an accurate way. In this chapter, the recovery process is
oversimplified using recovery functions that can fit the more
accurate results obtained with the Miles and Chang [5] model or
with the recovery model proposed in next section that is valid for
health care facility systems.

Different types of recovery functions can be selected depending
on the system and society preparedness response. Three possible
recovery functions are shown in Eq. (13): (i) linear, (ii) exponen-
tial [21] and (iii) trigonometric [22]

t—t
linear: frec(t) = a < T OE> + b;

RE

exponential: fiec(t) = aexp[—b (t — tor) /Trel ; (13)

trigonometric: frec(t) = a/2 {1+ cos[7b (t — tog) /Trel};

where a, b, are constant values that are calculated using curve
fitting to available data sources, while tyg is the instant of time
when the extreme event strikes and Tgg is the recovery time
necessary to go back to pre-disaster condition evaluated starting
from toE.

It is important to mention that the constants in the model can
be continuously updated as soon as more data are available using
for example a Bayesian approach.

The simplest form is a linear recovery function that is generally
used when there is no information regarding the preparedness, re-
sources available and societal response (Fig. 3(a)). The exponential
recovery function can be used where the societal response is driven
by an initial inflow of resources, but then the rapidity of recovery
decreases as the process nears its end (Fig. 3(b)). Trigonometric re-
covery function can be used when the societal response and the re-
covery are driven by lack or limited organization and/or resources.
As soon as the community organizes itself, with the help of other
communities (for example), then the recovery system starts oper-
ating and the rapidity of recovery increases (Fig. 3(c)). For example,
such a recovery occurred after Nisqually Earthquake [23].

2.4. Mechanical analogy

The functionality of a system (e.g. structural, organizational,
etc.) can be described by nonlinear differential equations similar
to the one that applies to the fundamental laws of mechanical
systems. The equation of motion for a linearly damped harmonic
oscillator is given by

mQ(t) +cQ(t) +kQ(t) =0 (14)
where m, ¢ and k are parameters describing the model and Q
is the functionality of the system. The solution of Eq. (14) has
different outcomes, depending on the value of the factor ¢ =
¢/2mw, equivalent to the damping factor, and the factor @ =
27 /T where T is the period of the system. The recovery process
after an extreme event goes back to its initial condition without
oscillations, therefore only the two cases for { = 1and ¢ > 1, will
be considered:
For over-damped systems, { > 1, the general solution is

Q1) =1—e"* (A’ + Be ) (15)

with @ = w¢ and B = w,/(¢2 — 1). Placing the initial condition

Q) = 1— L, Tge) and Q(O) = 0 where L(I, Tgg) are the total
losses given in Eq. (11), the solution is given by

ao=1-e=[(52)+ (57)e*]

For critically-damped systems (¢ = 1), placing the same initial
condition Q(0) = 1 — Ly and Q (0) = 0, the solution is given by

Q) =1—Le ™ (1+ wt). (17)
Therefore, the expression of functionality is described by three
parameters w, ¢ and Ly for the case when the system is over-
damped (Eq.(16)) and by a two parameters model (w and Ly ) for the
case when the system is critically damped (Eq. (17)). Ly is related
to the robustness dimension, while w and ¢ are related to the
rapidity dimension. Furthermore, rapidity of recovery increases
when either w increases and ¢ reduces as shown in Fig. 4(a)-(b).

(16)
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Fig. 4. Functionality curves (a) Three parameters model in Eq. (16); (b) Two parameters model in Eq. (17).

2.5. Fragility function

In the calculation of disaster resilience through functionality
losses (Eq. (7)), fragility functions are used. Such fragility
functions represent the probability that the maximum response
Rx,I,t) = {Ry,...,R,;} of a specific structure, (or family of
structures), exceeds a given performance threshold Ris(x,I) =
{Ris1, ..., Risn}, associated with a desired limit state, conditional
to the occurrence of an earthquake of intensity I.

The response, R, and response threshold, R;s, are functions
of the structural properties of the system X, the ground motion
intensity I and the time t. However, in the formulation it is
assumed that the response threshold R;s(x) does not depend on
the ground motion history and so does not depend on time, while
the demand R;(x, I, t) of the generic jth component is replaced
by its maximum value over the duration of the response history
Ri(x, I). The dependence of the response R(x, ) onx and I, and the
dependence of the response threshold R;s(x) on x will be omitted
in the following for sake of simplicity. With these assumptions, the
general definition of fragility F,; based on Earthquake Intensity I
can be written as [24,25]

Frs() =P (R = Rigll = i) (18)

where R; is the response parameter related to a certain measure
(deformation, force, velocity, etc.); Ris; is the response threshold
parameter correlated with the performance level; I is the
Earthquake Intensity measure (Pga, Pgv, Modified Mercalli Intensity,
etc.); i is a given earthquake intensity value.

However, another definition of fragility functions based on
earthquake hazard can be given using the return period of the
design earthquake. In order to find the expression of fragility
curves as function of the earthquake hazard two assumptions are
necessary: (i) the structural response are lognormally distributed
under earthquake ground motions corresponding at the same
probability of exceedance; (ii) the seismic hazard curves of the

structural responses are described by the following expression
[26]

A=H(s)1ye =P R = 115)1 gy = 1/T; ZKO'rL_SK1 (19)
where A = average annual frequency of the exceedance of a
given response threshold; H(-) = seismic hazard curve function;
Tr = return period between two exceeded response thresholds, K
and K; = parameters representing the seismic hazard curve. The
estimates of A are function of the geometry and material properties
of the specific structure and therefore it needs to be estimated for
each specific building.

The definition of fragility based on earthquake hazard H after
some mathematical manipulations [25] is given by the following
integral

o0
Frs(t)) =PRi = r5i|Tr =) = f fr(r,t)dr (20)
s

where the hazard is given by the return period t, of a given
earthquake event; f,(r, t.) is the pdf of the maximum structural
responses corresponding to a given annual frequency A or return
period t; [25]. It is important to mention that there is not a one-to-
one correspondence between Earthquake Intensity I and Earthquake
Hazard H, in fact, different values of earthquake intensities I (Pga,
Pgv, S, etc.) can correspond to a unique earthquake hazard (e.g. T;,
the annual frequency of exceedance A etc.). The advantage of
the second formulation in Eq. (20) with respect to Eq. (18) is
that it takes into account directly the uncertainties of occurrence
in estimating the Earthquake Intensity parameters I at the site.
Therefore, in professional practice, where buildings are designed
according to a given return period t;, (a measure of hazard), it is
possible to use directly the expression of fragility curve given in
Eq. (20) for evaluating directly the probability of functionality, or
damage, of the system. When the number of response parameters
to be checked is n the definition of fragility given in Eq. (20) can be
written in the following form

i=1

Frs (&) =P (U Ri = nsi) |Tr = fr) = / Se(r tydr (21)
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where the first right term of Eq. (21) is the conditional probability
of the multi-component response exceeding multi-dimensional
limit state.

The definition of fragility in Eq. (18) requires implicitly the
definition of the performance limit states, R;s, which is given using
the multidimensional performance limit state function (MLS),
that allows considering multiple limit states related to different
quantities in the same formulation [24,25].

The MLS function g(R, R;s) for the n-dimensional case, when
n different types of limit states are considered simultaneously, is
given by

n Ri Ni
g(R.Ris) =) (RLS ) -1 (22)

i=1

where R; is the dependent response threshold parameter (defor-
mation, force, velocity, etc.), that is correlated with damage; Rys ;
is the independent capacity threshold parameter and N; are the
interaction factors determining the shape of n-dimensional sur-
face. Further details about the multidimensional performance limit
state function can be found in Cimellaro and Reinhorn [25].

3. Numerical examples

Two case studies are illustrated in this section to show the
implementation of the procedure for evaluating disaster resilience.
The first case is a loss estimation study of a specific hospital; it is
aimed to provide a more accurate evaluation of economic losses for
buildings located at specific sites. In this case, an accurate analysis
was performed using nonlinear dynamic analysis with an adequate
description of limit state thresholds and their variability.

The second case is a regional loss estimation study aimed
to evaluate the economic losses of a hospital network within
a geographical region, such as a city (in this case Memphis,
Tennessee). The responses of the buildings were estimated using
an equivalent linearization spectral capacity method as presented
by Reinhorn et al. [27] similar to the procedure described in
HAZUS [28]. The limit states were expressed in terms of median
and log-standard deviation chosen according to the building type
and the design code [28].

3.1. Demonstration case study: Hospital building

The methodology described above has been applied to a
hospital, an essential facility in the San Fernando Valley in
Southern California, chosen as a typical case study for MCEER
demonstration project. The hospital was constructed in the early
1970s to meet the seismic requirements of the 1970 Uniform
Building Code.

It was selected since it is a complex structure with impact and
implications related to various levels of functionality of services
and structural safety [29].

The structure is a four-story steel framed building with plan
dimensions of 83.90 x 17.25 m (275 x 56.5 ft). It is rectangular in
plan, with one small penthouse in the central part of the building.
The height of the building is 15.54 m (51 ft). The lateral force
resisting system is comprised of four moment-resisting frames in
the North-South direction and two perimeter moment-resisting
frames in the East-West direction. Further details of the hospital
can be found in Cimellaro et al. [24].

A MDOF numerical model was developed in IDARC2D [30]
and used to perform the nonlinear time history analysis of the
hospital. The ultimate curvature of the structural elements was
set to 50 times the yield curvature, and the post-elastic stiffness
was set equal to 1% to the elastic stiffness. A spread plasticity
model has been assumed for the inelastic strain distribution.

Resilience
100
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8 80 WeD
5
= 70
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T 60
50
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Annual probability of exceedence (%)

Fig. 5. Comparison of different rehabilitation strategies in term of disaster
resilience.

The plasticized length is determined by the ratio between the
maximum bending moment value in the element and the yield
one of the element itself, and the inelastic stress has assumed to
have a linear distribution inside the plastic regions. The assumed
hysteretic model does not assume any degradation in stiffness or in
strength, but only a reduction in the hysteretic energy dissipated in
each cycle at the developing of the cyclic excitation of the system.
The building is modeled as a series of plane frames linked by
a rigid horizontal diaphragm, where each frame is in the same
vertical frame, and no torsional effects are considered. It is a
two dimensional model where all moment resisting frames are
modeled with rigid beam-column connections and other beam-
column connections of all the non-moment resisting frames (MRF)
were assumed to be pinned.

Aseries of 100 synthetic near fault ground motions, described as
the “MCEER series” [31] corresponding to different return periods
(250, 500, 1000 and 2500 years) has been used to determine the
fragility curves of the building [29] using the procedure described
by Cimellaro et al. [24]. Losses have been determined according to
HAZUS [28]. In this case study, a discount annual rate of 4% and a
depreciation annual rate of 1% are assumed.

Resilience was calculated from the control time T;c equal to the
maximum recovery period Tgg, or 297 days in this example. Since
the recovery period Tyg for each hazard is different, the resilience
function changes little, implying that the structure has consistent
design for various levels of hazards. When combining resilience
associated with different hazard levels, a final value of 83.1% is
obtained. Furthermore, four different seismic retrofit schemes to
improve the disaster resilience of the hospital were considered for
this case study: (a) Moment resisting frames (MRF); (b) Buckling
restrained braces (UB); (¢) Shear walls (SW) and (d) Weakening and
Damping [29]. All retrofit strategies have been optimized with the
procedure described in Viti et al. [29] and Cimellaro [32].

Table 1 shows the values of resilience for the four different
retrofit techniques and for different probabilities of exceedance.
The resilience values shown in the last row of Table 1 consider
the uncertainties of the ground motion parameters. All values of
resilience are normalized respect to the control period T; ¢ assumed
equal to the largest recovery Tge time among the different retrofit
techniques. All values of resilience are comparable because all
techniques are equally effective in improving the resilience of the
hospital.

The same values of Resilience (y-axis) as function of the
annual probability of exceedence (x-axis) are shown in Fig. 5.
This shows that the best improvement in terms of resilience is
obtained using a retrofit strategy based on weakening and damping
(WeD). Although in term of resilience the difference seems small,
the loss term (complementary to resilience) shows clearly the
advantage of the WeD scheme. This retrofit technique produces
both a reduction of displacements and of accelerations [29]. The
reduction of accelerations is important for hospitals, because many
of building contents (nonstructural components) are acceleration
sensitive.



3646

Table 1
Resilience vs. different hazard levels for different Retrofit strategies.
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Resilience (%)

Probability of exceedence in 50 yrs (%) Moment resisting frames Buckling restrained braces Shear walls Weakening + damping
(1) (2) (3) (4) (5)
20 96.6 97.6 96.8 98.8
10 94.0 96.1 94.0 97.4
5 79.9 83.9 79.8 86.6
2 57.3 61.1 57.2 76.1
Total hazard 83.1 86.8 83.2 91.03
Loss of resilience 16.9 13.2 16.8 9.0
zIP Structural Type Hazus model type
38104  Concrele shear wall (Mid-rise) C2M
38128  Concrele shear wall (Mid-rise) c2M
38103  Concrele shear wall (Mid-rise) CczM
38116 Concrele shear wall (Mid-rise) M
XY i
38068 ‘Walbs (Low tiac) URML
38138  Concrete shear wall (Low-rise) C:

UT Bowid

Centwal

. H
; ¢

Meshodiss  SUTn
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T

R

(b) Methodist North Hospital

(d) Methodist South Hospital

(f) Methodist Le Bonheur Germantown
Hospital

Fig. 6. Hospital network definition.

3.2. Retrofit of a hospital network

An example based on a series of hospital buildings described by
Park et al. [33] is chosen to illustrate how to apply the proposed
resilience framework to a group of structures. They consist of
five concrete shear wall systems and one unreinforced masonry
bearing system (Fig. 6).

Alternative retrofit actions are selected as defined in FEMA
276 [34] and directly correlated to the HAZUS code levels.
Therefore, the HAZUS code levels are assigned as performance
measures (PM) to the retrofit strategies mentioned above with
following assumptions: (i) It is assumed that the “No Action”
option, corresponds to the “low” code level; (ii) “Retrofit to life
safety level” option is assumed to be a “moderate” code level; and
(iii) “Retrofit to immediate occupancy level” option is assumed
to be a “high” code level. For the “rebuild option”, a special
“high” code level is assumed because hospitals are classified as
essential facilities. Four hazard levels are considered for generation
of the loss-hazard curves taking into account a range of levels
of earthquakes in the region. These levels include earthquakes
with 2%, 5% 10% and 20% probability of exceedence P in 50 years.
The control time for the decision analysis is usually based on the
decision maker’s interest in evaluating the retrofit alternatives.
A 50 years control period could be chosen for evaluating the

hospital systems, which may be consistent with the period used
for calculation of earthquake hazards (e.g. as in 2% probability of
exceedance in 50 years). However, a decision maker in charge with
financing the retrofit could be interested in a shorter period, more
in line with the lifespan of new construction. Generally, seismic
losses associated with seismic vulnerable structures increases if
longer control periods are considered. For example, retrofit can
hardly be justified for a one-year period because the probability
of encountering a large earthquake within this period is very
low, whereas the probability increases appreciably for a 50-year
period, so the retrofit becomes more cost-effective in reducing
losses. A decision maker siding with the users’ community could
be interested therefore in a longer Tic. In this example, a control
period of 30-years is assumed for T as the baseline value in line
with the lifespan of the structure as mentioned above.

As indicated before, four alternative actions related to retrofit
are considered for each structural type: (1) no action; (2)
rehabilitation to life safety level; (3) retrofit to the immediate
occupancy level; (4) construction of a new building. The retrofit
levels are, as defined in FEMA 276 [34], the target performance
expected for earthquake rehabilitation. The cost of seismic retrofit
for building systems depends on numerous factors, such as
building type, earthquake hazard level, desired performance level,
occupancy or usage type. These costs generally increase as the
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Fig. 7. Structural performance (damage) distributions for different rehabilitation strategies.

target performance level becomes higher. On the contrary, with
higher performance levels lower seismic losses are expected. The
initial retrofit costs for the options considered here are obtained
from FEMA 227 [35] and FEMA 156 [36]. Damage fragility curves
are generated for both structural and nonstructural damage, using
HAZUS assessment data. The nonstructural damage fragility curves
consist of acceleration-sensitive components and drift sensitive
components [28]. In this way the structural, the nonstructural
acceleration sensitive, and the drift-sensitive damage, can be
assessed separately using their respective fragility curves. In this
example both structural and nonstructural damage fragility curves
for C2L, C2M and URML type structures for different code levels are
generated [11].

Fig. 7 shows the performance (damage) distributions for the
C2M structures within a 30 year period, compared with a 50 year
period. As expected, the probability of having no damage increases
with the reduced control period. More details can be found in
Cimellaro et al. [11]. Among the large number of seismic losses
described in the previous sections, several attributes that are
typically considered crucial for hospital systems are selected for
this study and are listed in Table 2 along with a brief explanation
of each parameter.

Losses in undamaged sectors of the hospital due to business
interruption are not considered in this example.

The disaster resilience value is calculated according to Eq. (1).
The expected equivalent earthquake losses for each rehabilitation
scheme are shown in the third column of Table 3, which
are obtained considering the probability of each level of the
earthquake, along with the initial rehabilitation costs, followed by
the total expected losses considering an observation period Tic of
30 years.

If uncertainties in the seismic input are considered by using
four different hazard levels, then resilience can be evaluated using

Eq. (1) for different rehabilitation strategies and compared, as
shown in Fig. 8. The initial costs of rehabilitation for different
rehabilitation strategies, the expected equivalent earthquake loss
and the total costs (including the initial costs of the entire system
that is estimated equal to 87.3 million $) are all reported in
Table 3.

The recovery time and resilience values are summarized in
Table 3. For this case study, it is shown that the Rebuild option has
the largest disaster resilience of 98.7%, when compared with the
other three strategies, but it is also the most expensive solution
($ 92.3 millions). However, if No Action is taken the disaster
resilience is still reasonably high (65.0%). As shown in this case
study, initial investments and resilience are not linearly related.
When the functionality Q (t) is very high, improving it by a small
amount requires investing a very large amount compared with
the case when the function Q (t) of the system is low. Although
this is an obviously expected engineering outcome, the procedure
presented here provides a quantification, which may be used by
decision makers.

4. Remarks and conclusions

The definition of disaster resilience combines information
from technical and organizational fields, from seismology and
earthquake engineering to social science and economics. Many
assumptions and interpretations have to be made in the study
of disaster resilience. However, the final goal is to integrate the
information from these different fields into a unique function
leading to results that are unbiased by uninformed intuition
or preconceived notions of risk. The goal of this paper has
been to provide a framework for the quantitative definition of
resilience using an analytical function that may fit both technical
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Table 2
Losses considered in the hospital network.
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Category Loss

Description

Structural losses (Ls) Initial cost

Structural repair cost

Direct economic losses (Lys pg)
Nonstructural losses (Lys)

Indirect economic losses (Lys, k)

Indirect casualties losses (Lys,ic)

Death

Direct casualties losses (Lys,pc) Injury

Non structural repair costs

Loss of building contents

Relocation expenses

Loss of functionality

Cost of seismic rehabilitation or constructing a new building to
improve structural performance

Cost for repairing damage to structural components such as
beams, columns, joints, etc.

Cost for repairing damage to nonstructural components such as
architectural, electrical and mechanical items.

Cost equivalent to the loss of building contents such as furniture,
equipment (not connected to the structure), computers, etc.

Disruption cost and rental cost for using temporary space in case
the building must be shut down for repair

Loss of function for an hospital may result in additional human
life losses due to lack of medical activities and capability
Number of deaths

Number of seriously injured

Table 3

Costs, recovery time and resilience of buildings for rehabilitation strategies (T;c = 65 days).

Rehabilitation Rehabilitation costs Expected earthquake loss Total costs Recovery time Resilience
alternatives $ million* $ million® $ million Tre (days) Res (%)
(1) (2) (3) (4) (5) (6)
No action 0.0 (0%) 32.3(37%) 119.7 65 65.0
Life safety (LS) 32.8 (38%) 18.8 (22%) 1389 38 87.1
Immediate occupancy 66.4 (76%) 9.5 (11%) 163.2 10 96.8
(10)
Rebuild 92.3 (106%) 5.8 (7%) 185.4 6 98.7
@ Percentage of initial investments.
a No Action - Hospital system b Rehabilitation Life Safety - Hospital system
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Fig. 8. Functionality curves: (a) No action; (b) Life safety rehabilitation; (c) Immediate occupancy rehabilitation; (d) Rebuild for entire hospital system.

and organizational issues. The fundamental concepts of disaster
resilience discussed herein provide a common frame of reference
and a unified terminology. Two applications of this methodology
to health care facilities are presented in order to show the
implementation issues. However, it is important to note that
the assumptions made herein are only representative for the
cases presented. For other problems, users can focus on those
assumptions that are mostly affecting the problem at hand, while
using the case study as guidance.
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