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ABSTRACT

This paper explains the fundamental concepts of resilience proposing a unified terminology and
establishing a common frame of reference for quantitative evaluation of such seismic resilience. The
evaluation is based on a non-dimensional analytical function based on loss recovery within a
“recovery period”. Distinction is made between direct and indirect losses. The path to recovery is
expressed through the use of different recovery functions. The loss functions are weighted through
seismic fragilities of systems’ components. The fragilities are determined through the use of a
multidimensional performance limit thresholds that allow considering simultaneously different
mechanical-physical variables such as forces, velocities, displacements and accelerations along with
other functional limits. The above formulation will be exemplified for a hospital system in California
considering direct and indirect losses in its physical system and in the population served by the
system. The evaluation is using a bi-dimensional fragility formulation with two performance-limit-
thresholds based on accelerations and displacements.
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INTRODUCTION

Recent events have shown how hospitals are vulnerable to extreme events such as earthquakes. In
order to reduce the losses in these essential facilities the emphasis has shifted to mitigations and
preventive actions taken before the extreme event happens. Mitigation actions can reduce the
vulnerability of a hospital, however also if there is insufficient mitigation, or the event exceeds
expectations, damage and recovery are necessary to have a resilient function to the community.
Seismic resilience as defined in this paper describes the loss and loss recovery required to maintain
the function of the system with minimal disruption. So while mitigation may emphasize use of new
technologies and implementation of policies to reduce losses, the resilience considers also the
recovery process including behavior of individuals and organizations in the face of a disaster. A
wealth of information is available on specific actions, policies or scenarios that can be adopted to
reduce the direct and indirect economic losses attributable to earthquakes, but there is little
information on procedures on how to quantify these actions and policies. Seismic resilience can
compare losses and different pre and post event measures verifying if these strategies and actions can
reduce or eliminate disruptions in presence of earthquake events.

Bruneau et al (2003) offered a very broad definition of resilience to cover all actions that
reduces losses from hazard, including mitigation and more rapid recovery. The above paper defined
the community earthquake resilience as “the ability of social units (e.g. organizations, communities)
to mitigate hazards, contain the effects of disasters when they occur, and carry out recovery activities
in ways to minimize social disruption and mitigate the effectors of further earthquakes”. The authors
suggested that resilience can be conceptualized along four interrelated dimensions: technical,
organizational, social and economic (TOSE). The first two components are more related to the
resilience of critical physical systems such as water systems and hospitals. The last two components
are more related to the affected community. The above paper defined a fundamental framework for
evaluating community resilience without any actual quantification and implementation. Chang
et al. (2004) proposed a series of quantitative measures of resilience and demonstrated them in a case
study of an actual community, the seismic mitigation of Memphis water system. This paper attempts
to provide a quantitative definition of resilience through the use of an analytical function which
allows identification of quantitative measures of resilience.

DEFINITIONS AND FORMULATIONS

To establish a common frame of reference, the fundamental concepts of resilience are analyzed, a
unified terminology is proposed and an application to health care facilities is presented:

Definition 1: Resilience is defined as a normalized function indicating capability to sustain a level of

functionality or performance for a given building, bridge, lifeline, networks or community over a
period of time Tyc (life cycle, life span etc. etc) including the recovery period after damage in an
extreme event.

The time 7} includes the building recovery time Tk and the business interruption time that is
usually smaller compared to the other one.



Definition 2: The recovery time Tggis the time necessary to restore the functionality of a community
or a critical infrastructure system (water supply, electric power, hospital etc.) to a desired level
below, same or better than the original, allowing proper operation of the system.

The recovery time Tgg(l,location) is a random variable with high uncertainties. It typically depends
on the earthquake intensities, the type of area considered, the availability of resources such as capital,
materials and labor following major seismic event. For these reasons this is the most difficult quantity
to predict in the resilience function. Porter et al. (2001) attempted to make distinction between
downtime and repair time and he tries to quantify the latter. In his work he combines damage states
with repair duration, and probability distributions to estimate assembly repair durations. Another
useful concept to define is “a disaster resilient community”.

Definition 3: Disaster resilient community is a community that can withstand an extreme event,
natural or man made event, with a tolerable level of losses and can take mitigation action consistent
with achieving that level of protection. (Mileti, 1999, p5.)

This Resilience is defined graphically as the normalized shaded area underneath the function
shown in Figure 1 where in the x-axis there is the time range considered to calculate resilience while
in the Y-axis there is the functionality Q(?) of the system measured as a non dimensional quantity.
Analytically Q(?) is a non stationary stochastic process and each ensemble it is a piecewise
continuous function as the one shown in Figure 1. Mathematically the resilience can be expressed by
equation (1):
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Figure 1. Uncoupled Resilience.
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Where N is the number extreme events expected during the lifespan (or control period) 7.¢ of the
system, NV, is the number of different extreme events intensities expected during the lifespan (or
control period) 7;c of the system; Tz is the recovery time from event E; #¢ is the time of occurrence
ofevent E; L(I, Trg) is the normalized loss function; frec (¢,tor Tre) is the recovery function; P(1) is




the Probability that an event / of given intensities happens in a given time interval 7;.¢; pe(0, Tic) is the
probability that an event happens E times in a given time interval 7.¢; or is a recovery factor and
Hi(ty) is the Heaviside step function. In equation (1) there are the loss function L(7, Trz), the recovery
function frec (¢,tor, Tre) and the fragility function that does not appear explicitly, but it is included in
the loss function that will be defined in the following sections.

COUPLED RESILIENCE

The definition of resilience given in equation (1) it is called uncoupled, because it does not
consider any possible interaction between events within a given window of time. The coupled
resilience considers also the possibility of some interactions between events and the definition is the
following:

Definition 4: Coupled Resilience is defined as the normalized function indicating capability to
sustain a level of functionality or performance for a given building, bridge, lifeline, networks or
community over a control period of time Tyc. (life cycle, life span etc. etc.)

The control time 7, . over which to calculate resilience can be decided by the society or ownership.

Graphically coupled resilience is the normalized shaded area underneath the function shown in
Figure 2, but this time is calculated over all the time period considered.
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Figure 2. Coupled Resilience.

Where:
ty: = time of occurrence of an extreme event.
t,  =time of occurrence of recovery interruption due to the lack of funds
e, = time of occurrence of recovery without any extreme event happens.

These 3 events can happen in different order, so in equation (2) there should be a rotation of indices
that has been neglected.
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Coupled resilience expressed by (2) is the sum of three terms corresponding to 3 different integrals
related to different time interval within the time 7 .. The first term is the sum of the shaded area right

after a drastic event happen calculated until the 100% of recovery is reached. The second term is the
sum of the shaded areas where there is no variation of functionality O (t) . The third term is the sum of

the shaded area right after the recovery areas without any extreme event happens. These three terms
are normalized respect to the entire control time 7, ..

LOSS FUNCTION

The estimation of losses and in particular the losses associated with extreme events requires first of all
some damage descriptors that must be translated into monetary losses and other units like the number
of people requiring hospitalization. This type of losses are highly uncertain and they are different for
every specific scenario considered, but considering all the possible cases some common parameters
that influence the losses can be identified. In fact the loss function L(7, Tzg) can be expressed as a
function of earthquake intensity / and recovery time Trg (downtime). The losses are divided in two
groups: Structural losses [Ls] and Non Structural losses [Lys]. The non structural losses can be
divided in four contributions:

(1) Direct economic losses Lys pr (Contents losses);

(i1) Direct Causalities losses Lyspc;

(i)  Indirect economic losses Lys e (Business interruption losses);
(iv) Indirect Causalities losses L sc.

The physical structural losses are expressed as ratio of building repair and replacement costs and it is
expressed as:
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Where P; is the probability of exceeding a performance limit state j conditional an extreme event of
intensity / happens (the fragility function); C;; are the building repair costs associate to a j damage
state; I, are the replacement building costs; 7 is the discount annual rate: # is the time range in years
between the initial investments and the time occurrence of the extreme event; J; is the depreciation
annual rate. The equation (3) assumes that the initial value of the building is affected by the discount



rate, but it also decreases through the time according to the depreciation rate J; that is variable through
the time. A similar formulation is used for non structural direct economic losses Lys pg () where an
identical term to equation (3) is obtained for every non structural component £ used inside the
affected system. This term can be much higher than the structural losses in essential facilities like
hospitals or research laboratory. The total non structural losses are obtained with a weight average
expressed as:

Ly pr (1) = (%ﬁ Wy Ly i (I)j/an 4)

Where N,sis the number of non structural components inside the buildings; wy is the weight factor
associated to every non structural component inside the building. Non structural components such as
the ceilings, elevators, mechanical and electrical equipments, piping, partitions, glasses etc. are
considered. The direct causalities losses Lpc are expressed as ratio between the number of person
injured N;, over the total number of occupants N,

N.
LNS,DC (1) = N_m (5)

tot

The number of injured people »;, in fatal and nonfatal manner depends on multiple factors like, the
time of the day of the earthquake, the age of the population and the number and proximity of available
hospitals. The time of the day when the earthquake happens determines the number of people
exposed to injury, so the probability of having a large number of people injured varies during the day.
The age of population is also very important as indicated by Peek-Asa et al. (1998) who found that
during the 1994 Northridge earthquake the predominant number of people injured were elder people.
In fact 31.2% of fatalities and 75.8% of hospitalized were people over the age of 65. Even though
these data are related only to Northridge earthquake it is possible to conclude that older people move
less quickly to evacuate damaged buildings and to avoid falling objects, and they are more vulnerable
to traumatic injuries. The number and the proximity of available hospitals determines the number of
serious injured that prove fatal. In order to make risk estimates through resilience it is necessary to
make empirical predictions of casualties that must be based on structural damage or ground motion.
Table 1 reports the four casualties’ severity levels of HAZUS as function of ground motion intensities.
Peek-Asa found that for 1994 Northridge earthquake the ground motion levels (MMI) were better
predictor of casualties’ rates than building damage because the number of people injured in location
where structural damage occurred is only a small amount of the total number of people injured; in fact
many injuries have other causes than structural damage or collapse. For example minor injuries
results from being struck by objects and from falling. So the MMI allows a ruff estimation of
casualties rates based on the population that is subjected to various intensities levels. It is important to
recognize that in the table are not taken in account the type of constructions and the severity of
injuries. However this ratio in the table is only representative of the injuries treatment at a hospital
because minor injuries that does not requires hospitalization can be very numerous.



Table 1 Casualty rate as a function of MMI
[from (Peek-Asa et al. 2000)]
MMI Level Casualties Rate per 100,000 Population

<VI 0.03
VI 0.16
VII 2.1

Vil 5.1
IX 44

The indirect economic losses Lys (I, Trr) are time dependent compared to all the previous losses
considered. They are the most difficult post-earthquake losses to quantify, because of the different
forms they can assume, so at the moment there is no equation for this term. They can be generated by
business interruptions, relocation expenses, rental income losses, etc. The losses of revenue either
permanent or temporary can be caused by damage to structures and contents and this is important for
manufacturing and retail facilities, but also for lifeline because damage to facilities can mean less
ability to deliver resources and services like electricity, water, natural gas, transportations. For
example structural damage like collapse of a span of a bridge generates direct losses, but also indirect
losses due to the loss of revenue from bridge tolls and they can be significant. In other cases even if
structural damage and loss of contents are minimal, they may be some indirect losses due to the
disruption of some services such as water and power and the losses can be more significant than
direct losses. So the losses due to business interruption should be modeled considering both the
amount of structural losses L, and the time necessary to repair the structure 7xz. These two quantities
are not independent, but are related because the time of recovery Txg increases when the amount of
structural damage Ls(I) increases. So seismic resilience R, is able to estimate the recovery of losses
during the period of repair Tgg, using different type of recovery functions that fit to the type of area
considered and to the intensities of the earthquake. Also the indirect causalities losses L;c belong to
this section. For the case of a hospital this can be expressed as ratio between the number of persons
injured N;, outside the hospital over the total population around Ny, :

N,
m 6
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tot

LNS,IC (1) =

Analytically the total direct losses Lysp and the total indirect losses Lys; and the total non structural
losses L, are expressed as:

Lysp=Lyspe ™ ’(1 + LNS,DCaDC ) Ly, = Lys ™" .(1 + Ly 10 ) Lys =Ly -(1 + Ly ) (7

Where apg is the weighting factor related to construction losses in economic terms; oz is the
weighting factor related to business interruption, relocation expenses, rental income losses, etc. etc.;
are , oyc are the weighting factors related to occupancy (es. School, critical facilities, density of
population); a; is the weighting factor related to indirect losses (i.e. importance of the facilities for the
community, influence of the facilities versus other system, etc). These weighting factors are
determined by socio-political criteria (cost benefit analysis, emergency functions, social factor, etc.).
This subject is usually covered jointly by engineers, economists, and social scientists. Finally Lsand
Lys are summed together to obtain the total loss function L(7, Tg).



RECOVERY FUNCTION

Different kind of recovery functions can be chosen depending on system and society response.
Three recovery functions are shown in equation (8): linear, exponential and trigonometric:

t-tor
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The simplest form is a linear recovery function that is generally used when there is no information
regarding the society response. The exponential recovery function is used where the society response
to an extreme event is very fast driven by an initial inflow of resources, but then the rapidity of
recovery decreases. Trigonometric recovery function is used when the society response to a drastic
event is very slow initially. This could be due to lack of organization and/or resources. As soon the
community organizes himself, thanks for example to the help of other communities, then the recovery
system starts operating and the rapidity of recovery increases.
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Figure 3. Recovery functions.

FRAGILITY FUNCTION

The calculation of seismic resilience imply the determination of fragility, or reliability of a given
system, which can be a whole building, a non structural component, a lifeline system, a community,
etc. Fragility curves are functions that represent the conditional probability that the response of a
system subjected to various seismic excitations exceeds a given performance limit state.
Theoretically fragility represents the probability that the response R=/R,,,.....R,] of a specific
structure (or family of structures) exceeds a given performance threshold 7jim=/7iims.. ---.. Plimn/
associated with a limit state, conditional on earthquake intensity parameter /. This definition in N
dimensional form can be expressed by the following equation:

N
Fragility=P{R 25, \UR, 271, ,...UR 271, /I} = P{U R>r . /1} ©)
i=1

Where R; is the response parameter related to a certain quantity (deformation, force, velocity, etc.);
im: 18 the response threshold parameter related to a certain quantity that is correlated with the
performance level. The fragility explicitly appears in the expression of the loss function (3) where the




normalized value of the losses is multiplied by P;(R>d.s/I), the probability of exceeding a given
performance level conditional an event of intensity / happens. This value can be obtained by the
fragility function knowing the intensity / of the event. The definition of fragility in equation (9)
requires implicitly the definition of the performance limit state thresholds 7ji,; that are discussed in the
following section.

Multidimensional performance limit state function

The calculation of fragility has been performed using a generalized formula that describes the
multidimensional performance limit state threshold (MPLT) and allows considering multiple limit
states related to different quantities in the same formulation (Cimellaro et al. 2005).

The multidimensional performance limit state function L(R;...R,) for N-dimensional case, when
N different types of limit states are considered simultaneously, is the following:

i=1 \

Ni
L(Rl,...Rn)=Z(ij -1 (10)
ilim

This model can be used to build the fragility curve of a single non structural component, or also to
obtain the overall fragility curve of the entire building with non structural components, because it
allows to control different response parameters (Force, displacement, velocity, accelerations etc. etc.)
in the building and combine together in a unique fragility curve. The different limit states can be
modeled as deterministic or random variables and they can be considered either linear, non linear
dependent or independent using an opportune choice of the parameters that appear in (10). In a 3D
non-dimensional space when the multidimensional performance threshold considers only three
response parameters, equation 9 assumes the shape as shown in Figure 4a.
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Figure 4. Multidimensional threshold performance limit. (a)3D; (b) 2D.

In the bi-dimensional case the response of the system can be visualized in a space where in the X
axis there are the spectral displacements while in the Y-axis there are the pseudo spectral
accelerations and in the Z- axis there is the probability that the given value happens. The shape of the
response curve of the system in this space is similar to a “bell surface” (Bruneau et al., 2004) while




the multidimensional performance threshold MPLT in this space is represented by a cylindrical non
linear function that relates acceleration performance threshold Args to displacement performance
threshold Dy s (Fig.4b). The probability that the response exceeds a specific performance threshold
can be directly calculated from the volume under the surface distribution exceeding the specified
limit represented in figure 4b by a dotted line.

Case study: west coast demonstration hospital [W70]

The methodology described above has been applied to an essential facility in the San Fernando
Valley in Southern California. The hospital was constructed in the early 1970s to meet the seismic
requirements of the 1970 Uniform Building Code (ICBO, 1970) (Yuan, Whittaker et al. 2003). 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. The computer
program IDARC2D (Reinhorn et al. 2004) has been used to perform the non linear time history
analysis of the hospital using a bidimensional inelastic MDOF model. A series of 100 synthetic near
fault ground motions called “MCEER series” (Wanitkorkul, A., Filiatrault, A.,2005) corresponding
to different return periods (250, 500, 1000 and 2500 years) has been used to build the fragility curves
of the building using the procedure described in Cimellaro et. al. (2005). The values for the loss
estimation have been taken by HAZUS. The structural losses for this type of building has been taken
equal to respectively 0.2%, 1.4%, 7.0% 14.0% of the building replacement costs for the case of slight,
moderate, extensive and complete damage. A discount annual rate of 4% and a depreciation annual
rate of 1% have been used. The non structural losses have been taken equal to 1.8%, 8.6%, 32.8%
86% of the building replacement costs for the same damage states. The number of people injured
compared to the 4000 people assumed inside the hospital, and the 1000 outside the hospital are for
different damage state equal to 0.05%, 0.23% 1.1% 6.02% 75% of the occupants (FEMA2001). No
distinction has been done related to the severity of the casualties. Other losses like the relocation costs,
rental income losses and the loss of income have also been considered using the procedure described
in HAZUS for this type of building. Finally in Figure 5 are showed the functionality curves related to
the four different hazard level considered for different recovery functions.
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Figure 5. Functionality curves.

The values of resilience for the 4 different hazard levels considered are reported in Figure 6. The
resilience of the building is almost constant with the increase of earthquake intensity showing a good
behavior of the building. Anyway if we compare the values we observe a reduction with the increase




of the magnitude as expected due to the increase of the losses and sub sequentially of the recovery
time.
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Figure 6. Comparison among functionality curves.

REMARKS AND CONCLUSIONS

In the definition of seismic resilience many technical fields are involved, from seismology and
earthquake engineering to social science and economy. So it is clear that many assumptions and
interpretations are made during the study of seismic resilience, but the final goal is to integrate the
information from these fields in a unique function that reach results that are unbiased by uninformed
intuitions or preconceived notions of how large or how small the risk is. The final goal of this paper is
to give a quantitative definition of resilience in a rational way through the use of an analytical
function that fit to all cases. The fundamental concepts of seismic resilience are analyzed, a common
frame of reference is established, a unified terminology is proposed and an application to health care
facilities is presented. However it is important to mention that some assumptions that are made for
one case can not be so important for others, so engineers during the calculation of resilience should
focus on the assumptions that most influence the problem at hand.
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