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ABSTRACT :

A methodology is presented for calculating the ra@sperformance of structural/nonstructural systems
health care facility and developing rational sty&e forincreasing the seismic resilience of these syst&ime
methodology is based oi) Eeismic hazard analysisi)(fragility analysis andii() life-cycle capacity and co
estimation. Systems seismic performance is measwedagility surfaces, that ighe probability of syste
failure as a function of moment magnitude and iteeurce distance of a seismic eyesinsequences
system damage and failure, and system recovery fih@wving seismic events. The input to the an&
consists of site semic hazard, structural/nonstructural systems @ntigs, performance criteria, rehabilital
strategies, and a reference time. Estimates oé$oasd recovery times, referred to as dijele losses ai
recovery times, can be derived using fragilitiormation, financial models, and available resosrddCEEF
West Coast Demonstration Hospital is used to detretesthe method. The seismic risk of thECEER
Hospital is assessed based on the performance stiritctural system and three nonstructural systdache:
to the structural system at different locationsmaly, the Heat-Ventilation-Air-Conditioning systemiping
system and partition walls. Fragilities are obtdifier the structural and nonsttucal systems for several lir
states. Also, statistics are obtained for life-eyldsses and recovery times corresponding to dift
rehabilitation strategies and an optimal rehatititastrategy is selected using these statistics.

KEYWORDS: fragility, life-cycle loss estimation, resiliencesasures, seismic hazard
1. INTRODUCTION

Capital allocation decisions for a health carelitgcinclude, for example, opening a new unit, eximg o
closing some existing units, buying new equipment] relocating the hospital building. 83 decisions &
based on life-cycle capacity, viewed as the lefeperformance defined for a service, and cost eggm
Existing geotechnical, structural/nonstructuralteyss can be left as they are or can be rigedfusing one «
the available rehabilitation alternatives. Leavingystem as it is can be reasonable for dgeom-decisions b
retrofitting the system, despite its initial costéght be beneficial in the long run. gkobabilistic methodolo¢
is required to make a rehabilitation decision sisesmic hazard and system performance are untertai

This study presents a methodology for (1) evalgatire seismic performance of amdividual health cal
facility during a specified time interval, and @)lecting an ptimal rehabilitation strategy for this facilityoim
a collection of different rehabilitation strategi€gure 1 shows a chart illustireg the principal elements of
fragility-based capital allocation decision suppeystem used in this paper. The seismic performasce
measured by fragility surfaces, that is, the prdltglthat a system response exceeds a critical valtiajrige
damage-level, as a function of moment magnitudesiteeto-source distance of a seismic evene ifput t
the analysis consists of site seismic hazard indtion, geotechnical andtructural/nonstructural syste
properties, performance criteria, rehabilitatioatggies, and a reference time. Estimates of |@ss@secover
times, referred to as life-cycle losses and regovenes, can be derived using fragility informationd
financial models. Life-cycle costs consist of (h)tial costs related to theshabilitation of the system, |
repair/replacement costs for bringing the damagstems back to their original states, (3) aufdife, and (4
indirect costs related to the loss of capaciithe hospita
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Figure 1 Principal elements of the MCEER fragilitgsed decision support methodology

MCEER West Coast Demonstration Hospital, from trogt forwardreferred to as MCEER Hospital, is u
to demonstrate the method. The seismic risk oMEEER Hospital is assessed based onpéréormance «
its structural system and three nonstructural systattached to the structural systesglifferent location
namely, the Heat-Ventilation-Air Conditioning (HVAGystem consisting dfvo water chillers, piping syste
and partition walls. Monte Carlo simulation is ugedobtaining statistics of the life-cyclesses and recove
times corresponding to different rehabilitatioratgies and an optimeghabilitation strategy is selected u:
these statistics.

2.LOSSESTIMATION METHOD

The method is based o) Monte Carlo simulation,ii} seismic hazard analysisii) fragility analysis andiy)
life-cycle capacity and cost estimation. The metfidconsiders a realistic seismic hazard modélerahar
using the maximum credible earthquake, (2) inclualesomponents of costs, that is, the costs relatetie
structural failure and downtime, retrofitting, r@pdoss of capacity in services, and loss of liéad (3 is
designed for individual facilities rather than agk population of them. The prabilistic seismic haza
models presented in (Kafali and Grigoriu, 2008,t®es 1 and 2jare used to characterize (1) the mor
magnitudeM;, source-to-site distancB and the arrival timel; of the seismic event, (2) the groun
accelerations at the system site resulting frons#igmic evenit defined by i;,R), and (3) thedtal number ¢
seismic eventdl(7) in lifetimer. Specific barrier model (Halldorsson and Papagear@009 is used to defir
the seismic hazard at a given site following artheprake with moment magnituda and source-t@ite
distancer. Accordingly, the probability law of the site smis hazard is completely defined by,f) and th:
soil condition at the site.



The 14" World Conference on Earthquake Engineering
October 12-17, 2008, Beijing, China

System Seismic Capacity/Cost Estimatic
Definition Hazard M
7[ ... (MR) ce
% 1 ' time
— 0 Ti T
Fragility .| Damage
Information — | o Di
time
N(r)
Tp=> Tp
= N - ; 1o — time
%o Ti T
W Cos
— T
TC=ic+ > C/A+d)" |___| c
(7)) = 0N 1 timel
— optimal rehab. strategy 0 Ti r

Figure 2 Loss estimation method

The United States Geological Survey provides rablezvalues ofrr) at each zip code in the United States,
mean yearly rates; of earthquakes with moment magnitudand source-to-site distanggUSGS, 2006)see
for example, Fig. 3 for Northridge, California. @ivthat an earthquake occurs at a siteptbbability that it he
parametersng,r;) is v;/v, wherev=Z;1;. The seismic fragility analysis presented in (Katatid Grigoriu
2007; Kafali and Grigoriu, 2008, Section Bi8 used to characterize the damage in the stalftonstructur:
systems. For example, IBt be a discrete random variable characterizing #reagje state of a nonstructura
system after seismic evanwith moment magnitudey and source-to-site distangei=1,..., N(7). Assume thi
a nonstructural system enters damage stgtevith probability pc; for k=1,...n, wheren is the number «
damage states. The probabilitigs can be obtained from the fragility information b&tnonstructural syste
and are functions of the limit state defining tremdge statel, and (m,r;). Similarly, we can define randc
variables characterizing the damage in the strattsystem and components of the selected nonstal
systems.

In Fig. 2 Tp is the total time the system operates bep8& capacity inz, Tp; is the time the system opere
below p% capacity after everitandTC is the total cost irr in present value, in whicte is theinitial cos
related to the rehabilitatiord is the discount rate, an@, is the cost related to eventincluding csts o
repair/replacement, capacity losses and life lodsesto thelamage in structural and nonstructural syster
is expected that with an increasing initial cost the costC; due to eveni will decrease and for sol
rehabilitation alternative we will have the optimaiution. The numerical resultstime following sections a
for p=90 andd=0.05.

The resilience metrics, that is, the decision Vdeis used foselecting the optimal rehabilitation alternative
the total timeTp the system operates bel@d capacity, and the total coBT in 7, defined in Fig. 2Estimate
of the distributions offp andTC can be obtainedsing Monte Carlo simulation. First, a seismic hdzampl
at the site during lifetime is generated using the Monte Carlo algorithms ldgesl in(Kafali and Grigoriu
2008, Section 2.4). A seismic hazard sample isnddfiby the number of earthquakes during the timenc
magnitude and source-to-site distance and arrired tf each of them. For each event in the seidrazar
sample damage states of structural/nonstructusiesys are simulated from thdiagility information, an
corresponding capacity losses and costs are ctddul@ihe total time the system operates bgtvcapaciy
and the total cost in [@, corresponding to the seismic hazard sample awrsdd by adding contributiorisom
each event in the seismic hazard sample, thasiisg ihe equations foip andTC shown in Fig. 2Repeatin
the above analysis fox, independent samples, we obtairsamples offp andTC. Hence histograms and ot
statistics ofTp andTC depending on user's objectives be calculated from tlse samples
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3. NUMERICAL EXAMPLE

Following is a brief summary of the example presdrin detail in (Kafali and Grigoriu, 2008, Sectibn).
3.1. Seismic Hazard Information and Dynamic Analysis

The MCEER Hospital is in Northridge, California. & lifetime is set tor =50 years. Figure 3 shows

seismic activity matrix at the system site, prorglthe mean annual arrivalteaof earthquakes with differe
moment magnitude, and source-to-site distancefor which v =0.95.

m [dyn cm) ? 250

Figure 3 Seismic activity in Northridge, California

The hospital is located on stiff soil (NEHRP sitass D, (FEMA-273, 1997)). The cascade approadt,ith
the nonstructural system does not affect the dycsmrmof the supporting structure, is used for theadyic
analysis of the structural and nonstructural systéfhe stationary response to strong ground magioised i
seismic performance analysis. Methods based orsiogsheory of stochastic processes presentédarali
and Grigoriu, 2008, Section 3.3.1) are used focwating fragility surfaces for structural/nonstiwral lineai
systems subjected Gaussian seismic ground acdéefexalt is assumed that all the systems are bitaiegheil
original states after each seismic event.

3.2. Structural System

The MCEER Hospital is an inpatient facility in tNerthridge Hospital Medical Center. The four-stofagility
was constructed in the early 1970's to meet thsseirequirements of the 1970 Uniform Building Cotlleere
are 93 beds in the facility and the net revenuebger per day (per patient day) is $1,500. A oneedisonal
equivalent linear version of a two-dimensional &stic model of the MCEER Hospital ised in this study fi
seismic risk analysis. Accordingly, the structwgeniodeled by a 4-degree-of-freedom shear beam matlet
classical damping matrix. Three alternative desigrith the same stiffness as the existing sysbernwitt
increased levels of damping are considered. Trernative designs arebtained by adding linear viscc
dampers inserted in the central bay in each stofethe exterior moment-resisting frame of theginal
MCEER Hospital model. Associated rehabilitationtsagere calculated.

Maximum inter-storey drift is used to assess thmicttiral performanceFour damage states, nam
immediate occupancy, life safety, collapse prewentnd collapse, are defined using (FEMA-356, 2000)
Fragilities are calculated from thig fnodel, {i) response andi{) damage stateBigure 4shows the probabili
that the maximum inter-storey displacement ratioeexs 2.5% (that is, the life safety limit stdta) (a) the
base system and (b) the rehabilitation alterna&iyeith the highest amount of damping). &spected, syste
fragility gets smaller from (a) to (b) as more damgpis added to the systemssociated repair/replacem
costs, disruption of service for these damagestatd correspaling capacity losses are calculated. Life Ic

in case of total collapse is also modeled and pm@ted in the loss estimation.
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Figure 4 Example structural system fragilities:lfaye system, (b) rehabilitation alternative 3
3.3. Nongtructural Systems

The seismic performances of three nonstructurdaesys HVAC system, partition walls apibing system, a
examined. It is assumed that the nonstructysiems are not interacting, that is, the respoofsthese syster
are independent of each other.

It is assumed that the HVAC system consists of itkeatical water chillers attached to the roof af thilding.
A three dimensional nonlinear model of the HVAC ipguent (Fathali and Filiatrault, 200Axhich deliver:
relative acceleration response of the center okméghe HVAC equipment ithe longitudinal, transverse ¢
vertical directions, is used. The response in dméytransverse (short) direction of HVAC is consadiethefor
seismic performance analysis. No rehabilitationused for the HVAC systemHVAC equipment is &
acceleration sensitive nonstructural system. Theagg and limit states are defined using (ASHRAB320
Fragilities are calculated from thg (nodel, (i) structural response (excitation at attachmenttgpiand i)
damage statesAssociated repair/replacement costs, disruptionseivice for these damage states
corresponding capacity losses are calculated.

The number of partition walls in each floor of tMCEER Hospital is estimated using its arehtura
drawings. It is assumed that the partition wallsha MCEER Hospital are of the types reportedMicNiullin
and Merrick, 2002); in which partition wall damages given as a function of the inter-storey diifénce n
wall model is required for fragility analysis arab$ estimatioriNo rehabilitation is used for the partition we
Fragility information provided in (McMullin and Mgck, 2002) is used to define partition wall dam/éiget
states. Fragilities surfaces are calculated froendtnuctural system response (inter-storey drifitj @amag
states.Associated repair/replacement costs, disruptiosestice for these damage states and correspc
capacity losses are calculated.

It is assumed that the piping system tested at &dgity of Nevada at Reno (Corbia006; and Goodwin a
Maragakis, 2007) can be used to describe limit/dgnstates of the existing piping system at ME@EEF
Hospital. The experimental results were acquiredafsteel/threaded piping system with unbracedbaadec
alternatives. The number of different elementsha sanitary piping system atch floor of the MCEE
Hospital is estimated using its architectural dragsiand considering only the pipes with diameteagr thai
or equal to one inch. The number of hangers isnestid assuming a spacing of 10 f&ping system dama
is assumed to be a function of the inter-staheft. Hence, no pipe model is required for fragilanalysis an
loss estimation. The unbraced system is considaseithe existing systerithe braced system is used as
rehabilitation alternative. It is assumed that piges are bracedt every second hanger location with a cl
support and bracing cables. Cost associated wighbifacing option is estimated and is used ascibst ¢
rehabilitation for the piping system. The damagallistates are obtained from (Corbin, 200&jgilities ar
calculated from the structural system responseer@storey drift) and the damage statésssociate
repair/replacement costs, distigm of service for these damage states and camelspg capacity losses
calculated.
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Figure 5 shows example fragility surfaces for thastructural systemattached the structural system witt
rehabilitation. In Fig. 5, panel-a shows the pralitgbthat the maximum acceleration response of the H
equipment exceeds ZQHVAC equipment has at least moderate damage) J{esigows the proability that
partition wall located on the 1st floor has extgasdamage or completely failed and panel-ovah the
probability that existing (unbraced) piping systixwated on the 1st floor has extensive damage.
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Figure 5 Example nonstructural system fragiliti@g:HVAC, (b) partition wall, (c) piping system

3.4. Loss Estimation Algorithm and the RDAT

The Monte Carlo based algorithm for calculatingdkeeision variables (1) the total tifip the system jperate
below p% capacity, and (2) the total coBC, in 7, which are used for selecting the optimal rehabilite

alternative is outlined in Fig. 6.
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Figure 6 Monte Carlo algorithm for loss estimation
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First, for a given event in a lifetime seismic hazaample damage state probabilities for the siratanc
nonstructural systems are obtained from their speding fragility surfaces. We thgenerate samples
damage states for trstructural/nonstructural systems. Next, recovametiand total event cost (consisting
repair, replacement, capacity loss and life loghes to structural/nonstructural damade) this event, al
obtained fron the available consequence/financial informatiRacovery times and total event costs fror
events in a hazard sample are added to obtain plsafiTp andTC. The probability laws offp andTC are
estimated by generating many samples of lifetimense hazards and obtaining corresponding valuegjio
andTC.

The algorithm in Fig. 6 is implemented in Rehahtldn Decision AnalysiFoolbox (RDAT), a MATLAE
based program for calculating the seismic resibenfcstructural/nonstructural systems in a headite daciity
(RDATV1, 2004; Kafali and Grigoriu, 2005).
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3.5. Resaults

Figure 7 (a) and (b) show the marginal probabdignsity functions of the (a) total tinig the system operat
below p=90% capacity, and (b) total cost TC ir 50 yearsfor the base system and the three rehabilit
alternatives, calculated by Monte Carlo simulatising 1,000 samples.

0.2 T T
—hase system —hase systam
— rehah. alt. 1 — rehah. alt 1
£ -~ rehab. alt 2 -~ -rehab. alt 2
[ \ — -rehab. alt. 3 — -rehah. alt 3 1
5 |
.-E D.l-ll \ (a) (b)
o [ x\
e
0 . R S . .
il 10 £ [daym) 1| 30 o 15:: (5 ]:I:I.ﬂ].{l:ln)j:l 45

Figure 7 Probability density functions of (§) and (b)TC

Figure 8 (a) and (b) sho®(Tp>t) and P(TC>c). A possible measure faromparing the effectiveness
different rehabilitation alternatives can be thelyability that the total timd@p the system operates below €
capacity exceeds a leuwgl (or similarly, the probability that the total casT exceeds a level,). Accadingly,
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Figure 8 Decision based on (§) or (b) TC

the optimal solution is the one with the lowB§Tp > t,) (or P(TC > c,)) and dependsn the selected value
te (or cy). For example, Fig. 9 (a) shows that the optinodutions are rehabithtion alternatives 1, 2 and 3
te = 30 days, or Fig. 9 (b) shows that the optiméltsmn is the rehabilitation alternative 3 fay = $20million.
If both Tp andTC are considered for selecting an optimal solutiban the alternative resulting the highe:
P(Tp<ty, TC<cy) is the optimal solution. Fax, = 30 days and, = $20 million, the optimal solution ithe
rehabilitation alternative 3.

4. CONCLUSIONS

The presented loss estimation method was impleménteomputer programs and the life-cydlgk analysi
methodology was illustrated through numerical ex@spMCEER West Coast Demonstration Hospital
analyzed to identify an optimal rehabilitation stgy with respect to total lifeycle losses using the conce
of seismic activity matrix and fragility surfacds.was shown that proposed retrofittidfernatives do n
change the mean value of the life-cycle costs Bagmitly; howeverthe probability of exceeding large cc
was lower for the retrofitted systems.
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The presented loss estimation method can be immeddiextended to systems under multihazard envisrim
For example, in the case of two independent intéenti hazardssuch as seismic and hurricane hazards
site, the lifetime hazard sample may include ehtgpes of events, two individual hazard events ane
coincidental hazard event. For the individual hdzarents presented method d¢sndirectly applied provide
that the fragility information of the system foree hazards are readily available. #ar coincidental hazs
eventsystem fragility under the combined hazards is irequ Once the system fragility is calculated lifed
loss estimation can be performed following the @nésd algorithm.
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