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ABSTRACT :

Seismic fragility plays an essential role in théireation of potential earthquake losses to a bogdilts
probabilistic framework allows the damage assesstoetake intoaccount uncertainties in earthquake he
as well as in building properties. However, thatiehship between building damage, earthquake Joaat
structural characteristics is complex and can lyabdl represented by a closed-form expression. Tdrere
propagation of the uncertainties to formulate daenagobability distributions has to rely upon nuroal
techniques such as Monte Carlo simulation. This@gagh requires a large number of trials in ordeshitain
reliable probabilistic distributio of the damage. Computational demand becomes atigabwhen thousan
of dynamic nonlinear timéistory analyses of building models must be pertarfor that purpose. This wc
explores an alternative approach for carrying dwe intensive structural simulationResponse Surfa
Methodology in conjunction with Monte Carlo simudat achieves an efficient compromise in builc
fragility computation. In particular, a responseaface is systematically developed to predict threcstira
response baseupon a few nonlinear finite element dynamic anayseomputational costs imposed by
Monte Carlo simulation are significantly reducedcdigse the propagation of uncertainties can no
performed on a polynomial response surface functiamher than v a complex dynamic finite element mo
An example application of the methodology is préserior the seismic fragility assessment of stdyy stee
moment resisting frame (SMRF) building. The builglia assumed to be located in Memphis, Tennessg®, U
and is designed in accordance with the seismicigions commonly used in the region. The computadility
curves of the building reveal potential damagéntoluilding from future earthquakes, and provideliasis fc
prioritizing mitigation actions.
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1. INTRODUCTION

A building’'s performance under future earthqualedarigely unknown and cannot be predicted with cetye
This is primarily due to the fact that an earthquék a complex phenomenon in nature and tiatwc
earthquakes are alikédnother source of uncertainty comes from the bogditself as construction matel
properties can exhibit deviation from their desjoe expected values. Performance assessmeetl lmmly o
a deterministic response analysis may be misleaatidgaprobabilistic assessment is deemed more apprc
in some cases. The concept of seismic fragilitwesiris utilized as a measure of damage likelihobad
building subjected to seismic events with variousnsities.

Conventional methods for developing analytical iliggcurves use simulation of seismic responst®wvever
the simulation normally requires a large numbesashples in order to obtain a consistent probakikysityof
the outcomes. Tens of thousands of samples magduted in this regardt. quickly becomes impractical wh
each sample in the simulation involves a nonlirdsaramic analysis of a complex structural model sTvork
proposes an alternative approach for deriving tiheulation-based fragility curvedy using a statistic
technique called a response surface metamodel.

2. THE RESPONSE SURFACE METAMODELS

In most physical systems, the mechanism of a coedputsponse is governed by an implicit relaghug
between the response and a set of input varialhégsrtfluence the response. Aract relationship is typica
unknown and the response has to be computed byucong an experiment or running complex comg
codes. In many circumstances, resources are todireo that a sufficient number of numerical eipents
cannot be performed. In the case of computer aisatggles, theomputational expense of running comp
analysis codes may become prohibitive when a langeber of models need to be examined.

A metamodel is a statistical approximation of tleenplex and implicit physical phenomena. ésponse
estimated from a closed-form function of input ahites which is computationally simpler to r@onstructiol
of metamodels generally yvnlves 3 main steps: (1) choosing an experimengsigh for selecting a set
inputs for observing or running an analysis forpoi$, (2) choosing a functional form for tireetamodel, ar
(3) fitting the model to the observed data. Sevewations in eah step result in various approximai
techniques that can be used for a metamaidgical metamodels include polynomial regressiondel® o
complex computer analyses based on experimentardege.g., the response surface methodologyjicaat
neural networks, kriging or inductive learning nmetalels [Simpson et al., 2001].

One of the most widely-used metamodels is the Resp8urface Methodology (RSM)he origin of the RSI
can be traced back to the work of several reseegdhethe early 1930’s. However, it was Box amilson
[1951] who formally developed the methodology tbetimine an optimal condition in a chemical investign.
Since then, the RSM has been successfully apphedany different fields of study such as chen
engineeringjndustrial engineering, manufacturing, aerospaagnering, structural reliability, and compt
simulation.

Response Surface Methodology refers not ealthe use of a response surface as a multivetiatgion bu
also to the processes for predefining a paramgiaces(or a design space) ametermining the polynomi
coefficients themselves. A response surface equasicsimply a polynomial regression to a data 3&&
process is straightforward if a sufficiently lardata set is available, thi if the number of members in
data set is at least as large as the number ofigeafs in the polynomialOn the other hand, if the data
must be determined and if the process is toresuming and computationally expensive, then therad
usefulness of the method will depend on the usanoéfficient method for selecting the fewest pdesilat:
points. Design of Experiments (DOE) techniques provide tieeded basis for this critical step in
methodology
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There have been a number of bgagions of the response surface methodology m field of structure
reliability. Bucher andBourgund [1990] were among the first researchergidoeer the application. In th
study, the method was used to approximate limitestanditions of a nonlinear single-degreereedon
oscillator and a frame structure. Good quality led tesponse surface prediction was observed insthdy
Rajashekhar anéllingwood [1993] evaluated an existing responsdase approach in structural reliabi
analysis and proposed a way for selecting expetahenints at the distribution extremes instead ofeahtre
range of the distributions. Numerical examples wpven to confirm the efficiency of the approach.

The Response surface methodology was found togeayvod approximation of complex analysis codealin
published literatureThese successful applications have led to antltitathe method could be useful in o
fields where complex and implicit analysis codes t& replaced by a simple respersurface functio
Seismic fragility analysis of huilding typically requires repetitive runs of dyniz analysis code in order
obtain reliable damage statistics and it can edmlyome computationally prohibitive. This wadrkplement
the responseusface concept for predicting building damage duedrthquake loadings. The approache
described in the subsequent section.

3. COMPUTING BUILDING FRAGILITY WITH A RESPONSE SUR FACE

Building seismic fragility describes the likelihood damage to auilding due to various levels of earthqu
intensity. It takes into account randomness in earthquakeirigadand uncertainties in the struct
characteristics (e.g. material strength and modofuslasticity) in deriving probabilistic descriptis ofthe
damage.Seismic fragility assessment requires repeated gansimulations of a building with rand
properties subjected to random earthquake ingtash realization of seismic damage is carried brgugt
complex finite-element time-history analysis.usually becomes impractical because of the lamgmber c
time-consuming analyses needed to obtain relightesics of the outcome# response surface metamodt
sought to approximate an implicit building seisrdamage computation using an explicit polynomiakfion.
A Monte Carlo simulation can then be performed lo& simpler response surfaoetamodel instead of t
complex dynamic analysehe process for calculating seismic fragility basedthe use of response suri
metamodels is described in the following paragraph.

The first step is to define input and output (csp@nse) variables for the response surfAceappropriat
building response or damage measure such as a omaxinterstory drift is defined as an output varia
Random building and earthquake parameters chaiantetheresponse calculation are used as input vari
and the applicable range of each input variabléefined. When a large (generally more than 5) numb
input variables are identified, a screening proceggenerally used to determineabset of variables that hi
the largest influence on the output. A Design opé&riments (DOE) technique is then utilized for sleéecton
of an efficient set of input variable combinatiofexperimental sampling). Next, @detailed computation
analysis is performed on a building model cons&dicb represent one combination of input varialdiefinec
by the DOE step, and the chosen seismic resporeséracted from each analysis run. The processpisate
for all other combinations of the input variabledided in the DOE step. A least-squaregression analysis
then performed on the sampled input data pointscangsponding outputs to formulatgolynomial respon
surface function. This response surface model ig eemputationally inexpensive for use in a bruieé
Monte Carlo technique with a large number of siriates. Consequently, probabilitie$ the chosen respor
exceeding certain damage limit states can be caddgubm the simulation outcomes and in the finapghe
fragility curves can be constructed.
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4. EXAMPLE APPLICATION: A 5-STORY STEEL BUILDING

To present an application of the response surfagadology with full details, &ctitious building of stet
moment-resisting frame construction located in dowm Memphis, Tennessee, is chosen for an exaofple
the application. The building is square in its pleith 5 bays in each directioithe bay width is 7.62 mett
(25 feet). The building has 5 stories with eachysbeing 3.96 meters (13 feet) tallwas designed accordi
to the seismic provision of the 1985 SSBC (Soutt&andard Building Code). Momergsisting frames a
located only in the perimeter frames of the buiddifihe building in this study representsypical stock c
older steel buildings that can be found in the ak@mphis is located in close proximity tike New Madri
seismic zone. This seismic zone is known to bellapaf generatingarge magnitude earthquakes in the |
but since recent history shows no sign of a reaggeof those events, many people in this regioreapp
forget about the threat and the likelihood thaamedging earthquake in this region could severefyaintheir
built-environment. Fragility curves for the buildimvill indicate the likelihood of this building beindamage
from future earthquakes of various intensities.

4.1. Damage or Response Measures

The first step in the process is to define a responeasure that is suitable for the quantificapioseismic
damage. A number of researchers have proposed eamegsures for buildings as a result of earthquake
loadings. Some utilized a displacement-based measich as a maximum roof drift ratio to quantifg th
damage. Some used energy-based criteria that teatenount of hysteretic energy to the levelsawhdge.
Some researchers combined the displacement-badd@tieaanergy-based criteria to derive unique measur
However, there has been little consistency on thst@ppropriate measure to quantify the seismicagdgmin
light of these available damage measures, FEMAQRPfbposed the use of the maximum drifts for asiags
building performance as well as the levels of dagrtagstructural components. The work describedim t
paper uses the maximum inter-story drift ratiothesresponse parameter due in part to its simyliliit
largely because the drift is well-correlated widssnic damage.

4.2. Response Surface | nput Parameters

The main idea of approximating a complex and inifplitynamic structural analysis model with mort
tractable response surface metamodel is that thgapgation of uncertaintidsom random building properti
to the response measure can be done with relasise.leor this reason, input parameters for the resy
surface should be those random building propettiascontribute to the extent damage the building wot
experience during an earthquake. Strictly speaking,of the building properties will have an infhoe onthe
damage; however, having too many input parametersspoil the simplicity of the response surface ehod
screening test of the input parameters can be peefib to screen out less important parameters ave taly
those that have the most contribution to the coatprt of the building responsd@owashiraporn [200
performed a Pareto screening test on a similal &t@éding and found that the most influential builg
properties (in no particular order) include a bui¢gds damping ratio, and also thygeld strength and elas
modulus of the steel.

In addition, the intensity of the earthquake altmyp a major role in the computation of the damdggerr
correlation analyses of various earthquake intgmsgasures and the building response (maximun) dtift/as
found that the most appropriate intensity meassithe spectral acceleration at faedamental period of tl
building (S,17). The spectral acceleration is then defined as andtipait variable of the response surfi
Finally the response surface model in this work eéscribe, in functional form, the building’s niexum drift
ratio by the 4 input variables (nametlie building’s damping ratio, the steel’s yieldesigth, the steel’s elas
modulus, and the spectral acceleration at the ibgilslfundamental period).

A parameter range for each of the input variablgmeding from its expected value must be defineariterto
form an experimental design spa&hoosing meaningful regions of interest for theuinpariables must |
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done with caution. On the one haritle regions should be large enough to includepadsible paramet
spaces. On the other hand, the regions cannodarige or they wilreduce the prospect of a good regres
fit of the response surfaces to the actual responable 1 presents the input parameters defiioedhe
response surface model in this work as well ag #wgdected values (center point), and linveer and uppt
bound values. These bounds form a multi-dimensidesign space where the responses are to be tattula

Table 1: Input Parameters for the Response SuFfacetion and their Design Spaces

Parameter Lower Bound Center Point Upper Bound
Steel Yield Strength (MPa) 259 324 389
Steel Elastic Modulus (GPa) 190 200 210
Damping Ratio 0.01 0.02 0.03
S.11(9) 0.1 0.6 1.1

4.3. Design of Experiments

The design of experiments (DOE) systematically roefian efficient set afxperimental sampling points
which the responses must be computed or obserVege are many types of experimental destgas can b
used for this purpose. Among them, the most comynoséd experimental designs ar&ull Factorial desic
and a Central Composite design. However, thesestgeexperimental designs are morerapriate fo
physical experiments where random or replicatioorsr(i.e., replicatingxperiments with an identical sef
inputs produces different values of outputs) existhis work, an experiment is actually a compaealysisn
which the random or replicating error term is albs&his lack of the random error term leaves tlastsquar:
fit of a model without obvious statistical meanif8acks, 1989], so instead of the commonly ustaksical
designs, an experimental design for computer aeslgsould have its design points filling the desigaceanc
treat all regions of the design space equally [Sonp 2001]. This wrk implements a Uniform Design, wh
is one of the ‘space filling’ designs appropriate deterministic computer experiments.

Table 2 shows partsf a Uniform Design table for 4 input parametershweach parameter having 3 le
(lower, center, and upper). This Uniform Designl¢abonsists of 39 different combinations of th@un
parameters. The valueg, -0, and +1 in the table represent the lower bpeedter point, and upper bot
values, respectivelyror example, the DOE case 2 takes the lower boahes of the yield strength and

elastic modulus, the expected (ont® point) value of the damping ratio, and thearppound value of ti
spectral acceleration. Each of the 39 DOE casessepts one realization of the steel building insiudy.

Table 2: Uniform Design Table of 4 Parameters ahé&ls

Input Parameter Response
DOE # Yield Elastic Damping Mean Std Dev
Strength Modulus Ratio Sam Drift (%) Drift (%)
-1 -1 -1 0 4.477 0.826
-1 -1 0 +1 7.185 2.238
39 +1 +1 +1 +1 6.471 1.959

The earthquake intensity paramete{Pindicates loadings to be applied to each of thiéding realizations
Due to the complexity of how an earthquake interagth a building, the building responses fralifferen
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earthquakes of similar intensity can vary. Thisordeto-recod dispersion of the responses must be acco
for in a fragility analysis. This research addres#leis dispersion issue with the use of anearde o
earthquake records for computing the responseseMenvactual earthquake records in the centrakanther
regions of the United States are largely unavalaBk a result, a suite of 500 artificial groundtimo record
generated for Memphis [Wen and Wu, 2001 and RixFerthandez, 2006] is utilized for tifragility analysi:
in this research. In oed to preserve the underlying physical propertieg® simulated earthquakes, there i
scaling of the records in this work. Instead thigé pool of earthquake records are grouped togaticerding
to their spectral acceleration values. For a sjgeDIOE case, dynamic analyses are performed obuhding
realization subjected to a group of the earthquakerds pertaining to the intensity defined for dase.Foi
example, a group of earthquake records that hamie fpectral acceleration arabiri.1lg is applied to tl
building realization in the DOE case Zhe use of a group of various earthquakes recoedalts in
distribution of the responses for a given DOE ca$e responses sought in this wairle really an expectati
of the maximum drift as well as a measure of iord-to-record dispersion. In this worlhet maximur
inter-story drift ratios computed for a given spatiacceleration are assumed to be lognormdiyribute
[Cornell et al., 2002]. As a result, the lognormredan ad standard deviation of the drift ratios are coradut
response parameters for all DOE cases (Table 2).

4.4. Response Surface Model Fitting

The most widely used response surface function nsathematical polynomial function. Aygical respons
surface model limits the order of the polynomialotte or two since lowdegree models contain fewer te
than higher-degree models and thus require fewperegrents to be performed. A secaordier polynomie
function is considered as a response surface niodkls researclsince the seismic responses usually ex
nonlinear behaviors that a first-order model canoapture appropriately. A typicalesponse functic
considering the second-order polynomial model ésented in Eqn. 4.1.

[ Kk k-1 k
9:b0+zbixi +Zbiixi2+zzbijxixj (4.1)
i=1 i=1 i=1 j>i
where
y =  the predicted response
Xi % =  the input variables
bo,hb,hbi,b = unknown coefficients to be estimated
k =  number of input variables

In order to capture the expectation as well ageleerd-to-record variability due to earthquakes, ibspase:
sought in this work are the natural logarithmic l@gnormal)mean and standard deviation of the maxir
intersstory drift ratios. Many linear statistical modeln be used for deriving the polynomial responstase
functions of the mean and standard deviation. s thork coefficients of the polynomidunctions ar
determined by a least-square regression analysigeabsponses and the experimental data pdialde(3.

Figure 1 shows the response surface functionsetgriivthis work. Each response surface functioradly a
multi-dimensional predictive model. However, fdudtration purposeshe plot is presented in a 2 dimensic
space in which the relationship between the predinotean of the maximum drifts and the-Ss shown (solid
blue line). The values for the yield strength, th@dulus, and the damping ratio are fixed at thespective
central point values. The predicted standard dievias displayed as a departure from the prediotedn
values (or mean % std dev, shown as dotted bles)int is apparent from this figure that the reetm-record
variability increases as the ground motion intgnisitreases. Actual maximum drifts calculated fritwa
time-history computer analyses are shown in theedggre as a reference. It is seen from the figoat the
predictive response surface models agree withdtuabdata points with reasonable accuracy.
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Figure 1: Plots of Maximum Inter-story Drifts vessGround Motion Intensity 5,

4.5, Statistical Validation of the Response Surface Models

A least-square regression analysis gives pararoetefficient estimates for the response surfanetions.
The next step is to evaluate an adequacy of thefpredictive models. There are a number of sizdls
measures that can be used to verify linear regnessbdels. However, statistical testing is inappiadp in ths
case where outputs are computed by deterministipater analyses rather than physical experimeadstri
because the random error term does not exist [8imestal., 2001]. The simplest measure for veriyime
model adequacy in the deterministic computer erpanis is a coefficient of determinatiorf{RThe value of

R? characterizes the fraction of total variationtw tlata points that is explained by the fitted rhadewever,
the R can be misleading since it always increases as input variables are added. Alternatively, an
adjusted-R (R?), which takes into account the number of pararsétethe model, can be used for evaluating
the goodness-of-fit of the model.

Even though the R value explains how well the model fits to the mféned experimental points, the va
does not, however, reflect the prediction poterdfahe model to other points not used to gendfraemodel.
In order to verify the overall accuracy of the msgpe surface models, statistical tests at additramalom dat
points in the design space must be performed. Tteste include the Average Absolute ErreAvgETr), the
Maximum Absolute Erro(@MaxErr), and the Root Mean Square ErfsRMSH [Venter et al., 1997]. Fdhe
purpose of these statistical tests, 100 additi@meahbinations of input variables (N=10@)ye generated

random. Actualyf) and predicted{) maximum interstory drifts are calculated for each combinatiod tos:
statistical measures are computed as follows:

1 { -
Nmz‘yi Yi‘

%AvgErr = 1000—=—— = 522% (4.2)

1
ND;yi

%MaxErr = Max|100 ‘i" _Ny“ = 1287% (4.3)
i ~ Y
N j=a
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S l-w)

%RMSE = 1003 —=—— = 622%

l N
NDiZ:l:yi

(4.4)

The above measures quantify errors, as percentdggsthe predicted maximum drifts from the ress
surface model depart from the actual values. Ithmseen that the errors in the modelaarige low indicatini
good prediction accuracy of the response surfaaeinio this study.

Finally, in addition to the use of these statidtio@asures, visual assessment of the residual arabtiedatiol
plots are performed to determine the model accur@bis correlatiorplot confirms that the response suri
metamodel can provide a good approximation to thelnmore complex nonlinear dynamic analysis.

4.6. Fragility Curves

The seismic fragility is mathematically defined agrobability of a response (or damage) exceedomye
damage state threshold conditional on a specifitirggt motion intensitySince the damage measure in
work is based on the maximum inwory drift ratios, the damage states must be ddfiwith the san
measure. The 3 damage states (i.e., Immediate @acyp Structural Damage, and Incipient Collapse)
suggested by Ellingwood and Wen [2005] for a sieement frame building in Mid-Americare used in th
study. The drift ratios corresponding to those dgenstates are 1% (10), 2% (SD), and 8% (IC). If$he is
considered as a ground motion intensity for thgilitg computation, the fragility can be formulatedterms o

a conditional probability as shown in Eqgn. 4.5.

PFys = Prob [ &> dyps | Sim1] (4.5)

where Pks is the fragility for a damage state Dgpgis a drift threshold for the damage state DS, arsltbe
drift ratio the building would experience underearthquake. The drift ratio (d) is assumed to lgadomally
distributed with the meany, and the natural logarithmic standard deviatigy,The mean and the stand
deviation of the drifts are described by the resposurface as functioms the steel yield strength, the ela
modulus, the damping ratio, and the earthquakensitie S 1. Randomness in those building properies
introduced into the predictive functions for theaneand the standard deviatiorhe steel yield strength
described by a Lognormal distribution with a meatue of 32 MPa and a coefficient of variation (COV)
0.12. The elastic modulus for steel is uniformligtdbuted with a mean value of 200 GPa and a COV.Qf
[Song and Ellingwood, 1999]. Finally, the buildisglamping ratio is assumed to be uniformly distaduwitt
its values ranging between 0.01 and 0.03.

At any given level of the 55, a Monte Carlo simulation evaluates tfesponse surface functions for
maximum drift ratios taking into account both trendomness in the building material properées th:
record-to-record dispersion due to earthquakéter a large number of simulated samples (10,G08es i
this work), a probability distribution of the drifatios can be obtained and probabilities of exicepthe drif
thresholds corresponding to the 3 damage statesalrelated. Repeating the simulation for all level S 11
results in the fragility curves for the 5-storyedtbuilding (Figure 2). It must be noted that theyé differenc
between the structural damage and the incipietapse fragility curves could be a resulttbé difference i
the drift ratio threshold of the 2 damage statés Y2rsus 8% respectively)

In order to evaluate the fragilities of this stballding, seismic haard information at the site of the buildin
required. TheJ.S. Geological Survey (USGS) provides spectragélecation values at short and long struc
periods at locations throughout the United Stafdse values at the assumed location of the dingl
(downtown Memphis) are extracted from the 2002 U3@%ard maps. FEMA [2000] guidelinese used {
construct acceleration spectra for both BSE-1 (19%0 years) and BSE-2 (2% in 50 years). For stée
building, with a fundamental period of apximately 1.6 secons, the corresponding spectral accelere
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values from the spectra are approximately 0.15g @dd for the BSE-1 and the BSEhazard level
respectively. From the fragility curves, it is estited that there is about a 90% chancettebuilding will no
satisfy the Immediate Occupancy criteria underBB&-1 hazard level and there is more th&6% chanc
that the building will sustain structural damagelemthe BSE-2 hazard level. An appropriate mitwatiptior
may be needed for this building to reduce the danpaigbabilities to a more desirable level.

" e - . e |

1.0 )j/“
0.9

0.8 = Structural Damage

Immediate Occupancy ||

y: o
0.7 / Incipient Collapse
0.6

¢
0.4
0.3

0.2
/E]
0.1 1

Exceedance Probability

0.0 7 7 A A s

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
Sar1(9)

Figure 2: Fragility Curves of the 5-Story Steel MB&ilding in Memphis

5. CONCLUSION

This work presents the use of a response surfadammodel in the fragility assessment of a buildifg.
building’s seismic fragility curves demonstrate the likelihaddlamage while taking into account uncertail
in both the building properties as well as the inparthquake ground motions. The uncertaintresusuall
propagated to the damage computation by means bfuteforce Monte Carlo simulation. Howev
complexity in the damage computation (e.g., tingdry analysesgomplicates the overall simulation proc
and reduces its efficiency. The response surfagetifins in this work replace the more complex tinstory
analyses and relate the maximum irdery drifts to the building properties and theugrd motion intensit
through simple polynomial functions. A Monte Cadonulation is then perfmed on the more tractal
response surface models to simulate the probad#ihsity of the damage.

An example of the application is presented usimyothetical 5-story steel moment-resisting framéding
in downtown Memphis. The maximum drift ratiof the building is used as a response measupii
parameters are defined in terms of the steel y#dehgth, elastic modulus, the building’s dampiatio;, ant
the earthquake intensity, §. A Uniform Design DOE table is selected for ddsicg conbinations of the inpi
parameter levels at which the responses are ctddul@he responses for the model aregtkgectation and tl
record-to-record dispersion of the maximum drififie resulting response surface function seemagte:
reasonably well with the results obtained from tihge-history analyses. Statistical tests confirm theueac
of the response surface function quantitativeiMénte Carlo simulation evaluates the responseseviaking
into account uncertainties in the building propertas well as the earthquakes. Findilggility curves ar
derived from the conditional exceedance probabditof the simulated responsdéangineers or buildir
officials can use this information to develop pnopetigation plans in preparation for potential thguakesn
the future.

It is shown in this work that the application oétresponse surface metamodel in the field of seisragility



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

assessment can reduce the computational dematitis o¥erall approach. The main advantage of theores
surface metamodel is that while it provides an d&mhily simple functional relation between the r
significant input variables and the output (resgdnge model is computationally very efficient.
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