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1. ABSTRACT

The Global Earthquake Model (GEMttp: //www.globalguakemodel.org/) is a grand effort

to proffer a comprehensive open source tool fogydascale loss assessment studies. For
this to be accomplished, an analytical seismic endhility assessment methodology needs
to be developed that links ground shaking with repast for a building class. The test bed
for the present study is a set of low/mid-rise Isteement-resisting frames (SMRFS)
designed for high seismicity US regions and seteejgpropriately so as to represent all
important aspects within their class. The strudtuamalysis was performed using
Incremental Dynamic Analysis (IDA). On that premifiee selection of a single Intensity
Measure (IM) to parameterize IDA results and, evalhy, vulnerability curves needs to be
tackled. It was demonstrated that scalar IMs cas [z overall satisfactory performance.
Once the uncertain structural response is defineteims of interstory drifts and floor
accelerations, across a wide range of intensities, methodology proceeds to the
vulnerability estimation and consequently to lossessment. The end product of this study
is a high-quality set of vulnerability curves whoseighted moments are taken as the
uncertain vulnerability function of the investigateuilding class.

2. INTRODUCTION

Given the lack of sufficient historical data on $esmic performance of a broad range of
building classes worldwide, the value of an anelltimodel to assess vulnerability and,
consequently, loss becomes apparent. To this enskgtaof guidelines was recently



developed by Portatt al. [1] aiming to offer a practical analytical methima assessing the
relationship between the ground shaking and thairepst for a building class. The term
‘building class’ refers to a set of index strucgif2] which are appropriately selected, so as
to account for variations of their key featureg(deight, construction era etc) that are the
most influential to seismic performance.

For assessing the structural response from elgstig to global collapse, Incremental
Dynamic Analysis (IDA) [3] is employed. Furthermptle important task of selecting a
single Intensity Measure (IM) across the class bélladdressed. Following the evaluation
of the structural response, the study proceedbidovtiinerability and loss assessment of
the low/mid-rise steel moment-resisting frame (SNIREilding class. This will be built
upon the component-based FEMA-P-58-1 approachy#éite latter will be simplified in
such a manner so as to minimize the invested effort

3. CLASSDESCRIPTION AND SAMPLING

The test bed of the present work is a set of gixa@/mid-rise SMRFs, built in the US in
high-seismicity regions. The analyzed structureseveelected from a report issued by the
National Institute of Standards and Technology (NIS5]. The main features
differentiating the buildings within the class wem@nsidered to be: a. the building height,
defined as the number of stories (paramxfgrand b. the design base shear, as determined
by the code-based value of spectral acceleratioh.@dec, termedD1 in US codes
(parameterxX2). The first macroscopic characteristic was baseda sample of 3562
buildings in Memphis catalogued by Muthukumar [Bpr assessing the distribution of
D1 in high-seismicity zones a comprehensive cataaguJS highrise buildings has been
extracted from the Emporis highrise building dassband appropriately processed. To
minimize the number of samples needed to repredentpopulation of low/mid-rise
SMREFs, a set of representative “index buildings’swsalected using class partitioning [7].
The methodology results also to a certain weightefaresent the contribution of each
index building to the total sample (see Table 1).

Index No of storiesX1 Code design leveK2 Weight

1ELF 1 0.6g* 0.5503
2ELF 2 0.6g* 0.1760
3ELF 4 0.6g* 0.0337
5ELF 1 0.2g* 0.1738
6ELF 2 0.2g* 0.0556
7ELF 4 0.2g* 0.0105

* D1 for site class D
Table 1. Features X1, X2 and moment matching weights for the six index buildings

All archetype buildings have a rectangular floarpthat consists of a three-bay perimeter
frame on each side. For both design and assesshe=et special perimeter SMRFs were
assumed to withstand the seismic forces whilsttdmribution of the gravity frames to the
lateral strength and stiffness resistance capaditye building was disregarded. All the
beam-to-column connections were Reduced Beam &¢@BS) connections. The global



destabilizing PA effects are taken into account assuming that &\RF apart from its
tributary gravity loads also carries half the setsmass of the building.

4. MODELING

The six index buildings were analyzed using 2D nhadealizations of the MDOF
structures. Regarding the structural members, thelravior was depicted using lumped
plasticity elements with an elastic hardening bacid that is followed by a negative
branch and a complete loss of strength at an ukimactility. The capping rotatiof, (i.e.
total rotation just before the loss of strengthywamputed as the sum of the yield rotation
6y and the pre-capping rotatiél, with the latter being evaluated from empiricali@ipns
recently proposed by Lignos and Krawinkler [8]. $@equations were obtained by fitting
a comprehensive database of structural tests vsgrgssion equations that incorporate the
effect of material, section geometry and member edsions. Results are offered
separately for beams with RBS ends and beams titaerRBS. The former will be
employed for beams and the latter, for lack ofdredata, to model the columns.

5. IDA FUNDAMENTALS

For evaluating the seismic performance of the inBexdings, Incremental Dynamic
Analysis (IDA) [3] is adopted. IDA is a powerfuldbof structural analysis that involves
performing a series of nonlinear time-history asaly/for a suite of ground motion records
scaled at increasing intensity levels. To define ERA curves, two scalars are needed,
these being the Intensity Measure (IM) to represientseverity of the seismic input and an
Engineering Demand Parameter (EDP) to monitor thetsiral response. For the present
study, a number of different IMs were used forgthating their efficiency, whereas only
two classes of EDPs are needed: the peak InterBiaftyRatio (IDR) at each story and the
Peak Floor Acceleration (PFA) at each floor. Theugid motion records needed for the
IDAs come from the far-field record set from FEMA3 [9] that contains 22 records
with two horizontal components (i.e. 44 individaakelerograms in total).

6.IM SELECTION

The selection of an appropriate IM is an importtagk towards the development of
analytical seismic vulnerability functions, eitHer a single building or for a set of index
structures. The IM essentially governs the biastaedvariance inherent in evaluating the
structural demand for given levels of intensityu$hthe two most important properties of
the IM are efficiency and sufficiency. Sufficierd an IM that renders the structural
response independent of any other seismologicgiaund motion characteristic. Efficient
is an IM that is highly correlated to the structumsponse, thus reducing its variability
from record to record.

Considering a set of structures, as opposed toghesbuilding, increases the requirements
placed on the IM. In that case, the selected siiMlshould remain efficient and sufficient
for the entire class, a prerequisite that is natlganet. S(T,) is often considered to be a
relatively sufficient and efficient IM. Neverthekest does not satisfy the requirement for a
common IM for all buildings within the class, assitstructure specific. A simple remedy is



to choose a single common peribthat can be considered representative of the.cClags
potential candidates aBg(1sec) and,(Tim), whereT iy is the mean (or median) of the first
mode period of all index buildings. On account oigke buildings, Cordovat al. [10]
introduced Sgm that was initially defined as the geometric mednthe two spectral
acceleration components evaluated at two perioeldevthese being the fundamental
period T, and a period that is two times the fundamentaloge2T;. On that premise, a
second class of IMs was considered, this beingSg&Ti), which are defined as the
geometric mean of spectral acceleration valgg€s) estimated at several periodisthat
may span the following ranges:

a) Five logarithmically spaced; periods over theTpm, 1.5T14] range, wherdé,y, and

Tim are the meaih, andT; periods,

b) Seven logarithmically spacdd periods over the [mifp, 1.5max;] range,
c) Five linearly spaced; periods over thelpy, 1.5T1,] range,

d) FourT,; periods defined ad{m, min [(Tom+Tim)/2, 1.5T2m], Tam, 1.5T1n],

e) FiveT, periods defined ag§m, min [(Tom+Tim)/2, 1.5T2n], Tim, 1.5T1m, 2T1m),

7.1DA ANALYSISRESULTS

IDA was applied to each of the six index buildirfigs the 44 accelerograms using the
hunt&fill algorithm to achieve a consistent numioérl2 nonlinear dynamic analyses per
record. In each case the analysis was run up tbabldynamic instability. Figure 1
presents the results in the form of 16,50,84% ilea¢DA curves for the maximum IDR
and two characteristic index buildings. The resplssented in Figure 1 are not directly
comparable due to the use of a differ8{ii,) for each building. It is for this reason that
we should transform the results to a common IM tte be used for defining the
vulnerability function of the class.

8. COMPARISON OF DIFFERENT IMs

The testing of candidate IMs for efficiency can ferformeda posteriori and for any
number of IMs without incurring any additional coatational cost: The same IDA results
are simply reused and reprocessed. The proposdwdudgy differs from similar studies
that have appeared before in the literature (elf),[In two important aspects, namely (a)
using an IM given EDP (IM|EDP) basis and (b) empigyall IDR and PFA values at each
story, rather than just the maximum IDR over aflrigts. Working on an IM|EDP basis
essentially translates to using vertical stripespoints in Figure 1, produced as cross
sections of the 44 IDA curves with a vertical lisignifying a given EDP value. This has
the obvious advantage of allowing a detailed vidéwfbciency that can reach all the way
up to global collapse.

Efficiency is tested by evaluating the disperségnof the IM|EDP values, i.e. the standard
deviation of the log of the IM capacities for a ganof EDP values. Lower dispersions
mean higher efficiency. The ensemble results apgevsHor the 3ELF 4-story in Figure 2,
for the interstory drift EDP. The IM ranking acroab IDR values reveals th&(Tim)
possesses the best performance in the elastiarediereass,ym(Ti,5%) has an advantage
in regions where the spread of inelasticity resintsubstantially elongated periods, but
also when considering the PFA response, whichtipresented here for brevity.
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Fig. 1. Summarization of the IDA curvesinto 16,50,84% fractile curves of the maximum
IDR for two index buildings
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Fig. 2. Maximum and average dispersions of the IM for given values of the IDR response
of the 3ELF 4-story index building considering eight IMs

9. VULNERABILITY ESTIMATION

When estimating seismic losses, in order to injeetneeded variability, one should define
three variants of each index building: one variaith relatively rugged components, one
with typical components, and one with relativelgdgile components. Only the top 6 or so
nonstructural/content component types and the top 4 structural component types are
considered. By “top components” is meant the corepts that contribute most to

construction cost new.

The values of peak floor accelerations at eachr ftwmaoof diaphragm and peak transient
drift ratios at each story, captured via IDA, amput to fragility functions for each
component at each floor (for acceleration-sensitbeenponents) or story (for drift-
sensitive components). One uses Monte Carlo mettmdsnulate ground motion time
history, damage for each component, and repaiisqost damaged component type and
damage state. Total damage facdF (repair cost as a fraction of replacement cost)new
in any simulation is given by Equation 1, in whi¢ldenotes the replacement cost new of
the building, f denotes the fraction o¥ represented by the component types in the
inventory,a is an index to floor levelN, is the number of diaphragms,is an index to
component typesN. is the number of component types consideckds an index to
damage states for a given component tyeis the number of possible damage states,



n(a,c,d) is the number of damaged components at fldypec, in damage statd, and

u(c,d) is the unit cost to repair a component of tggeom damage stai
Na Nc Nd

DF=\Tlfza:Zc:Zd:n(a,c,d)-u(c,d) (1)

One calculate®F for each of many simulations for each combinatbstructural model
and component set at each level of ground motitensgity, and captures mean damage
factor (MDF) and coefficient of variation (COV) adunction of ground motion intensity.
One equally weights the poor, typical, and supegiaality variants to estimate the MDF
and COV for each index building and applies theslgartitioning weights to calculate the
MDF and CQV for the class as a whole.

10. CONCLUSIONS

A practical methodology has been presented for opmihg analytical vulnerability
assessment for low/mid-rise steel building class®ignificant novel features of the
proposed approach include: (a) Using class pantitgp to select representative index
buildings, (b) the wuse of simple structural modeisgether with IDA for
performing structural assessment, (c) the intradacof the geometric mean of spectral
accelerations at adjacent periods as a sufficiedtedficient intensity measure across an
entire building class, (d) the use of a reducedlistop components” that need to be taken
into account for assessing the damage factor gniligate Carlo simulation to propagate
the uncertainty from different realizations of eactiex building to the class vulnerability
results.
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ITHEPIAHYH

Y1606 Tov [Maykocuov Zetoukod Movtérov (http://www.global quakemodel.org/) sivar 1
dnpovpyia evog epyareion avoryToy KMOOKO Yo TNV EKTIUNGN TOV ATOAEIDV CE UEAETES
evpelag kiMpaxag. o v emitevén tov ev AOy® oT1dYOVL, amorteitor 1 avdmtuén piog
avoALTIKNG HeBodoAOYinG EKTIUNONG TG GEIGUIKNG TPOTOTNTAG 1) ool B cuvdéet yia pio
dedopévn KAGo™ KTIplov TNV €viaon NG €00QIKNG Kiviiong 1e T0 KOGTOG OmMOKATAGTAONG
TV {NUdV. XNV Topovca EPELVO YPNCIULOTOMONKE éva GHVOLO UETOAAK®OV TAOIGI®V,
YOUNAOV Kol HEGOV VYOVS, TOL OToiol £Y0VV GYEOICTEL Y10 TEPLOYES LYNANG GEIGHIKNG
emkivouvotrag tov HITA. Ta xtiplo emdéyOnkav €Tl dGTE 01 WO1OTNTES TOVG VoL gival
OVIWPOCMOTEVTIKEG TNG OLYKeEKPUEVNG KAdong. [a v extiunon g GEGHIKNG
CLUTEPLPOPAS TV KTipiv ypnoomomOnkayv Avaivoelg Avvakng Avtiotaong (AAA).
210 TAOiG10 aVTO OAITNONKE M EMAOYY| EVOG YOPUKTNPIGTIKOV, Y10L OAGKAN PN TNV KAAOT,
Métpov ‘Evtaoncg (ME) mpokeyévov vo mopapetporonfovy ta amotedéopata tov AAA
oAG kol ekelva tov Kapumodov tpotottoas. [Ipoékvye o601t 1o Pabumtda ME €youvv
IKOVOTIOMTIKT] GUUTEPLPOPA. AKOAOVO®E NG EKTIUNONG NG CEICUIKNG CUUTEPLUPOPES
VTOAOYIGTNKE N GEIGUKT TPOTOTNTA TOV KTIpiwv. To TeMKO TPoidv TG Tapohoag EpEvvag
givol éva. GUVOAO KAUTLADV TPOTOTTAS, 0o TIG (CTATIOTIKG) CTUOUOUEVES POTEG TMV
OTOi®V TPOKLTTEL 1] TPOTHTNTO TOV VIO AVAALGT| KTIPLOUKOD GUVOAOV.




