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ABSTRACT: Guidelines for developing analytical seismic vulislity functions are proposed for use witl

the framework of the Global Earthquake Model (GEMMphasis is on high-rise buildings and cases where
the analyst has the skills and time to perform im@ar dynamic analysis. The basis for this effeformed by

the key components of the state-of-art PEER/ATQGxehodology for loss assessment. Simplified modelin
options are proposed to reduce model complexityemsd application for building ensembles. Nonlirtar
namic analysis is employed for the estimation chlastory drift and absolute acceleration respaossvalu-

ate both structural and non-structural losses. tapb sources of uncertainty are identified andppgated
using simplified methods based on moment-matctongedluce the computational load. The resulting equid
lines allow the generation of vulnerability functs for a class of high-rise buildings with a readua
amount of effort by an informed engineer.

1 INTRODUCTION or loss with reasonable effort. This has been defin
as 20-40 man-hours for any single structure, and 80
The Global Earthquake Model (GEM) is a grand ef-160 man-hours for a class of high-rise buildings.
fort to offer a comprehensive open-source tool for
loss assessment that can cover the entire globe. A —.m+—
tal component of this effort is the definition diys-
ical vulnerability for different classes of buildis
(Figure 1), a task that has been undertaken bya co
sortium of researchers from Europe, USA, and Aus
tralia. Separate thrusts of the project are getred
wards defining building vulnerability functions
based on (a) empirical data (b) expert opinion an:
(c) structural analysis. Our focus will be on thtdr
part with emphasis on high-rise structures and spe Frebedily Strochures Phydcal Coibanifa

Intensity Population Social Risk reduction

cifically on the development of guideline documents  tocarion

for estimating analytical vulnerability functionsrf igure 1. Conceptual framework for seismic riskeassent
assessing structural, non-structural and content dopted by GEM (sourcehttp://en.wikipedia.org/wiki/Glob-

losses. i . . al_Earthquake_Modgl
The analytical vulnerability guidelines are devel-

oped as a hierarchy of approaches that can accom-

modate different levels of expertise. Our proposap EFRAGILITY AND VULNERABILITY

thus accommodates several paths towards reasonable

approximations that strike different compromises be  First of all, let us clarify and differentiate the

tween the time committed and the accurackomewhat abstract terms of seismic fragility and
achieved. The present work deals with the casgynerability as they will be used henceforth. Bar
where the analyst has the skills and time to perfor pyrposes, they are both functions whose only argu-
nonlinear dynamic analysis. The minimum target isnent is a single scalar value of structural respans

for a structural engineer with Master's level tla  jnstrumental seismic intensity. The structural re-
and the ability to create simplified nonlinear stru sponse variable of interest will be generally nefér
tural models to be able to determine the VUlnetab" to as the engineering demand parameter (EDP)’ and
functions pertaining to structural response, damagge seismic intensity will be described by the fisie
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ty measure (IM), following the terminology adopteda component, where experimental results are availa-
by the Pacific Earthquake Engineering Researchle. Thus, building fragility is only a by-product
(PEER) Center (Cornell & Krawinkler, 2000). Typi- our methodology. Story- and component-level fragil-
cal choices for the EDP will be the peak interstoryities are more directly used, and even then onlg as
drift (IDR) of any given story for structural andm  step on the road to estimating vulnerability func-
structural drift-sensitive damage, and the peagrflo tions.

acceleration (PFA) for non-structural and contents’ Vulnerability is a loss-valued function of IM for
acceleration-sensitive damage. Suitable IM’s aee than entire story or structure. With loss being drem
5%-damped first-mode (pseudo) spectral accelerantly probabilistic quantity, it is actually moreca-
tion at the structure’s first-mode peri@{(T;) or a rate to discuss vulnerability functions for certata-
geometric mean of spectral accelerations @ériods tistics of the loss in the story or the structure.

of interest, Therefore, we typically operate on the basis of the
n mean vulnerability function and its dispersion give
e IM, or alternatively, the 16, 50 and 84% fractika-v
Sign _{1:1[ Sa(-ri)} ' (1) ues of vulnerability given the IM level. Hencefarth

our focus will be on methods to deliver vulnerapili

Where fragility and vulnerability mainly differ, in functions for the central value (mean or mediam) an
our way of thinking, is at their output value. the dispersion of loss for a class of high-riseicstr

Fragility is defined as a probability-valued func- tyres.
tion of IM or EDP. We use both component fragility  Estimating seismic vulnerability (or loss) func-
functions and building fragility functions. Formall  tions has received a lot of attention in the laBt 4
component fragility will be defined as the cumula-years (e.g., Whitman 1973, Applied Technology
tive distribution function of the engineering derdan Council 1985, Kircher & Whitman 1997) both for
parameter (EDP) capacity of a building componengingle and classes of buildings. One of the earlies
(whether structural, nonstructural or content) @e r attempts to use structural analysis and other engi-
sist a particular damage state. The definitions ofieering principles to estimate the relationship be-
component damage states vary by component, buieen ground motion and loss is Czarnecki’s (1973)
they are generally defined in terms of fairly ob)é€ component-based approach. This was later enhanced
observable physical damage associated with a pajrith component test data by Kustu et al. (19823, an
ticular repair effort. Essentially, this is a fuiect  with nonlinear pseudostatic structural analysis and
that outputs the probability of violating a compo-applied to the general population of US buildings b
nent's damage state for input values of the ED&- St Kircher & Whitman (1997).
ry or building fragility is defined in exactly treame One of us (Porter et al. 2001) offered an early,
way, only now using IM as the argument and referfairly comprehensive analytical method that employs
ring to the damage state of an entire story ordbuil nonlinear dynamic analysis many times at each of
ing. Two sample building damage states are collaps@any stripes of IM, estimates damage at the compo-
and red-tagging (damage to the degree that a postent level using component fragility functions, ttho
earthquake building safety inspector would deem theughly quantifies and propagates uncertainties, and
building unsafe to enter or occupy). estimates uncertain building repair cost. The matho

There is a long tradition of developing fragility then called assembly-based vulnerability (ABV), ap-
functions that have found excellent usage from thelied to a single structure. ABV was further devel-
early days of risk assessment in the nuclear imglustoped by a number of researchers formulating the
(Kennedy & Ravindra 1984) up to more recent apPEER methodology, which we have come to call
plications for the seismic assessment of building®"_generation performance-based earthquake engi-
(e.g., Porter et al., 2007, Jeong & Elnashai 2007eering (PBEE-2). Innovations of PEER PBEE-2 in-
Kazantzi et al, 2008, 2001). In some cases, ftggili cluded: a fairly exhaustive taxonomy of building
is geared towards defining a damage state for an eBomponents detailed enough to distinguish important
tire building. This may still serve a useful rolerf  design and installation features; consideratiovanf
some applications, for example tagging, but it endious competing intensity measures; methods for se-
to remove the necessary detail needed for loss esfécting and scaling ground-motion time histories;
mation. Therein, story-level or even componentnew tools for modelling structural response; compo-
level damage states (and corresponding fragilithent tests for damageability; and various insidéts
functions) provide the fine-grained view of damageilitated by this new methodology.
needed to reliably and transparently calculateeloss  For example, using PBEE-2 methods, Porter et al.
and provide engineering insight into those losbes. (2004) found that component damageability and
addition, EDP capacities (or thresholds) for assignground-motion time histories can have relatively
ing damage states are notoriously difficult to dete strong influence on loss uncertainty while material
mine for an entire building, let alone a building properties and other uncertainties in the struttura
class. They are more naturally defined at the le¥el model may have relatively little. Aslani and Mirand



(2005) observed how collapse can contribute to Sample selection (the design of particular index
probabilistic loss. buildings to represent the class) may be performed
At present, the state-of-art in loss estimafiana  according to two distinct methods that directlyreer
single structure is represented by the ATC-58 (ATC spond to the way that the individual results wil b
2012) methodology that implemented PEER PBEEeombined in the end. The first is a so-called star-
2 and added simulation software called PACT thatlesign pattern that is meant to captire2 or 3 sig-
includes a database of component fragility funcion nificant class properties. It employs a centraleid
and repair cost estimates. For practical reasonbuilding plus X (i.e., 4 or 6) variations representing
ATC-58 also simplified PEER PBEE-2 by eliminat- high/low values in each dimension, or characteristi
ing all EDPs other than story drifts and floor dece of interest. An example for a class with two signif
erations. In PEER’s PBEE-2 methodology, compo<ant propertiesk(= 2) appears in Figure 2. This is
nent fragility functions for structural damage abul the suggested methodology for relatively homogene-
use a function of member force, deformation, or hysous populations of buildings whose properties could
teretic energy dissipation as its argument. be reasonably approximated by a unimodal joint

Our approach will essentially parallel the ATC-58 probability distribution function (PDF) where the
guidelines, extending its validity tochass of build-  properties are relatively independent. Estimatién o
ings while at the same time incorporating simplifiedthe overall probabilistic properties of the ensembl|
approaches and shortcuts wherever the computatiotisen performed via the moment matching procedure,
become cumbersome. described in Porter and Cho (2013).

3 INDEX BUILDINGS

A class of buildings is often defined by structural
material, lateral force resisting system, heighige
and era of construction for a specific country er r
gion. Even when confined to high-rise buildings, o (<) ©
there is ample space for variability within these
boundaries. Selecting an appropriate sample set of
buildings, referred to here asdex buildings after (0]
the style of Reitherman and Cobeen (2003), to repre
sent the class becomes central to the estimation of
vulnerability. The amount of effort is proportiortal

the size of the sample, while the quality (i.ecuae-
cy) of the final results in both the central vakred ® ®
the dispersion depends on using as many as practica o
as efficiently as possible. ) )
Having a strict target of up to 160 man-hours for

the entire class, large sample sizes become usweali
tic. Hence, three distinct options and correspagmdin
levels of accuracy are offered that are later ed to O (0]
custom approaches for propagating uncertainty from
the sample to the vulnerability. In short, the user
directed to choose between 1, 3 or 5 — 7 indexdbuil
ings in total, and to choose among a range of UNCeEigyre 2. Conceptual representation of samplingstda design
tainty propagation procedures. Given a structuragop) versus subclass partitioning (bottom) forass with two
material, lateral force resisting system, heighigeg  significant properties. The economical incomplegetifioning

and era of construction, in order of relative im-of star design is apparent.

portance, these index buildings should be selected )
according to (a) design base shear, (b) height (or The second method, the so-called subclass parti-
number of stories), (c) degree of vertical irregitya  tioning, involves partitioning the population ineo
and (d) degree of horizontal irregularity. GoodSet of collectively _exhaustlve and mutually exchasi .
knowledge of the statistics and dominant charasteri Subclasses of buildings. Each of the subclasses is
tics of the targeted building population are considepresented by a single index building. This is rec
ered essential in selecting the properties of aerep 0Mmended for populations that have strongly corre-
sentative sample. To acquire this knowledge caffted properties or may be inhomogeneous in terms
require a survey of buildings like the class okt ©f their significant properties. This is the case f
est; see for example Porter and Cho (2013) for-a suéxample when the corresponding distributions may
vey of California concrete buildings. be strongly bimodal or discontinuous.




In all cases the overall properties of the buildingentire class may not be always practical. The broad
population are approximated through the joint probvariability within the class means that individais-
ability mass function (PMF) established by the ide tails that have been painstakingly modeled willreve
buildings. In simpler terms, this means that the metually disappear and only some macro-charactesistic
dian and standard deviation of the population propmay dominate.
erties are assessed by condensing the population to
just the index buildings used, to each of whiclea ¢
tain weight is assigned. For subclass partitioning Force,

this is estimated according to its actual membgprshi Memen 4

(percentage of buildings it represents) in therenti E M

population. When using moment-matching, the algo ™ " [ ; A

rithm automatically assigns the weight to besteepr i\ significant
sent the population distribution properties. Hence ; \ Strength Loss
the membership of each index building in the entire : §

population can vary. This essentially opens up th 5 6 5. 6. Displacement.
option for fine-tuning the vulnerability functiorf i " “™ Rotation

appropriate exposure data is available for a siecif _ . _
region, as long as the individual index building-vu Figure 3. The capped elastic-plastic backbone @ssimplest

e - . recommended force-deformation or moment-rotatiockbane
nerability functions are available to the end user. relationship for elements.

Thus, the simplicity of a 2D stick representation
of a building becomes a cost-effective alternative.
Our proposal is based on the concept of “fishbone”
fnodels pioneered by Luco et al. (2003) to represent
moment-resisting frame buildings. This reduces a
frame to a single column-line, each story rotatilgna
Yestricted by two half-beams that are roller-supgubr
at their opposing ends. This idea has been further
simplified and generalized to represent both flekur
and shear buildings as shown in Figure 4. It retain
il the column-line, comprisinly columns andN nodes

The st eve etas  detaled 20 or 30 £t e soanona) b Soute The roce
degree-of-freedom model of each index building.re fyrther restrained by rotational springs repre-

The choice between 2D and 3D depends on the plalyhing the strength and stiffness of beams at each
asymmetry characte_rlstlcs of the bu_lldl'n'g, theefatt floor. All elements are nonlinear, at the very mini
being most appropriate wherever significant eccen;

. ; ~~'mum having a capped elastoplastic behavior. Ele-
tricity (torsion effects) are expected. Appropriatemant characteristics can be easily derived usieg th
representation of the nonlinear behavior of alhide

. e . o~ aggregate stiffness of the columns, piers, walls or
fied lateral-load resisting component n the b"].'gj' beams in each story together with the corresponding
(columns, beams, walls, braces etc.) is esseM&l. o4 and ultimate displacements or rotations. Only
terial nonlinearity needs to be included at leash@  tqjational story masses need be assigned to eact
level of a capped elastic-plastic constitutive tiela

. X e . node, while global R effects are explicitly taken
ship. This means at a minimum an elastic perfectly; . 5ccount.
plastic relationship of force-deformation, moment- By thus condensing the characteristics of each

rotation or stress-strain that contains a hard-6odeg,ry intg one column and one rotational spring, th
ultimate ductility to simulate component failure

Fi 3) A : ion is al tick model achieves excellent economy. While it
(Figure 3). Appropriate representation is also neefyn canture many of the salient features of modern
for any significant global or local geometric nordi

" ; buildings, especially height, vertical irregulaegi
arities (e.g., A effects, brace buckling). In short, 54 flegural vgrsus )s/heargbehavior, it cann%t take
this is a modeling level that is roughly equivalemt =" 5c0qunt any effects related to the two neglected
the detall needed for assessing an _|nd|V|dua| mgld horizontal dimensions. For example, the effect of
according to current seismic guidelines. column compression/tension due to the overturning

In general, only engineers well-versed in non“ne'moment, or any shear lag effects within a single

ar structural modeling should follow this approachy,oom_line are not captured. In addition, as with an

for vulnerability analysis; it is bound to be quite oy i cture, 3D interaction effects are not modele

gme-_coniumlr;]g for the average (;Jselr_. bF_tlj_rthceIfrgorthiS is of little importance for plan-symmetricst
espite the inherent accuracy and reliability a@hsU v, a5 with distinct lateral load-resisting systeins

detailed models, their use in loss estimation for ay,« wvo horizontal directions. It becomes incregsin

4 MODELING

The development of structural models for each inde
building is an important issue when deriving analyt
cal vulnerability functions. The complexity of de-
tailed modeling offers undeniable accuracy, yet i
will often absorb most of the effort due to the tiul
ple representative buildings employed. For higb-ris
buildings two levels of model complexity are sug-
gested, offering two distinct choices of structutal



ly important for plan-asymmetric structures or wher response spectrum concept with a generous margin
ever the appearance of mass/shear center ecagntriadf error and (b) nonlinear dynamic analysis. Ttie la
causes torsion. It may also become an issue if thter is actually the only option that can be enddrse
system strength in the two horizontal directions idor general application and it will be our focug fo
strongly interacting, thus making biaxial shakingthe rest of this work. It necessitates some minimum
significantly more detrimental than uniaxial. of computational power, yet its application is fela

Such 3D effects can only be taken into accountively straightforward pending the resolution ofotw
approximately by using theoretical or regression eximportant issues: What IM to use and which ground
pressions to relate, e.g., the index of plan asytyyme motions to apply.
to a reduction in the column and beam ductility ca-
pacities incorporated in the model. This is consid- 1 Intensit lecti
ered a far superior approach than using a dire&' ntensity measure selection
“‘damage modifier”, where the modification is ap- It is important to note that regardless of the IM
plied on the EDP displacement (or acceleration) rethat may be used in the analysis of each individual
sponse of the model rather than its propertiesl-leaindex building, the results should always be mapped
ing to considerable difficulties in properly defigi to a single scalar IM that is considered represimeta
collapse. In other words, it is not easy to makehsu of the entire class. PGA may have been a popular
modifications influence the IM-level of collapse option in past studies, but it is not considereabig
when applying them only in post-processing. By in-even for a single high-rise index building in lighft
cluding them in the model properties, though, theimodern requirements of efficiency and sufficiency.
integration becomes more natural. For example, iBimply put, PGA is only adequate for the shortést o
can be shown that a normalized plan eccentricity of periods and fails to express the intensity of lange
in one direction of a square-plan multi-bay frameperiods of motion that impact tall structuré&(T,
leads to an increase of elastic base shear ind@he p5%) instead is a much improved candidate, as i cap
pendicular direction by a factor &@f = (1+3). Re- tures at least the fundamental period responseit Yet
ducing the yield and ultimate ductility of both the cannot account for the higher-modes that influence
beam spring and the column element in the correall buildings, nor can it represent a broader qukri
sponding eccentric stories yields a simple metlood trange that is characteristic of an entire classné&o
roughly account for this effect. “average T” would have to be used with mixed or
unknown results.

An alternative route has been suggested for single
buildings by Cordova et al. (2000), who introduced
Sygm; at the time this was the geometric mean of only
two spectral acceleration componentdaand 2,

M, > Beam springs the latter added to account for period lengthening
Column due to damage. This was an improvement Qyéor
Elements mid-rise structures. Vamvatsikos & Cornell (2005)
also showed that including one or two higher modes
/ also imparts a distinct advantage in terms of effi-
ciency and sufficiency for high-rise structuresdt
ly, Bianchini et al. (2009) presented the benedits
—@—E Foundation spring using Sym to account for the shape of the ground
motion spectrum, thus resolving issues of bias when
convolving vulnerability with hazard to estimatesth
Figure 4. A three-story stick model, showing rataél beam-  seismic risk. While other improved IMs have recent-
springs, column elements and floor masses-Mis. ly appeared, the distinct advantageSgf, is that the
corresponding seismic hazard curves can be pro-
duced by using existing, ground motion prediction
equations (Cordova et al.,, 2000). Thus, our unre-
served recommendation for application will be the
. . . adoption ofSgm (Equation 1) for all high-rise classes
The mainstay of current practical guidelines foryging five or more logarithmically-spaced periods
seismic assessment is the nonlinear static proeedugnat cover the entire applicable range, spanning at
based on the use of static pushover analysis. Unfojgast from the lowest to the highest first-modeqgkr
tunately, this approach hinges on the approximatiogt the index buildings. This will increase fidelityt
of a structure by its first mode, thus being urehlg st for a single structure, but for the entire afein-

for high-rise structures. This is why only two ap-gey puildings, without adding to the computational
proaches are considered for our purposes, namelyyerhead.

(a) a bare-bones approximation using a first-mode

M; M

5 STRUCTURAL ANALYSIS



5.2 Record selection & scaling 6 LOSS ESTIMATION

For the actual structural analyses of the indeidbui
ings, a number of ground motion records needs to
employed for each IM level. At present, there ar

two distinct approaches that can be followed, ngmel . )
selection and scaling. damage in the load-carrying members of the struc-

Record selection essentially involves forming anre; (b) non-structural loss for damage to norHoa

appropriate suite of ground motion records that repc@¥iNg components, such as partitions, air ducts,

resents the important characteristics of the seism??'p'ensg ;ystg;nsse’sigcd ig?n(c)cg%]tgﬂtesmlafg' iﬁ‘:wl?unc-
threat for each index building and at each intgnsit yp 9 P giiity

L S . tions parameterized on the two EDP types recorded
level. Some limited scaling is usually required to~ . . )
achieve a certain IM level. Still, for modern struc during the analysis. Following the ATC-58 para-

tures, catalogue restrictions may render the psoced 3 aL eé‘.(l:.h "\;"Le‘(el’ each cofmpogent has a cer-
impossible by requiring excessive scaling factors a a;]r_l ﬁr‘? ability of being In anyr(]) Its ama_?e sit
yway. Overall, ground motion selection necessitate/NC1 IS In turn associated with a probabilisticto

a knowledgeable user with adequate understandig"'ction- Summing up such costs over the entire
of the seismological conditions at the region of in ructure yields the total loss (Porter et al. 2085

terest. Online tools have appeared that help to-aut The main deviation from ATC-58 is that the
mate selection, e.g., the PEER Ground Motion Data€thodology does not try to account for the entire
base for shallow crustal earthquakes in activd"Ventory of building components in detail. Instead
tectonic  regions, (http://peer.berkeley.edu/peer & SiMplified catalogue is used including only the
ground_motion_database/). However, even th everal components that most contribute to the loss

PEER tool requires some degree of knowledge o pecifically, we suggest using the 2 or so stragtur
seismic hazard in the geographic region of interesgomponents that are most likely to contribute &sjo

such as the range of magnitude-distance pairs thgfd the top 5 or 6 nonstructural components selecte
will tend dominate hazard at various levels of IM. according to their contribution to construction tcos

A simpler approach appropriate to analysts Wh(yVhen estimating content vulnerability, we suggest

lack such knowledge is to select a single suitelf considering only the 5 or so content categories tha
atively strong motions for all structures. These ar CONtribute most to content replacement cost in the
subsequently scaled to the required target IM tvel bundlng_. Simplified assumptions are then employed
This is the typical approach associated with Increl© @lso include the perceived losses on elemeats th

mental Dynamic Analysis (IDA, Vamvatsikos & were neglected. In all cases, the probability df co
Cornell 2002). Still, scaling b, tends to introduce lapse is explicitly incorporated as suggested by
bias for excessive scale factors, as the change fioa" & Miranda (2005), as collapse is assumed to
spectral shape is largely ignored (Luco & Bazzurrot2uSe instant loss of the entire building and as-c
2007). Thus, it is highly recommended that such aﬁents and can dominate vulnerability at higher IM.
approach be paired with the useSy§n as the IM,
since it will significantly reduce the bias assoeth
with scaling relatively weak ground motions to the
collapse levels of modern high-rise structures.

bléstimating the seismic loss for each index building
S split into three distinct types, according to GyT
8 standards: (a) Structural losses, pertaining to

7 UNCERTAINTY PROPAGATION

Loss estimation is fraught with uncertainty. It dan
attributed to aleatory (naturally occurring) sowsrce
5.3 Nonlinear dynamic analysis e.g., due to ground motion, building population;- ma
éerial property or repair cost variability, but @l

Assessing the performance of the index building istemic contributions. mainlv due to our own ao-
entails subjecting each one to the set of selected ’ y P

and/or scaled ground motion records at multiple leyProXimations. The modeling and analysis choices are
els of the intensity measure IM. For reasons ot-posp”mary sources of epistemic uncertainty that rieed

processing simplicity, it is suggested to perforin a be taken care of.

roninear dynami anaises 1 strpes of guen vai O SPEIOSET B 1o o, Pt epsec uee:
ues of IM (Jalayer & Cornell, 2007) for each ground ; : 9 1alysIs
es are considered to influence the distribution of

motion. When scaling the ground motions, this es: . ,
sentially conforms to the paradigm of an IDA EDP response and are then incorporated into the

(Vamvatsikos & Cornell 2002) that is applied usingcomponent- or story-level fragility results. Thus,

the same specific increments (or steps) of the ”\)ihey are accounted for, but they are not explicitly

level for all accelerograms. From each analysif; on _propagated to the final result. Uncertainties reégar

a few EDP values need to be recorded for each indj?9 the ground motion and building sample variabil-
vidual story: Peak transient interstory drift ratiand ity can be treated according to three levels oitjet

eak floor accelerations directly paralleling the sampling resolution of the
P ' building population
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