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Abstract

A new procedure is proposed for the derivatiohamalytical displacement-lsad vulnerability curves fothe seismic assessment of
populations of reinforced concretdructures. The nikodology represents an optimum solutioongromising between reliability and
computational efficiency. Adaptive pushover analysis is employed within a capacity spectrum framework of assessment, to determine the
performance of a population of building models for increasing ground motion intensity. The building model population is generated from a
single design through consideration of material parameter uncertainty, with design of experiment techniques used to optimise the population
size. Uncertainty in ground motion is accounted for through the use of suites of accelerograms with characteristics that are representative
of the hazard level associated with the performance level assaseadt vulnerability curve. The new homogeneous reinforced concrete
damage scale, which is experimdhtaalibrated to maximum inter-storey drift for different structural systems, is used to determine the
damage state of the building at the performance point. The results of the assessments are used to construct response surfaces from which th
damage statistics forming the basis of thenashbility curves are generatéaough re-sampling. The pposed methodology is illustrated
for the case of low-rise, infilled RC frames with inadequate seismic provisions. The derived curves show good correlation with observational
post-earthquake damage statistics.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction yields a prediction of the proportion of the exposed
stock in each damage state after an earthquake. Several
Vulnerability curves relate the probability of exceedence Vvulnerability relationships for reinforced concrete (RC)
of multiple damage states to a parameter of ground motion buildings have been proposed in the past which are based on
severity, and can trefore be regarded as a graphical analytically simulated building damage statistics. No unique
representation of seismic risk. At any given ground motion methodology exists for the derivation of these relationships,
value, the vertical distance beeen adjacent damage state with a variety of analysis techniques, structural idealisations,
curves represents the probability of a building being within sdsmic hazard and damage models being used. These
the lower of the two damage states considered. In thefactors strongly influence the deed vulnerability curve
case of building populations, use of vulnerability curves shags, and different choices have been seen to result
in significant discrepancies between the seismic risk
assessments made by different authorities for the same
* Corresponding author. Lecturer in Civil Engineering. Tel.. +44 |ocation, structure type and seismicit].[ Regardless of
207gﬁ;ﬁ%gﬁe"g;ﬁﬁfggfogé?if2‘6.uk (7. Rossetto) these choices, all existing methods for analytical fragility
function derivaéion are computationally very intensive, as a
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Earthquake Center. largenumber of analyses are required to fully represent the
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Table 1

Threshold ISDyaxe Values ofthe HRC damage scale for infilled RC frame structures
HRC damage state None Slight damage Light damage Mtzldeemage Extensive damage Partial collapse Collapse
1SDmax (%) 0.00 005 0.08 0.30 1.15 2.80 >4.36

structural and ground motion uncertainties involved in the observed in 99 populations of buildings after 19 worldwide
sdsmic assessment of building populations. For example, earthquakes than spectral aeration. In view of these
Singhal and Kiremidjian 2] carry out non-linear time-  observations, of the development of displacement-based
history analyses on finite-element bare reinforced concretetechniques in earthquake engineering which have rendered
frame models of varied material properties, using 100 possible the use of spectral displacement as a design
artificial acceleration records¢aled to 40 seismic intensity ~ parameter, and of the recent derivation of reliable attenuation
levels (4000 analyses in total). The repetition of such a relationships for&(T) by Bommer et al. §], elastic
study for many different structure classes is impractical spectral displacement (at 5% critical dampiSgso(T)) is
due tothe time involved and specialised analysis tools chosen to represent the seismic demand in the proposed
required. In order to reduce the analysis time, existing vulnerability curves. The homogenised reinforced concrete
analytical fragility curve @rivation methods commonly (HRC) damage scale presented4hip used to evaluate the
make compromises, either as regards the number ofstructual performance from the analyses and to define the
structural variations and earthquake records used, or asdamage limit states associated with the developed curves.
regards the accuracy of the structural modelling, analysis The scale is subdivided into seven damage states ranging
and assessment technique. For example, Mosalam et alfrom “No-damage” to “Coll@se”, each of which is clearly
[3] adopt 800 earthquake records covering a wide range defined in terms of the typical structural and non-structural
of intensities to test 200 material variations of their damage expected in the four main types of RC structure
structural model, but adopt a single-degree-of-freedom found in Europe. The scale is experimentally calibrated
system idealisation for the analyses. Compromises such ado the parameter of maximum inter-storey drift response
these may affect the reliability of the final vulnerability (ISDmaxe) for the dfferent structure types. An example of
curves. Therefore, within this paper a new displacement- the 1SDnaxy valuesobtained for the class of infilled RC
based procedure for the generation of vulnerability curves frames is presented iflable 1 As the damage state and
for RC building populations is proposed. The procedure ground motion are assessed using measures of deformation
adopts a response surface methodology in the generatiorand displacement, respectively, the proposed curves are
of the population damage statistics, which allows both a appropriate for use in a displacement-based assessment
reduced number of analyses and a reliable representatiorframework.
of the population response uncertainty to be achieved.
The consequent reduction in analysis time allows accuratep Analytical curve generation methodology
models and analysis tools to be used. Furthermore, the
combined use of an adaptive pushover analysis and capacity The proposed methodology rfovulnerability curve
spectrum method of assessment in the proposed curvederivation prescribes the analysis of a population of RC
derivation procedure avoids the repetition of analyses puildings subjected to a number of earthquake records with
for increasing ground motions and further reduces the distinct characteristics. Itis thus able to account for the effect
computational effort. of variability in seismic input and structural characteristics
Problems associated with the choice of parameters foron the damagetatistics simulated for the building class
ground motion and damage characterisation can be identified(“system”), and evaluate thessociated uncertainty in the
in almost all existing vulnerability relationships4][ vulnerability prediction. The procedure is summarised in
The parameter chosen to represent ground motion inFig.1 and may be regarded as consisting of four main
the construction of vulnerability curves must be both steps. Step 1, “system definition”, consists in the selection
representative of the damage potential of earthquakesand design of a single structure with material, configuration
and easily quantifiable from knowledge of the earthquake and seismic resistance charastics that are representative
characteristics. Peak ground values or intensity valuesof the bulding class being assessed. Deviation in seismic
are therefore unsuitable for this purpose. It is widely resistance of buildings within the class is considered through
recognised that a closer relationship exists between observedhe analysis of a population of building models, generated
damage and structural deformations than applied forces,from the general system design by varying its structural
due to the ability of the drmer to account for non-  properties. Step 2, “definition of ground motion input”,
linear structure behaviour.hls observation is confirmed involves the selection of suites of earthquake records for the
by Rassetto and Elnashad], where spectral displacement analysis. Within the proposed methodology different suites
(%(T)) is shown togive a better correlation to the damage of accelerograms are adopted in the derivation of each limit
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Fig. 1. The flow chart of the proposed anatgti vulnerability curve derivation method.
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state curve These “mrformance-consistent” record suites the proposed analytical vulrebility curve derivation
are selected in accordance witkesfra that are characteristic  methodology, in the following text each step of the
of a seismic event with a return period, for which the procedure is explained within an example application to
structural damage state defiigj the curve is acceptable oris a population of low-rise infilled RC frames of typical
expected. Designs of experiment procedures are considereduropean construction, which are designed to old seismic
in the wlection of the population and earthquake record codes (notincluding capacity design concepts). Conclusions
sute sizes for the analyses. This is done in order to are then drawn as regards the ability of the resulting curves
optimise computational effort and to guarantee convergenceto reproduce observational damage data.

of results. Step 3, the “model evaluation”, is carried out
using an innovative adaptive pushover analysis technique

within ‘a capacity spectrum framework of assessment. A regular, three-storey infilled frame configuration is
Adaptive pushover analyses can account for the effect of chosen to represent the system (i.e. the low-rise infilled

ground motion characteristics on structural response andrc frame structural class used as an example here). The
require reduced computational effort compared to time- frame js designed according to the prescriptions for loading,
history analyses. The maximum inter-storey drift response ygerial, member dimensioning and detailing of the seismic
pf eacr_l structure .W|th|n the popula_ltlon is assessed;_for and gravity load design codes in place in Italy in 1982. This
increasing intensities of ground motion, using a modified ¢oge is chosen as being representative of the seismic design
capacity spectrum method. This assessment method avoidg the existing European building stock. The full design of
the repetition of analyses farcreasing ground motions, and  he infilled frame is presented i6][and the ¢evation, beam
further reduces the analysis number from several thousandsynd column details are illustrated Fig. 2. The strature
to a few hundred. Step 4, the “statistical processing consists of four frames with constant inter-storey heights and
of analysis results”, involves the definition of response bay widths of 3 m and 4.5 m, respectively. It is symmetrical
sufaces, relating the observed inter-storey drift response toj, plan and elevation, with the external and internal frame
the gructural property and ground motion parameter values. designs differing due to changes in the design loads. An
Response surface equations are defined for each hazardptermediate seismic zone (Zone Q= 9), approximately
scenario, through separate consideration of the a”aWSiScorresponding to gga of 0.07 g (10% exceedence in
statistics resulting from each suite of performance-consistentsg years), is adopted in the design, and results in a design
records. A re-sampling technique is adopted to generatepase shear of 8.4% of the structure weight. Concrete with
building damage statistics from the response surfaces, for 5 chaacteristic compressive strengtfif) of 30 MPa and
a range of ground motion severities. Hence, vulnerability FeB38 grade ribbed steel bars with characteristic yield stress
curves are plotted. The response surface equation used t@f,,) of 380 MPa areused for the structure. It is observed
develop each damage state curve is selected according t@hat despite the inclusion of seismic actions in the design,
the hazard level associated with the satisfaction of a desiredihe shear reinforcement inll aolumns andmembers is
performance objective. The generated vulnerability curves insufficient for significantévels of ®ction confinement.
may therefore be defined as being “performance consistent”.  The system is modelled using the Inelastic Dynamic
Uncertainty in the damage state prediction, and its variation Analysisof Structure finite-element package, INDYAH]
with increasing ground motiomtensity, is accounted for  The program allows a 3D finite-element model of the
through vulnerattity curve confidene bounds. These are  puilding to be constructed, wherein the distribution of
determined from conderation of the fit of the analytical  reinforcement witin sections is modked bar bybar and
observations of maximum inter-storey drift to the response the non-linear behaviour of matals is taken into account.
sufaces, within the damage higram generation process.  The seismic behaviour prediction accuracy and stability
The choice of building design and material properties of the INDYAS program has been proven by Pint&) [
assumed for the model are dependent on the compositiorand Ra@setto ], amongst others. Due to symmetry, only
of the bulding stock in the assessed region. The buildings half the structure is modelled for the analysis. The sub-
must be grouped into categories with similar lateral load division of the frames into finite elements is carried
resistance and different vulnerability curves must be derived out considering the spread of plasticity in members. The
for each building class. The onadl risk to the population ~ Mander et al. §] model is used to represent the effects
for an earthquake of given size may then be obtained by of concrete confinement. However, in the present case
combining the damage state exceedence probabilities forwhere members haveegligible confinement, the choice
each structure class according to their relative proportionsof confinement model may be regarded as an insignificant
in the assessed region. It is emphasised that any structurasource of response uncertainty. A bi-linear elasto-plastic
typology may be assessed within the framework of the model with kinematic strain hardening is used to represent
proposed methodology through an appropriate selectionthe reinforcing steel behaviour. The infill panel response
of structural model, structural properties for variation is modelled via inclined rectangular struts that act in
and their corresponding prohity distributions, and the compression only. The stress—strain curve proposed by
ground motion input. However, in order to better illustrate Pangiotakos and Fardislp] is modified to account for the

2.1. System definition
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(c) External frame beam and column sections.

Fig. 2. Drawings of the low-rise filled RC frame designed to the 1982

Italian seismic code.

effect of openings using the equations of Mosaldl],[

and used to represent the non-linear behaviour of the infills.
Values of 1240, 2515, 0.26 and 2.4 MPa are used for
the infill shear modulus, Young's modulus, mean diagonal
cracking strength and mean horizontal compressive stress,
respectively, according to wallette tests carried out at the
University of Pavia, Italy 12].

A population of frames with different dynamic response
characteristics can be generated through the treatment of
sdected structural parameters as random variables. Once
the variables are selected, they are assigned probability
distribution functions based on experimental observations.
Values of the parameters are then extracted from the
distributions using appropriate sampling techniques. Finally,
the sampled values are combined to define a series of frames
with different characteristg; all nominally representing
the same structure. Clearly, consideration of all possible
uncertainties in the global anddal structural characteristics
yields an extremely large number of permutations for
the analysis. It is recommeed that the general plan
and elevation configuration of the system are treated
deterninistically, as changes in these are expected to alter
the design forces, code preitions, nember design and
detailing, and hence warrant a separate vulnerability curve
derivation. If the typical practice of providing minimum
section stes and reinforcement for the code defined loads
is considered, theebar configuration, section and member
geometry can also be regarded as constant. Variation
in material properties is large within a population, and
derives from differences in manufacturing processes and
local construction practices. Therefore, it is proposed
that the concretaunconfined compressive strengtlfc),
the infill compressive strengthfd,) and the eam and
column reinforcing bar steel yield strength,{ are dosen
to be randomly varied between frames. In the latter
case, a correlation coefficient of 0.7 is assumed to exist
between the sampled paranretalues vithin the elements
of single frames. It is highlighted that the probability
distributions and degree of inteorrelation forthe material
parameters should be selected in accordance with the typical
construction practice and reliability of the building material
manufacturing processesed in the assessed ardable 2
summarises the probability distribution functions assigned
to each material property for the assessment of the example
infilled frame population. These were determined through
consideration of numerous tests on European construction
materials déng from the assumed time of construction
(e.g. Pipa and Carvalhol$], Petersons 14], amongst
others).

Designs of experiment techniques offer an increase in
the efficiency of simulation-based assessment of structural
reliability, and are usedni the proposed method to op-
timise the population size and expedite convergence of
the results. The population size is determined via the 2
factorial composite methodl$]. This method prescribes
(2" + 2n + 1) parameter combinatns for the generation of
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Table 2

Material parameter probability distributidunctions used in the population generation
Material Concrete Steel Masonry infill
Random variable Mearfic cov fyb Mean fcy,
Distribution Normal Log-normal Log-normal
Mean Nominalfc 0.06 Nominalfcy,
cova 0.12 0.25 0.20
Design varable Meanf¢ Mean fyc Mean fcy,

& Coefficient of variation.

b Use of the COV offy as the random variable allows a constant characteristic yield strenigé maintained and a realistic variation in mean yield strength
to be obtained.

€ Calculated forfy, = nominal fy.

a scond-order response surface that fully represents the Seismic performance of buildings is assessed condition-
uncertainty associated withindependent random variables. ally to the probability of occirence of an earthquake event,

A smdler number of permutabins might be used in the (e.g. “Serviceability” for frguent earthquakes and “Col-
present case study as correlation exists between two of theapse prevention” for very rare events). Hence risk assess-
parameters. However, a sample size of 25 is seen to ensurgnent tools should assess the attainment of different damage
convergence of the fragility curves for the four parameters |imit states using records thatearepresentative of events
used. Therefore, 25 values are sampled from each of thewith return periods that are consistent with the performance
three material parameter probability distributions using the gbjective. In most existing vulnerability studies (e.g])[

Latin hypercube method. During the sampling, a correlation sets ofnatural records are select (or records are artifi-
coefficient of 0.7 is maintained between the column and cijally generated) to be consistent with a response spectrum
beam steel yield strength values. The parameter values arghat represents the seismic hazard in the assessed region.
shuffled and combined according to the algorithm adopted These records are then scaled by various means, to repre-
by Law and Kelton 16]. Pushover analysis of the thus set the entire range of ground motion severities used for the
derived population of 25 infilled frames shows an average cyrve generation. However, record scaling does not account
coefficient of variation (COV) of 14%, 37% and 10% for  for the change in the constitutive characteristics of records
the initial stiffness, y_ield displacement and yi_eld period of deriving from earthquake events of very different magni-
the system, respectively. The latter results in an averagey,qes and return periods. It is therefore proposed that three

COV of 21% for the ground motLon_ respons®iges(T)). A “Target” spectra representative of scenarios corresponding to
comparable average COV of 22% in the predicted®ls 1he FEMA 273 [17] performance states of “Serviceability”,

response of the population is also observed to result from the“Damage control” and “Collapse prevention” are defined for

material urcertainty. the selection of the accelerograms used in the derivation
of the “Slight” and “Light”, “Moderate” and “Extensive”,
“Partial Collapse” and “Collapse” fragility curves, respec-

In the generation of vulnerability curves, random tively. Following a review of existing literature (Bentletd]
variability in the ground médon parameter (i.eSusos(T)) and_ FEMA 273 17] amongst others), the three return
is not considered, as this should be included in the periods of 95, 475 and 2475 years are found to be represen-
determination of the hazard withthe total risk assessment.  tative of the events associated with the three performance
Within an analytical curve derivation procedure, the ground ObPjectives. A back analysis of the Italian hazard maps of
motion parameter isleterninistic, and is evaluated from Albarello et al. [L9], associated data and attenuation rules

single value of the ground motion parameter can vary 8 [20] and three hazard scenarios. These values are evalu-

significantly and introduce uncertainty in the structural ated over the land classified as Zone 2 by the Italian code
response and consequent damage predictions. Suites ofmoderate-high seismic hazard), in order to be consistent
accelerograms with different peak amplitude, frequency With the seismic loads assumed in the design of the infilled
content, cycle number and duration characteristics mustbuilding. The praedure followed is explained in greater de-
therefore be adopted in the population analysis. However, tail in [6]. The derived meapgacorresponds well with the

no formal guidance exists for the selection of accelerogram values of proposed by Campos-Costa and Pigt, ffor the
suites for use in vulnerability curve generation, where sane hazard scenario in Portug@ihe attenuation relation-
structural response must be evaluated over a very wide ships of Ambraseys et alp] and Séetta and Pugliese2
range of ground motion severities and different performance are used with equal weighting (as per the derivation of
objectives checked. the hazard maps), to estallishe “target” acceleration

2.2. Generation of ground motion input
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Table 3
Characteristics of the earthquake events defining the “Target” spectra
Soil category Rock Firm Soft
Return period (years) 95 475 2475 95 475 2475 95 475 2475
Targetpga(g cmys?) 6.70 12.20 21.70 6.10 11.90 20.70 6.10 11.80 22.30
Lower boundpga (g cm/sz) 4.10 7.60 13.80 3.50 7.30 12.80 3.50 7.20 14.40
Upper bouncbga (g cmys?) 9.30 18.50 34.90 8.70 18.20 33.90 8.70 18.10 35.50
Surface magnitudeMs) 5.75 6.05 &5 5.55 585 6.15 4.95 5.35 5.45
Fault digance ¢, km) 22 14 8 30 B 12 16 10 4
spectra from the mean values @iya, surfaice magnitude R
. . . ope = 'Target 95YRP
(Ms) and fault distance () for firm soil conditions presented / \\ — Farndl7ETRP
in Table 3 Equivalent displacement “target” spectra are also 0.4 / \\ Target 2475YRP| |
derived using the attenuation relationship of Bommer et al. / \ m:: ji;j:p
[5] and are bown inFig. 3. It can be inferred from the work G 037 A I
of Wen and Wu 24] that ten accelerograms are sufficient E /‘ N\ \
for the representation of tiground motion variability asso- 202 A\
ciated with a given spectral shape. Three suites of ten nat- & / ~ N\ N \
ural records corresponding to the three damage state spec- I a N
tra ae, therefore, selected from the European Strong-Motion / I - - \\\
Database45]. The records are chosen for different site soil 0 . il e — =
conditions, considering earthquakes with valued/gfand 0 05 1 1.5 2
r within £0.5Mg and+10 km of those defining the target Period (s)
curves, such that the average spectral shape of the selectec  *®°Tr— .~
suite of records closely approximates the target spectrum. 005L] — TersetarsRP P
Ranges ofpgaare also used in the record selection; these are ’ Lae'::‘;‘j::m’ / \
defined by considering the deviationpgavaluescharacter- 0.04+H — — Mean 475vRP
ising the hazard in the Italian seismic ZoneT2lfle 3. The € Mean 2475YRP f—/\/
records thus selected are presented in fullgj Notwith- ;; 0.03 //‘/
standing the close fit of the mean spectrum of the records ¢ p J //~\
with the “target” shapeFKig. 3), a large varition in the time 0.02 7 //*/\_,/ —
histories and spectra used to represent each of the earthquaki ) & _
return period scenarios is seen. Uncertainty in ground mo- /&’//-/— ———————— -7 =
tion introduces an average coefficient of variation of 27.0% // ' ‘ ' . |
in the seismic spectral digstement demand imposed on the 0 0.5 1 15 2 2.5 3
Period (s)

infilled gructure population, for all scenarios. This leads to
an average variationin the I%%predmted for each struc- Fig. 3. The “Target” and ensemblecord suite mean acceleration and

ture, at a gren level ofpga, of up t037.2% (COV). The lat- displacement spectra for the 95, 4788475 year return period earthquake
ter value is greater than that resulting from material property scenarios and firm soil conditions.

variation within the structural population, and emphasises
the importance of including ground motion uncertainty in
analytical vulnerability evaluations.

Although the adopted record selection technique is
time-consuming, the resulting record suites may be used2.3. Model evaluation
to carry out vulnerability analyses in all areas with
similar seismic activity and fault mechanisms to those In order to generate vulnerability curves, the building
considered (i.e. medium European seismicity, shallow population determined above must be assessed for damage
crustal faulting). For areas with very different seismicity for increasing levels of ssiic load. Despite the use
or characterised by subduction earthquakes, ranges of pealf experiment design techniques to limit the number of
ground accelerations, earthdgeasuface magnitudes and  accelerograms and building models required for the full
fault distances can be found from historical earthquake representation of structural and ground motion uncertainties,
catalogues or from local hazard maps using a method similara large number of analyses are still required to assess the
to that shown above. Target spectra can then be developegbopulation over a wide range of ground motions. Within
using appropriate attenuation relationships and suites ofthe vulnerability curve dération methodology proposed

records for analysis chosen from catalogues of earthquakes
with similar fault mechanisms.
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here, the number of analyses is reduced through the use obuildings, as hey have simple visual interpretations and
an adaptive pushover analygrocelure within a capacity involve elements of both acceleration and displacement
spectrum framework of assessment. responses. A direct comparison is made between earthquake
Pushover analyses are associated with analysis timesspectra representing the seismic demand and a transformed
that are a fraction of those required for full non-linear force—displacement curve reggsenting the seismic capacity
dynamic time-history analyses and are thus amenable forofthe gructure. Both derand and capacity curves are plotted
use in cases where numerous analyses are required. Iin spectral displacement-spectral acceleration (SASD)
conventional pushover procedures, a constant distribution ofspace, with the “performance point” (PP), defining the
forces is applied to a structural model incorporating inelastic maximum response of the structure for the given earthquake,
material properties, and is incremented to structural failure. being determined from the dation of their intersection.
The analysis is unable to account for the characteristics The implicit assumption of a fundamental mode of response
of earthquake records and the variation in applied seismic for the bulding is the main impediment to the adopting of
demand with increasing structural degradation. Furthermore,the existing capacity spectrum method in the assessment
a poor representation of the deformed shape of structuresof structural damage using the results of APO analysis. In
is often seen if these do not respond predominantly in the the case of APO analysis a single transformation cannot be
first mode. Conventional pushover analyses can thereforeapplied to the pushover curve as the relative contribution
not be used in the present assessment, where groun®f each mode changes with each applied load increment.
mation uncertainty is considered, buildings with inadequate Hence, an appximate method for the transformation is
seismic design are addressed and }S, is used as the  proposed here, where the instaneous displaced shape and
damage measure. An adaptive pushover (APO) analysisstorey forces at each increment step of the APO method are
method is proposed in2p], which follows the same  used to transform the force—displacement curves into SASD
procedure as conventional pushover analysis, but at eactspace. The same expressions as for the single-degree-of-
load increment updates the lateral applied load distribution freedom transformation are adopted:
to take into account the instantaneous structural stiffness, Vi

u
modal properties and coeguent ground motion demand. S = Ik S = %;
The validity of the adaptive pushover technique is verified N )
by Rossetto ] with respect to the dynamic time-history N N
analysis of seismically designed eight-storey structures Elm"‘" . Elm'¢' @)
and an irregular, non-seismically designed RC frame. A I'= N ; M* = N :
reasonable correlation betweee stru¢ural top-drift, base- > m qbiz >om ¢i2
i i=1

shear and inter-storey drift responses predicted by the two =1
methods is observed and the sequence of formation of localHowever, the current displaced shape of the structure nor-
and global collapse mechanisms is satisfactorily predicted. malised to the top displacemeq®,) replaces the funda-
The APO method of Antoniou2f] implementedwithin mental mode shape. Consequently,s the component of
the framework of the INDYAS finite-element packagg [ &, corresponding to théth storey,m; is the lumped mass
is adopted in the analysis of the structure population here. at theith floor anduy and V, are the top displacement
The result of the APO analysis is a set of 750 base-shearand base shear at the currenadoincrement, respectively.
versus top-displacement curves, which describe the capacityThe reasoning behind this transformation method is that the
of each of the 25 buildings for the 30 seismic events force distribution and resulting displacement distribution im-
considered. A single adaptive pushover curve is sufficient plicitly incorporate the modal combinations. This assump-
for the evaluation of the structure vulnerability, over all tion may not be theoretically justified, but is observed to
ground motion severities, for any earthquake of a given yield reasonable assessment resits Another drawback
spectral shape. The repetition of structural analyses for of exiging capacity spectrum prodares isthat they are it-
each ground motion scale factercrement is eliminated  erative, graphical methods of assessment. Due to the large
and the number of analyses required for the determinationnumber of asssments necessary for the simulation of dam-
of the vulnerability curves is considerably reduced (750 age statistics in vulnerability cue generation, the adopting
analyses, compared to 11250 for time-history analyses).of such a procedure is impractical. A modified approach to
The consequent reduction in analysis time and cost renderthe visualisation of CSM using inelastic earthquake spec-
the adative pushover technique a highly desirable tool for tra is therefore proposed, which both aids the automation
application in vulnerability studies. and increases the efficiency of the assessment procedure.
Cagoacity Spectrum Methods (CSM) are proposed in Fdlowing transformation of theAPO base-shear—top-drift
the literature for the seismic assessment of building response curves to SASD space, according to the proce-
performance using the results of static pushover analysesdure outlined above, the transformed pushover curve is ide-
(Fajfar [27] amongst others). They are incorporated in alised as a multi-linear curve. This curve is then discretised
codes of practice such as FEMA 27388], and are seen into a series of poirgt denominated by the capacity—demand
by many to represent the future of seismic assessment ofchecking points (CDCP). The idealised curve shape up to
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Fig. 4. lllustration of the proposed method for performance point solution.

each CDCP location defines the elastic period, ductility and of the global yield point and strain hardening slope in
non-linear response curve characteristics of a correspond-each case. An adaptive stratrardening option is also
ing single-degree-of-freedosystem (SDOF). The resulting  included, where the strain fdening varies according to
saies of SDOFs are analysed dynamically for the applied the point on the curve being assessed. The choice of
scaled earthquake records, to obtain a set of inelastic spectraturve idealisation model strongly affects the performance
acceleration and displacememtiwes. These demand values point predictions for infilled frames, where plateaus in the
may be visualised as corresponding to the structure capacitypushover response are seen to occur due to the sudden
along the radii of the SASD plot that intersect the CDCPs. failure of infill panels. Neither the LSH model nor the
Using these results, a singleelastic demand curve may be EPP model can model this behaviour, the latter model
drawn and the performance point defined directly from the resulting in errors of up to 60% in the performance
crossing of this curve with the capacity cunk&d. 4). The point spectral displacementdation. All current capacity
maximum inter-storey drift ratielSDmaxo) response is de-  spectrum assessment procedures adopt EPP- or LSH-type
termined at the PP fro the resilis of the alaptive pushover  curves in the determinatio of the struairal capacity
analysis and used to determithe damage state of the build- and seismic demand. The above observations therefore
ing. The same capacity curve is used to assess a structurgaise concern over the adequacy of these methods for
over the full range of ground motions required for the vul- the assessment of infilled frames, and promote the use
nerability curve generain, through record scaling. of programs such as CAsP that allow more complicated
A capacity assessment program (CAsP) is created for thecapacity curve modelling. Furthermore, in the proposed
implementation of the proposed procedure in the assessmen@ssessment method, consistent curve shapes are used to
of the infilled frame population. CAsP is coded in Visual determine both the demand and capacity, unlike in previous
Basic 5.0 8| and ispresenteddlly in [ 6]. In the evduation ~ studies (e.g. 29 and [27)). It is concluded that the TLM
of populations of building models, a large number of with variable strain hardening gives the best representation
capacity curves of differing shape must be dealt with (750 of the infilled structure non-linear pushover response and it
in the case of the infilled frame population assessed in is therefore adopted in the example population assessment
this study). CAsP is designed to automatically detect the here. A simpler blinear curve idealiation may be adequate
location of yield and the ultimate point locations that best for bare frame response idealisation.
describe the curve shape, according to the behavioural Through use of the proposed assessment approach, only
model and yield criteria specified by the user. Three curve a dngle inelastic dynamic analysis of the equivalent SDOF
idealisation models can be ed to model the pushover system is required at each equivalent period considered,
response of the structures: the elastic—perfectly plastic (EPP)compared to the series of analyses for different ductility
model, the linear strain hardening (LSH) model and tri- valuesimplied by a grahical solution. Consequently, a
linear model (TLM). Several options exist for definition significantly lower computation time is achieved. Within
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CAsP, a full Nevton—Raphson iterative scheme is used

to solve the dynamic non-linear equilibrium equation I o3s
for the response evaluation of each SDOF. In the case T
study presented, each of the 25 APO curves defining the W
population is assessed approximately twenty times for the ’

increasingly scaled accelerogrased in their analysis, until | 55 @
an inter-storey drift value is obtained which exceeds that of [ ] 1908 g
the most severe damage state of interest. The programis ther[ ] 2287 5
run for a new earthquake and a corresponding set of APO [[] 2669 ~
analysis results. I 3.050
- . B 3431
2.4. Statistical processing
B 512
The capacity spectrum assessment for each frame of B vove
defined propertieg fc, fcw, fy, fyp) yields values of the
maximum inter-storey drift respong$kSDmax) for increasing 2 7 .
. . . ° o ©
vaues of ground motion intensity. The results of the ;e o ggpe’s
. &
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A different response surface is generated for each damage 08}%%0 o oo "
. . . e
state scenario, using the results of the population assessment oo =~ -
for the corresponding “performance-compatible” record 95 04 08 1 16 5

sute. These are each regressed from an average of
3750 points using the non-linear regression module of
STATISTICA [30]. An example of the derived scenario Fig. 5. jiustrations of the 2475YRP response surface (top) and its fit to
response curves, and their fit to the regression data, is showrhe regression data (bottom; the dashed lines indicate the 5th and 95th
in Fig. 5. The ceefficients of correlatiorfR?) of the curves percentile observed/predicted I§Ro bounds).

with the data range Ieen 0.59 and.@ 1. This scatter in the

data is later accounted for in the confidence bound derivation

of the vulnerability curves. The quantity of regression Damage statistics are generated for a system through the
data exceeds the minimum prescribed by tRef&ctorial multiple selection of material parameter value combinations
composite methodlp] for the derivation of a second-order for input into the response surfaces. Values of 2
response surface from the five random variables involved response are evaluated at a series of spectral displacements,
(i.e. the four material parameters and kgh). This quantity for each material parameteombination. Frequency plots

of data is deemed sufficient for the detection of severe are obtained for each spectral displacement value and can
discontinuities or singularities. Values of the elastic spectral be used to define the shape parameters of probability
displacement (for 5% crital damping) corresponding to distribution functions for ISR ax. Damage state exceedence
the mean of the yield periods for the population (defined probabilities are calculated from the latter functions
on the basis of the point of first deviation from elastic considering the threshold 1SR« values for the HRC
behaviour of each model and evaluatedTas= 0.125 s) damage states presentedable 1 In thecase of the infilled

are used to characterise the seismic demand in the responsigame population, 650 materigharameter combinations
surfaces and resulting vulnerability curves. The effects of are used to generate the IR histograms from each
material variability and structure inelastic behaviour on both scenario response surface, at 100 spectral displacement
the building capacity and seismic demand are included in values. The proportion of buildings exceeding each damage
the proposed method for structure performance assessmentstate is calculated at each ground motion level and plotted
Hence, the influence of these factors on the population against the corresponding spattdisplacement value for
vulnerability will implicitly be included in the y-axis of the the vulnerability curve shze regression. The non-linear
fragility curves developed. Use of an effective period for regression tool of STATISTICAJQ is used to egresdor

the calculation of the demand parameter characterising thethe parameters of the log-normal cumulative probability
x-axis of the vulnerability curves is therefore superfluous. fundions characterising the vulnerability curve shapes.

Observed ISDy .y (%)
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Summay of the infilled frame population vulmability curve equation parameters

HRC danage state Medn 95% upper bourfd 5% lower bounf
u? P 1" o 1" o

Slight damage —7.80 0.60 —8.25 0.60 —6.30 0.42
Light damage —-7.15 0.40 —7.82 0.60 —5.76 0.34
Moderate damage —5.78 0.21 —6.32 0.20 —4.51 0.22
Extensie danage —4.44 0.21 —4.92 0.21 -3.12 0.22
Patial collapse —3.49 0.22 —3.98 0.22 —-2.12 0.27
Collapse —2.99 0.22 —3.50 0.22 -1.67 0.24

@ Mean values defining the cumulative log-normal vulnerability relationships.
b Standard deviation values defining the cumiatog-normal vulnerability relationships.

¢ Mean confidence bound curves.
d Upper 95th percentile confidence bound curves.
€ Lower 5th percentile confidence bound curves.

1 T —
f ﬁ P x Slight
08{ [° P .
=~ :I a / 7|| aLight
E I'ox / /
3 ¥ h
B O.6-.| lo © 2 / // o Moderate
g " /' /
0 gall . / x Extensive
I N
s [ & / /
= j 8 4 / aP.Collapse
& 0.2-H| / ’
o 7/ 2_

f}] 2 // e av.R"=0.62 ||| , collapse

bl Xuof X - -

0 0.01 0.02 0.03 0.04 0.05 0.06

Sds%(T) (m)

Fig. 6. Comparison of the infilled frame population fragility curves with
eight observed post-earthquake damdigéibutions for like populations of
strucures.

A very close fitof the regressed curves to the analytical
datais achieved in all case®R? > 0.98). The vulnerability
relationships for the “Slight” and “Light”, “Moderate”
and “Extensive”, and “Partial Collapse” and “Collapse”

combined data from all scerias. This indicates that the
variation in material and ground motion is fully represented
in the analyses for each earthquake scenario.

3. Comparison with observational damage

In Fig. 6, the arlytical performance-consistent vulnera-
bility curves for the three-storey infilled RC frame designed
to the ltalian dandards of 1982 are compared to damage
statistics deriving from eight post-earthquake surveys car-
ried out on populations of infilled RC structures (1154 build-
ings in total). These data cdesof a sibset of the observa-
tional damage distribution database adopted4jnfdr the
generation of empirical vulnerability curves. Although the
quantity of data for comparison is limited, the analytical
curves are seen to give a reasonable, slightly conservative, fit
to the empirical damage data, with an average correlation co-
efficient(R?) of 0.62. The analytical curves show improved
prediction of observed damagonpared to otbr existing
RC structue curves 4] and compred to the infilled frame

damage states are selected from the curve sets derivedragility curves of Mosalam et al.g] (with R? = 0.39).
from the 95YRP, 475YRP and 2475YRP response surfaces,Comparison of the empirical vulnerability curves derived by
respectively. These relationships are combined to form a Rossetto and Elnashaf][for low-rise, old seismic code, in-
“performance-consistent” set of vulnerability curves. The filled RC frames with those derived analytically shows the

curves are illustrated irFig. 6 and their equations are
summarised ifable 4

latter to give a better correlation to the observed damage
data (R? = 0.62 compared to 0.42). This is caused by to the

The fit of the analysis data to the response surfaces is ascarcity and highly scattered nature of the post-earthquake
direct indication of the uncertainty in response prediction damage surveys available fmfilled RC frames, which re-

due to input parameter variability. The 5th and 95th
percentile values of the ratio of analytically observed to
predided ISDyhax response are therefore applied to the

sult in unreliable curve shapes being derived for the latter
empirical relationships. The width of the confidence bounds
associated with the analytical relationships, in terms of max-

mean I1Shhax predicted by the response surface for each imum exceedence probability interval (at constant spectral
system variation. New exceedence probability statistics aredisplacement), is observed to be comparable to that observed

generated using the extreme @R estimates. These are

for the empirical curves. The width in terms of maximum

plotted against the corresponding ground motion values andspectral displacement intervéfbr constant damage state ex-
used in the regression of 90% confidence bounds for theceedence probability) is instead a fraction of that observed

vulnerability curves (Table 4. The confidence bounds are

for the empirical curves. The difference is mainly due to the

wide and increase in width for higher damage states. It is uncertanty introduced in the derivation of the latter curves
observed that similar sized confidence bounds are generatedue to scarcity of observational data for high levels of ground
where the response surfaces are derived from data relatingnotion. These observations give rise to substantial doubt

to a single scenario and whehey arederived from the

as regards the reliability of observation-based vulnerability
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functions and confirm the importance of analytical methods [6] Rossetto T. Vulnerability curves for the seismic assessment of
for the generation of fragility curves. reinforced concrete building populations. Ph.D. thesis, Dept. of Civil

& Environmental Engineering, Imperial College, London, UK; June
2004.

4. Conclusions

[7

—

Elnashai AS, Pinho R, Antonio8. INDYAS—A program for inelastic
dynamic analysis of structures. EE report 00-2, Imperial College,

The main accomplishment of the study described above | 5ndon, Uk: 2000.
is a clear methodology for the derivation of vulnerability [g] Pinho R. Selective retrofitting of RC structures in seismic areas. Ph.D.
curves using analytical damage statistics. The procedure  thesis, Department of Civil and Environmental Engineering, Imperial
addresses problems of uncertainty in the input ground  College, London, UK;2000.
motion and damage state identification. and yields curves [9] Mander JB, Priestley MJIN, Park R. Theoretical stress—strain model

that are appropriate for se within a displacement-

for confined concrete. ASCE Joutrdd Structural Engineering 1988;
114(8):1804—26.

based assessment framework. The proposed methOdOIOQYlO] Panagiotakos TB, Fardis MN. Proposed non-linear strut model for

represents the best possiblelastic static analysis solution infilled panels. 1st year progmseport of European Commission
given current knowledge and capabilities and has the added Humen Capital and Mobility Programme: Prenormative Research in
benefit that, through appropriate consideration in modelling, ~ Support of Eurocode 8 (PRECS) Project, University of Patras, Patras,

it can be applied to any structural type and seismo-
tectonic environment. Compaois of the curves derived for

Greece; 1994.
[11] Mosalam KM. Modelling of non-linear seismic behaviour of gravity
load designed frames. Ehquake Spectra 1996;11(3):145-61.

a population of low-rise infilled RC frames of inadequate [12] Fardis MN, editor. Experimentaind numerical investigations on the

seismic design with observatial data and empirical curves sdsmic response of RC infilled frames and recommendations for
for these structures shows that the proposed methodology  code provisions. European Commission Human Capital and Mobility
is capable of producing analgél vulnerability curves that Programme: Prenormative Resgtaimn Support of Eurocode 8. Report

give reasonable predictions of observed post—earthquake[13]
building damage. Further verification of the vulnerability

no. 6; 1996.
Pipa M, Carvalho EC. Reinfoneg steel characteristics for earthquake
resistant structures. In: Proceedings of 10th European conference on

curve derivation procedure for different structural systems earthquake engineering. Rotterdam: AA Balkema; 1995.
and greater quantities of observational data are needed. [14] Petersons N. Materials and struits. Reunion Internationale des
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