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DEVELOPMENT OF A NATIONWIDE
SEISMIC VULNERABILITY ESTIMATION SYSTEM®

Horea SANDI?, Antonios POMONIS, Symon FRANCI S, Emil Sever GEORGESCU®,
Rakesh MOHINDRA?®, |oan Sorin BORCIA*

ABSTRACT

This paper is intended to present some studies
undertaken in order to develop a seismic
vulnerability estimation system to fit the needs of
development of earthquake scenarios and of
development of an integrated disaster risk
management system for Romania. Methodol ogical
aspects are dealt with, in connection with the
criteria of categorization of buildings, with the
definition of parameters used for characterizing
vulnerability, with the setting up of an inventory
of buildingsand with the calibration of parameters
characterizing vulnerability. Action was initiated
along the coordinates referred to in connection
with the methodol ogical aspects mentioned above.
The approach was made, asfar aspossible, specific
to the conditions of Romania. Somedataon results
obtained to date are presented.

Keywords: seismic vulnerability, vulnerability
estimation, earthquake scenarios, categorization of
buildings, inventory of buildings, expected
earthquake impact

1. Introduction

Saismic hazard and risk arewidely recognized
asbeing highin Romania. M oreover, according to
forecastslikethose of (Constantinescu & Enescu,
1985) or (Sandi & Mérza, 1996), thereisahigh
probability of occurrence of anew strong, perhaps
destructive earthquake, withinthenear future. This
makesthe need of devel oping and implementing
efficient risk reduction strategiesamatter of high
urgency.

In order to cope with thischallenge of major
social importance, the Romanian governmental
agenciesbenefitted fromthefinancial and technical
assistance provided by theWorld Bank Officein

REZUMAT

Lucrareaare scopul de aprezenta o serie de studii
intreprinse in vederea dezvoltarii unui sistem de
estimare a vulnerabilitatii seismice care sa
corespunda necesitatilor de dezvoltare a unor
scenarii de cutremur si de dezvoltare a unui sistem
integrat de management al riscului de dezastru
pentru Roméania. Sunt abordate aspecte
metodologice, in legatura cu clasificarea cladirilor,
cu definirea parametrilor utilizati pentru a caracteriza
vulnerabilitatea, cu dezvoltarea unui sistem de
inventariere a cladirilor si cu calibrarea parametrilor
care caracterizeaza vulnerabilitatea. A fost initiata
o activitate corespunzatoare coordonatelor
mentionate, in legatura cu aspectele metodologice
specifice. Abordarea a fost adaptata, pe cat posibil,
conditiilor din Romania. Sunt prezentate grafice
ilustrative ale vulnerabilitatii, ca si unele date
privind rezultatele obtinute pana in momentul
elaborarii lucrarii.

Cuvinte cheie: vulnerabilitate seismicd, estimarea
vulnerabilitatii, scenarii de cutremur, clasificarea
cladirilor, inventarierea cladirilor, impact seismic
asteptat

Bucharest. Among agroup of projects devel oped
inthisframework, theauthorsgot involved intwo
projects, referred to as: AC3, Consultancy services
for development of a Vrancea earthquake
scenario and AC6, Consultancy services for
integrated disaster risk management study. The
task of assessing seismic vulnerability of various
categories of elements at risk was of obvious
importancein both cases. At thesametime, trying
to assess seismic vulnerability raised several
complicated problemsof methodol ogica andlogistic
nature. The paper presents some main aspects
related to afirst attempt of development of anation-
wide seismic vulnerability estimation system,
concerning basically theexisting building stock.
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2. Methodological aspects concerning
seismic vulner ability and deriving
of basicdata

2.1. General

Thereareseverd Situations/ reasonsrequiring
the use of the concept of (seismic) vulnerability:
Mainly, they are:

- use of vulnerability as one of the main
factorsinvolvedinrisk analys's,

- use of vulnerability as one of the main
factorsinvolved in devel opment of scenarios;

- background for setting risk reduction
strategies for the building stock or for other
categoriesof dementsat risk;

- providing abackground for the devel op-
ment of sasmicintensity scdes(eg.. theEMS

98 scde(Griunthal, 1998) refersexplicitly and

repeatedly to seismicvulnerability).

The concern that is specific to this paper is
dedingwiththesasmicvulnerability of thebuilding
stock, inview of providing asuiitable background
for the devel opment of seismicrisk scenariosunder
the conditionsthat are specific to Romania.

The main problemsof methodol ogica nature
dedt withinthisframe concern:

- an appropriate definition of seismic
vulnerability;

- development of appropriate ways for
estimating vulnerability for selected categories
of dementsat risk;

- ways of setting up of corresponding
databases;

- development of appropriate ways of use
of resultsobtained.

2.2. Definition of vulnerability

A quditativedefinition of sasmicvulnerahility,
that can be widely accepted, is as follows: the
proneness of some category of elements at risk
to undergo adverse effectsinflicted by potential
earthquakes. This kind of definition, which is
defiitely vague, requires of course considerable
refinementsin order to become an operationd tool
for various purposes, likeestimate of seismicrisk,

deve opment of earthquake scenarios, or develop-
ment of Strategiesof risk mitigation. Therefinements
required refer essentialy to:

- the specification and characterization of
elementsat risk for which seismic vulnerability
istobeinvestigated;

- the characterization of seismic actionand
the quantification of itsseverity;

- thecharacterization of potentia earthquake
effectsand thequantification of their severity;

- the characterization of the pronenessto
occurrence of effects of various levels of
severity, asafunction of the severity of seismic
action.

In order to make following discussion more
specific, thedementsat risk considered at thisplace
are some categories of artifacts of man, more
precisely some categoriesof (individud) buildings
These categories areto be specified further onin
somegenerd terms, like:

- period of construction;

- materia of construction and structural
system;

- height (whichiswell corrdated at itsturn
with dynamic characteristicslikefundamental
natural periods).

It may berecognized, onthebas sof experience
at hand, that thiskind of differentiation of categories
of buildingsisrdevant from theviewpoint of seismic
vulnerability.

Salsmic action is, as well known, a highly
complex entity. This means that, in order to be
correct, one should characterize it by acomplex
system of parameters. A discussion onthissubject
ispresented in (Sandi 2007). Thisisunfortunately
in contradiction with practical feasibility, dueto at
least two main reasons.

- difficultiesof workingwith suchacomplex
system;

- lack of appropriate basic data, to cover
theinformation required by theadoption of such
asystem.

Asaconseguenceof thissituation, thepractical
solution widely adopted in various applicationsis
that, of characterizing the seismic action by means
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of asingle scalar parameter, which may havethe
sense of seismic intensity, or of some reference
kinematic parameter of ground motion. Thescaar
parameter adopted (which may behave like a
random variable) will be denoted by Q, whileits
possible values will be denoted by g. Moreover,
dueto pragmatic reasons, these possibleva ueswill

bediscretized as q (e.g.: integer intensity degrees,
or arow of values of some kinematic parameter
organized asageometric progession). To bemore
specific, astartpoint adopted in order to definethe
parameters q referred to, was represented by the
linear response spectrafor absolute accel erations,
s (T, n), and for absolute vel ocities respectively,
s, (T, n), related to areferencefraction of critical

damping, n = 0.05. Based on developments of
(Sandi & Floricel, 1998), a spectrum based
intensity q(T), related to acertain oscillation period
T, wasdefined as

q(T) =log, [s, (T, X) xs,(T, X)] +a
2.1)

(wnereavaue. = 0.05 is used for the fraction of
critical damping) while an intensity parameter
g (T, T),averaged upon adefinite spectrd interva
(T, T"), was defined according to the averaging
rule

q(™, T )=log{ [1/In(T"/T")] x

xd.T[s, (T, x),xs, (T, x)] dT/T} +a
(2.2

A rulefor averagingintensitiesof thetype (2.1),
corresponding to different (horizonta, orthogonal)
directionsof motionxandy, is

q(T) =log, {[s,, (T, X) x5, (T, X) +
+ saay(T, x)xs (T,x)]/2} +a

vay

(2.3)

asgivenin (Sandi & Floricel, 1998) too. Of course,
theaveragingrules(2.2) and (2.3) can becombined,
when suitable.

A firgt calibration of the parametersa and b of
previous expressions, aimed at providing a best
compatibility with the quantifications of the MK
intensity scale (IRS, 1971) wasa=7.7and b=4.
Based on statistical results presented in (Aptikaev,
2005) and on considerations of (Sandi & al., 2006),

an dternative solution, considered to be more
suitable, wasa = 7.8 and b = 8. In this case, the
expression (2.1) becomes

q(M)=(1/09) xIg[s (T, x) xs, (T, x)] +7.8
(Ig: decimd logarithm) (2.9)

Thisexpression appearsto be suiitablefrom
theviewpoint of results provided, but itsuseleads
to someadditional work, sSnceit requiresadditiona
computations, in order to determinethe response
spectraof absolutevelocitiess (T, x). Inorder to
avoid this additional work, a relatively simple
solution could be that, of replacing the absolute
velocity spectra s, (T, x) by the relative
pseudovelocity spectras,, (T, x), expressed by

Sor (T,x)=s_(T,x) xT/(2p) (2.5)

which leadsto replacement of expression (2.4) by
the shorter expression

q(T)=(1/0.45) xlg[s (T, x)] +
+(1/09)xIgT+6.8 (2.6)

War ning: the use of thislatter expression for
very short periods T leads to underestimate of
intengty, becausetherel ative pseudove ocity spectra
tend to Ofor very short periods, whilethe absolute
vel ocity spectratend to the peak ground velocity in
this case. Note also that, in case of very long
periods, the absol ute vel ocity spectratend to zero,
whilethereative vel ocity spectratend to the peak
ground velocity.

The potential (adverse) effects of seismic
action, that are specificto the categoriesof dements
at risk considered, may begenerdly referred to as
damage. Thekind and severity of damageinflicted
toabuildingmay be, of course, highly variablefrom
one casetothe other. The situationisin someway
homol ogousto that of measures of ground motion
severity, referred to before. Dueto similar reasons,
it will be accepted that damage can be characterized
by ascalar (random) variable D, which can take
variousvauesd (withinadefiniterange). It will be
accepted that the possible vaues of d arediscrete
and that they are quantified into discrete values
referredto asd,, in agreement with the provisions
of the EMS-98 European Macroseismic Scale
(Grinthal, 1998). Earthquake experience putsto
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evidencethehighly random natureof damage severity
dueto acase of incidence of seismic action, at a
definitelevel of severity. Thisleadsto the need of
use of probabilistic tools in order to describe
vulnerability. Thediscrete (integer) damage grades
vary, according to the EMS scale, from 0 (no
damage) to 5 (collapse, destruction). Under these
conditions, the seismic vulnerability of adefinite
category of elementsat risk (more specificaly, a
definite category of buildings) will becharacterized,
inthesmplest Situations, by asystem of conditiond
distributions (more precisdly, conditiona uponthe
level of severity of ground motion). Thedistribution
of damagegrades, conditiona upon the severity of
sesmicaction, ischaracterized basicaly by asystem
of conditional distributions p), . The expected
(conditional) damage graded" d (g) isgiven, of
course, by theexpression

d-(q) = S, kpY, @7)

A convenient expression for the conditional
probabil itiesp‘v)k,] appearstobethedassicd binomid
distribution used by theltalian school (Dolce, 1984),

bk nd)={n/[K/(nN-K} x
x (d7 )1 —d 7 n)™ (2.8)

(k—discreteindex of current damage grade: integer,
where0 £ k£ n; n—maximum vaueof k, whichis
equal to 5, in agreement withtheEM Sscalg; d~—
=d (q) expected damage gradefor an mtens ty
q=q, Where0£ d £ n), while

P, =b(k n, d") (2.9)

Plots corresponding to damage probability
matricesp®), , obtainedin Italy andinRomaniaare
presented e. g intheWorking Group report (Sandi,
1986). Thedataobtained in Italy present al'so the
deviations between empirical data and the data
corresponding to theanal ytical expression (2.9).

An analytical expresssion proposed for the
expected damage grade d=(q), based on
developmentsof (Sandi & a. 1990) is

d(g,9,9)=(n/2)" {1+tanh[(q—q,)/q]}
(2.10)

where n and g are the same as before, g, is a
parameter closetothedesignintensity (eventually

slightly higher) and q,isameasure of the scatter,
varying from about 1.5 for relatively ductile
structuresto about 2.5 for relatively brittlestructures.

From an academic viewpoint, there are two
bas cwaysof estimating vulnerability:

a) performing appropriate engineering
analyses (basicdly parametric, Monte—Carlo
typefor various sampleinput data, followed
by statistical processing of outcome);

b) statistical analysis of post-earthquake
survey data.

Giventhepracticd limitationstotheir use, the
basic waysreferred to asitems(a) and (b) should
be combined whenever possible. Unfortunately,
there are quite seldom practical possibillities of
deriving condusionsonthebasisof useof theseways,
whileit becomes necessary to make extensive use
of expert judgment. Onehad torely, essentialy, for
practical purposes, on such an approach.

Previous devel opments concerning seismic
vulnerability correspond implicitly towhat could be
referred to asaclassical gpproach, whichisusud in
literature and can be characterized asfollows:

-itreferstoasingle, practically instanta-
neous, event;

- theimplications of the cumulative nature
of effects of successive earthquakes are not
considered.

Theredity isobvioudy morecomplex and some
extensionsfrom the classical approach should be
congdered, at least theoretica ly. An atempt to deal
with such challenges, presentedin (Sandi 1998), can
be mentioned in thisconnection, inrelationto the
consideration of the evolutionary vulnerability,
which correspondsto the consideration of thefact
that the vulnerabilty affected by somedamageis
higher thantheinitid vulnerability (inthe® no damege’
state) of asamekind of structure. Theintroduction
of theconcept of evolutionary vulnerability leadsto
the need of considering, in relation to adefinite
seismiic event, the pre-event state of damaged'’,
and, also, the post-event state of damage, d” . The
distributions characterizing the evolutionary
vulnerability will be conditional not only uponthe
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ground motion severity parameter, but al souponthe
pre-event level of damage and can be represented
generically by anexpressionp®’,. ... Somelogical
conditionsconcerning thefeaturesof theditributions
pY),. i Were presented in (Sandi 1998). The
determination of these generalized distributions
involves cons derably increased requirementsand
difficulties as compared to the classical case of
distributionsp, .. Asan example, in caseonewants
tousethe approach (b) referred to previoudly, post-
earthquake surveys are to be conducted upon
samplesof buildingsfor which apre-event damage
survey had been performed. Itishardly believable
that such in-depth surveys will be performed in
practice, giventheinevitableevol ution of thebuilding
stock determined by the general evolution of the
economic life. So, rather smplewaysof estimating
vulnerability, relying to ahigh extent onthe use of
expert judgment, arebound to beused inthisfied.

Coming back to the classical deinition of
vulnerahility, which meansneglecting of the concept
of evolutionary vulnerabililty, it isappropriate, for
Some purposes, to consider the earthquake effects
not only intermsof theobservable, physica, damage
grade, but soin economicterms, namely interms
of damageratio, which representsthefraction of
replacement cost involved by the occurrence of
physica damage. A possibility of conversion between
themisgiveninTable 2.1 (Whitman & Cornell,
1976).

2.3. Categories of buildings considered

The approach adopted relied primarily onthe
definition of rlevant categoriesof buildings, that are
specificto Romania, consdering following criteria
of differentiation:

—M: materia and structural system:

oM. RC, shear wall or dual RC, shear
wall and framesystems;

oM, RC, cast-in-situ or precast panel
sysem,

oM, : RC, framewith masonry infill;

oM., unreinforced masonry withRCfloors;

0 M. unreinforced masonry with wooden
floors,

0M,: wooden;

0 M,: adobe or other mud-brick or clay
houses,

—H'height'

H,: singlestorey;
oH2 2 - 3storeys,
OH,: 4-7storeys;
oH,: 8- 10storeys
0H,: 311 storeys;

—Y: period of construction:
oY,:<1945;
0Y.,:1945-1963;
oY, 1964 -1970;
oY, 1971-1977,
oY 1978-1992,
oY.>1992.

O?U'IJ}O)NH

Note: the period of construction plays an
important role in determining the vulnerability
characteristics, dueto the evolution of severity of
provisions of the regulatory basis of earthquake
resistant design. Milestonesto bementionedin this
respect are:

- 1945: afirgt instruction by the Ministry of

PublicWorks,

Table 2.1.
Damage ratios corresponding to various damage grades
Damage grade Description of damage Damage ratio Central
(%) Value
NONE - 0 No, or insignificant non - structural damage 0-0.05 0
LIGHT - L Minor, localized non - structural damage 0.05-1.25 0.3
Widespread, extensive non - structural
MODERATE - M damage; readily repairable structural 1.25-20 5
damage
HEAVY - H Major structural damage; possibly total non - 20 - 65 30
structural damage
TOTAL-T Building condemned or replaced 65 - 100 100
COLLAPSE - C Building partially or totally collapsed 100 3100

42
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- 1963: first modern code for earthquake
resstant design;

- 1970: revision of the previousone;

-1977: dragticrevision of thepreviousone,
following the destructive earthquake of
1977.03.04;

- 1981: new revison, with lesser quantitetive
influence, but with some methodological
improvements;

- 1992: new revision, benefitting among
other fromtherichinstrumental dataobtained
during the strong earthquakes of 1986.08.30,
1990.05.30 and 1990.05.31 (new zonation,
thistimebi-parametric);

- 1996: the sameas previoudy, but last two
sections, concerning the evaluation and
strengthening of existing buildingsreplaced.

Sinceresponse spectraweretaken into account
and were assessed for various areas of the country
(Mohindra& da., 2007) asrequired for subsequent
risk analyses or development of earthquake
scenarios, it became necessary to assess also
fundamental natural periods for the different
categoriesof buildings, in order to subsequently
assess the expected damage grades djj required
for the assessment of vulnerability characteristics
p®,, in agreement with therelations (2.6) ... (2.8).
The main criteria of differentiation of assessed

periods were the criteria H, Y and M defined
previoudy. Starting from dataof theRomanian code
(MLPAT, 1992) and from somedataof literature, it
wasfound that somesimplificationsin ng
fundamental periodsaresuitable. A smplified way
to assess periods, adopted for the study referred
to, corresponded to thevaluesgivenin Table 2.2.

Vulnerahility cheracteristicswereassessad usng
thebas cinformation referrred toin next subsection.
Dataat hand and expert judgment were combined
to this purpose. Vulnerability functions were
considered intwo adternativefomulations. damage
grades (asexpressed by the conditiond distributions
pY,, referred to before, and damageratios (damage
ratio: afinancial estimate, representing thefraction
of replacement cost corresponding to a definite
damagegrade).

Inorder toillugtratethefeaturesof vulnerability
functions developed in agreement with the
methodol ogical approach presented in subsections
2.2 and 2.3, two figures developed in view of
drafting vulnerability cheracteristicsareshown. They
correspond to the vulnerability of very weak
structures (practically, unprotected against
earthquakes). Theplotsof Fig. 2.1 arerelated to
damagegrades, whiletheplotsof Fig. 2.2 arerelated
to damage ratios. These plots, developed for a
referenceintensity g, = 6.5, arereproduced just for
illustration. A comprehengvereport should provide,

Table 2.2.
Fundamental natural periods adopted for vulnerability assessment
Period of H1:1 H2:2-3 | H3:4-7 | H4: 8-10 | H5: 311
C . Category . . . .
onstruction storey stories stories stories stories
Pre - 1946 M1A - - - - -
M1B - - - - -
M1C 0.159 0.455 0.632 0.981 1.430
1946 - 1977 M1A 0.052 0.132 0.308 0.453 0.538
M1B 0.047 0.111 0.251 0.376 0.434
M1C 0.156 0.446 0.617 0.954 1.385
1978 - 1992 M1A 0.050 0.125 0.294 0.434 0.510
M1B 0.045 0.105 0.239 0.357 0.408
M1C 0.150 0.425 0.594 0.918 1.326
Post - 1992 M1A 0.050 0.125 0.290 0.425 0.500
M1B 0.045 0.105 0.235 0.350 0.400
M1C 0.150 0.425 0.585 0.900 1.300
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of course, moreinformation, with adifferentiation
according to the nominal earthquake protection
intengties.

2.4. Basicinformation on vulnerability

Thefirg basic dataon vulnerability & hand were
obtained onthebas s of the post-earthquake survey
performed in Bucharest subsequently to the
1977.03.04 earthquake on a sample exceeding
18,000 buildings, located in different areas of the
city. Thesurvey madeit possibleto derivestatistica
damage spectrafor several sub-areas of the city
(Béalan & a., 1982). These latter results were
processed additionally, leading to vulnerability
functionsexpressedintermsof conditiona damage
distributions, presented inan EAEE Working Group
Report, prepared for the 8-th European Conference
of Earthquake Engineering (Sandi & 4., 1986). The
vulnerability functionsreferred to wererelated to
eight categoriesof buildings, covering: adobetype,
masonry wallswith non-rigid (e.g. wooden) floors
of different age categories, masonry wallswithrigid

50 - VULN FNS (1978-92 Zone 1)

4.0 4

— RC_Mia
— ™

3.0 1 o — RC_Mic

RC_MLb
—m
— w4
— M

DAMAGE GRADE

2.0

6 6.5 7 75 8 8.5 9
INTENSITY

Fig. 2.1. lllustrative vulnerability curves,
in terms of damage grades

VULN FNS (1978-92 Zone 1)
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6 6.5 7 7.5 8 8.5 9
INTENSITY

Fig. 2.2. lllustrative vulnerability curves,
in terms of damage ratios

(r.c.) floors of different age categoriestoo, taller
buildingswithr.c. walls(distant or closdly spaced),
taller buildingswithr.c. frameswith masonry infill.
Notein this connection that the scatter of results
corresponding to the conditional damage
distributions obtained wasin the case of Bucharest
lower thanwhat theclassical digtribution (2.8) would
predict, most likely due to the relatively high
homogeneity of the building samples (or sub-
samples) considered. On the contrary, theresults
obtained in Italy subsequently to the Irpinia
earthquake of 1980.11.24 (Sandi & al., 1986)
showed afair agreement with the scatter predicted
by thebinomid distribution. Giventhelower scatter
derived in Romania, a different, generalized,
distribution, based onitsturn neverthelesson the
binomial distribution was used in risk analyses
conducted subsequently (Sandi & Floricel, 1994).

A relevant additional source concerning the
vulnerability of buildingsisprovided by thesummary
papers (Cismigiu & al. 1999) and (Colban & a.
1999). The most significant dataon vulnerabililty
provided in the paper (Cismigiu & al. 1999) are
mostly of qualitative nature. They concern a
description of the structural systems of historical
religiousmonumentsand thefeatures of thedamage
they underwent, the same for other monumental
buildingsand thesamefor usud buildings(asarule,
residential ones). Some experimental dataon the
dynamic characteristicswere presented too. The
mogt significant dataon vulnerability providedinthe
paper (Colban & a. 1999) aremostly of quantitative
nature. M ethodol ogical aspectsare presented. The
basic parameter used in order to characterize
vulnerability wastheratio Rof actual resistanceto
resistance required by codes. The ways used for
estimating R are described. A sample of 329
buildingswasandyzed. Satigtica dataonage, height
and material / structural systemwerepresented. An
alternative method, developed in (Mironescu &
Bortnowschi, 1983) wasbriefly presented too. This
reliesonasmplified determination of S-d curves.
Statistical dataon thesamplereferred to, asrel ated
tothedifferent criteriamentioned, were presented.
Theuseof S-d curveswasillustrated too.

Other approaches, likee.g. attemptsof THNL
analysis, were conducted in afew isolated cases
and did not play to date an important role in
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improving the knowledge of practical relevance
concerning the vulnerability of theexisting buildiing
stock.

An important point raised by the goal of
estimating global |osses was represented by the
determination of thenumber of buildingsof various
categorieslocated in various communes. Thedata
provided by theHous ng Censusof 2002, devel oped
by the National Institute of Sraristicswereusedin
thisframe. The datareferred to included thetotal
number of dwellings and total floor space in
resdientid dwellings. Thedatawerecategorizedinto
5 material types, 15 age (period of construction)
bandsand 4 intervalsof numbersof storeys(single
storey to 11+ storeys).

3. Useof dataand resultson
vulnerability

A maingoal of theactivitiesof vulnerability
analysis is that, of providing basic data for risk
analysisor for earthquake scenario devel opment.
Sinceaproper, rigorous, risk analysisisnot feasible
in practice for large systems, earthquake risk
scenarios are being developed in the frame of
activitiesreferredto.

A main set of data required for estimating
expected earthquakeinflicted damageand lossesis

represented by the modelling of seismic hazard.
Saiamic hazard wasestimated inthisframeaccording
to thedevel opmentsof (Mohindra& al., 2007). A
second main set of data required for the same
purposeis represented by theinformation onthe
system of elementsat risk (inthiscase, thebuilding
stock), concerning an inventory, together with
corresponding vulnerability estimates. Thesedata
were provided according to the devel opments of
thispaper.

Thetota resdential exposurein Romaniawas
estimated to be approx. 113.9 ~ 10° Euro, out
of which the valuein urban dwellingsis approx.
69 ~ 10° Euro. Thevaueof resdential exposurein
Bucharest was estimated to be 14.3 © 10° Euro.
Figure 3.1 shows the distribution of residential
exposurefor Romaniaby materid classand by height
band.

The total earthquake losses based on
replacement costswere estimated for each class of
building at commune level for each stochastic
earthquakeevent by combining exposurevauesand
damage ratios derived from the corresponding
vulnerability functions. Average annua loss (AAL)
was computed by combining losses from all
stochasticeventsas

AAL =Si (Eventloss” Event Rate) (3.1)
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Fig. 3.1. Distribution of residential exposure by material class and height band
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Return period losseswere computed for 10,
100 and 250 yearsfrom the exceedance probability
curve drawn based on modelled losses for the
stochastic events. Losscost (AAL per 1000 EURO
of exposure) wasderived as.

Loss cost =
= (AAL / Total Exposure Value) ~ 1000
(3.2

Themodelled averageannual earthquakeloss,
return period earthquake losses and |oss cost for
resdentid exposuresinRomaniaarecadculated. The
distribution of modeled average annual earthquake
lossat communeleve isshowninFig. 3.2.

4. Final consider ations

The developments presented are of interest
from at least two viewpoints:

a) presentation of some methodological
features concerning the use of the concept of
sasmicvulnerability;

b) presentation of afirst atempt of estimating
expected |ossesat anation-widescale.

Theconcept of vulnerability benefitted to date
of quite modest attention in Romania, at least if
compared with the situation in more advanced
countries(notethat Italy isleading by far in Europe

inthisfield). Itishightimeto changethissituation
and to enhance theknowlege of engineersinthis
fiddaswell astheapplicationfor various purposes,
likethosereferredtoin section 2.1.
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