A risk- and cost-related approach for the global semic
safety assessment of existing buildings

Romao, X.
Faculdade de Engenharia da Universidade do Porto, Porto, Portugal

Delgado, R. 15 WCEE

Faculdade de Engenharia da Universidade do Porto, Porto, Portugal LISBOA 2012

Costa, A
Universidade de Aveiro, Aveiro, Portugal

SUMMARY:

A probabilistic methodology is proposed to asséssgeismic safety of a building using global perfance
metrics and to determine if it conforms to a givienit state. The performance metrics are the proipalof
occurrence of the limit state, the correspondingeeted loss associated to the repair of the bujjdamd the
corresponding number and type of mechanisms thairo®y considering these parameters, the scopbeof
limit state definitions of current codes is extethd® establish adequate risk- and cost-relatedt Istate
definitions. The performance of two reinforced a@me structures is then analysed by the proposeidoahe
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1. INTRODUCTION

Probabilistic seismic safety assessment methodmiiesic to the conceptual framework established
by current Performance-Based Earthquake Engineengtfpodologies. This framework involves key
aspects such as the use of adequate methods gbiana determine building behaviour and the
definition of quantifiable targets to measure parfance. In this context, a probabilistic methodglog

that analyses the seismic safety of a building gigiiobal performance metrics is proposed to
determine if its behaviour conforms to a given tistate.

2. PROBABILISTIC PERFORMANCE ANALYSIS METHODOLOGY

To analyse building performance for a given limiats, the proposed methodology uses the
probability of occurrence of the limit state, the corresponding ldssassociated to the repair of the
building, and the corresponding number of strudtaextionsn. s where the limit state mechanism
occurs. The terrmechanism is considered herein as referring to the occugaria limit state in one
or in a combination of several structural memb@&sg.defining a value fon_s, one establishes a
possible scenario for the occurrence of a giveit btate. Thel andLs. performance metrics of each
of themy, considered scenarios are then combined to obtglnkal performance value representing
the expected losSL over a given reference period of time which cardeined by Eq. (1). Finally,
the EL value can be compared with an admissible |Ehify,, defined by Eq. (2) whertggm andLg am

are global acceptance thresholds defined fandLs.. Recommendations by existing standards can be
used to defineqm,, while the value ok« .4m Can be set, for example, by the building owner.
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The value ofl is estimated by

A= [ py (X)TH () /dx| dx 3)

whereH is the earthquake hazard curve defined in ternass@¥en earthquake intensity measure (IM)
and p is the fragility curve representing the probabpilitf exceeding a given state of performance
conditional to a certain value of the IM. The calesed formulation of the fragility curve is similer

the IM-based approach referred by Ibaetral. (2002). With respect to the expected value ofitise

L, its quantification uses the storey-based apprgdRamirez and Miranda (2009) and considers a
simplified loss model that only addresses lossestdistructural and non-structural damage.

When analysing the evolution sfandLg for increasing values of the number of structsegtions s
where a given mechanism occurs (which can be se@anpsoxy for the behaviour of the building),
and Lg. are seen to have opposite evolution trends (BigWhenn,s increases/ decreases since
higher intensity ground motions (with lower prob#yiof occurrence) are required to reach the limit
state capacity at a larger number of sections. l@nather hand, the value bf; increases since
admitting that a larger number of sections canirahe EDP capacity also leads to higher levels of
global building damage. Figure 1 also shows theluthem of EL which, as expected, is seen to
increase ads increases. Based on the value set Ebgyy,, it is then possible to establish the
admissible building performance which correspodfi¢ largest value of s conforming withEL ;g
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Figure 1. Evolution of4, Ly, and EL for increasing values ofs.

Considering that a suitable earthquake hazard algfieed in terms of the selected earthquake IM is
available, the quantification of the probability o€currencel of a given limit state according to
Eq. (3) requires the adequate definition of theifitg curve pr. As previously referred, the fragility
curve is estimated by the IM-based approach (lberra., 2002) which uses a random variable,
termed the IM-capacitylf1c), that represents the ground motion intensity tkva given limit state
occurs for the structure under assessment. Sevealaations o M associated to the selected limit
state can then be obtained by analysing the steuaitnder a set of earthquake records using
incremental dynamic analysis (IDA) where each rédsrscaled for increasing intensities until the
limit state occurs. The cumulative distribution ¢tion (CDF) defined by the statistical distributiof
the severalMc realizations represents the fragility curve of skeéected limit state. This fragility curve
is assumed to be represented by a lognormal CDEwériables it to be written as:

Ps (im):P(lMCS|M :im):tb[mimﬁ_ﬂj (4)

where ®(.) is the normal CDF, anthrz,, and 8, are the mean and standard deviation of the
distribution, respectively. In this approacs,,  represents the uncertainty in the estimativief



As referred, the loslsy; associated to the occurrence of a limit statstisnated using the storey-based
approach proposed by Ramirez and Miranda (2009% dpproach defined loss curves representing
the losses of all the individual components of atire building storey as a function of a select&Pi:
Lseop. Different curves have been defined to quantifg tbsses in structural and non-structural
components, and different EDPs are also selectpdndéng on the type of component. To quantify
the expected loss value associated tatthbuilding storeyl «;, due to the occurrence of a given limit
state, the_gepp; Curve must be combined with the exceedance prhtyabi the selected EDP at the

ith storey, P(EDPi > edp, ) The probabilistic characterization of title storey EDP can be defined by

determining the EDP values corresponding to thers¢éiMc realizationsEDPc. The CDF of these
EDP¢ values represents the fragility curve of thestorey EDP associated to the occurrence of the
limit state under analysigy.,, , Which can also be assumed to be representedogyarmal CDF:

Inedp—I
Pepr., (edp) = P(EDPc,i <EDP = edp) — (D[ nedp —=iN/Jgpp ] -

ﬁEDPCV‘

where Infg,, and B, are the mean and the standard deviation, respégtiof the EDP
distribution at theth storey. The value dfy; can then be obtained by:

L .:TE(LSCJ|EDPCJ)E1P(EDPCJ>edp|)=T|_SCEDPCJ(X) d Q{%J
0
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in which LsclEDPcl represents.sepp; for the case where the EDP values correspondosetbfEDPC.

Finally, the total expected value of the ldss associated to the occurrence of the limit statgeun
analysis is obtained by summing the losses of stmby.

2.1 Definition of the limit states

2.1.1. Thelimit state of Damage Limitation (DL)

For limit states similar to the DL limit state paged by EC8-3 (EC8-3, 2005), the fundamental issue
is related to the number of structural sectionsrevhyéelding is admissible so that the structureaind
analysis can still be considered to conform to timst state. Therefore, the proposed conformity
condition based on risk and loss criteria estabfisthat the occurrence of the limit state can be
accepted in a number of scenarios, as long asdhesponding value dEL is not greater than an
admissible valuéEL 4mp.. In this case, each scenario corresponds to thatisin where a different
numbernp. of structural sections reaches or exceeds thal yiglit. By defining the admissible
consequences of reaching this limit state in tesfrthe EL4mpL, Which is a function of the values set
for ZaampL @ndLg agmpt, the number of admissible yielding sections ismsete rationally. Given the
type of global structural performance that mustrizg for the DL limit state, namely the low level of
structural damage that is expected, it is sugge$iadthe previously referred simplified loss model
could consider the value bf; .ampL SUch as to reflect repair costs due to non-strattamage only.

2.1.2. Thelimit state of Sgnificant Damage (D)

For limit states involving conditions similar toote of the EC8-3 SD limit state, the definition
proposed herein is related to both the number nfcttral sections where the corresponding
deformation limit can be attained so that the stmg&ccan still be considered to conform to thisitlim
state, and to the level of deformation that shdadddefined for such limit value. As for the DL limi
state, a conformity condition based on risk ang lo#eria is also proposed which establishesttiet
occurrence of the limit state can be accepted nuraber of scenarios, as long as the corresponding
value ofEL is not greater than an admissible valilg, . In this case, each scenario corresponds to
the situation where a different numbmgg of structural sections reaches or exceeds a daf@mlimit

dim. It is believed thatl;,, should be defined based on economic consideraitimos/ing estimates of



the expected damage-related costs. The vall# gf, o is set as a function of the values defined for
Jagmsp @NdLg aamsp, Where the latter should reflect the maximum adible cost for the repair of the
whole structure. Therefore, in terms of the sinpdifloss model previously referrddy .amso reflects
the admissible value of the repair costs of boghstinuctural and the non-structural elements.

2.1.3. Thelimit state of Near Collapse (NC)

With respect to limit states comprising conditigisiilar to those of the EC8-3 NC limit state, the
proposed definition involves different bounding diions than those of the previous limit states.
Given that, when reaching this limit state, thelding is expected to be uneconomic to repair, a
bounding condition setting a value for the admissibss is not considered to be relevant. Henae, th
building performance is controlled by limiting tpeobability of occurrence of the limit state to an
admissible valué.qmne, and by defining conditions in terms of the numbksections where a given
demand/mechanism is accepted. With respect toakisperformance measure, when analysing the
occurrence of local (section level) mechanismstirdison must be made between mechanisms
occurring in beams and in columns. Given the lasgeerity of the consequences due to the failure of
a column, the occurrence of the NC limit state single section is considered to be enough toaefle
a nonconforming structure. On the other hand, &amniis, it is considered that the limit state capacit
of a mechanism can occur at several sections.isnctise, a nonconforming condition is established
when the NC limit state occurs in all the beam isast of a given storey. In addition to the local
(section level) analysis of the demand, a globalyais of the building behaviour is also carried ou
for this limit state in order to include the influge of the global yield mechanisms. The proposed
approach identifies the occurrence of yield medrasiby assessing the singularity of an equivalent
stiffness matrix representing the current statéhefbuilding behaviour. This approach is defined by
the following steps which are carried out at eale increment of the nonlinear dynamic analysis:

» Step 1 - Check the behaviour state of each straicsection to determine if its current loading
state is located in a positive or negative podtyi@ading branch of the section behaviour path.
Sections meeting this condition are termaetive yielding sections.

« Step 2 - If one or moractive yielding sections are found, an equivalent elastic Euler-Bernoulli
stiffness matrix of the structuréy is formulated with zero-stiffness terms assignedhe
flexural terms of those sections.

« Step 3 - If matrixKegq is singular, a situation that represents an ufestabructure, the
configuration of active yielding sections under sideration is that of a yield mechanism and
the corresponding IM value of the ground motioreisorded.

With this procedure, it is then possible to idgntihy type of yield mechanism taking into accotinet t
correlation of the behaviour between the componfemtaing the mechanism and accounting only for
sections actively loaded in the post-yield stiffnaseach time increment of the analysis.

2.2. Accounting for the uncertainty in the limit stte capacities

As referred in Jalayest al. (2007), the uncertainty associated to the modgthihmember limit state
capacities has a significant contribution to thebability of occurrencé of a given limit state since
the average capacity estimates provided by thereefeexpressions are known to have a large
uncertainty fib, 2003a;fib, 2003b). In this case, the uncertainty in thetlistate capacities can be
associated to the modelling error deriving from theposed capacity formulas as well as to the
variability of the mechanical parameters enteringsé formulas (Jalayett al. 2007). Among the
different methods which are available to accountlits uncertainty component (e.g. see Jalatat.,
2007), the selected approach assumes that lineét cépacitie€ can be modelled according to:

C=Clz, (7

where C is the estimate given by the referred semi-emglireéxpressions, ang,c is a lognormal
random variable with unit median and a dispersitga accounting for the variability sources
previously mentioned. In order to reflect the smedievel limit state capacity uncertainty at theteyn
level, i.e. in the uncertainty associated to thimege of IMc, the possible correlation between the



capacities of different sections must be accoufdedro address this issue, an approach similéingo
one proposed by Jalayetral. (2007) is considered herein. Therefore, it is meglithat for a given
mechanism (e.g. yield deformation, shear failutey torresponding limit state capacities of all
members are fully correlated. On the other handafgiven member, the limit state capacities of
different mechanisms are considered to be unctectlaGiven this assumption, the effect of this
uncertainty on the estimate Idflc can be included by sampling different realizatiohghe individual
member capacities using Eq. (7) which are thenegaiwith the IDA curves obtained from the
considered earthquake ground motions. Therefone,afgiven IDA curve, an array of member
capacities (i.e. a number of realizationgg, of the capacities for each member) is establishrat]
each sample of capacities (i.e. one realizatioth@fcapacity of each member) will lead to a diffiere
realization of thelMc associated to the limit state under analysis. dJdinis approach, the
quantification of parameter,, and S, which characterize the limit state fragility cunéeg. (4),

are now able to account for the uncertainty inntieenber capacities.
2.3. Stepwise description of the proposed methodagjp

Based on the individual features addressed oveprfdous sections, the sequence of steps involved
in the presented probabilistic methodology for d@halysis of building performance is described m th
following. The proposed method assumes that afsg},dDA curves with an adequate number of IM
levels have been obtained from the analysis ofsthecture subjected tay, ground motion records
scaled to those IM levels. After selecting the tiatate for which the performance of the structsite
be assessed, the following steps must then beedaouit:

e Step 1 - Define the mechanism for which seismietgakill be analysed.

e Step 2 - Define a value fox,c (the number of realizations of the capacity ofreaember) and

samplenyc values ok from its distribution.

e Step 3 - Select a value fors (the number of sections where the limit state raaidm occurs).

e Step 4 - Select a value afc from those sampled in Step 2.

» Step 5 - Select one IDA curve from the sengfcurves.

« Step 6 - Select the first IM level from the cho#eA curve.

* Step 7 - Determing, = D/(é g—uc) for all theng sections of the structure.

» Step 8 - Determine the number of sectings with p values larger than 1.0.
* Step 9 - Ifn,>1 <ns, select the next IM level and repeat the procettora Step 7; ifn,-1 > ns,
record the IM level, which corresponds to a redliraof IMc (the ground motion IM at which
the limit state occurs), and proceed to the neit ¢tDrve to repeat the procedure from Step 6.
» Step 10 - After going through all the IDA curvelse tprocedure is repeated from Step 5 for a
different value otyc, until the wholenyc values have been considered.
» Step 11 - Define the limit state fragility curve By. (4) based on the realizationd ..
* Step 12 - Determine the probability of occurreh@d the limit state by Eq. (3).
» Step 13 - Characterize the fragility curves of se¢ected EDP of each storey for the storey-
based loss quantification by Eq. (5).
e Step 14 - Determine the expected value of thedbssach storey by Eq. (6).
e Step 15 - Determine the value of the lbgsof the limit state scenario.
After these steps, the triplet.§ A; Ls) defines a limit state performance scenario. Thidimg
performance quantification procedure is then reggeiom Step 4 for a different valuemk. In order
to obtain an adequate representation of the bgjldarformance evolution for differents values, it is
suggested that the analysis starts by settiggequal to one and that subsequent repetitions eof th
procedure increase it by single units. The seyagebrmance triplets are then combined to obEin
according to Eq. (1). The value &L is then analysed in light of the limit defined BY ,qn, tO
determine which combination of scenarios is adibissior the current limit state. It is noted that
additional verifications may be carried out in Step if provisions other than checking thg,
condition are required (e.g. checking the occumasfa yield mechanism,).



3. EXAMPLE APPLICATION OF THE PROPOSED METHODOLOGY
3.1 Description of the selected structures and oli¢ additional data required

The selected reinforced concrete (RC) structureshar six-storey frames presented in Figs. 2a)pand
and referred as REG6 and IRREG6. The column cexst#os dimensions are also presented in Fig. 2
and all the beams are 0:80.50 nf. Additional information concerning the frame chaeaistics can

be found in Ferracutt al. (2009). Details about the structural modellings #nalysis procedure and
the quantification of the demand parameters audiged in Romaet al. (2011) and Romao (2012).
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Figure 2. Elevation views of the REG6 (a) and of the IRREBframes.

The member ductile capacities were defined accgrtinthe EC8-3 admissible DL, SD and NC
member chord rotationép,, 5 andéyc, respectively, while brittle capacities are chéedzed by the
admissible EC8-3 NC shear forgge. To account for the uncertainty dg,. according to Eq. (7), fifty
euc values are sampled from its distribution, where dispersioryc for dp, is considered to be 0.36
(fib, 2003b). To quantify the NC chord rotation capaéiic, the semi-empirical expression proposed
by EC8-3 was considered. To account for the unicgytén 6y according to Eq. (7), fiftyyc values
are sampled from its distribution, where the disjmarfyc for Oyc is 0.90 {ib, 2003b). For the SD
limit state, EC8-3 states that the chord rotatiapacityfs, is 0.7%)c. Sincefy is a function obyc,

the uncertainty ifg is that offyc. To account for the uncertainty Myc according to Eq. (7), fiftguc
values are sampled from its distribution, wheredispersionfyc for Vyc is 0.14 {ib, 2003a).

The seismic demand considered for each structunsisted of a suite of fifty real ground motions
extracted from the Pacific Earthquake Engineeriegdarch Center NGA database according to the
criteria referred in Romaet al. (2011) and Roméao (2012). Each structure was aga@lysing a multi-
stripe analysis where the selected ground motiemsealed for increasing values of the 5% damping
spectral acceleration ordinate of the ground mdiiorihe fundamental period of the structure (which
is the selected IM and is referred toQdereon) until the selected limit state is attaidadorder to
define the earthquake hazard curve required for(B)g.seismic hazard data was obtained forShe
values of the considered structures, and for aeeée period of one year, in order obtain results i
terms of annual performance of the structures. #atdil details can be found in Roméo (2012).

The expected loss value associated toithebuilding storey,Ls;, is quantified using thégepp
structural and non-structural loss curves for nig@-RC interior frames of an office building define
by Ramirez and Miranda (2009). In order to simplihe proposed example applications, only
non-structural losses associated to inter-storeift-sémsitive non-structural components are
considered herein. With respect to the selectedegabf the admissible expected losskg;, defined

by Eq. (2), values were set for the admissible @bdlty of occurrence of the considered limit state
Aaam: @nd for their expected repair codts, ,m. FOr the case ofyn, it is referred that, for existing
structures, current standards and/or availablenteehdocuments on the subject do not have def@iti
proposals on this matter. Therefore, the, values considered herein were defined as a reduofi



the target reliability values for new structuresgmsed by the JCSS (2001) for a one year reference
period and for ultimate limit states. This is basadhe fact that achieving a higher reliabilitydein
existing structures has a higher cost when compardtht of structures under design. Hence ithe
values presented in Table 1 were considered foselected limit states, based on those proposed by
the JCSS (2001) for the higher category of thetivelecost of implementing safety measures. These
Jagm Values are defined for the reference period ofy@ma® and were associated to small, moderate and
large risks to life and economic consequences®fimmit states of DL, SD and NC, respectively.

With respect to the selected values for the adbissixpected repair costs; oam, the considered limit
values correspond to average repair costs of albtlilding storeys. Therefore, a value of 10% was
assumed for the DL limit state (considering onlgsles associated to inter-storey drift-sensitive
non-structural components) and a value of 25% wasraed for the SD limit state (considering losses
associated to inter-storey drift-sensitive nonettital components and losses to structural
components). Considering the proposed valuégs@andL. .am for the limit states of DL and SD, the
corresponding values &L .4, set by Eq. (2) are then1@nd 5¢<10°, respectively.

Table 1.Considered values fdgyy, for the selected limit states.

Limit state DL SD NC
Aadm 0.001 0.0002 0.0001

3.2 Results of the probabilistic performance analys

3.2.1 Results for the DL limit state

Based on the IDA curves obtained for all the comsd ground motions, the performance of the
REG6 and IRREG6 structures was analysechfgvalues of one to six. The calculated performance
metrics 1 and Ly, are presented in Fig. 3. For a more direct armlgsiout the influence of the
modelling error of the capacity model, the perfang@results of both structures are presented &r th
situation where the uncertainty of the componemiacaies is neglected and also for the situation
where it is accounted for. In addition to theseiltssFig. 3 also presents the cumulative surlotip

to each value ofi s along with the selected value L4, Parametersyc, Ly uc andELyc are the
values ofl, L. andEL obtained when the uncertainty of the componenaciéips is considered.
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Figure 3. Performance of the REG6 (a) and the IRREG®6 (lbicaires for the DL limit state.

The results of the REG6 and IRREG6 structures wheruncertainty of the capacity models is not
considered indicate that performance scenario® npgsiequal to six can be seen to lead to acceptable
values ofEL. On the other hand, allowing for the uncertaintyh® component capacities can be seen
to increase the risk considerably: the values are 30% to 75% larger than thealues. On the other
hand, the uncertainty effects on the expected ewstdifferent. For structure REG6, the uncertaaity
the component capacities reduces the expected: ¢gsts is, on average, 5% lower thag. For
structure IRREGS6, the uncertainty increases theebgpl costs for the s cases of one to threbg{yc

is 6% larger thahg whenn.s = 1) while there is virtually no difference betwdepyc andLg for the
remainingn_s cases. With respect to the performance of the R&@bthe IRREG6 structures, the



changes froml to Ayc and fromLg to Lg yc also modify the number of performance scenariosoup
which the value ofEL is found to be admissible. For REG6, the performeameasureéEL ¢ is
admissible up ta s =5, while for IRREG6 the performance is only acedpd up ton.s = 3. Hence,
accounting for the uncertainty in the componentcdjes can be seen to have a significant influence
on the acceptable performance of the structureselyadue to the significant increaseldb Ayc.

3.2.2 Resultsfor the SD limit state

The performance metrics Lg, and EL obtained for the limit state of SD for the REG6&dahe
IRREG6 structures are presented in Fig. 4rfgr values of one to four, for the cases where the
uncertainty of the component capacities is negieated is accounted for, and considering the chord
rotation capacity defined g As for the DL limit statedyc, Ls; uc @andELyc are the values df, Ls
andEL obtained when considering the uncertainty of tha@onent capacities.
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Figure 4. Performance of the REG6 (a) and the IRREG6 (bichires for the SD limit state.

From the results presented in Fig. 4, includinguheertainty of the component capacities increases
the risk considerably: thic values are 50% to 120% larger than thealues. On the other hand, as
observed for the limit state of DL, the influencktbe uncertainty on the expected costs has an
opposite effect: thég yc values are 6% to 15% lower than thg values. As opposed to what was
observed for the DL limit state, accounting for threertainty in the component capacities reduces th
expected costs of both structures and for alhteeases. As for the DL limit state, accounting foe t
uncertainty in the component capacities also meslithe number of performance scenarios up to
which the value oEL is found to be admissible. When uncertainty isaartsidered, the results of the
REG6 and IRREG6 structures indicate that performaoenarios up to s equal to four will to lead

to acceptable values @&L. On the other hand, when uncertainty is considetieel performance
measureEL,c of REG6 is only admissible fons=1, while for IRREG6 the performance is
acceptable up ta.s = 3. Unlike for the DL limit state, the results Big. 4 indicate that values are
globally higher for REG6 than for IRREG6. This sition arises from the fact that, for REGB6, larger
deformation demands occur at the bottom column#ievidr IRREG6 the larger deformation demands
are obtained for the columns immediately above s#back. Since the limit state capacity of the
bottom columns of REG6 is smaller than that ofIRREG6 third storey columns, REG6 reaches the
limit state condition for lower IM values, thus tkag to a larger value df

Results for the NC limit state

Given the assumptions established in Section 2dnB; 1 values are presented to analyse the
performance of the REG6 and the IRREG6 structuseghie limit state of NC. With respect to the
limit state conditions also defined in Section 2,1t was found that the occurrence of a NC lirttes
nonconforming condition in all of the beam sectioh& given storey was not a governing scenario in
any of the cases analysed, both in terms of thaioot capacityyc and of the shear force capacity
Ve Furthermore, the occurrence of the shear forgaaty Vyc in columns was not a governing
scenario also. Hence, the NC limit state perforreaat the structures was governed by the NC
rotation capacity in columns and by the developnw@nglobal yield mechanisms. To observe the
importance of each of these nonconforming condstitime following five scenarios were analysed:



* Scenario 1 (S1) - Only the column rotation demasaantrolled and the uncertainty of the
rotation capacities is not considered;
e Scenario 2 (S2) - Only the column rotation demanddntrolled and the uncertainty of the
rotation capacities is accounted for;
e Scenario 3 (S3) - Only the development of globald/mechanisms is controlled;
e Scenario 4 (S4) - Both the column rotation demand the development of global yield
mechanisms are controlled and the uncertaintyefdkation capacities is not considered,;
* Scenario 5 (S5) - Both the column rotation demand the development of global yield
mechanisms are controlled and the uncertaintyefdhation capacities is accounted for.
Based on the definition of these scenarios, iefsrred that the uncertainty in the developmerthef
global yield mechanisms due to the uncertaintyhintalue of the yield curvature of the components
has not been considered. Thevalues which correspond to the performance resdltREG6 and
IRREG6 for the five scenarios are presented in &bl The presented results indicate that only
scenarios that do not involve the development oball yield mechanisms are able to conform to the
condition4 < A,gm = 0.0001. As can be observed, when the developafegiobal yield mechanisms is
considered, theé values almost duplicate. This fact clearly empresithe importance of considering
this type of condition when analysing structurdesaand performance under earthquake loading.
When considering the scenario S4, the analysibeofdsults of both structures indicated that thmét li
state capacity was governed by the rotation denvaradcolumn for only one ground motion. This
situation implies that the median of tBg- realizations has a 0.2% reduction from the scera8i to
the scenario S4 and that the standard deviationiseofog of theS,c realizations has a reduction of
about 2.7%. The latter reduction is the governaxgdr and leads to the slight decrease of.thalue
from S3 to S4. When comparing the scenarios S3Sfdhe uncertainty in the rotation capacities
plays a larger role and reduces the median ofStherealizations by 1.9%. Although there is also a
1.9% reduction of the standard deviations of tlgedbtheS, ¢ realizations from S3 to S5, the shift of
the median is now the governing factor leadindgvinhcrease of thevalue from S3 to S5.

Table 2. Performance results of REG6 and IRREGS6 for theliMi@ state considered scenarios.
Scenario S1 S2 S3 S4 S5

/. - REG6 3.13E-5 452E-5| 1.27E-4 1.26E{4 1.33E-4
J-IRREG6 | 4.95E-5 7.02E-5 1.91E-4 1.90E{4 2.00E-4

With respect to the global yield mechanisms thatewieund when analysing this limit state, the
unpredictability of their configurations and thepamtance of using a technique such as the one
presented in Section 2.1.3 should be emphasizedrder to illustrate some of the global yield
mechanisms that were found, Fig. 5 presents tweonpbes for each structure. Although the cases
presented in Figs. 5a) and c) ended up being dtedrdy a familiar mechanism (a soft-storey
mechanism), the cases of Figs. 5b) and d) are dessmon. These results indicate clearly that
approaches such as the one referred in Jaéhybr(2007) that require the identification of the gibb
yield mechanism configurations may not be practicalse due to the multitude of possibilities.

a) b) c) d)
Figure 5. Examples of global yield mechanisms that were dowhen analysing the NC limit state.

Finally, it is noted that thé values of IRREG6 are again higher than those dE&H-or the S1 and
the S2 scenarios, this situation occurs since ¢mgribution of the REG6 upper storeys to the ldtera



demand is now much more significant, thus redutiiegbottom storey demand concentration referred
previously. Since, for IRREGS, the larger deformatdemands still occur at the columns immediately
above the setback, IRREG6 was seen to reach tiitestise condition for IM values lower than those
of REGSG, thus leading to highéwvalues. When the development of global yield maddms governs
the performance, IRREG6 was found to reach thd Bitaite condition for IM values lower than those
of REG6 since less yielding sections are usuatiyired to develop the referred mechanisms.

CONCLUSIONS

A probabilistic methodology was proposed to analygeseismic performance of existing buildings
using global metrics to determine if the behaviconforms to a given limit state. The performance
metrics are the probability of occurrencef the limit state, the corresponding ldss associated to
the repair of the building, and the correspondinmbern_s and type of mechanisms that occur. Each
case ofn_s establishes a scenario corresponding to the camueerof the limit state. The and Ly
values of each considered scenario are then cochlimalefine a global performance value that
represents the expected Id&ds associated to that limit state. To consiélers. and the occurrence of
several scenarios of the mechanisms as performpai@ameters, an update of existing limit state
definitions was performed. Alternative proposalsrevdefined based on the EC8-3 descriptions to
establish risk- and cost-related limit state définis. These were then used to analyse the perfmena
of two RC structures by the proposed method folithi¢ states of DL, SD and NC.

To emphasize the influence of the modelling erfothe selected capacity models, the performance
assessment results were presented for the situahiere the uncertainty of the component capacities
IS neglected and for the situation where it is aoted for. A global analysis of the performance
results indicates that, with respect to the situatvhere the uncertainty of the component capaatie
not considered, allowing for such uncertainty iases the risk considerably (e.g. more than
duplicating the risk in some cases) while leadmgibderate reductions of the expected losses.

In the overall, the proposed methodology was abletermine admissible performance scenarios that
go beyond the code definitions, which may allow &orational decision-making process about the
need to retrofit or strengthen a given structurahls context, the analysis carried out for the IM@t
state emphasized the importance of consideringpdbential occurrence of global yield mechanisms,
as well as that of having a process able to acdourhe unpredictability of their configurations.
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