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ABSTRACT:

The correct assessment of different performanceldeaf reinfored concrete (RC) structures still remain
unaccomplished task in the field of earthquake rwyiing. Starting from the expression for clas
time-independent reliability formulation, and undefew established assumptions, the probabilityxakeeihg
a specified performance level can be written itogaed formvia Probabilistic Seismic Demand Analysis. It
been recognized that the choice in terms of thensity measure (IM) of a recorgfays a leading role in t
performance assessment, because it is strongliedeta the seismic hazard. The general framework
computing the probability of exceeding a specifigdit state is here specialized tRC elements ar
implemented for different frame structures, showagelatively computationagfficiency for the range
buildings considered. The procedure is then appigidg several alternative scalar ground motion ilMarde
to observe the unavoidable variability of the resir terms of the computed total risk.

KEYWORDS: Seismic Reliability, Probability of Failure, IntetysMeasure, RC Structures

1. INTRODUCTION

Particularly in seismic area, designing or assegssiespectively, new or existing buildings requigedull
approach based on statistical fundamentals to agbes probability of exceeding a specified limiatst
Performance-Based Earthquake Engineering (PBEEhMaand Deierlein, 2004nakes use of the classi
definition of exceeding a limit state and introdsice set of cascading mutual-correlated random hlasa
Under the assumption of Poissonian occurrencesctstal performance is expressed by the probalility
exceeding a given achievement of those randomhlagaAccording to PBEERrobabilistic Seismic Dema
Analysis (PSDA, Bazzurro, 1998) combines the randamiables ground motiomtensity measure (IM) a
engineering demand parameter (EDP) to expresseibmie performance of structures by an integrallM.
PSDA represents a direct measure of structuralopaence because it is related to thebpiulity of
experiencing the event EDP is greater than a gradune edp within the life-time of a structure. With struical
capacity information, PSDA is used to compute theual probability of exceeding a specified limatst €.9.
the collapse) through a further integral on EDPisTgrobability, which corresponds to the total riskn b
expressed as:

P, = [ [ PlLSEDP=edp|P[EDP> edpiM =im]dA,, (im) (1.1)

edpim

where dly is the differential of the ground motion hazardveuin terms of IM, and it is found by conventic
Probabilistic Seismic Hazard Analysis (PSHA, Mc@ui2004).

The concept of a single limittate function is not adequate to describe the sihiimost realistic structui
systems. This is true even for simple elementsjthsinot immediately clear how deal with different failur
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modes simultaneously. It is obvious that the nundfdailure modes increases fast with the compjeaftthe
structure, whose state depends on the stateseadéitgents. In particular for RC structures, the poumding o
the unavoidable scatter of the material propegiasthe uncertainty about the real structural cpméition (i.e
geometric size of elements, amount and detailsenffarcement, etc.) and the multiplicity of the pibde
failure modes (i.e., shear failure, joint failubeittle fracture of concrete, etc.) represent amtapic. Anyway,
the whole process of reliability assessment is &dteby the choice in terms of IM. Primarily, thiariable
influences the hazard at the site; secondarilig, itsual to assume IMs scale factor (SF) of recorded gro
motion when PSDA is performetthrough nonlinear incremental dynamic analysis (IDAamvatsikos ar
Cornell, 2002). One of the most important propsrtéan IM is its “efficiency”, which represerttse relativel
small variability of structural responses for aggiiM level. Areduction in the variability reduces the nun
of records needed to achieve an accurate estimhae onean of EDP given an IM level, and thereliabde
PSDA results.

Considering the limit state of collapse and evahgpthe probability of failure by Eqn. 1.the aim of this wor
consists in testing the flexibility of the approagsing different scalar elastimsed ground motion IMs a
comparing the reliabilities in order to study théluence of IM onP;. With regard to these aspects, a set 0
frame structures located in a city characterizedhigh seismicity is consideredh& structures have be
designed using the capacity design criteria ano&aate 8 (CEN, 2003) provisions.

2. GROUND MOTION INTENSITY MEASURES

The topic concerning which ground motion IM is ahble to use in seismic reliability analysis viaDA
represents a main task for earthquake engineeongmuinity and currently it captures great attentiohe
concept of ground motion IM has been recognized ial<urocode 8 (CEN, 20D3which defines the hazarc
the site by the recorded peak ground acceleraB@#] at stiff soil with a 10% probability of exceedance.
with a return period equal to 475 years. In faeapground values represent probably the easikgtasofor
the IM topic in PSHA and could be effective for slecstructures where the fundamental period liespéactre
regions sensible to the corresponding kinematiarpaters. In fact, for spectral periods under 0.5 s&agcture
responses are most directly related to ground exatén for spectral periods between 0.5 and 3.0
pseudo-velocity may be considered as constant @adtgral responses are better rethto ground veloci
than to other ground motion parameters.

In PSDA, the most used IM is the pseudo-spectreglacation at the fundamental period of strucflitewith
damping ratio equal to 5% ST, &, or briefly S. In the past, this paraneetwas widely used becat
national geological survey offices produced theahézcurves in terms o8, for each earthquakssurce
Particularly for structures dominated by first-mpdeveral studies have shown tBats more “efficient” tha
PGA, i.e., the variability of structural respongeeg aS, level is smaller than with PGA (Shome et al., 1998
Basically, the reason is that the single valu§&aloes not account for thepectral shape, so that the struc
response is strongly dependent orcorded ground motion characteristics (e.g., momeragnitude
site-to-source distance parameter). It has been shown t8ais strongly “insufficient” for structures with Ig
fundamental period (e.g., bridges) or high-risddings.

In order to consider the spectral shape relatede¢orded ground motions, vectemiued ground motic
intensity measures can be considered. For examphehiningS, with ¢ parameter, Baker and Cornell (2C
have shown that vector-valued IMs are better themlasvalue IMs in improving structural respor
prediction. However, using a vector-valued IM innEQ4.1 requires a vector-valued PSHAdbtain the joir
hazard curve, which has not been commonly appted conventional seismic disaggregation analyais.
proximity of fault lines or surfaces, recorded grdumotions can present the so-called “plilse-effect”, i.e.
the forwarddirectivity induces velocity discontinuities whichay cause relatively severe elastic and inel
responses in structures with certain periods. Shector-valued IMs sometimes drefficient and insufficien
inelastic spectral values were chosen as advantetidthong and Luco (2007) have used the inelagtactre
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displacemeng; computed on nonlinear equivalent single-degrefresdfdom (SDF) systems with fundame
period T and yielding displacememr,. For multi-degree-ofreedom (MDF) systems, pushover analysis
be used to define the SDF system with equivaleribgpeand equivalent yielding displacement. As usual
order to conduct PSDA usirg), PSHA requires a specific attenuation law forasét spectral displacement.

Especially for practical applications, the diffitak in working with vectoralued or inelastic IMs can be
barrier which is hard to overoee. Structural response of MDF or inelastic systénsensitive to multip
periodsT;, so an intensity measure which averages elastictigh acceleration values over a certain ran
periods might be a useful and convenient predetstructural response of inelastic systems. Tarsept wa
already anticipated in federal provisions (ICC, @0@lthough it is more of a rough guide based origd
spectrum to choose records rather than to defieéigiors. Many codes states that the ordinatelsesEspons
spectra for the suite of motions should be not tkaa those oflesign response spectrum for periods rar
from 0.2V to 1.5I™ (ASCE, 2005). Bianchini (2008) showed the effestioss 08, ag(T1,...,Ty), or briefly,
Siag: @S IM in PSDA. This new IM has beefefined as the geometric mean of the spectralleator
ordinates at a set of periods, and it is applied to demand assessmentlafstic MDF systemd:urthermore
an attenuation law for I8 ., can be easily developed by using existing gromuadion prediction models
which provide information for I1§,(T;)] and by performing an average of theegression coefficients in t
range of period3y,...,T,.

3. ASSESSMENT OF PROBABILITY OF FAILURE FOR RC STRUCTURES
3.1. Basic procedure

Direct Probabilistic Seismic Analysis (DPSA, Jalag2803) is here assumed as direct procetlurassess tl
probability of failure, because it expresses inased form the classical integral tinmedependent formulatic
of reliability problems under a few establisheduaggtions. Statistical basis of the method carfdaend ir
Cornell et al. (2002). Performance objective (itleecollapse) is quantified through the annual prolighihat
the random variable “demandD, exceeds the random variable “capacity; both indentified by selecting
appropriate EDPD andC are distributed following a lognormal probabildgnsity function, as suggestec
Shome et al. (1998). The first two moments of $tnmad response random variables are called “mediaR”
andC,, and “dispersion”/% and/fc, and they are respectively computed as the medustandard deviation
natural logarithm oD andC. Failure occurs when the maximum of the demanaeds the correspond
value of the capacity in the period of time matghihe length of seismic evenh the range of values in i
region of hazard levels in the proximity of the iliratate probability, hazard curviky, is approximated by
power law onm with exponentk; times a factok,. Similarly, the predicted conditional median dech@y, is
approximated by a power law om with exponenb times a factoa. Factors and exponents are computed
linear regression analysis on a log-log plot. Idesrto complete the probabilistic representatiothefdeman
given an IM, it is necessary to assess also ifsedsson,Sov, Which can be computed by regression ane
using IDA. From a general point of view and refegrito the limit state of collapse, the tinmelependetr
reliability formulation shown in Egn. 1.1 using DR&ssumes the following expression:

P, = ko(&j_b ex{%g—i (BS\.M + B2 )} 3.1)

a
3.2. Application to RC elements
In the original formulation, DPSA has been appledly for steel moment resisting frames, where detham

capacity are measured by a single EDP, i.e., thémuan inter-storey drift angle (i.e., the largesteir-store)
drift over time over the structure). For RC struiesy itis hecessary monitoring a quite large number abiinx
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critical elements and failure for each of them mley to obtain a reliable evaluation of total rigkmajor
simplifying assumption considers failure mechaniasistatistical independent events, providimgper boun
to the total risk. Under this assumption, if theteyn has no redundancy,|fee of any of its components v
imply failure of the systems itself. In this cad®s structure will be considered as a “series syst# critical ne
elements, and the partial probability of failurkated to thg-th mechanism is given by:

P, :1—|j[1— P, ()] (3.2)

whereP(i) is the basic probability of failure for theh generic mechanism and théh monitored elemer
which can be evaluated by Edh1. If several mechanism are investigated seanelbously and the structure
be considered as a series system, the total ptithalbifailure is evaluated for series elements as

P, =1—|:‘:ml[1—Pf,j]=1—|jn‘:ml|j[1— P, ()] (3.3)

wheren,, is the total number of considered mechanisms. 8omaethe bounds provided by Eg®.3 can b
quite conservative: in fact, further considerati@mosild be done in terms of mutual correlation dfeden
mechanisms or between different elements. Howdivercore method has been calibrated for a singlen
failure, and cannot be strictly extended to mudtipbrrelaéd modes without substantial changes in
approach and increase in complexity.

3.3. RC resisting mechanisms

In case of RC structures designed according todéul® 8 (CEN, 2003and capacity design criteria, the li
state of collapse should be characterized by @uctéchanisms (e.g., flexural member) rather thatiebones
as the shear mechanism. Anyway, two different meishas have been considered here: shear coll&psaac
failure associated to exceeding a certain levehaofd rotation g, which is determineds the ratio between i
inter-storey drift and the inter-storey height.

In a reliability-based procedure, structural capasihave tde expressed in statistical terms. As anticip
the inelastic mechanisms capable of leadirigCastructure to collapse are identified in terrhgnedian an
dispersion. About shear strength, as expressedrigptly (1997), the scatter between experimental
predicted values is quite modest, thus the indicatdue of the coefficient of variatm for shear mechanis
dy, is about 0.13. Concerning chord rotation meclanRanagiotakos and Fardis (2001) state that tie ot
experimental values to the predictions of chordtioh mechanism has a coefficient of variatidpof 0.28.

4. RC PLANE FRAME STRUCTURES

RC buildings are considered located in the cit€atania, in Southern Italy, which is a zone chamxtd by
high seismicity. Sample frames are shown in FigvHich shows three bays and one floor (3B1Fkelyays ar

three floors (3B3F) and three bays and six flo8B6F) RC frame buildings. The bayidth is set to 6.00 m a

storey-height to 3.20 m. The structures have besigded according to Eurocode 8 (CEN, 20dfBconsiderin

first category seismic zone (PGA equal t83g) and soil type B, which is consistent witlolggy of area und

study. The high ductility class has been seleatedéfining the behaviour factor (equal to 5.8B6) the detailin

rules. The considered material properties are: red@aC25/30 andeinforcing steel with characteristic vyi

strength equal to 430 MPa. The gravity and livedtoae, respectively, 30 kN/m and 12 kN/m. All beame

characterized by the same rectangular cross-seetitin depth equal to 600 mm and width equal to B%0,

whereas cross-sections of columns are shown inlFig.
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Figure 1 Front view of RC frame structures (crasgiens are in mm)

Each element is identified by an abbreviation: ket@"' is referred to columns, letter "B" is refedrto beams
first number is the level of floor from the tapd the second one is the number of element fnertett side. Bot
columns and beams have stirrup bars diameter ég8ainm and stirrup spacing equal80 mm. For structur
elements, the secant stiffness at yield has beesidered in the analytical model amidbdal dynamic analys
have been carried out to estimate the elastic fmedéal period of structure$®? = 0.372 s for 3B1FT™ = 0.83¢
s for 3B3F;T = 1.427 s for 3B6F.

PSHA for the city of Catania has been performedhantiasis of the new Italian Parametric Catalofjuerder t
link a generic IM at the site to the ground motmarameters (e.g., magnitude, distance, site gepkigy) the
law of Sabetta and Pugliese (1996) has been assuenecasempirical ground motion prediction model. Te
4.1 shows the coefficients of regression analy$ithe hazard curves in terms of PGA, PGY(T™) anc
Saag(0.2T,..., 1.5T™). Finally, it has been assumed that the earthgsaiece has a circad form with extern:
and internal radius set to 35 and 15 km. Sincedimgk can be hypothetically located everywherdedrea,

has been supposed to treat an area surroundisifereedopting uniform probability of occurrencetioé event.

Table 4.1 Coefficients of regression analyses &xralnd curves in terms of the selected IMs

T w(0.2T® 157
coefficients| PGA = PGV S(T) Sha e )
3B1F  3B3F | 3B6F 3B1F | 3B3F | 3B6F
ko 0.000| 0.234| 0.148 0.018| 0.006| 0.281 | 0.041| 0.0112
ki 1.956| 1.491| 0.868| 1.169| 1.158| 0.641 | 0.137, 1.157

5. PROBABILISTIC SEISMIC DEMAND ANALYSIS

In order to perform IDA, eight earthquake recordsébeen selected from PEER database for soil By
These records have been adopted as representatdrdgsein the Mediterranean Sea Basin. They are
characterized by a moment magnitude varying frddnt®.7.5, and a variable site-to-source distaNomlinea
dynamic analyses have been performed by assighmgnedian values of the material strength, whid
computed from characteristic ones. Nonlinear dycaamalyses of Rdrames have been performed
repeating the application of each earthquake reattdincreasing values of IMn particular, for each reco
fifteen values of spectral acceleration rangingnfrd.1 g to 1.59 have been considered; altogether, for
frame 120 nonlinear timbistory analyses have been carried out. The nalifieite element code proposec
Diotallevi and Landi (2000) has been used to cattythe analyses. The code is based on a sptasticity
model and on a momegt#vature law that incorporates strength and &iféndeterioration under cyc
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loading and the effects of changing axial forces. €ach seismic analysis and for each elementmtemun
value of demand in terms of ratio of shear demadus shear supply and chord rotation has beenatedl
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As example, the results from IDA for C23-th elememd 85-th storey in 3B6F frame are shown in Figs2
function of the four selected IMgespectively, for shear and chord rotation meismas. Here, the poir
represent the numerical output and the Huid the interpolation of median demand. These padicula
members for 3B6F frame are selected because, halplistic evaluation will display afterwards, thelyowthe
largest single probability of failure, hence theosgest influence on the paidtiperformance evaluation
considered mechanism when IM coincides v@thin a similar way, for 3B1F frame the highest @bitity of
collapse has been obtained for the C12-th elemmehBa-st storey, whereas for 3B8&me it has been obtair
for the C33-th element and B3-rd storey.

(@) - €23™ clement (b) - 23" clement (¢) - €23" element (d) - C23™ clement
06 06 06r , 06r

0.5 0.5 0.5/ | 0.5 _—

1 e e
04 0.4, / 04 / 04 /
=703 ] =703 =03 =03
= / = = - = o
02 02 02 L /
o w0084 a-0442 a-0444
01 b 06a 01 =071 ol 5=0.305 ol b-0352
o s 0 s
(] 0.1 0.2 03 04 0.5 (] 20 40 60 80 100 i 04 UGS- [ ]U‘) = s g L Ug lﬂjg = s
PGA [g] PGV [cm/s] Sq 18 Saavg 18
(a) - B5™ storey (b) - B5" storey (¢) - B5" storey (d) - B5" storey

0. 0. 0.

a=0.024 0,08 a=0.001 005, a-0034 005 a—0028

b=0.866 b=0712 5=0.798 b=0.739
0.04 0.04 0.04 A
© 0.03 2 0,03 2 0,03 /
<
0.02 002 0.02 / 0.02

001 N 001 // 001 / om/
. % 03 06 09 12 Ls % 03 06 09 12 is

02 03 40 60 80 100 g el 7 ¢ I 7

PGA [g] PGV [cm/s 218 Pgavg B
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for shear (upper) and chord rotation mechanismggilpfor 3B6F frame
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It is possible to observe that the selected IM ¢tatithe dispersion in IDA curves. Using PGA as IM inGH
frame, results show a significant rise of the disjp;n compared to other IMs. Instead, usth@ndS, o, result:
show a relatively small and comparable level opdision. However, a general treiodarger level of dispersi
for increasing values of IM can be observed forlils. Furthermore, the slope of IDA curves for sl
mechanism decreases when I&fel increases, as well as the level of disperdommtause, corresponding
larger IM-levd, the plasticity of structural members limits thleear value. On the other hand, IDA curve:
chord rotation mechanism are characterized by &sing values for increasiniyl levels, with no significar
modifications in their slope. Fig. 3 shows the iptdation and the regression coefficieandb respectively fo
shear and chord rotation mechanisms.

The tendency to increase the dispersion of demathdM-level can be better emphasized in Fig. 4, whidwsh
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the dispersion of shear and chord rotation mechanes a function of IM for the C23-th element aritiB
storey of the 3B6F frame. These figures show allsearfitting between dispersion and IM of the IDA cur
using the least squares method. It should be nbtiwe dispersion levels associated to PGA as iMagerthar
others. Furthermore, the dispersion associateddaramechanism decreases when théel! increases. Wi
regard to chord rotation mechanism, the level oARBd PGV does not affect the dispersion. Whercsiral
dependent IM, and especially, are used, this dispersion is lower but it is abtarized by a tendency to increase.

The single probability of failure for tti-th monitored element and for ti#h considered mechanisif(i), has
been evaluated by means of Eqn. 3.1 and subseguemtibined through Eqn3.2 to obtain the part
probability of failure for thg-th mechanismp;;. Finally, the values of;; of the two considered mechanis
have been combined according to Eqn. 3.3 in olebtain the total probability of failur®; . The probabilitie
of collapse are illustrated in Fig. 5. It shouldrmiced that the failure associated to chord rotationhmaadcsn
has more influence on the total risk than the shesrhanism, as it can be expected for RC structiggigned fc
high ductility. This result becomes more evidemtdtvuctures characterized by high fundamentabpleri

(a)-C23Mel. (b)-C23Mel. (¢)-C23"el. (d)-C23Mel.
1.5, 0. 0. 0.
L a - 1135 a,=0.151 a,=0254 a,-0.172
\ h/r -0.784 03 h/r -0.001 03 h/l -0.146 03 h/l -0.090
9 S
09 -
— - -
< —— <0 o 02 \\ 02
0.6 \ | .
| == \\ o =<, i \7
0 e \
% 03 06 09 12 is o 03 06 09 12 is
0.2 03 04 0.5 0 20 40 60 80 100 ‘s. el ‘ 7 < 2l ‘ 7
PGA [g] PGV [cm/s] Dq 18 Saavg 18
(a)-B5"st. (b)-B5"st. (€)-Bs"st. (@) -B5" st.
L 0. 0. 0.
—n .
—a
ey 8 o, ]
12 T 03 0. 0.
I
" et
. @0, <02 <02
a /
0.09 0225
. a,=1262 0.1 a,=0378 0.1 a, ”i‘ 0.1 a, 722:
b,=-0315 b,=-0.001 b,=0.128 b,=0022
o i o o = % 06 09 12 15 % 03 06 09 12 15
PGA [g] PGV [em/s] S, el S " lel

Figure 4 Dispersion of demand versasRGA, @) PGV, €) S, and () Sa,avg;m
for shear (upper) and chord rotation mechanisnvsgfipfor 3B6F frame
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Figure 5 Probabilities of collapse in terms of etilure mechanism, frame structure
and IM: maximum value fora) shear mechanism anio) chord rotation mechanism;
partial value for §) shear mechanism and) chord rotation mechanism

6. CONCLUSIONS

A full probabilistic methodology was tested forsaic design and evaluation of structures and aghpdiea set ¢
RC buildings. This approach combined both probsiiiliseismic hazard and demand lgsia to obtain
measure of total risk in closed form for a givenusture, at a certain site. Buildings were congdércated in
region in southern Italy with high level of seisityc The hazard curves were determined for thisoregnd fo
each frame. Hazard analyses were carried out wghrd to hazard aleatory variability, which is iraplin the
choice of predictive model. Demand values wereinbththrough nonlinear IDA: statistical parameiargerms
of median and dispersion were derivied different levels of IM. Shear and chord radatimechanisms we
chosen as EDP, considering adequate capacity mdgetsechanical and statistical point of view.
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The final result in terms of total risk matches esgations for new buildings designed according uooEode 8
(CEN, 2003) since brittle mechanism did not affect in reldvamy the global value of probability of failu
Assuming failure mechanisms for RC elements asp@déent statistical series, the approach presdrae
showed a goo statistical efficiency, even from computationalim of view. In conclusion, the relati
workability of the presented probabilistic approathkes it a useful tool for seismic assessmentétRicture
in PBEE framework.

Concerning the effect of IM on total risk, it shdle observe that the probabilities of collapse are stro
affected by the hazard curves, which in turn depemiM, and the dispersion, which is conditioned te thoic
of IM. Both hazard and IDA change in terms of IMheTpobability of collapse in a closed form depenc
hazard and dispersion, hence to IM. Using PGA, gfabability of collapse increases from stiffftexible
systems, whereas usifgit remains almost constant. In examined casesjar&ariability of tke results usir
different IMs was obtained for structures with lowe@mber of storeys (or alternatively with shofterdamente
period). The variability of results seemed to Hatezl also to some aspects of the procedig¢he properties
efficiency and sufficiency of the intensity measures andabsumptions related to the statistical correl:
between mechanisms and elements.
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