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ABSTRACT

Vector-valued ground motion intensity measures JIMave been the focus of a significant deal of aegde
recently. Proposed measures are mainly functiape€tral ordinates which have been shown to beiuisethe
assessment of structural response. This is eslyeapropriate in the case of structures followmmgdern
earthquake resistant design principles, in whialucttiral damage is mainly due to peak displacements
experienced during nonlinear dynamics. On the otiaerd, there may be cases in which also the cuiveilat
damage potential of the earthquake is of concemn @ it is generally believed that integral groumotion IMs,
associated to duration, are less important witpeetsto peak parameters of the record. For thesg ithdeems
appropriate to develop conditional hazard maps;maps of percentiles of a secondary IM (e.g.atiom-related)
given the occurrence or exceedance of a primargnpater (e.g., peak acceleration), for which a debagard
map is often already available. In the paper, ¢tbiscept is illustrated and conditional hazard igettgped for a
parameter which may account for the cumulative dga@otential of ground motion, the so-called Coaesnzd
Manfredi index (b), given peak ground acceleration (PGA). To this,@&rground motion prediction relationship
was retrieved forg first. Subsequently, the residuals of PGA apdvkre tested for correlation and for joint
normality. Finally, the study obtained analyticaédtdbutions of | conditional on PGA and on the corresponding
design earthquake, in terms of magnitude and distiom hazard disaggregation. As shown by theiatn to
the Campania region (southern Italy),nhaps conditional on the code design values of R@# be useful, for
example, for a more refined ground motion recorgcii®on as an input for nonlinear dynamic analysis
structures.
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1. INTRODUCTION

Intensity measures (IMs) should allow for a correctd accurate estimation of the structural
performance on the basis of the seismic hazatdeatdnstruction site. An IM is a parameter which is
considered to be a proxy for the potential effddhe ground motion on the structure. Typical griun
motion IMs are the peaks of the ground acceleratahvelocity, and conventional probabilistic seasm
hazard analysis (PSHA) provides the mean annualiémrecy of exceeding a specified value of one of
these parameters at the location of interest. kispactral ordinates are also often used as IMs for
probabilistic assessment, especially those atuhdamentals period of the structure, Sa(This is
mainly because Sa{)l being the response of a linear single degrédeeetlom system (SDOF), should
be, in principle, more correlated with the struatyperformance with respect to, for example, peak
ground acceleration (PGA).

More sophisticated IMs are currently under invedimn by many researchers. For example, Baker
(2007) discusses vector-valued IMs’ potential inmie of efficiencyin estimating structural response.
Most of the proposed vector-valued IMs are comgrisespectral ordinates or other proxies for the
spectral shape in a range of periods believed wf beerest for the nonlinear structural behavildris
helps to estimate the peak seismic demand espeitiadrms of displacements.

Integral signal’s parameters, as #gas intensityor significant ground motion duratigrare possible
IMs, but they are considered related more to thdicyenergy dissipation rather than to the peak



structural response. In fact, some studies (eegvplino et al., 2006) investigated how ground moti
duration-related parameters affect nonlinear strattresponse. It was found that, generally, spectr
ordinates arsufficient(i.e., duration does not add much informatiorgnré is interested in the ductility
demand, while duration-related measures do playeaonly if the hysteretic structural responsenat t

to assess; i.e., in those cases in which the cuivelldamage potential of the earthquake is of cance
However, in general, the integral ground motionapagters associated to duration are less important
with respect to peak IMs, as damages to structimegeneral, are more due to displacements, and
therefore the former IMs may be considered secondih respect to the latter. In these casesgitse
appropriate to develogonditional hazard maps.e., maps of percentiles of the secondary IMegithe
occurrence or exceedance of the primary parametewliich a design hazard map is often already
available by national authorities.

Herein, for illustration purposes, the primary mgidy measure considered is PGA, while the secgndar
is a parameter which may account for the cumulatizmage; the chosen cyclic response-related
measure is the so-call€bsenza and Manfredi ind€k,) (Manfredi, 2001). To show the concept of
conditional hazard, a ground motion predictiontiefeship had to be retrieved fgr dbn the basis of an
empirical dataset of Italian records already useddther well known ground motion prediction
equations proposed in the past by Sabetta anddRedli 987, 1996). Subsequently, the residualseof th
logs of PGA andd were tested for correlation and for joint normalithe study obtained distributions
of Ip conditional on PGA and the corresponding desigthgaake in terms of magnitude and distance
from hazard disaggregation. Two percentiles (ilee, 5¢" and the 9%) were extracted from the
conditional probability density function (PDF) dfet b given the PGA and mapped for the Campania
region (in southern lItaly). The selected hazarcelldfor PGA corresponds to 10% exceedance
probability in 50 years, which is a reference netperiod for the life-safety limit state of ordigar
constructions internationally.

The application to a case study region shows tleatonditional hazard analysis may prove useful to
complement the available acceleration hazard wahswproviding suitable values of secondary IMs, to
match in ground motion record selection (e.g.,déno and Cornell 2005; lervolino et al., 2008a;
lervolino et al., 2010). In fact, apart selectirgsmic input for nonlinear dynamic analysis refiegthe
design peak values of motion (e.g., PGA or spedrdinates), one can benefit from this kind of
information and consider records featuring valuab® secondary IM conditionally consistent witle th
hazard of the primary IM.

2. GROUND MOTION PREDICTION FOR AN INTEGRAL IM

Iphas proven to be a good proxy for cyclic structteaponse (Manfredi, 2001). It is defined in Eqd. 2
where a(t) is the acceleration time-histogyistthe total duration of the seismic event, and/R&the
peak ground velocity. Therefore, the numeratora$ proportional to the Arias Intensity and it wok
referred to asal

te
[a*(t)dt
I — 0 = A 2 1
. :
PGAIPGV PGAI[PGV

The best candidates to be ground motion intensitggures are those for which hazard analysis is easy
to compute, which requires a ground motion preadiicgéquation (GMPE) to be available. Therefore, a
GMPE was developed fo.l The dataset used consists of 190 horizontal caems from 95
recordings of Italian earthquakes used by SabedaPaigliese (1987, 1996). For the purposes of the
present study the records were obtained b¥tirepean Strong-motion Databa@eSD), whose URL is
http://www.isesd.cv.ic.ac.ugpAmbraseys et al., 2000; Ambraseys et al., 200d¢. dataset in terms of
magnitude, distance, and, site conditions is gimefigure 1a.

The empirical predictive equations for the logstloé terms (the generic one is indicated as Y)
appearing in the definition of were fitted by regression using the same functitoren of Sabetta and
Pugliese (1996), Egn. 2.2, as a function of momeenitude (M), epicentral distance (R, in km), and




recording site geology. In this formjs a fictitious depth, the dummy variabl&s and S, refer to the
site classification and take the value of 1 forllsmaand deep alluvium sites, respectively, andzer

otherwise. The residuab,ong, is a random variable which in ordinary least sgaaegressions, is
implicitly assumed to be Gaussian with zero meahastandard deviatiom

log,, Y *

1
log,,Y =a+bM+clog,(R*+ )2 +d S+ e S+e o 2.2

The estimates for the coefficieht®or PGA, PGV and 4, obtained using the ordinary least-squares
regression, are given in Table 1. In the same $ablso the estimated standard deviations of the
respective residuals, are also givewalues were not estimated and assumed to be deimicio those
provided by Sabetta and Pugliese (1996); see atsolino et al. (2008b).

Table 1. Regression coefficients for PGA, PGV apd |

Y a b c d e h Olog,ov

PGA[cm/d]  1.12 0.34 -0.89 0.16 -0.065* 5.0 0.19
PGV [cm/s]  -1.27 0.55 -0.95 0.14 0.036* 3.9 0.25
la [cm?s? 0.42 0.92 -1.69 0.24* -0.021* 5.3 0.39

The Shapiro-Wilk test (1965), based on the consiflesample, was used to check the assumption of
normal distribution for &, poas € pev AN &4, - RESUIts Of the tests, not reported here fordke s

of brevity, indicate that the null hypothesis ofmality cannot be rejected, assuming a 0.05 sicanifte
level, for the logs of all the parameters considere

The results of the regression are slightly difféfeom those obtained by Sabetta and Pugliese (1996
but these discrepancies are expected. DespitedheofSabetta and Pugliese (1996), it was dedided
not constrairc to thegeometrical spreadintheoretical value in any of the regressions, bsealata
seem to not support such a choice (see also Stagtoal., 2009). Moreover, moment magnitude was
used herein, while local magnitude and surface-wmaagnitude was used by the mentioned researchers.
In addition to that, the records used come fronfietéht databases and therefore may have been
subjected to different processing. Finally, Sabatiz Pugliese (1996) used the component featunig t
largest value of the parameter of interest sepgrébe each regression, while in this study all the
regression analyses (for PGA, PGV agdwWere performed, arbitrarily, using the horizorgainponent
featuring the largest PGA. In fact, to fit GMPEg filifferent IMs all on the same ground motion
component is useful for the model fer |

In order to obtain an attenuation relation forltgs of b as a function of M, R and local site conditions

it is possible to derive its coefficients as lineambinations of those folog,,PGA, log,,PGV and

log,,l, as the log ofd is given by the log ofsl minus the logs of PGA and PGV. This leads to the

expression of Eqn. 2.3, in which subscripts 1, @ &iforc coefficient anch refer to PGA, PGV and,)
respectively.

2 2)a(p2 2)e 2
(R +(:\,12)+(§2): hZ) j +dS, +€S, + e, 2.3
3

log,,|, =a+bM + Ioglo[

The coefficients of Eqn. 2.3 are listed in TableF2r |, the magnitude coefficienb) and the soll
coefficients () and €) resulted close to zero; a statistical test cgadformed to check the statistical
significance of these coefficient.

! Note that for some of the coefficients, those radriith an asterisk in the tables, the null hypsithef being
equal to zero could not be rejected at 0.05 sicpnifte level using Student’s T-TegiMood et al., 1974), which
means the variables associated to them could ippedofrom Equation (2).



Table 2. Regression coefficients fog.|

Y a b d (e Cy C3 e O-Iong
Ip 0.58 0.034* -0.068 -0.89 -0.95 -1.69 0.0077 0.19
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Figure 1. (a); Distribution of the strong-motion recordswiespect to moment-magnitude and epicentral
distance; (b) Plot ofslas a function of epicentral distance.

The normal distribution obl(i.e., of the residual of the GMPE) should follerem the normality of the
logs of PGA, PGV andil Nevertheless, normality of the above parameters ased on a hypothesis
test, therefore it may be prudent to also testribienality of the log of . So, the normality of the
residual of Egn. 2.3 was tested and such a hypetbesld not be rejected at 0.05 significance level
A plot of Iy versus epicentral distance is given in Figure hene the typical increasing trend with
distance of duration-related measures is shown fiddinet al., 2003).

3. JOINT AND CONDITIONAL DISTRIBUTIONS OF THE LOGS OF I, AND PGA

As this study aims to investigate the joint and ditbanal distributions of PGA andp] the joint
normality of logs of the pair was tested. In fatthe vector above can be considered normally
distributed, all the possible marginal and condilodistributions obtained from the joint distritmurt
are still Gaussian. The skewness and kurtosiss estiMardia (1985) were used to test multivariate

normality of the vector made of,,, .., and € . With a given significance level of 0.05, the

log,olp
multivariate skewness and the multivariate kurtosssilt non-significant.

The residuals of the prediction relationships foe togs of PGA andpl have been also tested for
correlation in order to comput#log,, I, |log,,PGA), that is, the conditional PDF of the logs @biven

the logs of PGA. The estimated correlation coeffiti) betweeng,,, .., and €., , (equal to -0.25)

has been tested for statistical significance uailggudent-T statistic (Mood et al., 1988) and assgm
as the null hypothesld,: p = 0 (@ is the “true” correlation coefficient), which hbsen rejected at 0.05
significance level. Then, the joint distribution ¢dg,,l, and log,,PGA may be defined by the

bivariate normal PDF of Eqn. 3.1.

f(log,,l 5,109,,PGAIM,R)=
2 2
1 [(k)gm' D_,ulogwlD\M,R) _2p(|0910| D‘/J\ngolD\M,R)(bg 1PCA U 1og, F'GA|M,I; ( 109 1 PCA L o, PGA\M,)?

+
2 2 2
2(1‘P )[ Tiog01p Fiogi01 plog1 (PGA TiogyoPGA 3 1

e

2
2nU-IogmlD a-longGA\/l_ :0

In Egn. 3.1W,,, . g @nd 0, are the mean and the standard deviatiotogf,l, respectively;



.., Edn. 2.3.Meg peaur @Nd Og pca are the mean and the standard deviationlogf;,PGA
respectively; i.e., Eqn. 2.2. The variance-covargamatrix, =, for €, ., and € IS reported in

Eqgn. 3.2.

log,glp

0034 -0.0087
- j 32

| -0.0087 0036

Because of bivariate normality, the conditional FDIFone of the variables given a known value ef th

other, is normally distributed. The conditional még,,, | 1o, pcanr ) @Nd standard deviation dég,|

(Oog,,1,04,pca) 9iveEN thatlog,,PGA =z are given in Eqgn. 3.3.

A p‘longGAjM,R

O-IogloF’GA 3 3

ulogmlnﬂongGA,M,R - ulongD|M,R + p()-loglolD

— 2
G|0910|D||0910PGA_0|0910|D l p

Because the joint distribution of land PGA depends on thg &ttenuation and from the PGA
attenuation, therefore also on magnitude and distaiw obtain the conditional distribution of tlog$
of Ip conditional on PGA only, the marginalization inrE@®.4 is required.

f(l0g,o 15 1109,,PGA) = [ [f (logy, 1, 1l0g,PGAM,R)f (M, R|log,;PGA) dndr 3.4
MR

It is easy to recognize that tH(-:(M, R|IogloPGA) term in Eqn. 3.4 is the PDF of M and R given the
occurrence oflog,,PGA; i.e., the result of disaggregation of seismicamndz(e.g., Bazzurro and

Cornell, 1999). As an approximation of the integnaEqgn. 3.4, for example, the modal values M* and
R* (i.e., those corresponding to the maxima ofjttiet M and R distribution from disaggregation) may
be plugged in Egn. 3.3; i.e., Egn. 3.5.

Z—|
- log, PGA M*,R*
Miog,,1, fog,peamr = Mog.g ivers  PO10g,1, 3.5
log,,PGA

4. CASE-STUDY APPLICATION

An example of the possible use of the results abthis given in Figure 2. Figure 2b shows the PGA
values on rock (expressed in fractionsgpfwith a 10% exceedance probability in 50 yearsu(re
period, Tr, equal to 475 years which is the reference ferdiifety limit states in structural design at an
international level) in the Campania region (southiéaly) according to the classical seismic hazard
analysis procedure (see for example Convertitd. e2@09). This map was computed discretizing the
region in a regular grid of nodes with spacingledat 2 km (2700 points in total).

Sources were modeled as the seismogenic zonegwkRa (Meletti et al., 2008) which have been used
to compute the official Italian hazard data prodldsy the Istituto Nazionale di Geofisica e
Vulcanologiaor INGV (available at http://essel.mi.ingv.itbource features, from Barani et al. (2009),
are given in Table 3 whexe is the seismicity rate, that is, the mean annat@ of occurrence of the
earthquakes between M and M. for the zone, and is the corresponding parameter of the
Gutenberg-Richter.
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Figure 2. (a) Seismic zones considered in the analysigt{b)years return period PGA on rock hazard mathfor
Campania region (southern lItaly); (c) hazard mageim of b with a 50% exceedance probability given PGA of
panel (b); (d) hazard map in terms gfdith a 10% exceedance probability given PGA ofghdl).

Figure 2c and Figure 2d show the maps of seisnzardan terms ofd given the PGA of Figure 2b. In
particular, Figure 2c and Figure 2d are thé" 3hd 98' percentiles of the conditiona}, IPDF,
respectively. The conditiona Imaps were obtained using the distribution of patans in Eqn. 3.3 in
which thez (log of PGA) values are those of Figure 2b, wiiike values of magnitude and distance (M*

and R*) to plug in thep,,, soqur @nd Ky, wr terms of Egn. 3.3 were obtained by disaggregatfon

hazard in terms of occurrence of design PGA val(fdgure 3). The adopted disaggregation
methodology is the same described in Convertitd.¢2009), which is not reported here for the satke
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Figure 3. Modal values of magnitude and epicemtigthnce from disaggregation of seismic hazardrims of
PGA (given in Figure 2b) used to compute the camii distribution of } (whose percentiles are in Figure 2c and
Figure 2d).



Table 3. Parameters of the selected seismogenic zones shdwigure 2a.

Zone a [events/year] b M min Mmax

925 0.071 0.508 4.3 7.0
926 0.061 1.017 4.3 5.8
927 0.362 0.557 4.3 7.3
928 0.054 1.056 4.3 5.8

5. CONCLUSIONS

There are situations in which more than one grauntlon parameter has to be taken into account in
seismic structural assessment. For example, althoiigis generally believed that integral
ground-motion parameters are secondary for straloti@mand assessment in respect to peak quantities
of ground motion, sometimes the cumulative damagerpial of the earthquake is also of concern. For
these cases it could be useful to have a distdbwdf secondary intensity measures conditionahen t
primary parameter used to define the seismic actiostructures (e.g., accelerations). Such dididghu
can complement the hazard curves or maps produmrethé primary IM. This approach has the
advantages of vector-valued seismic hazard analygisut the computational effort required by PSHA
for vectors of IMs. To explore such a concepthis paper the distribution of a parameter which may
account for the cumulative damage potential of gdamotion, conditional to peak ground acceleration
(PGA), was investigated. The chosen secondary me&sthe so called Cosenza and Manfredi index
(Ip). A ground-motion prediction relationship has beetrieved for the log ofpl on the basis of an
empirical dataset of Italian records already usedafell known prediction equations proposed in the
past by other researchers. Subsequently, the edsidfi prediction relationships have been tested fo
correlation and for joint normality. The study alled to obtain analytical distributions gfdonditional

on PGA and the corresponding design earthquakermst of magnitude and distance from hazard
disaggregation. Results of the study have been tssedmpute the distribution of lconditional on
PGA with a return period of 475 years for each nofda regular grid having about 2 km spacing and
covering the territory of the Campania region pathern Italy). The presented conditional hazargsna
provide information on the values @fwhich, for example, should be taken into accolomi@with the
hazard in terms of PGA at the site, for ground orotiecord selection for nonlinear dynamic analgsis
structures.
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