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Chapter 1 - INTRODUCTION

1.1 Background and motivations

In the framework of performandsmsed earthquake engineeriri@ornell and
Krawinkler, 2000) actions the structusemust withstand are based oropabilistic
seismic hazard analysis (PSH&)assical formulation of PSHA goes back to the second
half of the twentieth century(Cornell, 1968) but its implementation can still be
demanding for engineers dealing with practical applications. Moreover, in the last years,
a number of developments of PSHA have been introduced; e.g.,-valtted and
advanced grounthotion intensity measure (IM) hazard, the inclusion of the effect of
aftershocks in singlsite hazard assessment, and mritB analysis requiring the
characterization of random fields spatially crosscorrelated IMs. Althougtseveral
software to carrput PSHA havébeen available since quite some ti(see Danciu et
al.,2010) generally, they doot featurea userfriendly interface and donot embed most

of the recent methodologies relevant from the earthogiadimeering perspective. These

are the man motivations behind the developmentgifracticeoriented softwarenamely
REgionAl, SingleSitE and Scenaribased Seismic hazard analy®&ASSESS V2.0).

The too| which has been developed within the activities of AA -DiSt 20142017
research program of AXMatrix Risk Consultante&nd Dipartimento di Strutture per
[Ibngegner i a s ohednain cebuitst ot the thesimand has been used to
developall the other studies introduced in the following.

In the most advanced countries, where PSHA is adopted for the definition of the design
seismic actions, the cotigically provides them in the form of hazard maps for differe
pseudespectral accelerations and return periods. In other words, for each of the sites the

design spectrum is derived from the uniform hazard spectrum in which all the ordinates
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have the ame return periodf exceedancéhe return period is usuallyfanction of the
design limitstate).

PSHA hasalsobeen oftemuestionedd.g., Castanos and Lomnitz, 2002; Stein et al.,
2003; Reiter, 2004; Musson et al., 2005; Wang, 2012). The ongoirajedeh the
adequacy of PSHA is (oftefgedby theactually-observed seismic actions on structures.
For example, when an earthquake occurs at a site, resedngtieadly compare the
design spectrum with the recorded counterpart (e.g., Masi and Chi20@9), In this
sense, several studies show that the cases Wiegtesign spectrare exceeded are not
rare (see, for example, Crowley et al., 2009).

Another relevant issue is that, in order to describe the occurrence of earthquakes
according to the homogeneous Poisson progd3SHA is often implemented neglecting

the effect of aftershocks, that can in fact be strong (e.g., Masi et al., 2011)s a
consequence, seismic codes at the sththe-art worldwideimplicitly assume that the
effect ofaftershock is negligible anddo not consider thdailure of structures can be
due to an aftershock rather than by a mainsl{pek the event of highest magnitude
within a sequence)

Finally, in the recent yearBSHA estimates have been confirmedispbved through
hazard validation studies performgifiormal testsagainstobserved ground motioret
multiple stescver t he vyears (e.g., Schor |l emmer
2008) the nature and form d¢iesestudies implies thaesultsthey provideare sensitive

to theadoptechypothesis ofpatialdependendendependence between ground motions
at the sites and, also importargguire a careful evaluation dfe involveddata For
these reasons, the thesis proposes a study which, notogirgstPSHA (whichis a
rational methodo quantifythe seismic threat for a site), recadisme of therecent
advances in theeismichazard assessment to deepen the almik@duced issues. To do
so, the whole discussion is addressed with referenceeteabestudy of Italy and

adopting the same sourceodel used to develop the national seismic hazard. In
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particular, PSHA ishereinstudied under three namonventional points of viewby

means of which

T

it is demonstrated that the exceedance of desigrirspein the epicentral areas

of earthquakes of even moderate magnitude is well expected, identifying the
seismic scenarios for which such exceedance is more probable, and quantifying
the expected amount of the exceedance when such exceedancg occurs
profiting of sequencéased PSHASPSH\) introduced by lervolino et al.
(2014), it is quantitatively shown that the hazard increase due to aftershocks for
structural design is not very high, even if it is not negligible. It is also illustrated
that the contribtion of aftershocks to hazard farsite can strongly vary with
return period and that, given the return period, it is different from site to site;
profiting of multisite PSHA MSPSHA; Giorgio and lervolino, 2016), it is
demonstrated that hazard validatictudies via observed exceedancat
multiple sitesover the yearshould always consider the spatial dependence
existing betweenground motions at the sites generated by a common

earthquakgto avoiderroneougonclusiors about the inadequateness of PSHA

1.2 Outline of the thesis

In Chapter 2, the basics of the hazard assessment methodologies are recalled first. In

particular, the algorithms and numerical procedures for the implementation of single
and multisite PSHA are illustrated. Subsequently, thdBREESS V2.0 software, which

has been used to develop the studies illustrated in the other chapters, is presented.

In Chapter 3, with reference to two spectral ordinatasterms of pseudacceleration

with 475 years return period of exceedance, the méapsl@n seismic hazard and

disaggregation are recalled firSubsequentlyfwo results in the form of maps are

discussed. The first is the expected vali@ooeleratiorio observe given the exceedance

of design spectrum. The second is the minimum ntadedf strong earthquakes, that



Chapter 1 INTRODUCTION

is, the minimum magnitude of earthquakes for which the exceedance is more likely than
not. In particular, they show that the exceedancehef design threshold is not
uncommon in the epicentral area of an earthquake of itndgneven far from the
maximum deemed possible for the site. This issue is further explored in the chapter by
comparing the maximum magnitude which can occur, accordmgdopted source

model, and the minimum magnitude of strong earthquakes. Themtlygpsbvides, for

two sites exposed to | ow (Milan, northet
Italy), the analysis of each magnitudistance scenario in terms ofopability of
exceeding the threshold conditional to the occurrence of that scemat& of
earthquakes occurrence and rate of earthquakes causing theaexeesfthe threshold.

Still with reference to Mil an theintbduted Aqui
results is also investigated.

In Chapter 4, with reference to thepgctral ordinates and return period of exceedance
considered in Chapter 3, the differences existing between PSHSRBHA maps,
introduced in lervolino et al. (2018), amxalled first. Subsequently the SPSHA results
are presented in detail for two sitégosinone and Messina, locatedmedium and
high-seismicity areas The chapter then focuseon the two kinds of SPSHA
disaggregation discussed in Chapter 2. In fadrtingy from the comparison of
aftershock disaggregations for Frosinone and Messgihah provide the probability
that an aftershock is causative for the exceedance of the threshold, the influence on
results of the sourem-site distance andhe hypothese on spatial distribution of
aftershockss discussed. Subsequently, the study mowvasational scale. In particular,
the maps of disaggregation in termsnedinshockaverage magnitude and distance are
compared with the PSHA counterparts illustratedCimapter 3. The Frosinone and
Messina casstudies, along with other examples illaded in the chapter, reveal a
strong variability of the contribution of aftershocks to hazard with return pésroa
given site. For this reason, the study of the getieratl of aftershock disaggregation as

a function of return period is explored, withference to two different ranges: the first
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considers return periods between ten andramaredthousand years, while the second
assumes a range of interest accordirthédtalian building code. Finally, the site to site
differences in terms of probgibies that an aftershock causes the exceedance of the

threshold for fixed return periods are investigated.

In Chapter 5, the causes and effects pasial dependence in&PSHA are recalled first.

To quantitively evaluate these effects, the previous Hazaidation studyior Italy of

Al barell o and D6Amico (2008), viowrtimeser ve
is revised. In particular, the chapter discussesatults of a statistical test of the hazard

map, carried out in the two cases whgpdial dependence is considered aval. The
importance of the careful evaluation of dataolved in hazard validatioms also

underlined.

In Chapter 6, the general outenes deriving from the presented PSHA studies are
finally summarizedIn addition,a short paragraph illustrating the future developments

is also provided.



Chapter 217 SINGLE- AND MULTI -SITE
HAZARD ASSESSMENT: THEORY AND
IMPLEMENTATION IN REASSESS V 2.0

This chapter is derived from the following paper:

Chioccarelli E, Cito P, lervolino I, GiorgidM (2018) REASSESS V2.0: Software for
single and multisite seismic hazard analysis Bull Earthqg Eng
http://dx.doi.org/10.1007/s1053@1 80053 kx.

2.1 Introduction

In most of the countries probabilisseismic hazard analysssat the basis of the seismi

risk assessment according to the performdrased earthquake engineerimaradigm
(Cornell and Krawinkler, 2000), and serves for the determination of seismic actions for
structural design. The main result of classical PSHA is the rate of earthquakieg cau
exceedance of a grod motion intensity measuthreshold im) at a site of interest
(Cornell, 1968). In fact, the collection of the rates computed for diffénentalues
provides the sealled hazard curve. However, classical PSS beersignificantly
extended since its introduction in the late sixtiegact, several results and applications
can be foundnowadays, including disaggregation of seismic hazard (Bazzurro and
Cornell, 1999), conditional mean spectrum (Baker, 2011) and condition&duspédtin

et al., 2013), vectevalued PSHA Baker and Cornell, ZiBb), conditional hazard
(lervolino et al., 2010), PSHA for more efficient IMs (e.Gordova et al., 2000;
Bianchini et al., 2009; Bojorquez and lervolino, 2D11

PSHA, as normally implem&ed,only considers thexceedance of thien threshold of

interest due tprominent magnitudearthquakewithin a cluster of events.e.,the
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typical way earthquakes occ(e.g., Boyd, 2012; Marzocchi and Taroni, 20Im)is is

to take advantage of thease of calibration and mathematical manhijga of the
homogeneous Poisson process (HPP) (e.g., Cornell, 1968; McGuire, 2004).
Neverthelessa generalized hazard integral able to account for the effect of aftershocks,
without losing the advantages of FAPwasrecentlydeveloped and named sequence
based probabilistiseismic hazard analys{tervolino et al., 2014). Finally, there are
cases, for exampleisk assessment of building portfoljoer spatiallydistributed
infrastructurs, in which hazarcassesmentmust acount for exceedances at multiple
sites jointly. In this case, which may be referred to as raitéti probablistic seismic
hazard analysjghe key issue is to account for the existence of stochastic dependence
among the processes countingeadances ateh of the considered sstée.g.,Eguchi,
1991;Giorgio and lervolino, 2016).

In the last forty years several computer programs implementing classical PSHA have
been developed. The first available E#3RISK (McGuire, 1976)Otherrelevant odes

are, forexample SEISRISK IIl (Bender and Perkins, 1987), OpenSHA (Field et al.,
2003) and CRISIS (Ordaz et al., 2018¢eDanciu et al. (2010). Recently, the global
earthquake model (GEM) foundation develo@uenQuake (Pagani et al., 2014) that
has beeradopted, among othengithin the EMME Giardini et al., 208) and SHARE
(Giardini et al., 2013) hazard assessment projects.

To provide an engineeringriented tool including the advanced probabilistic seismic
hazard analysis, a staatbne softwarenamedREgionAl, SingleSite and Scenario
based Seismic hazard analyfREQASSESS V2.pwith a graphial userinterface (GUI)

has been developed

In this framework,this chapteris structured such that thebovementionedhazard
assessmemnmnethodologies r@ recalled firstalong with the algorithms and numetica
procedures developed for their implementation. SubsequenthREASSESS V2.0

software is presented with the main input and output options.
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2.2 Single-site PSHA

Under the hypothesid alassical PSK (e.g., Reiter, 1990), the process describing the
occurrence of earthquakes on a seismic source folldhwsiageneous Poisson process

This means that the stochastic process counting the number of events occurring on the
generic seismic soce over times completely defined by the rate of earthquakedn

other words, hie probability of observingn the time interval DT, a number of

earthquakesN(DT), exactlyequal ton is given byequation (2.1).
P[N(DT) = 1] —(_—”?]ID) &I 2.1)

As stated in the introductiorhe objective of PSHA is to compute the rate of seismic
events exceedingpeimthreshold at a site of interegt, . Such a ree completely defines
the HPPdescribing the occurrence of the events causing exceedameabthe site
Indeed the probabilitythat, in the time intervaDT , the number of earthquakes causing
exceedance am at the site,N, (DT) , being equal ton is given by Equatiofi2.2).

(/,0D)'
n!

P[N,, (DT) =1 ey It (2.2)

For a site subjected to earthquakes generatedssismic sourceg,,

can be cmputed
as illustrated in Equatiof2.3), known as théazard integral

/ing_ e AR mmxyghdnm £,Ocy dm d@c (2.3

i=1 M XY

In the equation the subscript indicates theth seismic sourcen, is the rate of
earthquakes above a minimum magnitudetsriest and below the maximum magnitude

deemed possible for the sourc§, (m) represents the distributioof earthquake

magnitude M ); typically, it is modeled as an exponential distribution, in an interval of
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interest, ofGutenbereRichter (GR) type (Gutenberg and Richter, 1944); however,

other models are alsoconsidered by literaturée.g., Convertito et al., 2006Y.he

f.vi(X y) term denotes the distribution of earthquake locafiy} ; it oftenreflects

the lypothesisof uniformly-distributed probability on the sourc&agnitude and

location of the earthquakere often considered stochastically independent, that is

Fui (M) Oheyi (% ) = xv. (M x Y. Finally, P&IM >im|m x y ¢ is the probability

of exceedingthe im threshold, conditional to magnitude and location; it is typically
providedby a ground mioon prediction equation (GMPE). It is noted that GMPEs,
usually, also account for soil type, rupture mechanism ahdrgbarameters that are not
explicitly considered in the notation here for the sake of simplicity

It is also only for simplicity that the location is defined in Equation (2.3) by means of
two horizontal coordinates that can represent, for example, treenegi. This
representation is typicallysed in the case of areal source zones; however, it is frequent
that hazard assessments have to account fordimamsional faults (see Secti@rb.1).
Moreover, it also happens thhetdistance metric of the selected GMPE is not consistent
with the way location is defined. In these cases, because the relationship between
location and saeeto-site distance is not necessarily deterministic, the hazard integral
has to account for thergbabilistic distribution of the distance metric of the GMPE,
conditional to the considered location parameters (see, for example, Scherbaum et al.,
2004).

2.2.1 Matrix algebra-based approach
Equation(2.3) can be numerically solved via a matrix formulatioprximating the
integrals with summationd o this aim, he domain of the possible realizations of the

magnitude random variab(RV) is discretized vik magnitude bins represented by the

values{m, m,...,m} , while the seismic source is discretized by meansufintlike

seismic sourceg(x, y),.(x ¥),..-{ % }).} - Given these two vectors of sizé k and
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13 s, Equation(2.3) can be approximated by Equatioh4), where tle row vector
approximatesf, . . (x, y) by a masgrobability function (PMF)described by a vectdm
a way thaeach element is repeatkdimes; i.e.the firstk elementsarethe probabilitis

of (x, y),, the elemerstfrom k +1 until 2k arefor (x, y), and so on, unti(x, y). . Thus,

the row vector has dimensidi# (k €). The first column vector of Equatiof2.4)is a

(k® 2 vectorand accounts for the GMPE: each element represeatexceedance
probability conditional to event magnitude and location. The second column vector of

the equation collects thimite k pr obabi | i t i es ,adénticdyrepeated s ma
stimes as shown andt is, again, a(k@® 2 vector Finally, in the equation, the
pointwise multiplication between matrices of the same dimandice., theHadamard

product represented by thd& symbo) resuls in amatrix of the dimensions of those
multiplied in which each element is the product of the corresponding elements of the
original matrices.

ln= nfegx), P (R), 8 P (xR - @) BP(8Y. -4 P(xR}

R
i=1

&8pgIM >im|m,(x y), @ 0
gp‘lM >im|my,(x,y) ? Trem @8
" € ™ 'yllﬁ iPEm g g
& : [
® O B
2% PRIM >|m|m,(x,y)1§ TPaM. @9
& f GA L
ngm >imim(xy), § P& 8o
~ N "O

nglM >imim,(x.y), @ Fé;m 10
: : rons
- I A, g §

%Pglm >im|m.(xy), § | @8

(2.9
Equation R.4), as already discussed with resped&doation 2.3), is written in the case

location can be definely means of two coordinates and the distance metric of the

10
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GMPE is a deterministic function of the locati@therwig, it is necessary to account
for the nondeterministic transformation oféHocation in sourc#o-sitedistance, which
can be done in the same framework presented herein.

To compute théazard curvethat is the function providing,, asa function ofim, the
hazard integral has to be computed fanuember of value®f im, sayqg in number,

discretizing the domain of IM, that i%iny,imz,...,inh}. The corresponding rates

{/m’ A m{} can be obtained via a single maperationconceptually equivalent

to Equation 2.4); see levolino et al. (2016a).

2.2.2 Disaggregation

Given a spectral ordinate and return period of interest, disaggregation of seismic hazard
(e.g.,Bazzurroand Cornell, 1999llows to identify the earthigkes having the largest
contribution to hazard. From the engering perspective, disaggregation can be helpful
for the definition of design scenarios and, consequently, for hazamdistent record
selection for nonlinear dynamic analysis (e.g., Lin ket 2013), for example. In
particular, disaggregaticallowstheidentification of the hazard contribution ofhe or
more random variablegvolved in the hazard integrat.g, magnitude angourceto-

site distanceR, which is adeterministic function of the event locatigxnother random
variable typically considered in hazard disaggregatiam {gpsilon. It isthe number of
standard deviations thah is away fronthe medianof the GMPE considered tmazard
assessment. In fact, GMPEs provide the probabilistic distribution of IM given
magnitude, distance and otlgaraneters and, under the hypothesis of lognormality of

IM, they are typically of the type in Equation (2.5).
log(im)=m{m,r) +q +s (25)

In the equation, the7(m, r) termdepend®nmagnitude and distancg represents one

or more coefficiens accounting, for exampldor soil site class. Under the above

11
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mentioned hypothesis of lognormality M, /7{m,r)+ cis the meanand the median,

of the logrithmsof IM given { m, r,q} . The s O¢termis a zeremean Gaussian random

variable with standard deviatios ; oftenit is split in inter and intra components
denoted as interand intraevent residual, in a way thats =,/ 5.2 + 5.2, Where

s and s

inter intra

represent the standard deviation of the &g intraevent esidual,

respectively (see Secti@n?2for details) Note that, although thmajority of the GMPEs

is of the type in Equation 2.5ee Stewart et 2015, most of the recent models have

soil factors that also change with migde and distance; this representation is
considered herein to discuss some shortcuts implemented in REASSESS and that apply
only in this case; see Sectich®.3and2.4.3

Given the exceedana# an IM threshold, disaggregation providke jointprobability

density functiongdf) of {m,r,e} , f m,re), as per Equation (2.6).

M,Re] IM>im(

gniO[IM m|m,r, g Q.. (mr, )

m, r,e) — =1 ; (2.9

f

M, R.IM >im (
im

In the equation! is an ndicator function that equabne if IM is larger tharm for a

given magnitude, distance agdwhile f, . (m, r,e) is the marginal joinpdf obtained

from the productf,, .. (m,r) &, (e) .

Finally, it is worthwlile to note that daggregation can also leasily obtainedor the

occurrence ofm, that is fy, ¢ ,iu=im(M,r.€); i.e., McGuire (1995. For a discussion on

whetherexceedance or occurrence disaggregation is needed in earthquake engineering,

see, fo example, Fox et al. (261

2.2.3 Logic tree andshortcuts for GMPEs with additive soil factors
Logic tree allows to account for model uncertainty (see, for examg&uire, 2004;

Kramer, 1996. Modeling the uncertainty through a logic tree is a commortipeain

12
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PSHA. In fact, it allows to adopt alternative models in terms of seismic sources or
GMPEs, for example. Each model is weighted by a fatttar is interpreted as ¢h
probability of that model beinghe true one In the case of logic tree, the rabé

exceedance of the threshold of interest for each ofnfhmodeled branches,, ., is

im, j?

computed according to Equation (2 Subsequently/. , is computed through Equation

im 1

(2.7) in which p; is the weightof each branchbf the logic tree

b ..
/imza_. 4n,j @1 (2.7)

In the case of GMPEs dtfie typein Equation (2.5), they coefficientonly affects the

mean of Iog(IM ) As a consequence of this structure of the GMPEan be easily

demonstrated thatf PSHA is performed without logic tre@) hazard curves fothe
condition represented hy (e.g., a specific site soil classan be obtainedhifting, in

the log spacethose for a reference conditiamhen g =0; and (ii) disaggregation
distribution does notlepend org (i.e., disaggregation does not change with the soil site
class) On the other &nd, f a logic tree featuring different GMPEs is adopted in PSHA
the discussedranslation of hazard curves can be appl@the result of each branch
then reapplyingEquation 2.7) provides the hazard in the changed condit{tersolino,
2016). Thee considerations may have a relevant impact on PSHA from the
computational demand point of view. For example, if hazard mapaksoil conditon

for all sites has been carried out, the corresponding cdejtendent soil conditions can

be obtained instdly, without repeating the analgs(see also Sectidh4.3.

2.2.4 Conditional men spectrum and conditional spectrum

Nonlinear dynamic analysis of structures always requires the selection of the seismic
input, which should be deed from the seismic hazard at the sites in which the
structures are locatedsde, for example, Katsanos et al., 20IDypically, ground

motions are selected so that they match a target uniform hazard spectrum (UHS), that is,

13
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a spectrum with ordinatesahhave the same probability of exceedance in a gimen t
interval. However, such spectrum does not account for the correlation existing between
spectral ordinates (e.g., Baker and Jayaram, 2008). In fact, it is not representative of any
real ground motin, as it is an envelope of the spectral amplitude faifferent
magnitudedistance scenarios (e.g., Reiter, 1990). In particular, Baker (2011) discusses
on the unsuitability of the UHS and introduces the conditional mean spectrum (CMS)
for ground motion alection purposes. Given the occurrence of a speatdalate in

terms of pseudspectral acceleratioiSa) at a period of interestT, ), Sa(T ), the

CMS accounts for the statistical corr@at of residuals between the different pseudo
spectralaccelerations of the same GMPE. Under the hypothesis that, given magnitude

and distanceSa is lognormally distributed, Equation (2.8) provides the expected value

of the logaribm of the generid-th spectral ordinatelogSa( T), conditional to
logSa( T).
EllogSg T)|log S&.]= Eog SNl M*gl +§uepy OuTHT (& (2.8)

In the equationm*, r* and & T, ) are ofen chosen to be representative of the whole

disaggregation distribution (e.g., modal values)S#H(T ); s is the standard

logSa( T)

deviation ofthe residual oflogSa( T); 7 (T,,T,) is the correlation coefficient between

the residuals ologSa( T) and logSa( T) (e.g., Inoue and Cornell, 199Baker and

Jayaram, 2008). The CMS is then obtained by applying Equation (2.8)fferedt
periods, that is by vging thet subscript.

Nevertheless, ithe not raresituations of norunimodal disaggregation (seevelino et
al., 2012, Equation (2.8) is not capable to provide a fully hazamdsistent CMS. In
such cases, one of theaatiatives is to account for @lle possible earthquake scenarios

conditional to the occurrence ofSa(T ) as per Equation (2.9), in which

fw resap) (M T,€) representthe disaggregatiofior the occurrence o8a(T ).

14
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EgogSA T)log S8 g FiBPp o)l Mg g Sosqy T TY | 09)

OM'R’deD(m, r.e) din dr&d e®
According to the equation, the expected vaifithe logarithm ofSa( T) conditional to
Sa( '[) is computed for each earthquake scenfirst; then, all the obtained values are

summed with the correspondimveights, which derive from disaggregation.
In the case a logic tree is considered, wimayinvolve different GMPEs in PSHA, the

expected value adbg Sa( T) can becomputed via the Equation (2.10).

Egog Sa T)|log S& 1) ﬁéi_ p CElog Ha, Jflog (Sq)Tj (2.10)

The CMS only provides the conditional mean of the logarithms of psspeictral
accelerations. As an extension of CMS, the conditional spectrum (CS) introduced by Lin
et al. (2013) is a target spectrum which also includesdhéitionalvariability of the

log of Sa(T .. In fact, still referring to theé-th spectral ordinate, the CS provides the
compete lognormal distribution da(T | conditional to the occurrence &a(T ) by

combining the condibnal mean (Equation 2.8 or 2.9) with the conditional standard

deviation (Equation 2.11).

Slogsa(Tlog s = og se N - nT.T) (2.11)

2.2.5 Conditional hazard
Conditional hazard is a procedure which allows to integrate the hazard characterization

of the site in terms adther IMs beyond that for which hazard was originally computed.

In fact, it provideghe distribution ofa secondaryntensity measurélM 2) , conditional

to theoccurrence of a@hreshold of the primargne (IMl). Under the hypothesis of

bivariate lognormality of the two IMs, and in the generic case that are not both in terms

15
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of Sa, the distribution of the logarithm dM, conditional to the occurrence &,

f is given by Equation (2.12).

logIM,|IM

fognror, (1091M) = A Pl 0 (l09IM M mr6) @ (mire) dd or @

MRe

(2.12)

In the equation,fM’Ryd,Ml(m r.e) is from the occurrence disaggregation bl .

fiogmi i, m g o+ WhCBE parameters are given in Equation (2.13), represents the lognormal

distributionof IM, given IM,, magnitude, distance and epsilon.

n%gle\lM1,M ,R,e: ,IZZ;IMZ\MR +|&3|M2 @MzilM 1)
slogIMz\lMlz $ogIM2 @' 'ZI(IMz’IM 1)

The My mmre @Nd Sgg , terms provide the conditional mean and standard

(2.13)

—> ——D:

deviation of f respectively. In particularm,,, \,  and s, are the

logIM,IM; M R &
mean and standaredation oflogIM, according to the selected GMPE; as shown in
the previous sections (IM,,IM ) is the correlation coefficient between residuals of
logIM, andlogIM, (e.g.,Baker and Jayaram, 2008; Bradley, 201

The formulation of Equation (2.12) allows to computectervalued probabilistic
seismic hazard analysis (VPSHA), originally introduced by Bazzurro and Cornell
(2002),whichprovides the rate of earthqualkssising joinexceednce of he thresholds

of two (or possibly more)Ms atthe site In fact, f,,, . multiplied by the absolute

value of the derivative of the hazard curve from Equation (2.3), allows to obtain the joint

annual rate o{ IM,,IM 2} for any pair of dbitrarily-selected realizations of the two IMs,

/ as per Equation (2.14).

imy imy, ?

/imlvimz :|d (ml| ngz\lml(logimz) (2.14)
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From the structural engineering point of view, VPSEuld improve the euracy in

the prediction of structural damage.g., Baker, 200/Jor example

2.3 Sequencebased PSHA

The rate of earthquakes occurrence on a seismic soyrfm, the evaluation of the
annual average number of earthquakes causing the exceedance of a threshold of interest
(i.e., Equation 2.3) does not include foreshocks and aftershocks. In other words,
derives from a declustered catlavhich only refers to mainshocks. In fact, according

to Gardner and Knopoff (1974), such a catalog is neededfibgiithe HPP (see Section

2.2.

Recently, levolino et al. (2014) demonstratélde possibilityto include the effect of
aftershocks in PSHA still working with HPP and declustered catalogs. In particular,
PSHA was combinedith the aftershock probabilistic seismic hazard analysis (APSHA)

of Yeo and @rnell (2009). Thus, profiting of the fact that, according to Boyd (2012),
mainshockaftershock sequenseccuron the seismic souragith the same rate of the
mainshocksthehaar d i nt egr al accounting for the
As a resit, SPSHA providesfor any givenim-value,the annual rate of mainshock

aftershock sequences that cause exceedamoatthe site,/. ., whichcan be computed

via Equation(2.15). In particular/,,, is still the rate of the HPP of the kind in Equation

(2.2), which now regulates the occurrence of sequences causing exceedance of

/ing n?l A ALV imdm, x| e e Fmxy dm dx‘jd}
!

i= M XY

iy

(2.15
In the egation, he terms:n,, P[IM ¢im|mxy = HIM immx}¥ and

fM'XYY'i(m,x,y) are the same defined inEquation (2.3). The exponent
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EgNAyimlm(O,DT .) refers to aftershocks, as indicated by thesubscript it represents

the average number of aftershocks that cause exceedande afsequence conditional

to the mainshock of magnitude and Iocat{(nn X, )} , as per Equation (2.16)

EENymm(0.0T) g
=E&N(00T) g A . mImoon W O sy (Mo% %

Mp Xa Ya
@m, & dp
(2.16)

In the equation, EgNNm(O,DTA) is the expected number of aftershocks to the

mainshock of magnitude in the DT, time intervaI.TheP[ IM, >im|[m,, X,, Y|, term

is the probability thatm is exceededigen an aftershock of magnitudend location

identified by the vectofm,, x,, .} ; it derives froma GMPEfor aftershocks, which, in

several applications, is assumed to be the same for maindteetermf,, . . .\ .,

is the dstribution of magnitude and location of aftersh&akhich is conditionabn the
magnitude and locatiorof the mainshock.This distribution can be written as
¢ y

O, y imxy Where f, ., is thepdf of aftershock magnitude

fMA,XA Ya M XY T M, M

of G-R type, and f, . ;v xy is the distribution of théocation ofthe aftershockand
depends on the magnitude and location of the maingleogk Utsu, 1970
According toYeo and Cornell (2009)E gNNm(O,DTA) can be computeda Equation

(2.17) in which m, . is the minimum magnitude of aftershoclﬁs, p} are parameters

of themodified Omori Lavand{a,l} are the parameters of theRor aftershocks.

. 10a+b((m Mmin) _ 10-1
EgNAIm(O,DTA) &

o1 807 (mog 217
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The matrix formulation presented in Equation (2.4) for the numerical computation of
PSHA can be extended to the SPSHA case as reported in Equation (2.18). In the latter,
vectors are arranged as discussddrring to Equation (2.4)ut anewcolumnvector is

introduced: it has the san{&@®) 2 dimensionand each element of it accounts for the

probability thatnone of the aftershockenditionalto the mainshock of given magnitude

and lacation cause the exceedancéna

nnnnnnn

/im=§11 n®-(Pexy) gP (&), g P(x% ~ PdxY. gP(&Y, @ P( xR}

Pguvl ¢im|m,(x,y), a T‘e‘e- EdNyn (0. T1) F&IMA it (x.y), :J 8
P&IM ¢|m|mz ), g G 0T R e g Then a5
71 1 1Pem @

Pl L

T -Eg , Op) F8IM, i (x¥), ﬁT [ |9

P8|M ¢|m| m{ X, y)l q le ENym (0. Oa) GRIM, imbm (x,y) ! TR@[‘T'L @OA
Y lz 1. ol
R ol el

i §M ¢im|m,(xy), § g Fhm 0 M mmiu), g7 REM @8%
[ - i Fgm ggl

i P&IM ¢|m|mz (xy), § 1o 800 §EMe mim (), g7 Té.% @gT
M E .
: i1 I (A go

| N | 1 s

PgIM ¢im X, 1 -E&N, (0. ) F&IM, imbm (xy), g1 Q
é% 8 Ime( y) &/ fe T e m (x.Y) b 8

(2.18)

2.3.1 SPSHA disaggregation
Similarly to PSHA, the joint distribution of mainshock and magnitude distaynoen

that the ground motion intensity of the mainshaddk, , or the maximum grouhmotion

intensity of the following aftershock sequer(dM UA) is larger than thén threshold,

can be computed as per Equation (2.19).
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n,

an

fM,R‘IM>im QM im(ml r) :i:/ll_ O

) FT.SNNm(O, UA) Eﬁ Flﬁ'MA impmy, rA]\ K/IA.QA‘I‘M ‘R( M, I’A) dmy, @-A () )

C§1 P[IM ¢im|m,r] eO P o
| y

(2.19

In the equation, similarly to what discussed in Secidh2 {X,Y} and{X,,Y,}

vectossrandom variables are substituted Ryand R, , respectively.
Moreover, in the case of SPSHA it can be watthe to compute the contribution of
aftershocks to hazardiven that exceedance @i has been observed during the

mainshockaftershock sequencdIM >im QM , #n), while the mainshock was
below the hreshold: i.e.,(IM ¢im A . im). In other words, the computation of

the aftershocksd contribution, herein af
results in the evaluation othe probability that, given thém exceedance, such
exceedance is caused by an aftershock rather than by ainshock

PgIM ¢im AM , #m|IM im IN, im>, as per Equation (2.20).

s

PEIM ¢im AM , m[IM im IN, im>ga/’i A i ¢im|m,r]
i=1 'im MR

,5°l “EQNAn(0. T) g AiMa imbma i £, Quur(Mar) dmy Gy @ ) )

©@ e MARA of Q. dm@r O

2 010, (m.1)

(2.20

All the terms of the equation have been already defined discussing Equatid)ysee

lervolino et al. (208) for derivationof the equation
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2.4. Mult i-site hazard

2.4.1 Framework

MSPSHA allows to account for the stochastic dependence existing between -the site
specific processes, each counting the number of exceedances of a threshele:sf int
over time. In fact, even if the process counting edaaee at each of the sites isHPP,

that is Equation (2.2), these HPPs are (in general) not independent. Then, the process
that counts the total number of exceedamieserved at thensemble ofhe sites over

time is not aHPP (see Giorgio and lervolino, 20186).other words, the IMs generated

at different sites by the same event are somehow correlated; the sources of dependence
among IMs are explored in more detail in Sectah

Considering a setf spatiallydistributed sites,ay n,, in number one can define the
vector collecting the thresholds of the IM of interest, one for each site,
{immr,l,imhr,z.----imhr ,nss} . Given the vector of thresholds, MSPSHA allows to obtain
different results when multiple sitase of concern. For example, two pbdsioutcomes

can be the probabilistic distribution of the number of sites experiencing at least one
exceedance of the vector of thresholdhanDT time interval, or the distribution of the

total number of exceedarseollectivelyobserved at the sites DT .

In general, thresholds at the sites cambeims of different IMs. In this case, the same

reasoning discussed for one IM can be applied. For example, if oselean as IMs,
two pseudo accelerations at two spectral peritds,=Sa( ) and IM, =Sa( T,), itis
generally assumed that, given an earthquakemofnd {x, y} characteristics the
logarithns of IMs atthesites form a&aussian random field (GRR realization of which

is a 12 (n

sts

9 vedor of the type{imlyl,imlyz,...,immsts ,imzyl,imz,z,...,immsls}. This

means that théogarithns of IMs have a multivariate normal distribution wheine

components of the mean vector are given by tli(éloglMl|m,rj ,q) and
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E(IogIM2|m,rj ,q) terms beingr; the distance between the sifeand thelocation of

the seismi@vent, and the coviance matrix,S, isin Equation (2.21). In the equation,

Siner1 @Nd S, , @re the standard deviations of theeirevent residuals of the GMPE

inter inter,

of the two IMs, whiles, ., and s;,., are the standard deviation of intaent

residuals ofSa( T) and Sa( T,) , respectively;r ., (T,,T,) is the correlation coefficient
betweeninter-eventresiduals athetwo spectralperiods in the same earthquake, while

rintra(Tl'TZ’h,j) is the correlation coefficient between inteent residuals of the
GMPEof Sa( T) and Sa( ) for sitesi and j; h; is the intersite distane. In this

case,S is the sum of two square matrices, each(mf, @) £n,, 2)(size. The first

matrix accounts for therosscorrelation (i.e., spectral correlationof interevent
residuals which is, by definition, independent on the igtier distance; the second
matrix accounts for the intravent residualspatial crosorrelation and is dependent
on both intessite distance and selected efpal periodsAssigring the mean vector and
the covariance matrix completely defines the GRBne earthquake (e.g., Baker and
Jayaram, 2008; Esposito and lervolino, 2012; Loth and Baker, 20dr&hvida et al.
2018).
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2.4.2 Simulation-based approach

Computing MSPSHA requires collecting realizations of the GRE the discussed
covariance structurat the sites. One of the possible approaches is the Monte Carlo
simulation. In this context, this section déises a twestep procedure for simulation of

the IM random fields, illustrated ifigure 2.1, which has been implemented in the

software presented in Secti@rb. For simplicity, a singl seismic sourcis considered.

In the first step, magnitudes and locations of the earthquakes occurring on the source are
sampled according to their distribution. Thus, in accordance with the adopted GMPE
and S, the realizatios d the IMs at the sites are simulated. In other words, this first step
collects a dataset of IMs at the sites conditional to the occurrence of a seismic event.

With reference td=igure 2.1, n,, n and n, are the indices counting the number of

simulations for magnitude, event location and GRF residual® aitiés, respectively;

the total number of simulations for each variable is indicated Wjth N, and N, .
Thus, at the end of the first steld, ON,, KD vectors are obtained. Each vector

represents the realizations of IMs at the sites in one generic event) ishiime

invariant. For example, if two IMs are considered in the analysis, the generic vector is

of the type{imlyl, im o, ...,imy, ,imzyl,imz,z,...,immss} .
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Figure 2.1. Flowchart of the simulation procedure for MSPSHA ia tase of single seismic source.

25



Chapter 2 SINGLE- AND MULTI-SITE HAZARD ASSESSMENT: THEORY
AND IMPLEMENTATION IN REASSESS V2.0

The second step simulatés seismic histories at the sites in tlif of interest. In
particular, at the-th run the number of earthquakes on the source is sampled from a
HPP with mearv1O D. Then, a number of IM random fieldsgual to he sampled
number of events, is randomly selected among those generated in the first step of the
procedureThus, at the end of this step, each ofZheeismic histories collects a certain
number of IM random fields, representwbat would occur irDT at the sites.

The realizations of the random fields given the occugeasf a generic event and the
simulated seismic higries can be used to compute M8PSHA result{see Section

2.6.2. For examplgif three sites are considered in the analysis, one can be interested in
computing the joint probability of observing DT two exceedances of the threshold at

first site and one exceedance at second and third site. Given the simulated seismic

histories, it is sufficient to count in how many two exceedances at first site and one
exceedance at second and third site of {tlmth,,l,imhryz,imhrvs} vector have been
observed, and thativide by the total number of simulated histories.

In the case ofn, seismic sources, the first step of the abdescribed procedure is
simulatedn, times. Thus, at the end of the step, for each source the random fields at the
sites are collected. In the second step, at-theun the number of earthquakes occurring

collectively on all the sources iBT is sampled from a HPRith meanDT § .

Similarly to the case of single source, the sampled number of earthquakes is used to
sample the same number of random fields among those generated in the fifstestep.

number of realizations to Iselectedor each surce isproportionalto the probability

that given that an earthquake occurs it is from sourdbat isni/a . (1. At this point

the seismic history ilDT for the sites is obtained in dogy to the casef one source.

2.4.3 MSPSHA shortcuts for GMPEs with additive factors
Similarly to Sectior.2.3 this section is inteded to provide some helpful shortcuts that
apply (only) in the case of GMPEs of the type in &tpn (2.5). In fact, sincéhe
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covariance of twar moreRVs doesnot change adding constant terrige structure of
the GMPE of the typa Equation (2.5)mplies that the RV representing the logarithms
of IM for a site withsoil conditionsrepresentedyb g, is obtainedby adding such a
coefficient to the RV representing theghrithms of IM for a reference condition for
which ¢ =0 (i.e., rock). In other words, the covariance matrix of the GRF is not
dependenof the soil class of each sit€his means tha&RFrealizationgeflecting the
different soil caditions at the sites frothose for the reference case can be obtained by
addingto the logrithms of the simulated IMshe site-specific coefficients, thats

{ql, g.... nst} , from the GMPE

This issue has important practical consequencesfitti-site hazard. In fact, one may
seek the probability of observing, in a given time interval, a certain number of
exceedances of the ground motion intgnsieasure thresholds vect@nce realizations

of GRF are carried out considering rock soil condition for all s#fiesiilations araot
required to be run again if one wants to compute such probability considering different
soil conditions for the site#t.is interesting to notehtat, equivalently, and even simpler,
one can account for the different soil conditions by simply subtracting to each element
of the thresholds vector the sipecific soil coefficierst

In closing this section, it has to be dmgized that, as mentionesgyeral recent GMPEs

are not of the type in Equation (2.5) for what concerns the soil term, and these shortcuts
do not apply. Nevertheless, this same reasoning holds in thegcat&quation (2.5)

represents any other factor aftgog the IMs, not only soil site class.

2.5, REASSESS V2.0: functiomlities and input of the analyse

REASSESS Y.0 implements the types odrard assessment discussed in the previous
sections It is coded in MATHWORKS®-Matlab andprofits of a graphial user
interface The GUI features one input panel and two output panelsne for
PSHA/SPSHA and one for MSPSHAn fact, he main GUI is complementedy
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secondary interfasghat pop up when needed ($égure2.2). Note that, in the case of
extended analyses (e.g., several seismic sources or isipeg)canalso be defined via

dedicated Microsoft®&xcelspreadsheets, as a shortcut
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Figure 2.2. Principal and auxiliary GUIs of REASSESS V2.0.
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Figure 2.3 provides a schematic flowchart of the way the software operates. It can be
observed that the definition of the input of the analysis is divided irdffferent steps.

The first step requirethe user to declatiee type of analysis to be performéed., PSHA,
SPSHA,or MSPSHA If MSPSHA is selectednore than one site must be definadd

the analyses are performed according to what discussed irors8@dcdi.2 When
MSPSHA is selectedhe corresponding®SHA is also performed for the considered
sites, as it is consideredraference casaccading to Giorgio and lervolino2016.
However, in thease of PSHA or SPSHA, mulkipsites can also be defined. In this case,
REASSESS V2.@ill run singlesite PSHA or SPSHA separately for each of them
according to Sectio.2 or Section2.3. It is noted that when SPSHA is sdbst, the
software also provides results of the corresponding PSHA.

The definition of the coordinatesd soil conditions of the sites is the second. $tean

be carriedout via the GUI or via anExcel spreagheet for which a template is given

The soilconditions can be defined in terms of the soil classes (from A to E) according
to the Eurocode 8 asésification of sites (CEN, 2004), or also in termsluéar wave

velocity of the top 30 meters of subsurface profik ,,) expressedi meter/second
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The third stepis dedicated to the selection of the GMPE. A database of alternative
GMPEsisincluded inthe current release of REASSESS V2AMbraseys et al. (1996),
fitted on a European dataset, Akkar and Bommer (2010), which refers to data from
southern Europe, NortAfrica, and active areas of the Middle East, Bindi et al. (2011),
fitted on ltalian dataset and Cauzzi et al. (2015), based on a worldwide ddtdset
worthwhile to note that these GMP& of the type in Equation (2.5), then the shortcuts
discussed inSection 2.2.3 and Section 2.4.3 apply. Also ntitat although the
Ambraseyg et al. (1996) GMPE dates more than twenty years ago, it has been
implementedbecausat is the one the current official Italian hazard model is based on
(Stucchi et al., 2011 At this stepalsothediscretization of the domain of the intensity
measurdor singlesite PSHA which serves to lump the hazard curves, hag tdefined

in terms of minimum, maximum values andmber of intermediate steps (constant in
logarithmic scale)In the case of PSHAthe third step also allows the definition of a
logic tree(Section2.2.3 in terms of: (i)parameters of the magnitudestributions, (ii)

mean annual frequency of earthquadeurrence on the sources and (iii) GBE4&P
(among those available)

The current version of the softwartboavs to consider as IMs onlgpectral pseudo
acceleration for different natural vibration pets (or advanced spectsiiapebased

IMs, as shown in the following). However, the choice of the IMs (fourth step) is
dependent on the selected GMHEa logic tree with different GMESs for each branch

has been definethe selection is among thils of the GMFE belonging to the branch

with the highest weight. If different branches have the same weight, the selection is
among thdMs of the GMHIE selected for thérst branch.

When PSHA is of concern, REASSESS also allows to perform analysis for advanced

spectratshapebased intensity measures such kgg proposed byBojérquez and
lervolino (2011) and reported in Equation (2.22) in logarithrifihe I, is a proxy of

the pseudacceleration response spectral ghapa range of period@l’l...TN) and is
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dependent on a reference peripf) belonging to the(T,..T,) interval and ana
parameter. In its analytical expressiSaan('[..I) appears; it is the geometric mean
of the spectral acceleration in t(fﬁ...TN) range of periods (Baker and Cornell, 2006a).
In the software(T,..T,), T and a can be selected by the user,Fagure2.4 shows

(the periods can be chosen among those of the selected GMPREgasy to see that

when thea parameter equals ong,, corresponds t&a,,( T...T) -

éSagvg('[...'I[\,)
e—or 1N/

é S&(T) (222

log(l,) = l0g[Sa(T)] -&alog

IMs options  — x

Selected Ms

INp D

I Sa(T )I g )
- =sa(T_, -
[8a<TE;>

Select Sa(Trer} Sa(ls

Set o value 1

OK

Figure 2.4. GUI for the cefinition of the parameters fdr, in REASSESS

In the case of MSPSHA, when a singleectral ordinate is selected as IM, the user is
allowed to choose the model of spatial correlation of ietrent residuals of Esposito

and levolino (2012) or Loth and Baker (2013). On the other hand, when the IMs at the
sites are spectral ordinates for several natural vibration periods, simsjzgdlly
crosscorrelated scenarios are computed adopting the models of (i) Loth and Baker
(2013) for the spdal crosscorrelation of intreevent residuals and (ii) Baker and

Jayaram (2008) for therosscorrelation of intefevent residuals.
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Step 5 is dedicated to the seismic source definitioRBASSESS V2.0seismic source

zones and/or finitthreedimensionafaults can both be input of analys&ourcezones

can be completely defined by the user or selected from an embedded database. In the
first case, the user is required to define dberdinates of the vertices of the zotiee
annualrateof occurrence® e ar t h q u a k e magaitadedisttibtien, whicke nt 6 s
is assumed to ba truncated exponential distribution; hence, the slopth@fGR
relationship, together with minimum and maximum values of magniaréeequired.

If known, a ruptue faulting $yle can be associated to theismiczone.All the required
parametergan be alternatively given viaUl (seeFigure2.5) or Excel spreadsheet

User-Defined Zones = X
SEISMOGENIC ZONES — GEOMETRY CHECK.
— Number and Geometry !
Total number 1 [ Long[*] Lat[*]
| 1 [13913 40.599
Zone number | 1 [2 |1a773

QN
J= [
14773
Vertices number 4 M

\
\
5 !
[ 4 |13913 ; lL i :I
: 205N

— Style of faulting-

135°E14.0°E14.5 E150 E

Unknown

Mmin  Mmax b Rate

Save and Close

Exit

Figure 2.5. GUI for the cfinition of seismogenic zones in REBESS

In the second case, the user can select one or more seismic zones from an existing
database. In fact, a number of literatua¢athases aeismiczoness implementedh the

current version bPREASSESS. Referring to ltaly, it is known thihe seismic hazard

study of Stucchi et al. (2011ies at the basis of theazard assessment for the Italian
current building code anfiatures a logic tee made of several branches; the branch
named 921 ishe one producing the results claimed to be the closest to those provided
by the full logic tree This branctconsiderghe seismic source model thiirty-six areal

zones of Meletti et al. (2008nd theGMPE by Ambraseys et al. (1998ke also Section

3.2). It is implemented in REASSESS V2.0 and is nanveletti et al. (2008)i
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Magnitude rates from DPAINGV-ST - Branch 921 It is the sole database selection
which implies an automatic selectiohGMPE and seismic zones. Analtiative source
model for Italy is named/eletti et al.(2008)7 Magnitude rates from Barani et al.
(2009) in which the same source model of Meletti et al. (2008) is considered, but the
associated seismic characterizatisnfrom Barani et al. (2009)Other databases in
REASSES are the orieom the SHARE projectwhich coves the EureMediterranean
region, the one from the EMME projeethich covers middlesast; i.e. Afghanistan,
Armenia, Azerbaijan, Cyprus, Georgia, Irafordan, Lebanon, Pakistan, Syaad
Turkey.Moreover, includediatabaseare: B-Hussain et al. (2012), Ullah et al. (2015)
and Nath and Thingbaijam (20]12gferringto the Sultanate of Oman, Kazakhstan,
Kyrgyzstan, Tajikistan, Uzbekistan and Turkmeéansand India, respectivelyihearea
covered by the embedded databasgsvienin Figure2.6.

— )\ [clctti et al.(2008)
—— SARE

EMME

s Ullah et al. (2015)

s |]-Hussain et al.(2012)

Nath and Thingbaijam (2012)

AW

30°N

30°W 0 30°E 60"E 90°E
Figure 2.6. Embedded databases of seismogenic sources.
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One or more finite faults can also be definEldere are many alternative waydefine

the characteristics of a fault and to simulate the possible ruptures on it (Scherbaum et al.,
2004). In the current version of REASSESS, the fault characterization can be done
following two different approachen the first, the surface coordinatafsthe center of

the fault are required. Then, the dip, rake, and strike angles (Aki and Richard, 1980) have
to be defined. In the second, the fault can be defined through the trace along with its rake
and dip angles, pper and lower seismogenic depth andipt ur esd® aspect
definition of seismicity is common to both the models. The magnitude distribution of
generated earthquakes can be chosen amongkhar@ the characteristic model (e.g.,
Convertito et al., @06). The details on hazard compigat in the case one or more faults

are considered, are given in Sectibs.1

As introduced above, REASSESS allows the user to account for thed oracrtainty
through thdogic tree. The alternative branches of the logie t@n account for different
GMPEs, GR parameters and annual ¢ earthquakesazurrenceOn the other hand,

the number and geometry of the seismic sources cannot chagaghibranch. A weight

hasto be assigned to each branch (all the weights must sum to one).

When SPSHA is performed, the model describing the aftershock occurrence has to be
specified, that is the parameters of Equation (2.17). The available modelssw®tho
Reasenberg and Jor{@989 and 1994), Lolli and Gasperini (2003) and EbeiRhittips

(21998) which refer to generic California, Italian and New Zealand aftershock sequence,
respectively. Such models, can be selected through a dedicated wifidove 2.7),
automatically opened by REASSESS before running the SPSHA. In the current version
of the software, the GMPE selected for PSHA is also appbedctount for the

eval uation of aftershockods | M.

36



Chapter 2 SINGLE- AND MULTI-SITE HAZARD ASSESSMENT: THEORY
AND IMPLEMENTATION IN REASSESS V2.0

n Parameters of the sequence had - X
Model Modified Omori law:
Lolii and Gasperini (2003) i~ - B T S T/ S -
E[N, (0.AT,)] L (AT, +¢) "
Parameters ) ) r-l -
Mmin of mainshock a b c L
43 166 0.96 0.0295 where:
Mmin of aftershocks p Time interval [Days] - ."|L N .. (0.AT, )| 1s the expected number of aftershocks conditional to the
@® Defaul 083 ‘ %0 mainshock of magnitude x in the AT, time interval (Time interval [Days]):

{a.b.c. p} are the parameters according to the selected model:

Reset oK Exit - m,, is the minimum magnitude of the aftershocks (Mmin of aftershocks)

Figure 2.7. Graphical interface window for calibration of the aftershock occurrence
models.

2.5.1 Analysis with finite faults
REASESS also allows to compute hazard analysis (both PSHA and MSPSHA) in the
case the seismic sources are represented bysnwaopne or more fite faults. As
introduced in the previous section, in the current version of REASSESS there are two
alternative ways to define the characteristics of a fault. In the first, a fault can be defined
by means of a point representing itsteerand the dip, rak and strike angles. In this
case, PSHA is carried out according to Equation (2.23), which is an adaptation of
Equation (2.3) and is written, for simplicity, in the case a single fault is considered.
lm=nf i PAMAEEMxY §Qs) fwGa) f, (n)

XYMAS (2.23)
Oy v(X,y) d8 d&OdmaQix d O

In the equations? is the rate{X,Y} is the position of the center of the rupture with
respect to the center of the fault and its distributifp, (X,y), is taken according to
Mai et al. (2@5); f,,(m) is the magnitude distribution that can be defineGd® or

characteristic; f,y(a) is the dstribution of the rupture sizeonditional to the

magnitude which is modelled according to Wells and Coppersn(it994); finally,

f5a(s) is the aspect ratio (lengtb-width ratio) of the rupture and is probabilistically

modeled lognormally according to lervolino et al. (2016b). The depth of the top of the

rupture is assumed to be equal to fklemetresfor all events of magnitude less than
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6.5 and one kilomet for events blarger magnitude, following the practice of the U.S.
Geological Survey

Alternatively, a fault can be defined by means of its trace, rake and dip angles, upper and
lower depth. Thus, differently from the previous case, the user completely defines the
geometry of the fault. In the hazard computation, the area and aspect ratio of the ruptures

are not considered as RVs, and Equation (2.24) applies.

Im=n8 AN imimxy f0m) £, Oxy) dm & « (2.24)

XYM
In particular, given the magnitude, theu pt ur eds ar e aromthe ateh e me (
magnitude scaling relationship of Wells and Coppersmith (1994), while the aspect ratio

is an input of the analysis. Similarly to Equation (2.28),(m) is the magnitude
distributionand{X,Y} denotes the position of the rupture on the fault, which is assumed

to be uniformly distributed.

2.6. Output of REASSESSV2.0

At the end of the analysis, all the results can be combuléethe GUI in the format of
figure or text fie. The user is allowed to save all the input and output (figures and text
files) in a compressed folder; in addition, it is also possible to save and load the whole
work-session. In SectioB.6.1and Sectior?.6.2the available outputs from singlend

multi-site PSHA are described, respectively.

2.6.1 Single-site PSHAanalysis
When the analys is finished, the hazard curves for the selecteddmMsploted in the
singlesite output pane(seeFigure2.2). A dropdown menu allows the user to select a

specific IM and the corresponding hazard curve tsraatically highlidited. The UHS

1 However, this constraint is not strictly needed and could be relaxed in updated versions of
REASSESS
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can be computefibr any returnperiod available due to thange ofiMs defined at the
beginning. It is displayed in the right plot of the singiiee output panel. ithe analyss

is performed formultiple sites, thehazardcurves and UHS for each of the sitean be
displayed (via alropdown menl

REASSSES V2.0 is able to provide exceedance or occurrence disaggregation (see
Section2.2.2 for a return period and IM of interest. The retuenipd is the one chosen

for the UHS, while the IM corresponds the selected hazard curvé/hen the
disaggregation for the exceedance is computed, the software also provides the value of
the expected exceedance over the threshold being disaggregatesie¢sioa 3.4).
Moreover, given the tarn period and IM for which disaggregation has been computed,
the software is able to provide CS (Secto?.4 and conditional hazard (Sectih@.5.

In particular, the CS is computed by REASSB&I0 profiting of the model of Baker

and Jayaram (2008jhich provides the correlation among spectral acceleration values
at different specttgeriods it is noted that the CS displayed on the same plot for UHS.
Conditional hazard can be carried autthe secondg GUI shown inFigure 2.8, in

which a dropdown menu allows the user to select the secondary IM. The software
performs conditional hazard profiting of the models of Baker and Jayaram (2008) and
Bradley (2012) the lattemprovides correlation between peak ground velocity (PGV) and
spectral accelerationtndeed, thalistribution of PGV or pseudacceleration response
spectra at any vibration period conditional to occurrend¢beoprimary IM is displaye

in the dedicated plot (séagure2.8).
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Figure 2.8. GUI for conditional hazard in REASSESS.

Results of SPSHA are similar to those for PSHA; however, disaggredatiaf two

kinds (see Sectiof.3.1). The first is thegoint pdf of magnitude andlistanceof the
mainshockconditional to the exceedance, or the occurrence, of a chosen hazard
thresholdduring the corresponding clustéEquaton 2.19). The second disaggregation
provided representfie probability that, given that exceedancinohas been observed
during the mainshockaftershock sequence, it was in fact an aftershock to cause it
(Equation 2.20 Finally, SPSHA/PSHA results care alternatively displayed on the

GUI via a dedicated drop down menu Fagure2.9 shows.
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Figure 2.9. Main GUI of REASSESS with singlsite PSHAoutput. The anakis drop down
menu for slecting SPSHA/PSHAsi also shown.

2.6.2 Multi-site PSHAanalysis
As stated in Sectior2.4.2 MSPSHA s performed through thdescribedtwo-step
simulation procedure. At the end ahe first step, the simaled scenarios of IM
realizations at the sites giveahe occurrenceof an earthquaken the sourgg) are
available At this point REASSESS V2.Gs able to providéhreedifferentresults which
can becarried out consideng all or asubset of the sitesefined at the beginning of the
analyss:

0] the probability of observing an arbitrarily chasenumber of

exceedances at the sites in a given time interval;
(i) the distribution of the total number of exceedances at the sites in a given

time intervaj
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(i) the distrbution of the number of exceedances at the sites given the
occurrence of an earthquake (tiin@ariant).

For each of the listed results some additional information are required. First, the time
interval and the vector collecting sitéhreshold have to e defined. The latter can be
completely defined by the user. Alternatively, REASSESS V2.0 allows to define the
element of thethreshold vector according tothe results of singlsite PSHA. For
example, the thresholds can be chosethassalues with theasne exceedance return
period at each site. Furthermore, thresholds can be defined through an automatically
generated Excel file. The IM to be considered for each threshold can be selected trough
dedicated checkboxes. Before proceedihg user is also aWwed to modify the soil
condition for each site. With reference to results (i) and (i), the second step of MSPSHA
computation is involved to simulate thealizations ofGRF in a given time interval.
Thus, the number of simulationsy(default, the softwa performs 10000 simulations)
and the time interval are also required. This step of analysis can be vepptisweming
lasting for several hours. Reducing the number of simulations makes the analysis faster
but can drastically afféedhe accuracy of res. Moreover, in the case of (i), which
provides the probability of observing an arbitrarily chrasember of exceedances at the
sites in a given time interval, the number of exceedances of the threshoddsbserved
ateach sitdnas to be defined emtrg the values in the last column of the tabl&igure
2.10.
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Figure 2.10. GUI for definition of parameters to compute the joint probability of observing a
givennumber of exceedances at the sites in a given time interval in REASSESS.

In the case of result (ii), which provides the PMF of thel totenber of exceedances

observed at the sités a given time interval, the random variable is the total number of

exceelances for the considered subset of sites. Thus, in this second case, the number of

exceedances for each site cannot be defameldthecorresponding column in the table

is neglectedRigure 2.11). If the analysids performed after having obtained result (i)

and if the time interval and number of simulations to be considered are not modified, no

more simulationsare required and REASSESS only ppsicesses the simulations

taking a reducedompuational time
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Figure 2.11. GUI for definition of parameters to compute the distribution of total number of
exceedances in a given time interval in REASSESS.

Results (i) and (ii) are computed by REASSESSOV2r any time inteval without

repeating the simulations of the first step of analysis thus reducing the required time of
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computation. Text files with the GRFs simulated conditional to a generic event and in

the selected time interval are also availabldha end of the aatyses.

Result (iii), which provides the PMF of the total number of exceedariregved at the
sitesgiven the occurrence of an earthquake, does not involve any further simulation. In
fact, the realizations of GRFs obtained in the fitsp of MSPSHA arenly needed.

Thus, the time interval and number of simulations are not required to be defined.
Furthermore, since in one earthquake a single exceedance of the threshold at each site
can be observed, the last column of the tableisoegle d a n do rfeotru ranlsl ftlh
(Figure2.12).

Enter site thresholds - X

Timg——M——— Threshold definition options Number of simulations —
’7 Time interval [yrs] ( From PSHA ’7 Default 0K

User-defined from excel User 10000

Exit

b=l
@
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Site 2 SA. 14793 40675 C 3.48E-02

Site 3 AN 14791 40.914 B 7.39E-02
B

Site 4 BE.. 14778 4113 4. 11E-02

-~

HAEERA
oooa
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Figure 2.12. GUI for definition of parameters to compute the distribution of total number of
exceedances given the occurrencarokarthquake in REASSESS.

Finally, all the described results are displayed on the main GUI of REAS FitftiEe
2.13 shows an example in which the probability mass function of the total number of

exceedances obsexV at the sites iB0 years, from result (i), is computed.
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Figure 2.13. Main GUI of REASSESSvith single- and multisite PSHA results.

2.7. Conclusions

In the chapter the basics of classical PSHA were intedirst. Then, two nen
conventional hazard methodologies were recalled. In fact, SPSHA allows to account for
the effect of aftershocks in the hazard assessnit was also shown that disaggregation
can be performed in the case of SPSHA. In particulaengthe exceedance of a
threshold of interest during the whole mainshattershock sequence, the mainshock
magnitudedistance distribution and the probatyilthat the exceedance is due to an
aftershock can be carried out. MSPSHA accounts for the spep&ndence existing
between the sitepecific processes, each counting the number of exceedaintiee
threshold over time. Given a vector of thresholdsntdrest for a portfolio of sites,

accounting for the correlation of ground motion IMs is requiceithvestigate different
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probabilistic results related to the exceedance possibly observed at the sites.
Furthemore, the matrix formulation for the implentation of PSHA and SPSHA were
explored;on the other handiISPSHA simulates realizations of IM @dwm fields
through a twestep procedure which was also illustrated.

In the last forty years several computer programs for PSHA have been developed; in
most cases, they do not feature of a GUI and only perform classical PSHA. For these
reasons, a starmlone software named REgional, Sing#E and Scenaribased
Seismic haard analysis (REASSESS V2.0), provided with a GUI, was developed and
presented in the chapter. The tool enables classical PSHA and the more advanced
SPSHA and MSPSHA procedures. The wiétin of input is common to all the kinds of
analysis. In particulathe user is required to define site(s) coordinates, GMPE (selected
among an embedded database), intensity measures of interest, seismic sources (user
defined threadimensional faults,ra@a sources or sources selected from databases) and
structure of logi tree, if any. In the case of singlite PSHA, REASSESS V2.0 is able

to provide classical results such as hazard curves, even in terms of sgieqtflased

(i.e., advanced) ground mion intensity measures. Moreover, uniform hazard and
conditional mea spectra, together with disaggregation distributimnghe occurrence

or the exceedance of the IM threshold, can be computed. Conditional hazard can also be
computed for PGV or pseudipectral accelerations selected as secondary intensity
measures. Whe®sPSHA is of concern, available outputs are hazard curves, UHS,
mainshock magnitudedistance disaggregation distribution and aftershock
disaggregation. In the case of MSPSHA, given aoregftthresholds for a subset of sites

of interest, REASSESS V2.0 a&ble to provide (i) the joint probability of observing, in

the time interval, a given number of exceedances at the sites, (ii) the distribution of the
total number of exceedances obseratdhe sites in the time interval and (iii) the
distribution of theotal number of exceedars@bserved at the sites given the occurrence

of a generic earthquake. When SPSHA or MSPSHA are performed, the software also

provides the classical PSHA outputs.
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REASSES was optimized for accuracy of numercahputation, analysis time and ease
of use. To this aim it also implements calculation shortcuts and provides a series of
options of input/output management. It is finally to note tharaxtical user guide

(tutorial) can be found online http://wpage.unina.it/iuniervo/doc_en/REASSESS,htm

which is the same site where the softwar@vailable under a Creativeo@mons

license: attributiod non-commerciad non derived
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Chapter 31 THE EXCEEDANCE OF DESIGN
ACTIONS FOR STRUCTURES:
QUANTIFICATION AND EARTHQUAKE
SCENARIOS ANALYSIS

This chapter is derived from the following paper

lervolino I, Giorgio M, Cito P (2018)he peak over thdesignthreshold in gong
earthquakesBull Earthg Enghttp://dx.doi.org/10.1007/s1051@18-05039.

lervolino |, Giorgio M, Cito P (2018hich earthquakes are expected to exceed the

design spectra? Earthq Spectra (in revision).

3.1 Introduction

In the framework of performandsmsedearthquake engineeringlesign actions are
based on PSHA, which provides theound motion intensityevel of designwith a
certain prdability to be exceeded in a given time interval at the kit®ther words,

design actions arderived from thaJHS, that isthey havahe samexceedancesturn
period (Tr) , which is determined based on tteucturalperformance of interest (i.e.,
limit-state) For example, according to th&alian building codethe life-safetylimit-
stateof an ordinary structure must be verified for actions deriving from UHS with
T. =475 years.Neverthelessthe comparison of design spectra witioserecorded in
earthquakes indicates thatuationsn which structures are subjected to seismic actions

larger thanthe design oneare not rarge.g, Crowley, 2009 For example,in Italy

exceedance of UHBasbeenobserved in the neaource area ahe seismieventsof

L6Aquila (2009), Emilia Rgeeweaignmgnitudeyed 2 ) ,

48

(



Chapter 3 THE EXCEEDANCE OF DESIGN ACTIONS FOR STRUCTURES:
QUANTIFICATION AND EARTHQUAKE SCENARIOS ANALYSIS

not close to the maximudeemedgossible(seelervolino et al., 2010Masi et al., 2011
Chioccarelli etal., 2AL2; Luzi et al., 201k lervolino and Giorgiq2018) illustrate that
the exceedance of the design spedsranot sufficient to questiorPSHA, as the
exceedance of hazaldseddesign actios is well expected around the source of
moderateo-high earthquaks pointingout that design actions based on UHS are not
conservative in the epicentral areas of earthquakessequently,in these areas
structural safetys left to other eventual margirbeyond elastic design spectra which

cannot be fully controlled.

The study presented this dhapter is intended to deepen this issuith reference to

Italy. In particular, two main results are presented

1 the expected acceleration over the desigeshold if the exceedance ocgurs
which is related to the measuretbé safety margins beyond the elastic design
acceleration a structure should havevtoranty the desired performance;

1 the minimum magnitude of earthquakes that, occurring witbertin distance
from the site, have a probability of exceeding the despgetrum larger than
0.5

The study, which refers to two pseudccelerationsvith T, = 475 years, is effectively

a practical application of PSHA. liact, for thepurposes of thishapterthe seismic
hazard and disaggregation mapalcuated viathe REASSESS Y.0 software (Chapter
2), are first introducedResults of the expected exceedance and minimum magwoitude
the earthquakes for which exceedance of the design actions is expecitsw @rovided

in form of mapsThe dfect of sitedependent soil conditions alsoexplored.Finally,

the discussion isxtended to a range of return periods of design interesiviosites

Mi | an and L 6 Amggionsl ofltaly dharactarizee dy low mnd high seismic

hazard, respectively.
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3.2 Sasmic source model

For the purposes of the chapter, the seismic sooreszand GMPHescribed in Stucchi

et al. (2011have been adoptdd get the results introdudén the previous sectiorn

fact, & mentioned in Sectio.5, the cited workdescribes the models and analyses
assumedo develop thdazard assessment of Italyhich is at the basis tiie definition

of the structural seismic actions according to #rdorced codén the country. Such
analyses are carried ouia a logic tree made of several branches. Among tlleen,
branchidentified a®921is the one producing the results claimed to be the closest to those
provided by the full logic tree

Branch 92 considers theeismic source modef Meletti et al. (2008)whichis made

of thirty-six areal seismic source zonesimbered from 901 to 936hown inFigure

3.1a (this model is common to all the branches of the cited logic tree). The seismicity of
each zone is represedtbdy theactivity rates that are annual rates of earthquakes
occurrence associated to each bin of sure@eesmagnitude; the width of the bins, is

0.3. The activity rateswhich are published itervolino et al.(2018) are graphically
shown inFigure3.1b as dunction of the central magnitude value of each bin. As shown,
the lowest bin iggenerallycentered on magnitude3, butthe zone 936which is the

Et nads v qhas amreantcal magnitude of the Imibin equal to 3.7 The
maximum magnitude depemdn the zone of interest

Finally, branch 921 adopts ti#embraseys et al. (19963MPE. The GMPE is applied
within its definition ranges of magnitude and distance: these are, surface magnitude
between 4.0r@d 7.5 and the closest horizontal distance to the surface projection of the
fault plane up to 200 km. The effects of earthquakes wéitpniude and distance outside
these intervals are neglected in the analyses. Assuming a uniform epicenter distribution
in each seismogenic zone, epicentral distance is converted into the metric required by
the GMPE that is Joyneand Booredistance (Joyner and Boore, 1984¢cording to

Montaldo et al. (2005). The stytd-faulting correction factors proposed by Bommer at
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a. (2003) are also applied to the GMPE in accordance with the rupture mechanism
associated to each seismic source zanéhe model by Meletti et al. (2008

accordance with branch 92bck soilsite class is always assumed herein
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Figure 3.1. The seismic source zone model for Italy, according to the model of Melalkti(2008): (a) geographical distributio
of the zones; (b) activity rates values for each bin of magniffuci® Chioccarelli et al., 2018)
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3.3 Italian seismic hazard

Based on the model described in the preveaation in the next sutsections the seismic
hazard and disaggregation maps of peak ground acceleration (PGAadmd 1s

with 475 years return period of exceedance at any sitdlaswatal. All the maps are
obtained discretizing the whole national territory via a uniformly spaced grid of about

tenthousand point.

3.3.1 Hazard maps

The ismic hazard map of PGA arsh(T= 1s , provided by theight and left paal

of Figure 3.2, respectively indicate that thalesign threshokl with 475 years return
period (sa,,;) arelargerin central and southern Italy, along the Appenines mountain
chain, and imorth-east aga.For example, with reference to PGadgcelerationgreater
than 0.5g can be observed the most of zones 905, 923, 927 and 9R2&ording to

the mapthe highest PGA which is exceeded, on average, every 475 igeagual to
0.2719g The correspondingite isAprigliano (16.36°E, 39.36°N)locatedn the district

of Cosenza (southern Italyfh correspondence of Terratelle villa@des.38°E, 39.24°N)
less than 15km away from Apriglianitve hazard mapf Sa(T= 1s showsits highest
value (0.2569).Both the sites are enclosed by zone 929, which have the largest
magnitude of the last bin equal to 7.3.

On the other hand, the lowest hazard leeelsespond to 0.030g and 0.023g for PGA
and Sa(T= 1s, respetively. For boththe ordinates, the correspondisite isPianosa
(Pianosa island10.06°E, 42.58°N)locatedoutside the source zon¢ialian hazard

model does not consider background seisnjicity
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Figure 3.2. Seisnmic hazad maps of PGA an®a(T= 1s with T, = 475 years on rock,
according to the branch 921 of the logic tree described in Stucchi et al. (2011).

As stated in the introductioMilan (9.12°E, 45.46°NjandL 0 A q (13.42°R, 4234°N)
are chosen to be representative of low and high hazard sites, respeictdesyl Table

3.1 provides thedesign thresholds with 475 years exceedance return deritite two

sites, which will be recalleahithe nexsections.

Table 3.1. PGA andSa(T= 1s design thresholds witfi, =475f o r
Milan L6AQu
PGA [g] 0.050 0.253
Sa(T= 1s [q] 0.035 0.208

3.3.2 Disaggregationof seismic hazard

Mi | an

and

As stated irSection2.2.2 disaggregation of seismic hazard is a procedure that, given a

spectral ordinate and return period of interest, allows the identificatitime diazard

contribution ofeachM, R and e. In fact, a typical redtiof disaggregation is the joint

pdf of { M,R, e} conditional to the exceedance of an IM threshold (see Equa6iprin

the framework of this hapter, the maps of mean vaIues{M,R,e}; i.e., M,ﬁ (in

terms ofJoyner and Boore distancand e, given the exceedance 68,,., aregiven in

Figure3.3.
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Figure 3.3. Maps ofdisaggregation in terms afreragesourceto-site distance, magnitude and

e, given the exceedance of the desRGA andSa(T= 1s with T, =475 years.
Even if the disaggregation of ltaly is largely discussed in Barani et al. (2009) and
lervolino et al. (2011), sonresults are remarke®Vith reference talistancemaps show
that the expected value in some cases is larger than 150km. This is related to the
considered source model. In fatttere are several sites located in geographical areas
(for example, part of the northern ltalyitside tle seismic source zonegSonversely,

the expected distance is, in general, smaller for the sites enclosed by sourcénzones
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particular, in the case of PGA the minimum and maximum valugs afe equal to 6km
(Canesopenclosed byane 9159.58°E, 44.50°N) and 152kmi@Posa), respectivelyn

the case ofSa(T= 1s, the minimumvalueis 14km (Alpi mountain chaireone 902
8.10°E, 46.26°)\ while the maximum is 174km (Pianosayith reference tothe
expectednagnitudein the case of PGA the minimum améximum values are equal to
4.5 (CuronVenosta zone 903 10.56°E, 46.80°N) and 6.Mgzzatorre di San Mauro
Cilentg, outside any seismigource 15.02°E, 40.20°IN respectivelyWith reference to
Sa(T= 1s, the minimumvalue of M is 5.1 (hear the Autaret lakes, on the Alpi
mountain chainzone 908 7.12°E, 45.24°)\ while the maximum is 6.9Marina di
Pescoluseoutside any seismic sourck8.24°E, 39.84°N Finally, the maps of the
expectede show thait can be greater than two for the sites outside the seismic sources,
meaning that especialpnomalousarthquakes ameededo cause the exceedance of
sa,,5. Differently, in the higher hazard regions of Italy lowefuas of the avege e

can be observedn particular, in the case of PGA the minimum and maximum values
are equal t01.061 (Coratq zone 925 16.38°E, 41.12°N) and 288 (Pianosa),
respectively. With reference t8a(T= 1s, the ninimum value ofe is equal to 0.896
(Giarratana zone 935 14.78°E, 37.06°N), while the maximum is 2.112 (near
Donoraticq outside any seismic source).56°E, 43.14°N)

Finally, Table 3.2 providesdisaggregation results, in terms bf,R and e for Milan

and LO6Aquila, whi ch sactiohsl be recalled in

Table 3.2. Expected ragnitude, distance and from disaggregation given the exceedance of
the design PGA an®a(T= 1s with T, =475yearsf or Mi | an and LO&AQuU

Milan L6AquUil a

PGA {M=52R F6kme 22 | {M=5.9,R 9kme E4

Sa(T=1s | (M =58 R 417kme 2.0} {M =6.7,R 49%me &2}
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3.4. Maps of the expectecexceedance

3.4.1 Methodology and results

If the exceedancef the UHS occursit could be worthwhile to assess thgpected
accelerdabn a structure is exposed. In the framework of performandsased seismic
design, this issuean be related to the capabilitg@deconformedstructure should have

in the case the occurring earthquake is causative for the exceedance of the design

spectum. In this section, given th exceedance oBa,,;, the expected value of
acceleration over ththreshold, herein indicated & Sg T)| S& 7> sa] (Equation
3.1), is mapped for Italy.

+ o

E[SAT)| S&T> sa| =f] salfrysqy . ( $a d (3.1

Say75
Equation(3.1) can be rewritten according to Equation (3.2), which introduces earthquake

magnitude andistance.

+ 8 Myax Mmax

E[SE(TH S&7> 3%] A N ngTnsa(T»sas.MF( pa r\ﬂ?ia)b@a( 1

S75 Mhin in
@r dn dsa@
(3.2)
Since, ecalling Equation (2.5)sa can be rewritten asa= ™" s© (for rock sall

conditions, itisg =0), it follows that fo, 7 54 3 5., v k5D QUSA =f; o o (@) K
and Equation (3.3) applies.

Mhax fmax

E[SdT| S&T> sa] = N ”érﬁsoe oy s 8 I Qseys 50 ( MY
109(S8y75)- Mh v Myin nin

@r din deO
(3.3)
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It is easy to recognize thaf,c, . w (e v rsays 52 1S the disaggregation
distribution from Equation 2.6, that i§ ; ;s> 55, (M T, €), Whose results are mapped

(in the form of mean valuesh Figure 3.3. Therefore, the expected value of the
acceleration over the thresholdiisally computed according to Equation (3.4).

mnax rmax e A (1] Py
E[sdT| s&¥> sa] =i /& O A% v sarry s, ( Ma) @ 0Odr ¢
Mhin fmin IOQ(Sa475)' M

(3.4)
The expected acceleratiofws Italy given the exceedance of PGA a8d(T= 1s with
T, =475 years §eeFigure3.2) are shown in the lefand righttop panel ofFigure3.4,
respectivelyThe absolutg @) and percentagéD) differences between the expected

acceleratia over the threshold and the threshold itself are gilgen in the middle and
bottom panels, respgvely. Theyarecomputed usingquation 8.5) and (3.6).

d=E[SgT)| S&7T >sa] -sa (35

E[SAT)| S&T> sa] - sa
sa475

D

(3.6)

Results show that thiargest expected accelerations over the threshold are equal to
0.48gin the case of PGA, and @%j in the casef Sa(T= 1s. They both occur within

zone 29, at the sites of Aprigliano and Terratelle for PGA &adT= 1s, respectively.

One can note that these sites are the same where the thresholds are the higlsest ones
Section3.3.]). In other words, with reference to a structure with fundamental period
equal to 1end located iMerratelk, if the structural behavior beyond exceedaridb®

elastic actions is of interest, such a structure should be able to resist an acceleration
exceeding the threshadby 0.251g in absolute terms and 98%éncentage, that is, about

2 times the thresholdHowever still referring to Sa(T= 1s, the rightbottompanelof
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Figure 3.4 shows a percentage differemcgreaterthan 150%occuring at Piano

del | 6 A4c56°R,37.1¢°N;located in the districof Ragusa)within zone 935the
corresponding expected acceleration is equal to 0.3B8g means that, in case of
exceedance of the UH&n acceleration exceeding 2.5 timie threshold should be
expectedf the aboveconsidered structure is locatedn Pi an o , evenlifthed Ac q u .
expected acceleratiois smaller thanTarratelle. Across all the country, even if the

expected PGA ammostlygreatethan the expecte8a(T= 1s, the former has a smaller

exposure to exceedance than thiela In fact, the average percentage difference
between the expected acceleration over the threshold and the threshold itself is 50% for
PGA and 70% forSa(T= 1s. The mapsn Figure 3.4 also reval that the smallest
differences can be founith the areas outside the seismic source zoimesase of
exceedancedhe lowest excursion over ti&a(T= 1s designacceleratioris about 45%

in percentage ternmand occurs close to Turin (ribern Italy). Indeedthe structure with
fundamental period equal to 1s would be subjected to an aatieheexceeding 1.5

times the design threshold.
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Figure 3.4. Maps of the expected accelerations oherRPGA andSa(T= 1s design
thresholdswith T, = 475 years. Topexpected value of the acceleration given the exceedance.

Middle and bottom: absolute and percentage difference between the expected acceleration over
the threshold and the threshold itself.

These observations can be related with thesobiine expecte@ shown in the previous

section eeFigure3.3). In the areas outside the seismic soureege values ok and
relatively small expected amount of exceedaceebe observed. Tk is the case of

Milan, for examge. Accordingto Table3.2 the expected value @& is 2.2 for PGA and
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