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Abstract

Current practicéor seismicrisk assessmenypically onsidersthat structural
damage can only occur insiagle seismic everiowever, neglecting that
earthquakes occur in clusteosth in space and in timean lead tcan
underestimation of boteismic hazard and structural vulnerabiliteed, past
research has shio that neglecting aftershocks (seismic events following the
mainshock in a sequence), can lead toegligible differences in the assessment
of seismic hazard. From the point of view of structural vulnerability, the necessity
of considering the effeafseismic sequences has alsoliighlightedy recent
seismic events, such as the seismic sequences in Christchu201 1P 0ih0
EmilizRomagna (2012) aimdcentral Italf(20162017), to hame a feWhese
eventshowedhatat least part of the seismiéanmagedocumented othe building
heritagevas due to the cumulative effect of multiple shocks clustered closely in
time Therefore, tis thesisfocusen two components of seismic ris,,the
seismic hazard and structwrdnerabilityand on how to treat them in order to
accounfor sequence effects

In the context of seismic hazard, the thesis applieSeitpecrHgased
Probabilistic Seismic Hazard Awabesikire to the United Kingdom. This part
has been developadcollaboration witthe firmOve Arup and Partners London
with the objectives of developing national hazard maps taking into account the
effects of seismic sequences and investigating the effects of aftershocks in the
assessment of seismic hazard.

At the same timeegardingeismic vulnerability, the thesis addrgasiesis
issues in thestimation of statdependent fragility curvashich arefragility
modelsthat allow for the possibility that a structure may have already been
damagety previous sitkslnitially, the assessment of stependent fragilities
is addressed usibackto-backincremental dynamic analggiplied to individual
structuredelonging talasses of reinforced concrete and masonry buildings. In
onecase, statdependent fgilities have been evaluated for a masonry building as
part of the collaboration withe firmArup ItalyOn the other hand, the evaluation
for building classes has been carried out within the European research project
RISE(Reatime earthquake risktiedudor a reSilient Builipese evaluations have
allowed tachingsome critical points that characterize the estimation of state
dependent fragilities such as: the limitation of computational costs, the choice of
the intensity measure, the definibbengineering demand paranszterd limit
states.

Finally, in order to reduce the computational cost of the methodology for
statedependent fragility assessment, a simplified method appliiet#entmie
dominatedeinforced concretructures is presented, basedaniinear static



analysis and onreew proposegredictive modelvhich allowspredictingthe
distribution ofcapacity curvearameters falready damaged structures.

Keywords seismic sequences, aftershatksedependent fragilitiesequence
based seismic reliability; damage acatiomul



Sintesi in lingua italiana

Nellapratica corrente di valutazione del rischio sishassumgeneralmente
che il danno strutturale siausatala singoli eventi sismici. Tuttavia, trascurare
che in realta i terremddi verifichinaraggruppati nello spazio e nel terppo
portare d una sostanziakpttostimasia della pericolosita sismica cliella
vulnerabilita strutturalearicerca in tale anito ha infatti,dimostratochenon
considerarée replichesismichgeventi sismici cheeguonda scossa principale)
pud portareanchea differenzesignificativenella valutazione della pericolosita
sismica. Per quanto riguarda la vulnerabilita siteittiarnecessita di considerare
gli effetti delle sequenze e stata evideaniehtaa recenti eventi sismici, quali le
sequene di Christchurch(2016201 1) , dRbmagmial i(2012) e de
Centrale (201B017) per citarne alcenQuesti eventi hanno mostrato che
almeno parte dei danni sisnosservatisul patrimonio edilizio &mdovub
all'effettocumulato di scosse che si sono susseguite in breve tempo

La presente tesiifocaliza pertantsuduedellecomponenti del rischidapé
la pericolosita sismi@lavulnerabilita strutturale sucometrattarleper tener
conto del verificarsli sequenze sismiche.

Nel |l dambit o del,lbhpresente tesi applitadagpiotedurasii s mi c
Sequergased Probabilistic Seisianid Aaalysié Regno UnitoTale parte, & stata
sviluppata in collaborazione d@we Arup and Partners Laoddobiettivo di
sviluppare mappe di pericolosita della nazione che tengano conto degli effetti delle

sequenze sismichaonchéd i indagare gl effetti del
secondariaella valutazione della pericolosita simica
Parallelamenta e | | & a mlvilnerabilitd gismica, la tesi affradda
diversi punti di vista stimadelle fragilita statdipendentignodelli difragilita che
consentono di tener contb e | fatto che | devento sisn

struttura che si trova in condizioni non ttetagia danneggiata da eventi
precedentinizialmentee stataffrontato il calcolo delle fragilita stdifgendenti
mediante il metodo rigorosbe | | danal i si dbackta-backc a i ncr
applicato a singole struttagpartenenti elassi di eddi in cemento armato e
muratura Nel dettagliple fragilita statdipendenti sono state valutate per un
edificio in muraturan e | | 6 a mbcollaboraziehe Icdaup Italia La
valutazione per classi di edifici é Statacec ond ot t a n eobeftddda mbi t o d
ricerca EuropeRISE (Reatime earthquake rlsk reduction for a reSilenalEurope
valutazioni hanno consentito affrontarealcuni punti criticdela stima delle
fragilita statalipendenti qualia limitazione ddloner e comput azi onal
della misura di intensita, la definizione di un adeguato parametro ingegneristico di
domanda e degli stati limite.

Nel | & ortitdiucrar eahpu@Bzionate rdela metodologia rigodos
valutazione delle fragilita stdipendentiviene infine presentat;m metodo



semplificat@pplicabile alle strutture in cemento arfhatd comportamento é

dominatodd primo modadi vibrare Tale metodokas at o sulnomanal i si
lineare e su un modello predittivo appositamente svilugpatoonsente di

prevederda distribuzione dgiarametrche definisam la curvadi capacita di

strutturegia danneggat

Parole chiave Sequenzsismichgfragilita statalipendentiaffidabilita sismica
basata s@kequeng cumulo del danno
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1.1. Background andmotivation

Current practice of seisnrisk assessmanttlyconsiders the occurrence of single
seismic eventbpth from the point of view of seismic hazard, i.e., through th
application of Probabilistic Seismic Hazard Analy@ig\(FCornel, 1963and
from the point of view of structural vulnerability assessnieahdoes not take
the issue oflamag@ccumulatioto accounti.e.,eachseismic event fisdhe
structure in its intact conditiowith no consideration @y possibledamage
caused by earliearthquakeddowever, the assumption tha risk to the built
environmentarisesexclusively from singarthquakes refusedby thevery
natureof seismi@ventswhichactuallyoccurin timespace clustefmainshock
aftershock sequenceshyoreover, past disastér@veclearly demonstratekat
aftershocksoften cause additional damage to buildings irdrastructure,
exacerbatinghe harmcaused by the magarthquakeRecentseismicevents
including the sequencesChristchurchin 20162011and EmiliazRomagnan
2012, as well as tharthquakeis central Italyin 20162017 have highlighted the
potential pitfalls afhe currat approactandindicate a cleareed to revisithow
seismigisk assessmeistcarried out

Thisthesisoncentratesn twoof thecomponents afiskreferred to above:
seismic hazard and structural vulnerahiiity the focus on elemeanhatenable
the classicatisk-assessment frameworklie extended to cover the issue of
seismic sequences.

1.1.1SequenceBased Seismic Risk Analysis (Probabilistic Seismic
Risk Analysisthat accountsfor earthquake sequences)

Seismic riskan be defined as the probability that algfieed level of losses
(expresseith terms of humalives, economic assetgultural valuds exceeded
due totheoccurrencef earthquakesithin a referend@ame-period The riskcan
be estimated at different territoléatels. i.egloba)regionabr sitespecific Loss
canthereforeencompasa single structure, a ciyan entirearea

Seismic risk is a function of three componesgsmic hazard; seismic
vulnerability and expdsréirstof these isepresentety the frequency and the
intensity of the seismeeents occurrinm aparticulaterritoryandcalculatethe
probabilitythatafixed seismintensitythresholdt thesiteof interestsexceeded
over a certain period e The second elemerggismic vulnerabiljtis the
physical environmehtsusceptibilityo sustaininglamagelue toseismic events
of a givermagnitudelt is represented e probabilitthat acertain levebf
damageccusduring an event with a set intensigfined bgn intensity measure
(IM ). Finally,exposutakes into account the locatiguality and quantity of
assets and activities that may be affdettioldirectly and indirectlipy seismic
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eventsand refers tthe probabilitghat a set amount eEonomicdssisexceeded
at a setlamage level.

The best current practice for seisloés assessmemelies on the
Performanc®ased Earthquake Engineerfrgmework (PBEE; Cornell and
Krawinkler, 2000; Krawinkler and Miranda, R@@ich was developédy the
Pacific Earthquake Engineering Reseg®EER)Center The framework was
designedo improvethe decisiormakingin relationto the seismic performances
of facilities Consequentlythe assumedecisiovariablé DV ) can coverosts,
number ofcasualtiesr thedurationof anyindustry downtime. Argther DVs
of primary interest to decistomkerscan be also taken into accoditte risk
assessmeptocedurdasfour stagesasseerin Figure 11: 1) hazard analygise,
quantifyinghe frequency and intensity of earthquakes and groundgn@&jon
structural analys{svhich aimdo determindghe structuratespons@arametejs
3) damage analygi®, the quantification of damage states and their redaijon
to respons@arametejsard 4) loss analysishe evaluation dinanciallosses,
downtime and casualties well as trmnsequencdsr ownes and sociely

7

Hazard Structural Damage Loss/downtime
analysis analysis analysis analysis

Hazard model Loss model

2 [IM|D] P[DV| DM]

Structural : g Decision
Response Dmnigell)’\‘e[spoase Pe;'fonDn;j\ce Sy
i [oM] [ov] g

IM: intensity measure EDP: engineering DM: damage DV decision
e.g,Sa(Ty demand parameter measure/state, variables
e.g, dift e.g, bar backing e.g, $ loss; downtime

Analytic model
P[EDP|IM]

Fragility model
P[DM| EDP]

Figure 110Overview othePEER seismitbss assessment methodology (adaptediraninkler,
20085.

The main advantage of this approach isofimortunityit provides to
compartmentaléhe different phases a$sessirggismic risky separatinthem
into disciplinespecific contributia (engineering seismology, structural
engineering, cost anal/sdecision makingpespite thisdivision, the four
independenstagesare linked througlinterfacingoutput variablesintensity
Measures IMs), Engineering Demand ParameteEDKs) and Damage
Measures @Ms). The first step is the hazard analygiéch determineghe
annual rate of exceedance of a ground motion interediyure at a sitd
interest This isachieved witlthe PSHA (Cornell, 1968 the fundamentals of
whicharedescribedh whatfollows
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Thestructural analysagmso computex vector ofEDPs, i.e., thestructural
response paramede¢hat can be relatet the damageaused totmuctural and
non-structural componentas well as to tlentents of the structurkn example
of an appropriat€&DP is the interstoregrift, although it is possible to use any
other structural parametethat enables investigators tontrol for the
evolutionary state dghe structual damageip to the point ofcollapseThe
relationship betwedBDPs and IMs is typicallydentified viaon-lineardynamic
analyse$NLDAS) andtheir outputs.This is often referred to d@3robabilistic
Seismic Demand Analysis (PSIBhome and Cornell, 200&nd is the
conditional probability that thEDP will exceed a specifigdresholdvalug
edps, assumingthat the IM is equal to a particulavalue im;

PgEDP> eq!g| IM=in. The integration of ik probability over the hazard

curve provides the mean annual frequency of exceedancEDPthe

The DM interfacingvariablecan be introducetb relate EDPs to the
relevantDVs . This facilitatethe computation oDVs from EDPs. In the
damage analysis phasbPs are related t®Ms of thebuilding somponents
(structural, an-structurabr contents)A DM is definedor each constituewof
interest andescrilesthe extentof thedamageausediuring an earthquakihe
output of the damage analysihégelationship betweeBDPs and DMs, and
expressdbe probability of being ircartairdamage statkm given that th&DP

is equal ta given valyedp, P@DM = drii EDP = eglp - Such relationshipse

generallycomputedusinganalytical/numericahodeling laboratory teistg or
field experience.

Theaim of the fourth stagthe loss analysis to estimate thexceedance
frequencyof variousperformancéevels Performance can be parameterized via
one or moreDVs, which aredefined at thesystem or buildingeve. If the
relationship PgDM = drh EDP = eglp for alltherelevant damage states of all
therelevant components are known, thes of interest can be evaluated either
directly owusingcost functions that relate the damage states to costs.

Theentire proceduravhich fornsthe basis aheperformance assessment,
can be summarized in the followirigle integralwhich computethe mean
annual frequency (MAF) of exceding of aDV thresholdYeo and Cornell,
2005:

/(DV)=f G{OY DM) @5(DM "EDP) di3( EDP M) |d(IM. (L1)

In Eq(11) /(IM) is the mean annual rate exceeding a givemm levej
G(X Y)=P( X 2x|Y ¥) is the complementary cumulative distribution
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function (CCDF) of X given Y ; and dG(X Y) and d/ (IM) are the
differentials of G(X Y ) and /(IM). The key assumption of trentire
procedure is the conditional independencBVWfand DM from IM and of
DV from EDP. This implies that intermediate variallesEDP and DM ,
used to relateM to DV , have beerhosento ensure that theonditioning
information isn o t 0 ¢ ar r AscadexampleBEBRsrsitbdid be selected
so that DMs (and DVs) do not vary with intensity, ond&€DP has been
specified. SimilarlyMsshould be choseto ensurghat, oncedt is given the
dynamic response is not also influencemthi®r ground mtion characteristics
e.g.magnitude or sourde-site distance

In its classicdbrmulation seismi-risk analysidoes notake into account
the fact that earthquakes occur in sypatigporal cluste(sainshoclaftershocks
sequencgésndthat astructure can be hit by multiple subsequent evidgrgs
formulation ofthe P E ER C ePBEEefrariesvorkemploysPSHA in the
hazareanalysis phaskeawhile,a convenient timmvariant representation of
the failure probabilitys assumed fothe vulnerability assessmdnt effect,
thereforeonly intact structures are consid@nedkevaluationt being assumed
that enough time will elapgastil the next event for stakeholders to restore a
damaged structure to its initial state.

Consequent)ychanges are required to this classical seisknassessment
to ensure that its evaluations of seismic hazard and structural vulnerability take the
occurrence of earthquake sequences into acOmentvay of doing thisould
be to employ thso-calledSequenceBased RPobabilistic SeismitazardAnalysis
(SPSHAlenwolino et al., 20}40 accountheeffects of aftershocks in lotegm
hazardSPSHAs a welkstablishegdrocedureghat in analytical termspmbines
the classical PSHA anithe aftershockprobabilistic seismiazard analysis
(APSHA, Yeo and Cornell, 20Q9@roducinga seismitazard integrathat
accountsfor mainshoclaftershocks seismic sequentésre detailson the
SPSHAareset outin the following paragraphs.

The occurrence of mainsheafkershock sequences should also be
considered in the assessment of seismic vulnerabidityyould takiato account
the fact thastructural failurenay be causewt onlyby a single shock but also
due to damageccumulatedvermultipleseismi@ventsindeed earthquakes are
known to be clustered in both space and timaninghatrepairs may not be
possible between shockéis can be madsy computingthe statalependent
fragility curvesassuminghe simplest form of dependency between damage
increments for which structural vulnerabitjtyen the features afparticular
earthquakejepend®n (only) the state of the structure at the time of the shock
(lervolino et al., 2016
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The main concepts at thearthof both classicgdrobabilistic seismic hazard
analysisndSPSHA, as well #& methodemployed to asseadnerabilityare
set outn the following sections.

1.1.2 Objectives of the thesis

The main objectiveof this thesisis to comprehensively deal with issieof
including theeffects of seismic sequenaesseismic risk analysiBhis is
approachetiaving regard to two complementary elemBr#sismic hazard and
2) structural vulnerability.

The inclusion of seismic sequences in any assessment of the first element can
be achieved with the SPSHA, which is aestblished procedure first presented
bylervolino et al. (20)1dndwidelyusedn thecase of Italflervolino et al., 2018;
Chioccarelli etla 202) Consequentlythis pat of the thesisexamines its
application tcanothercountry,i.e.the Unhited Kingdom(UK), in orderto: 1)
develop thenationalseismi¢hazard mapsf the country thatake into account
the effects of seismic sequeneesl 2) quantifythe incremergint he UKO®3 s
seismic hazaasa result otheaftershocksT his part of the thesigascarried out
in collaboration with the fir@ve Arup and Partners London

The inclusion of seismic sequences in the context of the second
complementary elemendtructural vulnerabilityis possible through the use of
statedependent fragility curves thaltow tikinginto account the damage
accumulation process that occurg do multiple seismic events after the
mainshock.This part of the thesis ha®veralobjectives First of all, the
assessment of statependent fragilityurvesof individual structurdselonging
to classes of reinforced concr@®€)and masonry buildiswhich isconducted
via the rigorous procedure of b&mlback incremental dynamic analyBia.).

In one casethanks tothe collaboration with the firmArup Italythe state
dependent fragility functionsvere evaluated for a caskdy building
representative ttiemasonry terraced housesnmon in an area near Groningen

in the north of the Netherlands. This type of structure (in this location) was chosen
because commercial gas production in the region thearsich buildings
experience earthquakes and have been studied widely in recent years as a result.
On the other handhestatedependent fragiliti@gereassessed fexisting Italian
building classes. The structures under consideraipexistingesidential RC

and masonry buildings in Itaye taken from the outcomes of the SERA project
(Seismology and Earthquake Engineering Research Infrastructure Alliance for
Europe).The currentassessmetas also been conductsidhin the ongoing
European esearch project RISRealtime earthquake risk reduction for a
reSilient Europe)lheseassessmentgve allowedealingwith the main issues
concerning the assessment of stapeendent fragilitissich as: the limitation of
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computational costs, the atwiof the intensity measure, the definition of
engineering demand paransded limit states.

Finally,a simplified methofbr the assessment of stdependent fragilities
based omontlinear stati¢also known gsushoyanalysiss presented hiswas
developed tdower the computational costs compared to the classic, more
rigorous approach, enabling the evaluation ofdetpésndent fragilities fimst-
mode dominateckinforced concrete (RC) structurégssimplified methodso
required the developmentgbredictive modédr evaluating the central tendency
and recordo-record variability of constamtctility residual displacements of
bilinear singldegreef-freedom system{SDOFs)thatdegrade istrength and
stiffness under cyclic loading

1.1.3Organization of the thesis

This thesis is structured such thhé remainder o€hapter 1provides an
overview of the main concepishind the extension of the classical seiskic
assessment to also cover the issueisrhisesequencellore specificallthe
essential elements of the PSHA and SPSHA are briefly described in relation to
seismic hazar@hen,with respect tstructural vulnerabilitare introducethe
analytical methods for the assessmeiheofragility curves for both intact
structurs (i.e.,structurespecifidragility curvésandalreadydamaged structwre
(i.e.,statedependent fragility curyes

The rest of the thesis is organized as foll@apter2 presentanational
scale applicatiaf PSHA and SPSHA to the UKith hazard maps tbfe country
producedor threeIMs and four return period8. comparison of the results of
the two methodologies informs an assessment of the $eizaerit damage
increments caused by aftershodke work in thispart of the thesisvas
developed in collaboration with the fibwe Arup and Partners London

Chapter 3 deak with theevaluationof the structurespecific and state
dependent seismic fragility functiontheDutch unreinforced masonfyRM)
buildingrepresentative of the masonry terraced houses locatedanttieen
region of theNetherlands, near Groningdime fragilities of the intact structure
are first assessetih Cloud Analysis, analyzing the tdigeensional model
developedavith LSDYNA finite element softwarSubsequently, the assessment
of statedependent fragilities éenducted using two equivalenelasticSDoF
systemseactof whichrepresenta direction of the structure and whose definition
is based on the pushover curves obtdinadthe analysis ttie originamodel
The work in this paxf the thesis hasbn developed in collaboration witbp
Italy.

Chapter 4 presents thanalytical assessmentbaakto-back DA of the
structural vulnerability models for Italian building clagk&hareone of the
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outcome®f theRISE project. The structures under consideration are taken from
the SERA project antklateto existing residenti®®C and masonry Italian
buildings Two issues affecting the assessment of fragility functions are also
addressed.e.,the choice othe IM and the identification of the number of
ground motion records executéhe NLDAS.

Chapter 5 introduceghe predictive modeisedfor evaluating the central
tendency and recotdrecord variability of constagdctility residual
displacements obilinear SDoF systems that exhibit strength and stiffness
degradation under cyclic loadiflgis istypically observed RCstructures with
predominantly flexurddehaviorSo me o f t dpplicatiom adeeallsdd s
presentedvith particulaattentionpaidto its usen the probabilistigredictionof
the postearthquake pushoveurve ofadamaged structur€hisis the hearof
thesimplifiednethodology developed in the thisigstimating statdependent
seismic fragility futions (introduced in th following chaptgr Meanvhile,
Chapter 6 outlines thisimplifiedapproach, which is based mnlinear static
analyss andthe predictive modedescribedn Chapter5. After introducing the
stages ahe methodology, the simplified method is compared to the rigneyus
i.e., thebackto-back Incremental Dynamic Analysis (IDAhrough the
application to aase study

Finally theimportant contributions and findings of the studgwaremarized
and discussed in the last part of the thesis.

1.2.Classical and SequenceBased Probabilistic Seismic Hazard
Analysis
The classical PSH#as firsformulated in the milestone work®yrnell, (1968

Its goal is to estimatke average number of mainshocks petiomgt(often one
year)hat causan IM thresholdim atasite of interedb be exceedgde., the

exceedance rat€hisrate, indicatedereinas Rim,E, is timeinvariant and defines

thehomogenous Poisson procé$BR) regulating the occurrence of earthquakes
that causéhe im to be exceedeanler time So, fora single seismic source zone

affecting the sitévgimyE is computed as pEg. (1.2) (Kramer, 1996

kme=c B "7 MM >imM =m,R.=r,_g fP, (m) dndc 12

TE.min ME min

In thisequations. is the rate of mainshocks watmagnitude equal to greater
than the minimumn{. ;) deemed possible for tlseismicsource and it is

calibrated based on a -destered catalog. The term
P[IM;>im|M .=m,R. =rg], which is obtained witla ground motion
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prediction equation (GMPE), represehesdonditional probability thide im

is exceeded due to a mainshock avitgnitude equal to andasourceto-site
distanceequal tor . This probability also dependsgnwhich allows additional
parameters such as local soil site condaimhsherupture mechanism of the
sourceo be taken into account.

The joint probability density function (PDF) of the mainshock mag(ude

and distancér. ) is f,,_. (m,r). Assuming thab. andR; arestochastidy

independent random  variablesRVs) this is calculate as
fu.r (M= £ (M Qf (), wheref, (m) and f._(r) are the marginal
distributions othe magnitude and distancetloé mainshocks, respectively. The
formeris defined betweem. . and the maximum considered for the source,

M . It iS generally describesinga truncated exponential distribution derived

from the Gutenbergrichte (GR) relationshipqutenberg and Richter94y.
The distribution of thiatter whichis definedis beingpetweerr, . andrg ..,

generally onlgepends on the geometry of the source and the position of the site
with respect to the source itself.
In the case of multiple seismic sources,ssay number,the calculatioris

S

conductedne source at a time and the reswéiaddedup: /,, ¢ = a hoeir
i=1

The SPSHAenablesccountto be taken ofhe effect of aftershocks (i.e.,
ignoringforeshocks)lt usesthe same input dee PSHA, that is, the rate of
mainshocks from a dhdustered catalog\ nonrhomogenous Poisson process
(NHPP) is used to model theccurrenceof aftershocks conditionalto
mainshocl magnitude and location. In these hypotheses, th@utedmeof
the SPSHA is the average number of seismic sequengdesthigatinitof time
causeat least one exceedanceémfatthe site This rate, referred kereas Rim,

defines the HPP process regulating the occurrenoathomainshocks, and
subsequengftershocks, thdead to theexceedancef im over time This is
calculated witkq. (1.3):

. Q& e max ME max
k. = Q?) i v imgM =mR. =rg] 3
Te,min ME min

-EfN (0 Dy ) g4 fIMs >mMy m=R 4 @luf jGu gre (Mar M 4@ O

U
3e TA,min MA,min QAE:RE ( m,) (m] Ig‘
)
y
1
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The (A) subscriptin this equatiordenotes terms pertaining to aftershocks.
P[IM. ¢im/M_.=m,R. =rg] isequaltd- F[IM.>im|M_.=m,R. =rg]

. The exponential term represents the probability that none of the aftershocks,
triggered bpmainshock with magnitudé. = m ard adistanceR. =r (strictly

speaking, it should be locatiort distance)causedhe exceedance oim
betweent =0 (i.e., the occurrence time of the mainshockjrenduration of

the sequenceDT,. P[IM, >im, |[M, =m ,R & g| isobtained with the
GMPE andis the probability thaim is exceeded given an aftershadth a
magnitude M, =m, and a sourceto-site distanceR, =r1,. The term

fu. rove 1S the joint PDF ofhemagnitude and distanceaftershocks ant

is conditional on the features of the mainshock (i.e., magnitude and location)
occurringatthe source. Assuming thdt, andR, are conditionally independent

RVs this functions f

Mo R = fuome @uwe s o Where £, is the
conditional distribution dheaftershocl@magnitude (i.e., following the GR) and
fraw. r IS the conditional distribution of thei tdistanse tdhe aftershocks.

The magnitude distribution dlfie aftershocks is bounded by a minimum
magnitudem, ., and m (i.e., the mainshoGksnagnitude). The location of
aftershocks with respect to the site depends on the location and magnitude of the

mainshock. The distribution of the aftersh@iksance is bounded withig, ..,

and r, ..., Which arefte minimum and maximum values possibleRfor

respectiverEg\l Am (O, DTA) is the expected number of afterstwoeith a

magnitude betweem, . and m, generated by a mainskavitha magnitude
M. =m, in DT, . This iscomputed according ¥eo and Cornell (2009

\ 1G7%m R g
Eg\l Am (0’ DTA ) 8: p-1

wherec and p are the parameters of the modified Omori law, which models the

temporal decay of the rafeaftershocksanda andb define the GR relationship
for theaftershocks.

The hazard curve for PSHA aBBSHA, respectivelyare obtainedby
calculatingg. (1.2) andEq. (1.3) for differentim valuesvithina range of interest.

g . 1
gé‘)p( TD ¢1°+{ (L4)



CHAPTER1 41

1.3. Fragility curvesof intact structuresand state-dependent fragility
curves

A structurespecifi¢ seismidragility function defines the conditional probability
thata structure will fail to meet some performance objectivgribtiedshaking

intensity measurfgM ) is at a specific leveh. This failure is oftereferred to
as theexceedance oflianit or damaggtate(DS) andtraditionallyrelates t@n

intact structure that experiences a single seismic event. In the simplest of cases,
fragility can be definegsingan appropriate measuretloé structural response
(EDP), and a threshold value theresdp, . The exceedancef this threshold

is taken to signity h e s t tramsitian framatdiritial stafimtact conditions)
to the generi©S, as expressed by EQ5):

IM=im g=RR DS IM Simg ® EDP pdp IM . (15)

If seismic reliability calculations are expected to accouseisaric
sequencest is necessaty evaluate the probability that an alreayaged
structuretransis in a single seismic event frome DS, sayDS, , to another

Pef

more severe ond)S;. A statedependent fragility function will provide that

probability, conditionalpon theoccurrence of a shaking intengityduring one
of the shocks in the clusterThis can be expressed as

PEEDP> edp . | DS A& IM= ir. In this caseedp, . denotes theEDP

threshold forDS; when the structure is the damageondition identifiedn
DS, Meanwhile,the statelependent fragility can simpghe denoted as
PgDS| DS A& IM= im.

Thefollowing paragraphs describe the analytical methods for the estimation

of thefragility functions of the intact structures dnadstatadlependent fragility
curves.

1.3.1 Analysis methodologies

This section describélse stateof-the-art of the analytical metius used to
estimatefragility functionsSuchmethodologiesn PBEE typicallyconsistof
subjecting thenumerical model of thetructureto NLDAS, collectingthe
structuratesponséo a suite of accelerograifise analyticanethodologiessed
in thesefragility calculatios can beclassifiedaccording tdahe typeof fragility
functiorstheyare abléo estimate, e. structurespecific fragility curvésr intact
structuresor statedependent fragility curvéhere are alternative procedures
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available itheliterature for characterizing the relationship betareEDP and
an IM andfor assessing tifigagility curvesf intact structure$/lorespecifically,
common NLDAs methods in earthquakegineering research:dreremental
Dynamic Analy$§iDA; Vamvatsikos and Cornell 2001, 208ultipleStripe
Analysi@MSA Jalayer and Cornell, 2p@#dCloud AnalygSA, Jalayer et al.,
2015, 2027

In relation tahe assessment of stdependent fragiiturvestheexended
version ol DA, referred to abaktoback IDA(Luco et al., 2004; Ryu et al., 2011;
Goda, 2012; Rui@arcia, 2012; Raghunandan et al., 2015; God3,i2015
describedn whatfollows. Also introduced arine simplifiegpushover analysis
basegrocedurefor the simplifiedestimation of statdependent fragilities

1.3.2Methodologies forassessingstructure-specific seismic fragility
1.3.2.1Incremental dynamic analysis

IDA is a type of NLDA developedo investigateahe dynamidehaviorof
structure at different levels adeismic intensitgoveringthe entire rangeof
structural behavior from elastic to nofinear and ultimately,to collapse
(Vamvatsikos and Cornefl001, 2004 The procedure involveperforming
multiple NLDAs using a suite of accelerogramach recordf the setis
progressively scaled in amplitude to increasing levels of shakingimtedsity
to covera broad range dil levelsThestructural responsexpresseth terms
of an EDP, is registered at eadl level for each acceleration recdrdis
produces continuou€EDP - IM relationship, termed H3A curve or dynamic
pushover.
Some assumptiof@m the basis of thjgrocedure:
A Thesufficiency of themM chosen to represetiite seismic intensityl his
leadsto the assumptiotinat the EDP random variableonditioned on the
IM is independenbf othergroundmotion featuresi.e.,the magnitude
ard sourceto-site distancge.g.Luco and Cornell, 2007
A The scaling robustness of tiv . The assumptiomere ighatthe use of
scaled recorafoes not introdudaias into the distribution tdfestructural
response obtained from the analfgisegolino and Cornell, 2005
An example o&nIDA is reported irFigure 22a
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Individual IDA curve @ EDP response per record @ EDP - IM point
- 16%, 50%, 84% fractile curves — Regression line
(@) (b)
edpg
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Figure 12 Dynamicanalysis methods for the assessment of fragility &@ri@s: curves ofan
SDoF oscillatomwith 16, 50 and 84% fractile curves and EDP thre&ipkample oan MSA
obtained fofive IM levelgb);logarithmiescale scatter plot tife EDP-IM responsg obtained via
CA andthe corresponding leastjuares regression line (c).

Ensuringparallelism with the ndimear static analyseveals thagachDA
curvehasa distinct linear elastic region, whéchinatest theoccurrence of the
first nonlinearity Subsequently, ticerves develop in a namonotonicmanner,
i.e.,swingng back and forthrepresentinghncreaseand decreasén therate of
damage accumulation. The final horizontal braineach IDA curvedenotes
the onset of dynamic inkiity, which is aphenomenon that consists of
unrestrictedieformationgrowthfor smalliM incrementsConsequentjyDA
flatlinescorrespond t@as t r u c t swagdlapsesthedteucture

As shown irFigure 22a acommon way of summarizing IDA resultsaior
entiresetof recordgsto calculate and plthte 16, 50and 84% fractile IDA curves
of the EDP given IM, or viceversa(Vamvatsikos and Gweell, 2003 This
correspond to the mearplus/minus one standard deviation of a Gaussian
distribution.

The analytical derivation of the fragility cutypikally involves fitting a
parametrigrobability modeto the results ofan IDA. The modelgenerally
chosen is lognormadlthough othetypescanalsobe used (i.e., the gamma
distribution) Two alternativapproachesan beemployed to assdsagilityfrom
thelDA resultsthelM-baseahd theEDP-baseth both casesnEDP threshold,
edps, can be defined, so that its exceedance will be tantamount t(stsel &Eg.
(1.5)). The IM-based method entails finding the intersections of the IDA curves,
imys, with the vertical line passing through the threstaifd value Eigure
128). Theseim,svalues can be regarded as realizations of MRV, which is

the seismic intensity to which the ground matiost be scalddr the structure
to achieethe DS. The fragility functionanthen be considered as the probability

of IM,s being equal or lower than the level of seismic intdragitpayoccurat
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the site,i.e., P[DS|I M =im] =H IM,g . Assuminghat IMg follows a

lognormal distributigrthe fragility function can be estimated according to Eq.
(1.6):

é (mqDS ,) (16)

wheres and b are the parameter estimates (median and logarithmic standard
deviation) of the assumed lognormal distributiokgf, im,s ; is the realization

of the RV coming from to thieth record and F ( § is the standard Gaussian
(cumulative) function.

Of course, it is not necessaryattopta parametric model for Hvhased
fragility; in fact, a neparametric representation can be obtained directly from the
sample oM values, according t@E1.7):

P[ f1IM :im] :nlai I(imflimnj @7

where I(imf_m) is an indicator function that returns 1linfi ; ¢ irror O if
im; ;> im.

Structural fragility can also taculatedisingthe EDRbasedapproach
whichis suitabldor both the IDA and the MSA The next paragraph describes
employing this approach to assess structural fragilities.

1.3.2.2 Multiple -stripe analysis

MultipleStripe Analysiss aNLDA methoalogysuitabldor performancéased
assessment®nsidering wide range of ground motion intensities and multiple
performance objectiyesangingfrom the onset of damage throudgh global
collapsdJalayer and Cornell, 2D08

Similarto IDA, MSA calculateshe EDRresponse of a structure \arious
increasing lewebdf the seismic intsity. The maindifference betweethe two
proceduress thatMSAprovides thepportunityto usadifferent suites of records
for eachiM level Consequenty'SAcan only produdfe same results as IDA
onlyif the same set of recorideemployed at different intensity levels.
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The record selection for M&carried out by selecting suites of re¢batls
reflectthe sitespecift seismic hazard at edth levelin order to render the
seismic structural demdmakzard consistefitin et al., 2013a, 2013b; Jayaram et
al., 2011 This emsures that the spectral stsapé the selected records are
compatible with the expected spectral shapes for a given intensity. A@asur
example of MS& sesults iscontainedin Figure 12(b), in which theEDP
responselave been obtained for fid levels

Structural fragility can memputedin MSA by adoptingthe EDRbased
approachwhichcanbe usedwhenthe EDP responses are obtained at discrete
(fixed) IM levels. When thes&DP responses are plotted against the
correspondingM values they arelisposedn horizontal stripes (e.grigure
12b), one for eacbf theleves of shaking intensitynder consideration

Countingthe fractbn of records in each stripe that cause the limit state
threshold edps, to be exceeded enaltles fragility parameters and b to be

obtainedvia the maximurdikelihood methodiescribedn Baker(2015 and
reported in E¢L.8):

& . & enlim). s d
i, }?=argma>éuaﬁ%g%'l‘_ 3+ |nfjj EW fﬁ
, éln(im) A (18
vz i) " T
+(n -qj) I|1§1 ug b UE

whereu is the number ofM levels considered (i.e., the number of strifitbs,
each stripe containing responses fitaecords), and; is the number of failures

observed at the stripe corresponding It =im, (Figure 12b). In this
formulation, cases of naonvergent analysier (collapse caggssayc, in
number, are also countedgn This means that thaye accounted for, despite

the potentiadibsencef a meaningfUEDP valuelt should be noted that, in cases
where the observed numbers of fagluye remain excessively lavhen the

stripesoverall areonsidered, the maximdikelihood estimates implied&q.
(1.8) can experiencawumerical problem# viable alternative for considering
fragility, consistent with the EEased approach, is the thpaeameteper
intensity model adopted B1ome and CorrngR000).
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1.3.2.3Cloud analysis

Cloud analysis gets its name fitsmseof a set of unscaled recoatgseno
cover a vast range of intensity vallrethis way, typically only a single record
corresponds to eadm level resulting in@loud of points in theEDP - IM
plane An example ihe scatter plot iRigure 12(c).

To estimate the statistical properties otlthed dataaconventional linear
regressionwherehomoscedastic Gaussian residualassumeds applied to the
data in the logarithmic scdlkisequateto fitting a powetaw curve téhecloud
data in the arithmetic scale.

Consequent)ythe cloud methodenables the obtention af probabilistic
relatiorship betweeran EDP and IM that predicts the conditional median of
EDP for a given level aM , denoted a#.,,

INAgpe i (IM) =1na +b 1) IM) (19

where Ina and b are constant coefficients that are estimated from linear
regression. The conditional logarithmic standard deviatieDPofgiven IM ,
Acopim can be estimated as:

N

by = & (DR n(a )] (N 2

i=1

whereEDP and IM, representhe correspondingoud data fothe i -th record

in the set andN is the numberfaecords.

Generallyin relation to ultimatémit statessomeof the recordselected
may induce structural collapse,ltieguin very larg&DP values. In these cases,
the displacement demaradues obtainddom NLDAs areunreliable buknown
to exceed eertainlimiting value. Including these rec@dtheir corresponding
EDPs in simpleCA wouldthusbe of questionable validitgonsequent/yto
correctly treat the results of the nonlinear dynamic aralgstsent procedure
can be undertaken when estimathgprobability of failureThis involves
explicitly considering the collapse cases, partitionohguitielata ito two parts:

NoC, which refers to the records for the structure doesallapse andC ,
corresponding to the recordsglucing the collapgdalayer anda@nell, 20081n
thiscasethe structural fragility farprescribelimit statei.e.,DS, can beset out
usingthe Total Probability Theorem:

PREDP> edp| IM= ing=P gDP >gfip IM =im,NfTg ¢ P C[IM) i
+P@EDP >eqdp| IM =im,@ [@ C[IM |im

a1y
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where PEEDP> edp| IM= im,Not is the conditional probability thtite

EDP is greater thathe thresholdedp, given that the collapse has not taken

plae. This probabilitgan be described using a lognormal distributadayér and
Cornell, 2008; Jalayer et al., P@d 7eported in E¢§L.12):

112

alnh
P@EDP> qu| IM= im,mqlﬂlj oo ['EDPIM.NOC  n o
éﬁ EDPI M N oC gug?Q
where A

deviation of the logarithm tfe EDP, evaluatethasedn the portion ofNoC
data.

PgEDP> eq,g| IM= im,(is the conditional probabilityat the EDP is
greater than the threshadp, giventhat the collapse has taken plabés term

eorv.noc AN Doy e @re the conditional median and standard

is therefore equiao unity. Meanwhile,P[CIIM =im] is the probability of

collapseandcan be evaluated using logistic regressloa.( logit) as a function
of IM as reportedh thefollowing, wherea, and a, are the parameters of the
logistic regression.

1

P[C“M]zw (113)

1.3.3. Methodologies forassessingtate-dependent seismic fragility
1.3.3.1Back-to-back Incremental Dynamic Analysis back-to-back IDA)

As alreadgliscussemne way of estimating a si@¢@endent version of a fragility
functionanalyticallisto useanIDA variant known bgome authorasbackto-
back IDA ( Luco etal., 2004; Ryu et al., 2011; Goda, 2012Gatiia, 2012;
Raghunandan et al., 2015; Goda,)20hi& extension of IDAs intended to
producea probabilistic description thie seismic response for structures already
damaged ban initialseismic evenmeaning that, before repairs are possible, they
are susceptible to thdfexts of subsequent events, including mainshock
aftershock sequences.

In backto-backiDA , the structurahodel is first subjected to a set of records
hitting the structuren its intact (or initial) state, each scaled in amplitude to the
lowestim value that results BDP = edp, . At the end of each run, a different

realization of the structure is produced, which caieWwed as havingade the
transition toDS, . Then each damaged incarnation of the structure is subjected
to a second set of accelerogrtmas represents subsequent event of the same
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cluster.Similar to the traditional IDA, the second set of records is szaled
progressively increasimg levelsuntil EDP=edp o is verified for the

damaged structura, an intensity of the shock which can be notéd,as for

thei-th succession of base acceleratisihe results for the traditional fragility

case obtained with an IDA, these intensity values can be used in the manner shown
in Eg. (1.6) to estimate the parameters of a lognormal model of the state
dependent fragility.

Figure 13 containsan example dfackto-backIDA curveswherein, aan
intensityof zero, the curves start from a residt@P value that the damaged
structure has inherited from thaialeventThereforelike a traditional IDAhe
end result of the bat&-back versiofs a set of continuousDP - IM curves
The dfferenceasthat these curves no longeralige the seismiehavioiof the
original structure, but that of the structure that has been subjected tfica speci
damaged state.

Back-to-Back IDA
curve

¢ Residual displacemen estB\DsA

M

L

EDP

Figure 13 Example obackto-backiDA curvesfor the assessment of stdependent fragilis

1.3.3.2PushoverBased Fragility

The classical rigorous methods for assessinglegpatedent fragility functions
usually require significant computational effort, and certainly more than that
needed tanvestigate fragility curves for intact structures. Consequently, it was
crucial to develop simplified, less tomesuming approaches, which are often
based on the ndimear static, or pushover, analysiexamplef these methods

is the staticapproachintroduced bylLuco et al., (20Q4which enablesthe
guantification othe residual capacity mhinshocidamage structuresUnlike

the dynamic method baswubackto-backiDA; the static methadogyis based

on the application of the SPO2IDA tool to the pushover airiree damaged
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structureSPO2IDAwasfirstintroduced byamvatsikos and Corn¢l006 and
represerst a simple and effective link between IDA curves and Nonlinear Static
Analysis.This spreadsheetool comprisesa set of analytical equations for
predicting the median value and variability of the maximum seismic response of
SDoFsystemsvith variougjuadilinearbackboneurves These equations use the
parameters defining the pushover curve and the natural vibration period to
estimatethe 16, 50, and 84% fractile IZArves. Althouglhe methodwas
developed for intact structures, attempts have beenoeadertdt to the case

of damaged structuressin the workby Luco et al., (2004or Bazzurro et al.,
(2003. In the latter study, the SPO2IDA algoritlves used to evaluate the
residual capacity of a damaged struatuaecertain damage sfabe authors
demonstrated that the calculatidrthe median value of the residual capacity of
the structure in each damage state and the capacity of the intact stindbe
exploitedto identify a tagging criterion of the damage state redmheie
structurdollowing the main seismic event.
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Abstract

This study was carrigtooliaboration with the firm Ove Arup and Partners.

From this chajsderived the following paper:

- Orlacchio M., Cito P., Polidoro B., Villara M.y o | i Seaguehce bated Ba2aid)maps 0
for the United Kingdomdé (Under review).

The current practice of probabilistic seismic hazard analysis (PSHA) does not take

into account that earthquakes actually occur irsfiawe clusters. The input for

PSHA is based on ddustered seismic catalogs, used to characterize only the

mainshocks, that is, the largest magnitude events within each cluster. However,

the secalled sequentmsed PSHA (SPSHIgrvolino et al., 20)4allowsus

including the effect of aftershocks in hazard analysis, that is, the eveirtg follow

the mainshock, still conveniently resourcing frociudeered catalogs. In the

United Kingdom (UK), the seismic source model developed for the national

seismic hazard assessment has been recently updated by the British Geological

Survey (BGSBritish Geolgical Survey, 2020n this study, the source model

developed by the BGS (one directly derived from it, in fact) is used to implement

SPSHA in the UKThe calibration of the model for the occurrence of aftershocks,

that i s, t he mdited 6niadet seQuemcesiadundérsome i s

simplifying assumptionshe results, represented by hazard maps for selected

spectral ordinates and exceedance return periods of interest for structural

engineering, are compared to the PSHA counterparts to discuss the increase in the

design seismic actions when the effectsevlabcks are considered. The maps

show that, based on the modeling of aftershock sequences considered in the study,

in the UKthisincrease can hg to14%, at least for the spectral ordinates and

exceedance return periods herein investigated. Theetistiagps are provided

as supplemental material to this paper.

Keywordsismic hazard, seismic sequences, aftershocks, hazard increments.

2.1. Introduction

In the United Kingdom (UK), design seismic actions for structural design are
based oprobabilistic seimic hazard analy§&SHAMcGuire, 2004 For a given
ground motion intensity measi#), PSHA allows to compag the rate of

seismic events causing exceedance of a selected threshold at the site of interest. In
the classical PSHA, the rate of exceedance igntiareant and defines the
homogenous Poisson process (HPP) describing the occurrence of earthquakes
causing exceedance ofgheund motion threshold over tin@go¢nell, 1963
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Although earthquakes typically occur in spetiporal clusters, classical
PSHA complies with the HPP assumption of earthquakes occurrence considering
only the largest magnitude event within each cluster, conventionally recognized as
the mainshock, whi(ehe effects of) the other events in the cluster are neglected.
To achievehis, seismicity parameters for the definition of the input models used
for PSHA are derived from a catalog in which foreshocks and aftershocks, that is,
the earthquakes precedingd afollowing the mainshock, respectively, are
preliminarily removagsingde-clustering techniques (e@ardner and Knogd
1974.

For shoriterm risk management purpodtey and Cornell (2008evelop
aftershock PSHA (APSHA), which provides the probabilityfigrahacks, in a
given time interval, cause exceedance of a ground mwtiadueat the site of
interest. In the framework of APSHA, occurrence of aftershocks in time is
characterized by means of a nonhomogeneous Poisson pkidB8, (
conditional to the occurrence of a mainshock of given magnitude and location,
and whose rate is modeled according to the modified Omodttaw X96)L
(Although, in principle, other mdslelescribing aftershock occurrence can be
embedded in SPHSA in lieu of the modified Omori law.)

lervolino et al. (20)4show that it is possible to include the effects of
aftershocks in lorgrm hazard assessment avoiding the violation of the HPP
hypothesis and possibbtalog incompleteness with respect to aftershusikg
the seocalled sequentased PSHA (i.e., SPSHA). Acknowledging that
mainshoclaftershocks sequences occur at the same rate as the mainshocks,
SPSHA combines PSHA and APSHA resulting in a relatgglg-implement
hazard integral, which allowemputingthe rate of mainsho&ktershock
sequences causing exceedance of a wethreshold at the site. Because
SPSHA models the occurrence of aftershocks by means of thedndiié
law, it neglects foreshodhkat although can also possibly contribute to hazard,
are generally considered of minor relevance to structural engivideragpect
to aftershockéveo and Cornel2009.

Before proceeding any further, it is to note that there are other approaches
that allowaccountingor earthquake clusters in seismic hazard analysis (e.g.,
Zhang et al., 2018, 2021; Papadopoulos et aj M28&icchi and Taroni, 2014
One of these approaches, which aen assumed as a benchmark by
seismologist the one referred to as epidetyyie aftershock sequences (ETAS;
Ogata, 1998However,Wang et al. (20R1considering a point source model,
recently discussed that the differemeesazard results betweS8RSHA and
ETASbased seismic hazard analysif éinsited relevance, if afgr, earthquake
engineering purposes.



CHAPTER2 5S¢

Recently, the British Geological Survey (B&fsh Geologicaburvey,
2020 has developed new PSH#sed hazard maps for the UK. The study
presented herein, similar to whns done inlervolino et al. (20)18and
Chioccarelli et al. (2D2for Italy, aims to investigate the implications, on the
definition of design seismic actions in the UK, stemming from including seismic
sequences in hazard analysis. To do so, the SPSHA procedure is developed at the
national scale, using a simpljfied valided version of the BGS source model
wherethe validation consists of comparing the PSHA results against the official
BGS counterpart. The parameters of the modified Omori law, required by SPSHA,
are calibrated basedafew sequences (becaiisegeneral paucity of aftershock
data in the UK) from a cataldgveloped fothe UK {Villani et al., 2020

The SPSHA results for the entire country are presented by hazard maps in
terms of (5% damped) spectral (pseudo) accelerations at three vibration periods,

as thelMs, and for four exceedance return peripflg of structural design

interest. Subsequently, SPSHA results are compared to those from PSHA,
implemented using the simplifiedzardmodel, to discuss the effects of
aftershocks on designsseic actions in the UK.

The paper is structured such that the essentials of SPSHA are recalled, first.
Then, the source model is introduced followed by the calibration of the modified
Omori law for the UK. After presenting the hazard maps, the hazaabdscr
due to aftershocks countrywide are discussed by comparing SPSHA results to the
PSHA counterpart. Moreover, considering three sites in the UK exposed to
comparatively low, mid and high seismic hazard, the aftershock effects are
explored with referen¢e a wide range of spectral periods and return periods,
using uniform hazard spectra (UHS). simple sensitivity analysis of the
parameters of the modified Omori law precedesfsmaheemarkshatclose the
study.

2.2. Classical and SequencBased Probabilstic Seismic Hazard
Analysis

Classical PSHA provides the average number of mainshockstpee often

in one year) causing exceedancenf tareshold(im) at the site of intereste.,

the exceedancete,aRim'E. Thisis timeinvariant and defines the HPP regulating

the occurrence of earthquakes causing exceeddantewér time. Classically,

k.. ¢ iscomputedusingEq(2.1); i.e., the hazard integral, which is herein written

considering a single seismic source zone affecting the dttea(eay,,1996

im,E
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Kin & =/ 'ﬁrE'””“ msﬁ"’* PM c>im|M (=m,R.=r, g fd, (m,) dnOc (21

I’E,mm mE.mm
The subscript:, isadded in order to distinguish the rafe - from the rate evaluated
using SPSHA, to follown the equations7; is the rate of mainshocks with magnitude
equal to or larger than the minimum () deemed possible for the source and it is

calibrated basexh a declustered catalog. THg, - (mr) term is the joint probability
density function (PDF) of the mainshock magni(LMeE) and sourcéo-site distance

(Rg) . Assuming thaM. and R. arestochastically independent random variables, it is

fu.r (M= £ (m Of () where f, (m) and f. (r) are the marginal
distributions of magnitude and diste of mainshocks, respectively. The distribution of
magnitudes defined betweem ;. and the maximurmagnitudeconsidered for the

source,M ..., and is generally described by a truncated exponential distdbtitied

by the GutenberRichter (GR) relationshigGtenberg and Richter, 1944rhe
distribution of the distance, whishdefined betweery .., and I ..., generally only
depends on the geometry of the source and the position of the site with respect to the
source itself. The terlﬁ[IM c>imMc=mR. = r,g] , provided by a ground motion
prediction equation (GMPE), represents the conditional probabiliiprthatexceeded

due to a mainshock with magnitude equdftand sourcéo-site distancequal tor .

This probability also depends @n which allowsisto account for additial parameters

such as local soil site conditions, rupture mechanism of the source and/or others.
Consideringnultiple sources only entails the summatidrmg referring to each source.

SPSHA allowsisto account for the effect of aftershocks (i.e., neglecting
foreshocks) in the hazard assessment, using the same input as in the case of PSHA,
that is, the rate of mainshocks from &ldstered catalog, and modeltimg
occurrencef aftershocks using &HRPP, conditional to the mainshock magnitude
and location. In these hypotheses, the main result of SPSHA is the average number
of seismic sequences that causes at least one exceentaratetiod siten the

unit time This rate, hrein referred to aﬁm, defines the HPP process regulating

the occurrence of mainshocks, and following aftershocks, that cause exceedance
of im over time, and it is computed via EQq22):
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k. = ij 1ﬁ | M. imgM =mR.=rg|] 3

Te,min ME min
TA,max m 0
EQ (0. B2) G @M M mER A @l wGo gre (Mar MW 4@ O " %J
3e TA,minMA min QAE'RE ( m,) @1 g
L
y
22)

In the equation, th¢ A) subscript denotes terms pertaining to aftershocks.
P[IM. ¢imM.=m,R. =rg] isequaltd- F[IMc>imM.=m,R. =r 4]

, Whereas thexponential term represents the probability that none of the
afteshocks, triggered by the mainshock with magnkyde m and distance

R: =r (strictly speaking, it should be location rather than disteacsgs
exceedance @ betweent =0 (i.e., the occurrence time of the mainshock) and
the duration of the sequen&s,, . P[IM, >im, [M, =m ,R & g], which

is provided by the GMPEs the probability thaim is exceededivgn an
aftershock of magnitudd , =m, and source to site distariRg=r, . The term

fu, rowe.r 1S the joint PDF of magnitude and distance of aftershocks, which is

conditional on the features of theimshock (i.e., magnitude and location)
occurring on the source. Assuming tidf and R, are conditionally
independent random variables, it fig - v s = fum. @ m.s » Where

fu.m. 1S the conditional distribution of aftershocks magnitude (i.e., following the
GR) and f, ,, . IS the conditional distribution of the distance of the site to
aftershocks. The magnitude distribution of the afigkshis bounded by a
minimum magnituden, ;. and m (i.e., the mainshock magnitude). The location

of aftershocks with respect to the site depends on the location and magnitude of
the mainshock. The distributioh the aftershocks distance is bounded within

r andr which are the minimum and maximum values possilig for

A,min A, max?

respectivelyE@N Am (Q DTA) is the expected number ofteashocks, with
magnitude betweem, .. and m, generated by a mainshock with magnitude
Mg =m,in DT, , and it is computed accordingreo and Cornell (2009

)1 )
Eg (007, 020 g { T ¥y @3
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wherec and p are the parameters of the modified Omori law, which in fact

models the temporal decay of the aftershocks rate, wheredd define the
GR relationship for aftershocks.

ComputingEg. (21) and Eq.(2.2) for different imvalues in a range of
interest provides the hazard curve for PSHASRISHA, respectively. Hazard
curves for different spectral ordinates, in turn, allow retrieving the UHS, i.e., the
spectra whose ordinates (when considered individually) have the salaecexce
return period, for the site of interest. Hereafter, the spectral ordinates of PSHA
and SPHAbased UHS ordinates will be indicatedsas,, and sapg.,

respectivel\Dbviously, itik,, 2k  for anyimvalue; thusa,q.,.2 Saga-

2.3. Source Model and GMPE
2.3.1. BGS logic tree

Both PSHA and SPSHA presented in this work were implemented by using the
source model recently updated by the BGS. The PSHA study of the BGS features
a complex logic tree, consisting of several branches. In each branch, the source
model is based on 22 s@issource zones, whose geometry and ID are shown in
Figure 2L (together with five sites of intertdsdt will be considered latéfhe

source modesidefined on the basistbé current understanding of seismicity in

the UK, taking also into account the surrounding areas which are considered to
have some impact on the seismic hazard of the country; i.e., the Viking Graben
(VIKI), the Normandy (NORM)ral the BelgiuaPas de Calais region (PASC).

For each zone, the expected magnitude frequency distribution of the earthquakes
follows a GR relationship, with minimum magnitude equal to 3.0. The
uncertainties affecting the seismicity parameters of the rertekea into
accountusingof 100 branches of the logic tree, varying in terms of maximum
magnitudep- value and annual rate of mainshocks with (moment) magnitude
equal to or larger than 3@,(M 2 3). More spefically, according to the logic

tree, four maximum magnitude (i.e., 6.5, 6.7, 6.9 and 7.1) and 25 couples of the
b- values and. (M 2 3) are identified for each source zone.

Considering the mean of the@{M 2 3) values, which is also provided

by the BGS for each source zone, one can observe foatebig. (M 2 3)

is0.0037 events per year for the zone named BALA, whereas the largEat rate 1.
events per year,f@ the MMCW zone. It is worth noting that seismicity for two
zones; i.e., MMCW and MENA, is defined usingparbie GRmagnitude
distribution British Geological Survey, 2D2e first GR distributionmodels

the occurrence of mainshocks in the range of magnitude between 3.0 and 4.5,
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while the other applies between 4.5 mng,.. Both BALA and MMCW zones

are located at the westward side of the UK; in the neghpart of the country
the rate of earthquakes with magnitude equal to or larger than 3.0 is within 0.1 and
0.47 events per year.
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Figure 21 The seismic source model used in this study with zone names and locatisitesf five

The logic tree implemented by the BGS also accounts for the uncertainty
affecting the hypocentral depth considering four possible values; i.e., 5 km, 10 km,
15 km and 20 km. Strikép is the dominant rupture mechanism for all the seismic
sources.

The BGS study follows the same rENPE approach used Tmomans et
al. (2019 whichconsidersive GMPEs:Atkinson and Boore (2006, 2)11
Rietbrock et al. (201 Bindi et al. (20)}4Boore et al. (20)4ndCauzzi et al.

(2015. Thesgopulatehe logic tree with different weighgsdi et al. (20)4nd

Boore et al. (2014re given the largest weight, Oajzzi et al. (20LE given

0.2, whereas 0.1 is assumed\tkinson and Boore (2006, 2pahdRietbrock

et al. (2003 To account for both the effects of etasmplification due to shear
wave velocity structure and rearface attenuation specific forlth€, the host
to-target adjustmesifCotton et al., 2006; Atik et al., 2Hréapplied to each of

the five GMPEs. The adjustment factors were developed considering rock site
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conditionsand three values the target spectral decay parameter: §,. 01627
s, and 0.049.

2.3.2. Simplified source model

In this study,tlte BGS seismic hazard model agapted for developing both
PSHA and SPSHA, yet with some simplifications aimed at avoiding the
implementation of the full logic tree. More specifically, for each seismic zone, the
GR relationship was defined by considering the weighted mean valube (over t

25 values in the BGS study)gef{ M 2 3) and b. The maximum magnitude

was set equal to 6.5 for all the sources, which corresponds to the value of the
branch with the largest weight.

Among the twdGMPEs with théhighest weight in the BGS work, the one
of Bindi et al. (20)4 was selected and used to compute both
P[IM; ¢im[M.=m,R. =rg] andP[IM, >im|M, =m, ,R = g] inEq.
(21) and Eq(2.2). This GMPE adoptshe JoyneiBoore distance R, (Joyne

and Boore, 198Lp to 300 km. In the analyses, assuming a uniform distribution
for earthquakes epicenters (both mainshocks and aftersticckgicentral

distance(R.,, ) was converted t&,, according to §. (2.4), which is given by
(Montaldo et al., 20Pp5

R,, =3.5525 + 0 8845%),, 24

The selected GMPRas anagnitudeange of apgabilitybetween 4.0 and 7.6;
therefore, to avoid extrapolation, earthquakes with magnitude lower than 4.0 were
not considered in the hazard assessment (also considering that earthquakes with
magnitude lower than 4.0 are tyjyiceot of interest to earthquake engineering).

Consequently, for each sourgg,M 2 3), (i.e., that provided by the BGS) was

reduced, according to the GR, to exclude earthquakes with magnitude less than
4.0, which is, therefore, the miom magnitude considered herein for both
PSHA and SPSHA (this is alsagmeement with the PSHA analyses carried out

by the BGS)Similarly portions of sources at distaslegger than 300 km were

not considered in the analyses. The predominanisfriétyle was attributed via
termsprovided byBindi et al. (20}4or that rupture mechanissummarizes all
thesource characteristics finally considered.
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Table 21 Mainshocks seismicity parameters of seismic zones considered (MENA and MMCW
zones are reported twice because of thpartie GR).

Zone Me min Me max b-value (M2 4)
[events per year]

CORN 4.0 6.5 1.03 5.60E03
RHEN 4.0 6.5 1.00 5.00E03
WCHA 4.0 6.5 0.99 1.33E02
DOVE 4.0 6.5 1.00 6.00E03
SLPT 4.0 6.5 0.97 1.82E02
EANG 4.0 6.5 0.99 1.13E02
MMCE 4.0 6.5 0.96 7.68E03
PENN 4.0 6.5 0.94 2.64E02
MMCW1 4.0 45 1.01 1.17E02
MMCW2 4.5 6.5 1.02 9.71E02
MENA1 4.0 45 1.01 6.84E03
MENA2 45 6.5 1.00 3.16E02
EISB 4.0 6.5 0.99 8.19E03
CUMF 4.0 6.5 1.02 5.73E03
BALA 4.0 6.5 1.00 3.70E04
SC1M 4.0 6.5 1.01 1.95E03
SC34 4.0 6.5 1.00 1.20E02
SC78 4.0 6.5 0.99 1.84E02
SC9 4.0 6.5 1.04 1.55E02
ESCO 4.0 6.5 1.00 1.50E02
IREL 4.0 6.5 1.01 2.93E03
VIKI 4.0 6.5 1.01 4.59E02
NORM 4.0 6.5 0.86 5.11E02
PASC 4.0 6.5 1.00 1.90E02

The PSHA and SPSHA discussed in the following were developed assuming
the average sheaave velocity of the upper@equal to 806n/s (i.e., rock site
conditions)at all sitesMoreoverthe GMPE wascorrectedo account for the
hostto-target adjustment, considerittge median value of spectral decay
parameter equal to 0.027Avhich is the value corresponding to the branch with
the largest weight in the logic tree defined by the BGS. The adjustment factors
developed by the BGS for teMPE of Bindi et al. (20)4nd used in this study

are equal to 1.24, 1.19 and 1fa8 peak ground acceleratiqfPGA),

Sa T=029 and Sa T=109, respectively; i.e., ths considered for the

hazard maps discussed in the followitng adjustments do not depend
magnitude and sourtesite distance and apply to the mean of the GMPE; i.e.,
they correspond to a-salled linear effect. Therefore, herein the adjustment
factors are applied directly modifyispmpsteriori the ordinates of the unadjusted
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UHS of inteest as discussedl@rvolino (2015 which has been showo be a
rigorous procedure in case of GMPEs with linear effects.

2.3.3. Validation

The simplifications to the BGS source model do not affect the results concerning
the aftershocks effect on the hazard assessment (to follow), as PSHA and SPSHA
are performed usj the same input data. However, the results of PSHA
conducted via the simplified source model for the sites of Cardiff, Dover,
Edinburgh and London (segure 2L for the location of the sites), are compared

to those obtained within the BGS studggca et al., 2BR Figure 2 shows the
comparisons in terms of UHS and hazard curves for the four sites. Panels (a) and
(b) describe the UHS computed by the BGS and those developed in this study, for
the return periods of 4¥®arsyfr) and 247§r, respectively. The second row of
Figure 2 shows the hazard curves in term$GA (Figure 2c) andspectral

(pseudo) acceleratio(8a) corresponding to the vibration perigd) equal to
0.2s(Figure 2d) and 1.G (Figure 2¢) evaluated fahe four sites.

a)0.10 b)0.25
@ ®) — Cardiff

UHS T:=2475yr Cardiff(BGS)
--- Dover
Dover(BGS)
- Edinburgh
Edinburgh(BGS)
- London
London(BGS)

UHS T,=475yr

05 10 15 20 25 80
Tls]
(©) 10" (d) (e)

000 010 020 030 040 000 010 020 030 040 000 010 020 030 040
PGA[g] Sa(T=0.2s) [g] Sa(T=1.0s) [q]

Figure 22 Comparison of the results obtained in the study by means of PSHA to the BGS
counterparts in terms of UHS with =475yr (a) andT, =2475yi (b), and hazard curves for
PGA (c) Sa T=029 (d) andSa T=109 (e) for the sites of Cardiff, Dover, Edinburgh and

London.

The figure shows that the results obtained using the simplified input model
are in good agreement witlose obtained considering the full logic &een if
some differences can be found. To measure them, the absolute differences
between the spectmaldinatesobtained in this study and thdeem the BGS
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work were quantifiefior 17 spectral ordinates, in a range of vibration periods
between & and 3.&. For example, consideriiig=475y1, which is a typical

return period in structural desigingsedifferences, on average, are equal to
0.0027g, 2.23®4 g, 0.0012 and 0.001¢ for Cardiff, Dover, Edinburgh and
London, respectively.

2.3.4. Aftershock occurrence model

The parametefs,b, ¢, }rin Eq.(2.3), requiredor SPSHAare typically calibrated

empirically via data fromultiple aftershocks sequences for the region of interest;
e.g.Reasenberg and Jones (1889California andLolli and Gaspari (2003,

for Italy. For the UK, there are no specific studies available. To overcome this
issue, two earthquake catalogs were preliminarily investigated. One is that
provided by the BGS, which includes 73 mainsdftenishocks sequences
occurring inlle whole UK and the surrounding areas. The second one is that of
Villani et al. (2020containing 213 earthquakesibuted to 48 mainshock
aftershocks sequences occurring within 300 km from AnledbywValessee

Villani et al. (202@or a map of the events.

The {a,c,]o parameters were estimated, for each sequ#sing the

maximum likelihood method (e@gata, 198¥Jtsu and Ogata, 1995owever,
convergence issues have arisen for the short sequences; i.e., those with less than
five aftershocks, which are 71 and 4#hemBGS catalogandthe Villani et al.

(2020 catalogrespectivelyoreover, there i sufficient information about the

events occurring in the twemairng in the BGS cataloguand therefore they

were neglectedhus, only the four sequences from the cataldglafi et al.

(2020 were considered for calibrating the parameters of the modified Omori law.
For the selected sequesdable 2 shows the ID according to the considered
catalog, the event name, the date and time of the mainshock, latitude and longitude
of the epiceter of the mainshock, the mainshock magnitude, the minimum
magnitude of aftershocks and the number of aftershocks in each skguence

For each sequence, {leec, p parameters were calibrated by setting-the

value equal to or{eleimstetter, 2003The mean values, which are used for the
SPSHA, area= 4.71, ¢c=000z and p=068. To qualitatively assess the

goodnesof-fit of these parameterfjgure 23 represents the ratio of the
cumulative number of aftershocks within each seqénfte,, as a function of

the timet elapsed since the mainshock (expressed in days), to the term

10t ™ Ro) ; ie., the aftershock productivity of each sequence.
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Table 22 List of sequences detected in the earthquake catalog having a number of aftershocks
greater than five.

Seq. ID Event name Date Time Lat Long Mg=m m, ., N
155 Caernarvon 19061903 10:40 53.03° -4.28° 4.60 2 14
200 Caernarvon 12121940 21:20 53.03° -4.18° 4.40 2 7
313 Lleyn Peninsule 1907-1984 6:56 52.96° -4.28° 5.00 2 22
515 Manchester 21-102002 11:42 53.48° -2.20° 2.90 2 51
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Figure 23 Representation of the four sequences detected for the UK. The smooth curve represents
the modified Omori formula obtained using the mean valuespairémeetefsa,c, p .

It is worth noting that, generally, the uncertainfjaof, p may also be

quantified (e.gQgata, 1978; Kutoyantis, 1982t the discussed paucity of data
would require to adopt other approaches, such asnad#l inference methods
(e.g.Zhang and Shields, 2Dt this is considered of secondary importance and
it is left out of the scopes of the studgreover, the small dataset of sequences
has led to a relatively simple calibrdtioother words, theonsideredftershock
sequences athoseassumed to be complete above the minimum aftershock
magnitudassumed iBPSHA, which i8y, ., =4 0;i.e., the minimum magnitude

of the considered GMPE

To complete the charadpation of the aftershocks in the framework of
SPSHA, a model for aftershocks location is needed, which in turn serves to
compute fy = in EQ.(22). Similar to previous studiésryolino et al., 2014,

2018 Chioccarelli et al., 2021t was assumeiat aftershocks may occur, with
the same probability, within a circular area, centered on the mainshock location,
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whosesize,S, , expresseth squared kilometers, depends on the magnitude of
the mainshock according to the modéltsti (197D

S, =107, (25

Alternative models for the shape of the area enclosing aftershocks can be found
in literature (e.g<anamori and Anderson, 19&5d could be equivalently used
in SPSHA. An interesting approach is thZzhafng et al. (2002vho model the
probability distribution of aftershocks location with ashefpe decay from the
mainshock location, yet they discuss that such a model relies on the same
understanding at the basis of that giveuditsy (197

Thus, it is expected thsdtlectingin alternative model for the shape of the
area enclosing aftershocks does not signifiaffetty the resultEinally, for the
hazard analyses the duration of the aftershock seqD@npcewas assumed

arbitrarily equal to 90 days from the occurrence of the mainshock, although, in
principle, this duration could be mairkmagnitudelependent. This
assumptiors consistenwith the other studies applying SPSKA/¢lino et al.,

2018 Chioccarelli et al., 202devertheless, it has been observed that the Omori

| awds parameters <calibrated for t he
slightly more dependent dbT, than the previous studigSee Sensitivity

analysis section).

2.4. Analysis and Results

The analyses were carried out through the REASSESS sGfticareatelli et
al., 201¥ in which the simplified source model for the UK was implemented (and
made available for eventual further studies). PSHA and SPSHA hazard curves, in

termsof PGA, Sa T=029 and Sa T=1 09, were computed for more than

four thousand sites across all the country, which are the nodes of a regular grid
spacing 0.250° and 0.125° longituddaditdde, respectively.

2.4.1. Hazard maps

PSHA and SPSHA results for any site in the UK are represdtitpaerid for
PGA, and inFigure 5 andFigure & for S T=029 and Sa T=10g9,

respectivelyln each figure, the top panels, from (a) to (d), show the ground
motion intensity measure that the figure refers with exceedance return period from
95yrs to 2475yrs according to PSkse at the bottom, from (e) to (h),
represent the results when mainstadigeshock sequences are taken into account

in SPSHA.

UK
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1= 1100 yr 1:=2475 yr
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Figure 24 Maps of PGA on rock withT, =95yr, T, =475yr, T, =1100ytand T, = 2475y,
from left to right, obtainedsingPSHA (panels-d@) and SPSHA (panelbke

Looking at the figures, it can be observed that, for each spadtral
exceedance return period, sites with the highest hazard are located in the western
UK; i.e., in the area enclosing #eesmic zonekISB, MENA, BALA and
MMCW. This area also includes the sites exposed to the largest sbasetce
seismic hazard, acding to the bottom panels. This is somehow expected, as the
more frequent and stronger (in terms of magnitude) the mainshocks the larger the
number of expected aftershocks. The larR@st which is exceeded once every
2475yr (on average) due to mainshadtershocks sequences is equal to §;272
for the same return period, the largest valuedsof=0 29 andSa T=109
across the country are 0.§6#nd0.061g, respectively. Tisi#tes with théowest
hazard are enclosed by the ESCO motie northeastern area of the URor
example, ithe proximity of Aberdee(2.1° W, 57.16° Njp PGAvalue 0f0.012
g is exceeded, on average, once everyR4Rm considering the aftershock
effects; for the same return period, the lowest ground motion intensity at the same

site is equal to 0.0g2or Sa( T=029 and 0.008 for S T=109. The south
east area of the UK is exposed to relatively moderate seismic hazard. For example,
at the site of Norwicli.30° E, 52.63° Njhe largesPGA, Sa T=029 and
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Sa( T=1 Os) for T, =2475y1using SPSHA, are equal to 0§30.060¢ and
0.013g, respectively.

7,=95 yr 1:=475 yr 17, =1100 yr 1,=2475 yr
(b) (d)

(a) 0.58
0.48

0.44

PSHA

0.40
0.36

0.32
0.28

® 0.24

(h)
0.20
0.16

0.12

SPSHA

0.08

0.04

0.00
Figure 25 Maps of Sg T=029 on rock with T, =95yr, T, =475yr, T, =1100yand

T, =2475y), from left to right, obtainassingPSHA (panels-d) and SPSHA (panelh)ke
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Figure 26 Maps of Sg T=109 on rock with T, =95yr, T, =475yr, T, =1100yland
T, =2475y), from left to right, obtainatsingPSHA (panelsd) and SPSHA (panels)e
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It appears that the hazard increase due to aftershocks issaotéhacross
the countryThis is not unexpected,the magnitude and number of aftershocks
increase with seismic hazard due to mains(sekalstervolino et al., 2018
Chioccarelli et al., 2Q28oreover, results reveal that aftershock effect varies with
the exceedance return period and spectral ordinate, as discussed in the following.
To analyze quantitatively the resHigure 27 shows the distributions of the
differences between SPSHA and PSHA results across the country, computed at
each site asa,.. .- Sas. dividingthis difference bysa,,, gives the relative
hazard increases due to aftershocks, relatively to PSHA results; i.e.,

(S@psia- SBsia)/ SBua- IN both the figures, the top, middle and bottom rows

refer toPGA, Sa T=029 and Sa T=109, respectively; in each row, panels

from left to right show the difference éxtceedance return periods fronym
2475yr.
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Figure 27 Absolutedifferences between SPSHA and PSHA results in ter&Af (top),

Sg T=029 (middle) andSg T=109 (bottom),with T, =95yr, T, =475y1, T, =1100yiard
T, =2475y), from left to right
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Figure 28 Relativedifferences between SPSHA and PSHA results in teriRG#g (top),
Sa T=029 (middle) andSg T=109 (bottom),with T, =95yr, T, =475yr, T. =1100yiand
T, =2475y), from left to right

As already mentioned, for each spectral ordinate and exceedance return
period, it can be observed that aftershocks effect tends to increase (decrease) the
seismic hazaidcrease (decreaserording to classical PSHA, in both absolute
and relative terms. Looking at the figures vertically, it is found that, for each return
peiod, the trend of the differences is the same as that of hazard results with the
vibration period, which depends on the GMPE; i.e., it is comparatively larger at
the low vibration periods. In fact, according to the mapsathimundifferences

overthe whole country are observédr S T=0 29, whereas the lowest are

recorded forSa T=109; differences in terms 6fGA are inanintermediate
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situation On average over the country, the absolute difeeranges from 3.88E
04 g, for T, =95yr, to 0.005g, for T, =2475y,, for PGA, whereas they are
3.77E04 g and 0.004 for T, =95yr and T, =2475y), respectivelyfor
Sa T=029; for S T=109, increments are very low, being about @001
on average, for the largest return periodi@de 23, Table 24 andTable 5).

Table 23 Average and maximum difference, in absolute and relative terms, of SPSHA results with
respect to PSHA counterpdids PGA .

T [y r] PGA
95 475 1100 2475
Average percentage difference [ 10.2 10.7 10.8 10.9
Average absolute difference [g] 3.88E04 0.0016 0.0030 0.0051
Maximum percentage difference | 10.9 12.2 13.2 13.8
Maximum absolute difference [g  0.001 0.010 0.020 0.033

Table 2 Average and maximum difference, in absolute and relative terms, of SPSHA results with
respect to PSHA counterpaids Sa( T=029.

S T=02
T [y C 9
95 475 1100 2475
Average percentage difference [¢ 3.2 2.9 2.7 2.4

Average absolute difference [g] 3.77E04 0.0015 0.0026 0.0041
Maximum percentage difference | 10.8 12.2 135 13.8
Maximum absolute difference [g  0.003 0.022 0.043 0.069

Table 5 Average and maximum difference, in absolute and relative terms, of SPSHA results with
respect to PSHA counterpdidgs Sa T=109 .

T [y Sg T=109
95 475 1100 2475
Average percentage difference [ 9.2 9.6 9.1 8.3
Average absolute difference [g] 1.18E204 4.99E04 8.52E04 0.0013
Maximum percentage difference [ 9.8 9.9 10.0 9.9

Maximum absolute difference [g 2.72E04 0.002 0.003 0.006

Considering the ensemble of the return periods discussed so far, the average
relative increments over the country are within 10.2% and 10P&Af0?.4%
and 3.2% forSa( T=029, and 8.3% and 9.6% f&a T=109. For each
spectral ordinate, one can observe that absolute differences tend to increase with
the increasing return period. However, the largest increment over the country, in
absolute terms, is well beldvtg. Looking at the map Kigure 2, it is found
that, inthe proximity of the high hazardous MENA zone, the difference between
SPSHA and PSHA retjlin terms ofSa T=029 with T, =2475y, is equal
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to 0.069. Given the spectral ordinate, the trend of the relative increments as a
function of the return period is namonotonic. The largest percentage difference

is found forT, =2475yiin the case dPGA (North England) an$a( T=0 25)
(northwest Wales)heing about 13.8% in both the cases, whereas, for
Sq( T=109, it is about 10% (western Scotland)Tor1100y. In order to

summarize the results representdelgare Z andFigure 8, the average and
maximum differences, in both absolute and relative terms, are Gakda 23,
Table 24 andTable & for each spectral and exceedance return period

To close this section, the aftershock effects on design seismic actions
discussed so far are briefly compared to dsteeatedor Italy bylervolino et
al. (2018 Due to he larger seismic hazard, it is expected that aftershock effects
in Italy (see Figure 2 and Figure Rimolino et al., 20)&re more significant,
both in relative and absolute terms, than those for the UK. For example,
consideringPGA and the largest return periofiT, =2475yj, for the most

hazardous sites, the relative increment in Italy (about 28%) can be even twice that
found for the UK (about 14%). Still with reference®A and T, =2475y, the

largest absolute difference between SPSHA and PSHA results are equal to 0.116g
and 0.033fpr Italy and the UK, respectiveBuch a difference is also related to

the fact thatfor the same return period, spectral accelerations according to PSHA
for the UK are lower than the Italian counterpart, yet by a larger ratio. More
precisely, in the most hazardous areas of Italfd?@A= 2475y (about 0.@))

is almost three time the largest P@# the same return period) for the UK
(alout 0.25).

2.4.2. Site-specific hazard Analysis

In the previous sectipihhas been shown that aftershock effects on design seismic
actions depend on the seismic hazard of the site, the spectral and exceedance
return period. Now, SPSHA and PSHA results angsdisd in more detail for the
sites of Edinburgh (3.19° W, 55.95° N), Cardiff (3.18° W, 51.49° N) and Llangefni
(4.31° W, 53.25° N). They were selected because representative of comparatively
low, medium and high hazard level across the country accordSiHA,
respectively. The location of the considered sites is sheguren2l. The aim
is to (i) investigate the increase in seismic hazard fteestooaks with respect
to an interval of spectral and return periods larger than those considered in the
previous section, and (ii) to give insights on the differences betweemmREHA
SPSHAbased hazard results.

PSHA and SPSHA results for the sites@rgared ifrigure 2.
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Figure 29 Results of hazard analysis for the three sites of interest: hazard curves ifPE#as of
,Sq T=029 and S T=109 for the site of Edinburgh (a), Cardiff (b) and LlangefnUd}s

with T, =95yr, T, =475yr, T, =1100yiand T, = 2475y for the site of Edinburgh (d), Cardiff

(e) and Llangefni (f); relativezard increase as function of the spectral period, for, featues,

for the site of Edinburgh (g), Cardiff (h) and Llangefni (i); relative hazard increase as fminction of
in terms of PGA, S& T=029 and S& T=109 for the site of Edinburgh (I), Cardiff (m) and
Llangefni(n).

The columnsf Figure 2D, each referring to a site, are ordered following the
increasing seismic hazard, from left to right. Panels from (a) to (c) represent the
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hazard curves in terms PGA, S T=029 and Sa T=109 accorihg to

PSHA (grey lines) and SPSHA (black lines). Panels from (d) to (f) show the UHS
obtained from PSHA (grey lines) and SPSHA (black lines) for the return periods

considered before. The spectral ordinates were computed considering 24 natural
vibration péods, which are those used in the GMPEindi et al. (20)4Based

on these UHS, the relative hazard incremantgfined in the previous section,

are represented in panels from (g) to (i), for 8acf) and exceedance return
period. In addition, the effect of aftershocks on the hazard, in te@AQf
S T=029 and Sa T=109, as a function of return period from a0to
10000yr is shown in panels from () to (n).

Looking at the figure, it can be observed that the largest hazard increases are
for the lowto-mid vibration periods (i.e., lower thans), 3ndependently on the
seismic hazard of the site and the considered exceedance return period. At each
site, the layest relative differences fanethevibration period equal to GJand
all return period more specifically, theyre 13.6%, 14.6% and 16%6r
Edinburgh, Cardiff and Llangefni, respectively. Panels from (g) to (i) also show
that, considering thieng vibration periods (i.e., larger thans),&the hazard
increments at each site are lower than those found sdtotthperiods ands
almost constant: in fact, considering the return periods franto@475yr, they
range from about 7.5% to 10% fortb&dinburgh and Cardiff, whereas they are
around 9% for any return period in the case of Llangefni. This reveals that the
contribution of aftershocks to seismic hazard tends to decrease with the increasing
of the spectral period, independently of the Eeisazard of the site and the
exceedance return period; setea®lino et al. (2018) and Chiaelli et al.,

(202} for a discussion on this issue.

Panels from (g) to (i) confirm that the relative increment in the design seismic

actions due to aftershocks, with respect to PSHA results, does not monotonically

increase with the return period. Eaample, back tSa( T=1 Os), it can be
observed that the largest difference is foundTfer475yr in the case of

Edinburgh, whereas it 15 = 2475y for the other two sites. Thus, one may be

interested in exploring the trend of the hazard increment in a range of return
periods wider than that considered so faddihis, one should look at panels
from (I) to (n). They reveal that, at each site, the increments increase in a very

limited rang®f return periods, and tend to flatten ouT atvalues larger than
4000yr (and up to the largest herein consideiredhe case ofPGAand

Sa T=029, whereas, foba T=1 09, they monotonically decrease for return
periods from 200@r onwards. This is expected from the disaggregation of
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sequenckased seismic hazard (Caipccarelli et al., 2Q18ccording to which
the contribution of aftershocks to hazard as a functidp f not the same at
the different vibration periodsor Edinburgh, the maximum increments for
PGA, S T=029 and Sa T=109 are about 10.5%, 11.9% and 9.9%,

respectively. They occur at different return periods, Re#r®980yi for PGA,
T.=470y1 Sa T=029 and T, =360y: for Sa T=109. Considering the
site of Cardiff, the maximum increases in termB@X%, Sa T=029 and

S T=109 are equal to 12.3%, 12.5% and 9.6%tfaeyl occur at return
periods of 999¢r, 9690yr and 17Qr, respectively. Finally, for Llangefni, the
maximum percentage difference between SPSHA and PSHA results in terms of
PGA is equal to 13.1% and it is observedTior4060yi; in the case of

Sa( T=0 25), the largest difference is similar to that for PGA, being equal to
13.6%, but it is found foF, =1720y; looking at the trend f@a T=1 09, the
peak, which is edua 9.6%pccurs afl, =1830y.

2.5. Sensitivity analysis

Because the paucity of seismic sequences leads to a simplified calibration of the
modified Omori law parameters, this section deals with some sensitivity analysis
of the results to such parameters, théajs, g and DT,.

First, the 2475 yr UHS derived via the SPSHA based on the mean parameters,
{a= 1.71c ©.0023p &.4¢, (i.e., those pictured in panels from (d) to (f) of
Figure 2) are compared to those obtained by using
{a= 1.66c 8.0295p 8.4 that isthe parameters for Italy byolli and
Gaspeni (2003, a country ogenerally larger seismic hazard than the UK. The
comparison is givenhkiigure 2L0where it appears that the differences are limited.

Moreover, even if not given here for the sake of brevity, the four sets of
parameters obtained from each of the four seismic sequences considered, were
also used to derive the UHS for the same sitesaaral return period just
discussed. The found differences are in the order ef3%ith respect to the
spectra obtained with the parameters obtained pooling all the sequences together.

Finally, still considering the 2475 yr UHS for the sites of EdinGargiff
and Llangefnif-igure 211 shows the sensitivity of the relative hazard increase,

with respect to PSHA results, to 1€, interval assumed in theadysis. It is
shown that to varyoT, from 90 to 365 days does magnificantlyaffect the
results
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Figure 210 Comparison of UHS witdl, =2475yr obtained from hazard analysis conducted
using the mean parameters calibrated for the UK and those for Italy by Lolli and Gasperini (2003)

for the site of Edinburgh (&)ardiff (b) and Llangefni (c).
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Figure 211Comparison of UHS witA, =2475yr obtained from hazard analysis conducted

using the mean parameters calibrated for the UKDWjth=90 days andJT, =365 days for the
site ¢ Edinburgh (a), Cardiff (b) and Llangefni (c).

2.6. Conclusions

For reasons mainly related to the ease of calibration and use, implied by the
homogeneous Poisson process assumption for earthquake occurrence and the
limited completeness ioformation about foreshocks and aftershocks in seismic
catalogs, classical PSHA only considers mainshocks in determining the rate of
seismic events that exceed a ground motion intensity at a site of interest. However,
sequencbased probabilistic seismazard analysis allowsto account for the

effect of aftershock in the hazard assessment keeping the same advantages of
PSHA. In fact, SPSHA still resources from@wdeered catalog aassumethe
homogeneous Poisson process assumption for theeoceunf mainshoek
aftershocks sequences. Finally, SPSHA relies on an analytical fothatiation
relatively easy to implemelloreover, literatun@cently discussdidatit is in

good agreement with otheeismicsequences modeliagproachesgenery

more cumbersome in calibration and simulation.
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In the presented study, SPSHA was applied to investigate the hazard increase
due to aftershocks in the UK, using the recent source model from the BGS. The
parameters of the modified Omori law, which isl tgemodel aftershock
occurrence, were calibrated a simplified mannerbased on four seismic
sequences occurred in the UK (no more than that due to paucity of quality data),
assumed to be complete in the magnitude range of infenemty simple
sensitrity analysis was carried out to assess the effect of the modified Omori law
parameters on the results.was verified that using parameters for & high
seismicity country such as Italy, does not lead to relevant differences in the hazard
results.

Consideng four exceedance return periods of interest to structural
engineering within 9%r and 2475yr, hazard maps, in terms &GA,

Sg( T=029 andSq T=109, resulting from SPSHA were computeddok

site conditions, and compared to the PSHA counterparts based on the same source

model and GMPE. Moreover, with reference to three sites, the PSHA and SPSHA

results, for exceedance return periods up to 30G0® 24 spectral ordinates,

were comparednd discussed in greater detail to give further insights about the

aftershock implications. Finally, the aftershock effects estimated for the UK were

briefly compared to a previous SPSHA study for Italy, a relatively larger seismic
hazard country. Some raniks that can be drawn from the results are listed in the
following.

- For each spectral and return period, the hazard increase tends to be more
relevant in the areas covering most of Wales, North Central England and
western Scotland.

- For a given spectral dimate, the largest percentage increase due to
aftershocks over the country has a-monotonic trend with the return
period; the largest value across the country, equal to 10%, was found at
T, =1100y for S T=109, whilefor PGA and S T=0 29, itis 14%
atT, =2475y.

- For a given spectral ordinate, the maximum absolute differences between
SPSHA and PSHA results over the country monotonically increase with
return period (in the range considered). Nationwidd, o475y, the
largest differendeetweerSPSHA and PSHare equal to 0.033 0.06%
and 0.006g in the case oPGA, S T=029 and Sa T=109,

respectively.
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- On average across the country, the absolute differences, in the case of
T, =2475y, are equal to 0.005j, 0.0041g and 0.0018 for PGA,

Sa( T=029 andSa T=109, respectively.

- Considering the range of return periods betwegra®8d 247%r, the largest
average percentage differences are equal to 11% in the case of PGA, 3% for
Sa T=029, and 10% forSa| T=109; they were found &, = 2475y,

, T. =95yrand T, =475y, respectively.

- The analysis for specific sites revealed that the aftershock effects are more
significant at vibration periods lower thans0.&nd tend to decrease for
those larger, becoming almost constant frons bwards. The largest
relative difference between SPSHA and PSHA results was fousdat 0.1
all sites. With referenceltangefni, which is the site characterized by the
highest seismic hazard counttnthe return period for which the largest
hazard increase is found significantly varies among the different spectral
ordinates, being equal to 4040 1720yr and 1830yr for PGA,

Sa( T=029 andSa T=109, respectively.

- In the most hazardous sites of the UK, the hazard percentage increments of
SPSHA results with respect to PSHA are about a half than those found in
the most hazardous areas of ltaly, although in Italy the largeal spec
acceleration associated to a given return period can be three times larger than
the analogous one in the UK.
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Evaluation of statdependent seismic fragilities for
specific buildings: Dutch unreinforced masontry.
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Abstract

This study was carried out in collaboration with Arup Italy.
This chapter deals with the assessment ofdsa@adent fragility curves of a
casestudy structure representative of the unreinforced mas@&iy fuildings
(specifically terraced houses) in the Groningen region of the Netherlands. This is
an area where the seismicity induced lxgastion practices makes it essential
to develop an understanding of the risks that are the result.

A threedimensional model of the structure was developed in collaboration
with Arup Italy using the LI3YNA finite element software. This was employed
to analyze the building via the Cloud Analysis procedure to assess the fragilities of
the intact structure at diffatedamage states. Subsequently, to limit the typical
computationagffort involved in assessing sta¢épendent fragilities, two sirgle
degreef-freedom (SDoF) systems representing the structural behavior in the
buildingbds two main direct backioshacver e dev
Incremental Dynamic Analysis (IDA).

Keywordsequencbased seismic reliability, baekack IDA, SDoF systems,
unreinforced masonry

3.1.Introduction

The evaluation of the seismic performance of unreinforced masonry (URM)
structures is a popular topic of discussion globally. Netherlands in recent

years, some regions began to experience seismic events because of the reservoir
depletion caused by commerciatexaimction processe¥gl€k, 201R These

began in 1963 and have triggered shallow earthquakes since the early 1990s, with
the highest moment magnitude equal to 3.6 experienced near Huizinge on 16
August 2012. The induced seismicity had a wide impact orit thieviroinment

which was mainly composed of URM buildings that were not designed to sustain
seismic loading. These structures presented in fact specific characteristics such as
very slender walls, limited cooperation between the walls and floors, sad the u

of cavity walls that are often connected by weak and corroded ties.

This phenomenon triggered a global research program involving many Dutch
and international universities, knowledge institutions, and recognized experts. The
primary goals of the progravare to assess the hazard and risk resulting from gas
extractioAnduced seismicity and then developmisiation strategies. In this
context, the exploration and production company Nederlandse Aardolie
Maatschappij (NAM) contractadupto: 1) conduc study to define a preventive
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structuralupgrade strategy for existing buildings in the Groningen region of the
Netherlands, with the goal of reducing the damage caused by the induced
seismicity, and 2) verify whether the structures conform with tinememts set

out in the standard National Practice Guidelines 998, 2018.

This chapter considers thesessment of statependent fragility functions
of a structure representing the terraced house typology built widely in the
Groningen amefrom 19601980 and which was affected the most by the gas
extractioAnduced seismicity referred to above.

A threedimensional 3D) finite element model of the structure was
constructed in a collaboration with Arup Italy. This was then analyzed using the
LSDYNA finite element software via Cloud Analysis methoddlalgy¢r et al.,

2015, 2007 Subsequently, the assessment ofd#pendent fragility curves was
conducted using the sindgegreef-freedom (SDoF) approximation of the
structure. Two equivalent SDoF (ESDoF) systems were defined based on the
statc and dynamic pushover curves obtained for the two principal directions of
the original 3D structural mod&hese SDoFs were subjected to adiack
Incremental Dynamic AnalysiBA) procedure (uco et al., 2004; Ryu et al.,
2011; Goda, 2012; Ruzarcia, 2012; Raghunandan et al., 2015; Godatd2015
obtainthe statelependent fragilitieSome concluding remarks can be found at
the end of this chapter.

3.2. Prototype building

The prototype building was based on the teseiced houses built in large
numbers in the Groningen region (nae#st Netherlands) from 196880.

In more detail, the castudy structure represents a-twd terraced house
with two stories, large window openings to the front and rear, ardadlieh
construction features that are typical of the buildings in the Groningen area. The
structure is composed of: 1) external masonry cavity walls formed by calcium
silicate (CasSi) inner leaf with adbedring function and a clay brick outer leaf
conrected by masonry metal wall ties; 2)deadng internal walls and party walls
formed of CaSi; 3) reinforced concrete slabs; 4) a timber roof; and 5) shallow
foundations. Some of the construction details typical of these terraced houses are
set out inFigure 3L (for further information on this structural typology, see
Graziotti et al., 2017

The building is 12.5 m long, 7.80 m wide and 8.80 m high. The height includes
a 10m underground section (distance from the laying surface to the ground floor).
Each unit of the structure has an extenssas,ammon for this type of building.
This has approximate dimensions of 3.70 m x 2.20 m x Big0nma.2 portrays
different views athis model hose.
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Timber truss

Bimsbeton intemnal walls

I

In-situ concrete floor
(2-way)

Nehobo floor system
(not shown, small
portion of ground floor)

concrete floor

(ground floor)

Timber purlins

Bismbeton party walls
10mm cavity

8¢

External & internal cavity
wall — Bimsbeton

RC uptumed T-beam
foundation

Figure 31 Characteristics of the casedy building.

(b)

Figure 32 Views of the terraced house estsely.

Concrete slab
on grade
(not shown,
extension floor)

The structure is composed of four walls in toirection and five walls in the Y
direction. Their geometric features are showiigare 3.3 and Figure 34,
respectivelyirigure33 shows the Xli r ect i onds

correspond to the two external walls and panels (c) and (d) to the two internal

four

wa l

ones.Figure 31 shows the five walls in thed¥ection. Panels (a) and (b)

correspond to the two external walls, panel (c) shows the wall separating the two

units of the structure, and panel (d) represents the internal wall of each unit. The

openings of each wall ar@aksported ifFigure3.3 andFigure 31

S .
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Second floo M M
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First floor

Ground floor
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Second flooj

First floor

Ground floor N

Figure 3.3 Geometry of the walls disposed along taéection: frontal wall (a), back wall (b) and
internal walls {d).
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Second floo -

265

First floor is

285

Ground floor

|10 |

| 7.80 |
I |
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Second floor

First floor

Ground floor

Figure 34 Geometry of the walls disposed along td@éttion: externalalls (eb); unit partition
wall (c), and internal wall of each unit(d).

It should be noted that, after the study commissioned by Aiilg] 2013,
the structure was modeled taking into account reinforcement measures designed
by Arup to ensure compliance with the standard National Practice Guidelines
(NPR)9998.



CHAPTERS 9(C

3.3. Finite Element Modelling approach

A 3D finite element model of the structure was produced in collaboration with
Arup Italy using L®YNA, which is a versatile finite element analysis program
adopted for seismic analyses, among many other applications. The program is used
widely by Arup due its capacities to both model components of buildings, soils
and soibktructure interaction and due to quick solutions for large, complex models
on multiprocessor distributademory computer platforms.

To model the URM walls, a user material model foshbk elements
(*MAT_SHELL_MASONRY) was developed and implemented by Arup in LS
DYNA. This is not part of the standardDSNA release. The material model is
used with a relatively coarse mesh and adopts a homogenized representation of
the brickmortar coglomerate. It takes into account the orientation of horizontal
and vertical mortar joints and the difference in their-strass behavior based
on the interlocking of units. The response and failure modes taken into account
are: 1) the nehinear compresive response and-weshing; 2) cyclic bguint
crack opening/closing and sliding; 3) the{qwatdopening combined with bed
joint sliding; and 4) the interlocking pattern of bricks, which causes an anisotropic
response to shear loading. The matandel is described in detail in the study
by Sturt et al. (20).8which also reports the procedure for validating the material.
A testing campaign was carried out in 20Xhdecacterize the CaSi masonry
typically that is typical of the ldaghring inner leaf of modern Dutch cavity wall
systems. These experiments were performed at TU Delf in the Netherlands
(Messali et al., 201d@nd at EUCENTRE in ltalyGfaziotti et al., 20L7The
testing included iplane and oyplane tests on wall specimens anesdale
shaking table tests of URM houses.

Figure 3 shows different views tfe 3D finite element model developed
in LS_DYNA.It alsoshows the coordinate system considered, which was set by

placingthe ¥ xi s al ong the | ar geais aongrthect ur ed s

transverse direction.
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z

X vy

Figure 35 Views of the thredimensional finite element model of the-saseu dy 8s t er r aced

3.4.Modal (Eigenvalue) Analysis

In thefirst step, modal analysis was performed by calculating the first 20 modes
of the building. Structures built with the configuration described in the previous
paragraphs generally exhibit two very different seismic behaviors in the two
principal directionsThese structures are more flexible and vulnerable in the
longitudinal direction, i.e., thediection Graziotti et al., 2017 This was
confirmed by the modal analysis, with the first mode showplgné
deformations in the weak direction and the &otivaf the larger part of the mass

of the structure in the-Hirection participatingnass equal to 57.67 %). Hereafter,

this is therefore referred to as the first mode, with a period of natural vilyration,

,equal to 0.20 s.

In the Y-direction, the first major mode was mode 17 paitiicipating mass
of 22.90%. The other modes were generally local and concentrated in the roof of
the structureTable 3l shows the period of natural vibration and the effective
mass angarticipating mags the X and ¥directions.

Table 3L Modes of the casstudy building.

X-direction Y-direction
Mode Period [s] Eff. Mass [kg] Partic. [%] Eff. Mass [kg] Partic. [%]
1 0.199 1.45E+05 57.65% 2.80E+02 0.11%

0.175 1.55E+01 0.01% 2.51E+03 1.00%

0.175 7.34E+01 0.02% 3.29E+03 1.31%
0.174 4.97E+01 0.02% 4.82E+00 0.00%

0.174 3.05E+01 0.02% 1.32E+03 0.53%

0.165 2.82E+02 0.11% 7.67E+03 3.05%
0.161 1.45E+01 0.00% 1.86E+03 0.74%

~N o 0o b~ wWwN




CHAPTERS 9z

Table3.1 ContinugdModes of the cassudy building.

X-direction Y-direction
Mode Period [s] Eff. Mass [kg] Partic. [%] Eff. Mass [kg] Partic. [%)]
8 0.161 3.04E+03 1.22% 1.80E+02 0.07%
9 0.159 4.46E+02 0.17% 5.62E+02 0.23%

10 0.114 5.59E+03 2.23% 6.48E+03 2.58%
11 0.113 1.93E+03 0.77% 2.93E+04 11.66%

12 0.113 1.45E+03 0.58% 2.74E+02 0.11%

13 0.111 2.23E+02 0.09% 1.98E+03 0.79%
14 0.111 9.70E+02 0.38% 2.81E+02 0.11%
15 0.110 6.45E+02 0.26% 2.82E01 0.00%
16 0.105 1.54E+04 6.13% 2.80E+04 11.14%
17 0.102 1.32E+04 5.25% 5.75E+04 22.90%
18 0.094 7.40E+02 0.30% 4.52E+02 0.18%
19 0.087 2.72E+01 0.01% 4.56E+00 0.00%
20 0.086 1.60E+01 0.00% 1.38E+01 0.00%

3.5.Non-linear static (pushover) analysis

A nortlinear static analysis was carried out by applying in the perpendicular
directions of the structure (X and Y) two load patterns in both positive and
negative orientations of the seismic loads and recording the static nonlinear
response. The inverseiahgular and uniform (mgs®portional) force
distributions were used for the analysis. The first type of distribution is typically
similar and represents the forces produced by the dominant mode of vibration.
Meanwhile, the uniform distribution représanpossible seftorey mechanism

where the response is controlled by the grmwedistory. These distributions can

be taken as the upper and lower boundaries of the actual response of the dynamic
analyses. Generally, the real failure mode is prégliotezlof these distributions.

Table R shows the laterldad proportions.

Table 2 Lateralload proportions.

Mass Floor [kg] Uniform Distribution Triangular Distribution
Second floor 73043 1.00 1.00
First floor 87827 1.20 0.52

Subsequently, in addition to the static pushover analyses performed applying
the two force distributions in the- Ydnd Y¥-directions; the cyclic pushover
assessments were executed using the loading protocol relating to the displacement
shown inFigure 3 and defined according to the Protocol ISO 16670. This
protocol concerns displacement cycles grouped in phases at displacement levels
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thatincrease incrementally. The protocol has two displacement patterns. The first
one consists of five single, fully reversed cycles at displacements of 1.25%, 2.50%,
5.0%, 7.5% and 10% of the ultimate displacement. The second pattern has three
fully reverseaycles of equal amplitude, at displacements of 20%, 40 %, 60%,
80%, 100% and 120% of the ultimate displacement. The ultimate displacement is
assumed equal to 0.04 m.

0.05
0.04¢
0.03¢

soa 1]
= 001
Dt
300 Il
° ood
-0.04
000 50 100 150 200 25

Cycle No.
Figure 36 Loading protocol for the cyclic pushover analyses

The results of the static and cyclic pushover analyses obtained for the-two force
distribution types are reportedrigure 3 in terms of the baséesar,V,, and

the displacement of the control point, i.e., the barycenter of the top floor. Panels

(a) and (b) represent the results obtained applying the uniform distribution of

forces whereas panels (c) and (d) refer tapghlecation of the triangular force

distribution. The figure also shows several characteristic points individuated on

the static pushover curves: 1) the point of maximum base shear (point A in the
positive direction of ttibng 2)thepomtofeand AJ i

20% reduction in the base shear (point
its negative direction); and 3) the point of a 50% reduction in the base shear (point
C in the positive di r e cetdirection). ®hevatuése | oad

of the pointsd coor W) anddisplacememt ofthetopms o f I

floor, d, are set out ifable 3 and inTable 34 for the uniform and triangular
forcedistributions, respectively.
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Figure 37 Results of the static and cyclic pushover analyses performed by applying the uniform
distribution of forces in the X direction (a) and the Y direction (b). Results of the static and cyclic
pushover analyses performepplying the triangular distribution of forces in the X direction (c)
and the Y direction (d).

Table 3 Coordinates of the characteristic points relating to the uniform distribution of forces.

Direction X Direction Y

Disp[ rh V, [kN] Disp[ rh V, [kN ]
A 0.005 295.6 0.003 807.6
B 0.015 236.5 0.006 646.09
C 0.046 147.8 - 403.8
Ad -0.007 -386.8 -0.002 -796.4
B o -0.012 -309.4 -0.006 -637.1
co -0.029 -193.4 -0.159 -398.2

Table 3 Coordinates of the characteristic points relating to the triangular distribution of forces.

Direction X Direction Y

Disp[ rh V, [kN] Disp[ h V, [kN]
A 0.005 264.5 0.003 769.3
B 0.008 211.6 0.006 615.4
C 0.031 132.3 - 384.6
Ad -0.005 -318.9 -0.003 -770.6
B 6 -0.009 -255.1 -0.014 -616.5
co -0.021 -159.5 -0.147 -385.3

3.6. Assessment of seismiéragilities using the 3D finite element
model

There are several procedures to conduct a nonlinear dynamic analysis (NLDA) for
the purpose of collecting the data required to estimate the fragility functions. One
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of these methods is Cloud Analysis, whichusessin this study to assess of the
fragility curves of the cased¢ udy 6 s syst em. The c¢cloud da
ground motion intensity measumd () and its corresponding structural response,
generally expressed using an engigekemand paramet&i)P). The statistical
properties of the cloud data can be estimated by applying a conventional linear
regression (using least squares) to the data on the natural logarithmic scale, which
is the standard basts the underlying legormal distribution modélalayer et
al., 2015, 2017

Consequently, the cloud method enables the identification of a probabilistic
relationship between &DP and IM . Thispredicts the conditional median of
EDP for a given level aM denoted ag.p,

INAgpem (IM) =1na +b 1) 1M) (31

wherdna and b are constant coefficients that are estimated from the linear regression.

The conditional logarithmic standard deviation oBB® givenIM , eodw, can be
estimated as:

Beomu =\/§ (nEDP -if a (‘1‘»?1))2/( N 2). (32)

where EDP, and IM; are the corresponding cloud data foritkta record in the set
and N is the number afecords.

A structurespecific seismic fragility function defines the conditional
probability that the structure, given a centdinlevel, im, fails to meet some
performance objective. This failure is ofeeméd the exceedance of a limit or
damage statd)S, that can be defined using a threshold value of engineering
demand parameteedp,. The fragility function can therefore be written as

PgEDP> eq!g| IM=in, or sometimes simply written ﬁ%{DSHM =im].

This probability in the case of a Cloud Analysis can be described using a lognormal
distribution Jalayer and Cornell, 2008; Jalayer et a)., 2a81&ported in E(R.3)

alnh 6 _an(adiMm?
PGEDP> edp| IM= igeli gg—— (j..:ﬂaew,_. (33
0 & Q:
g EDP|IM = g PIM

For ultimate limit states in general, structural collapse can be induced by some
of the selected records, resulting in very Bfe valuesin these cases, the
displacement demands from NLDAs are unreliable, being known to exceed a
particular limiting value. A different procedure can, however, be utilized to
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estimate the probability of failure. This involves the explicit consideration of
collpse cases, dividing the cloud data into two p€aiS, referring to the
records where the structure does not collapse; andhere it doe@lalayer and
Cornell, 2008 The structural fragility for a prescribed limit state camitten

using the Total Probability Theorem:

PGEDP> edp| IM= ing =P gDP >gfip IM=im,Nfg § P C|IV) i
+PgEDP >eqdp| IM =im,@ [@ C|IM Jim

(34)

wherePgEDP> eqig| IM= im, Notis the conditional probability tHaDP is

greater than the threshadp, given that the collapse has not taken place. This
probability can be described using a lognormal distribldlagef and Cornell,
2008; Jalayer et al., 9 reported in E¢3.3), but the conditional median and
standard deviation of the logarithmEDP areevaluated considering the portion
of NoC data, i.e/cppm noc AN Bepp noc -

PgEDP> eq[,g| IM= im,(is the conditional probability that tBBP is
greater than the threshadp, , given that the collapse has occurred. This term
is thus equal to unity. As reported in the followP{gC|IM =im| is the

probability of collapse, which can be evaluated using logistic regression (a.k.a.,
logit) as a function aM :

1

P[C“M]zw

(35)
wherea, anda, are the parameters of the logistic regression.

3.6.1. Choosing the Engineering Demand Parameter (EDP) and
defining the limit states

Stateof-the-art analytical methods for estimating fragility functions rely on
subjecting the structure to NLSAs to co
accelerograms. The choiceE®P is therefore crucial. THEDP is synthetic
measure of the structural response and can be used to determine if a structure has
failed to meet a particular performance objective. CommonhEDgedfor
structures include drift/deformation quantitighjch are generally among the
better indicators of damage.

For masonry structures, both the choice oEBR that represents the
global building performance and the relative definitions given to suitable limit
states are still opessuesMouyiannou et al., 2014; Lagomarsino and Cattari,
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2015; Kappos and Papanikolaou, R0llis is because achieving a local limit
condition would not be an adequate representatidheooverall damage
sustained by the building. Indeed, the lack of proper connections between
orthogonal walls, and between walls and floors, is quite common in existing
masonry buildings and can facilitate the activation of local failure modes. Early
local damage modes may prevent the development of a global building response
governed by the 4plane behavior of masonry walls and the floptaime
stiffnessln this case, only the global behavior of the structure is investigated
assuming that thepgrademeasures, designed by ArApup, 2013 ensured
compliance with the standard NPR guidelines. This enables the development of
global buding response to prevent local failures.

The choice of th€&EDP and the quantification of the limit states for the
fragility curves assessment were based on the Italian Guidelines and Technical
Instructions of the Council for Nati@nhResearch, (CNR), specially, @NR
212/2013 CNR, 201R These guitiees provide suggestions for the 3D
modelling of a structure and the use oflivegar dynamic analyses as the analysis
methodology. In this castudy, the limit states were defined using a multiscale
approach that considers 1) the exceedance of a predetermined level of drift in a
certain mmber of elements (piers and spandrels); 2) thatorey drift in the
individual walls or the achievement of predefined levels of deformation in the slabs
(if flexible); and 3) the global response evaluated on the capacity curve of the
structure. Theefinitions ofdamadg&LD),serviceabil®y.S) andear collafSEC)
limit states in the multiscale approach are described in brief below.

As nonlinear continuous modeling was adopted to assess the level of drift
achieved by each element during thardic analyses, the piers and spandrels of
each masonry wall are defin@osteriori according Rarisi and Augenti, (2015

3.6.1.1Limit state of damage (SLD)

In the multiscale approach, the variable of the limit state of ddfgagefor
masonry buildings is defined as pe(3H):

Ysio =ma>( ¥ips » %io.m ’%LD,Q (36)

where:Yg;, ¢ is the limit state variable defined at the level of the structural

element, based on the cumulative damage to the piers and {paadtg(3.8)
) Ysip.m IS the maximum value of thyC (demand over capacity) ratio in terms

of the interstorey drift, meaning that, at the malement level, this control can
be significant in relation to the damage testittural elements; aid,;, ¢ is

the ratio between the maximdisplacement of a control point during thetime
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history analysis and the displacement corresponding to the attainment of the
maximum base shear evaluated on the pushover curve, which is obtained using
the same control point.

The limit state variable defd at the level of the structural elem¥yt, ¢, is
defined as:

1 . .
YSLD,S =f_ma>(a sLD,s ! aSLD’M)' . (37)

SLD

tsp Is athreshold, representing the maximum cumulative damage allowed for

the SLD, assumed in this case to be 3.0%. This threshold prevents the SLD from
being reached when only one element (pier or spandieieathe maximum

drift; and § and § represent the cumulative damage caused to the
SLD,S SLD,P

spandrels and piers, respectively. This cumulative damage is evaluated as the
percentage of spandrels/piers of tidings that achieved a certain level of
damage, as defined by element drift limits (level 4 for spandrels and level 3 for
piers). These are contained in @NR212/2013 CNR, 2013 and are also set

out inTable 3 andTable 3 for the piers and spandrels, respectively. For the
purposes of the current assessment, consideration was given to the minimum drift
range vakes and the shetilure mode for the piers, i.e., corresponding to drift
limits of 0.25% and 0.8% for the piers and spandrels, respectively.

Table 3 Range of drift for piers at different damage levels and different faileseGhNRDT

212/2013.
Drift [%]
Damage level 3 4 5
Flexural 0.4 0.8 0.8 1.2 1218
Shear 0.25 0.4 0.4 0.6 0.6 0.9

Table 3 Ranges of drift for spandrels at different damage levels according®d QLNA2013.

Drift [%]
Damage level 3 4 5
0.4 0.6 0.8 1.2 18 2.2

Therefore,§ and § in Eq(3.7) are evaluated in E&.8)as:

SLD,S SLD,P
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O aHéDi 1
stos TN D ;5:
v . abD. ! (38)
a.A o ! 1: '
a P i éﬁi
SLD,P qA]

where:N is the number of spandrels in the buildkgrepresents the resistant
areas of the piers; aktlis a dummy variable that returns Ofqr<C,; and 1
for D, 2 C,. Meawhile, Y, \, is defined as in E(B.9).

J
YSLD M= : = ‘% (3'9)
M Jsom  0.2%

in whichJ  is the maximum interstory drift and the threshild,,, , is assumed
to be 0.2 % according to CNIR' 212/2013.

3.6.1.2 Limit state of serviceability (SLS)

In the serviceability limit state, a variable measuring the spread of damage in a
constuction is defined, i.eYg, . This is directly related to the possibility that the

damage can be repairable. In the case of masonry buildings (unlike for RC
constructions), it is not necessary to represent the damage and ralatediep

of nonstructural elements, as their prevalence is marginal (essentially being almost
all structural walls). However, it seems to be appropriate to assign different weights
to the damage caused to the vertical piers and horizontal spandrtis, Isitier

are decidedly less significant and more easily repairable (as they are not
fundamental for carrying vertical loads). Furthermore, in relation to the piers, it is
also necessary to attribute weights commensurate with the corresponding resistant
areas. Therefor¥,, ¢ is evaluated as follows:

:

YS LS

—v—) —_——)

henf i,SLS =+

wheret ¢ is a threshold of the conventional global cost of repair operations,

. & D, @
a8, 1W.<%— g (1-a) QJ-HZVYWQ jJSLS t (310
1 R

assumed in this case to be 0.6. The coeffigicmixpresses the weight of the
masonry piers on the total economic value of the structural elements of the
building and was assumed equal 0.8. These sums are extended to alhthe piers
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and the spandrels, of the structure. The conventional repast function,
o D/ Ges): is shown ifFigure 3.

0.5F

o(D./C))

0 0.5 1 1.5 2
Di/Ci

Figure 38 Plot of the conventional repair cost function in(&40).

Moreoverthe weights associated with the repair costs of the piers are evaluated
in Eq.(3.10 as Ai/a A, ,whereA, is the resistant area of theh pier. The
k

weights,w; , of the repair costs for the spandrels are equahdo Finally, the

variableY, . controls the attainment of the collapsevention limit state, which

is defined in the next paragraph. This control assuh&d B can never succeed

the SLC, and is required because certain collapse mechanisms-stoyeyyeak

do not lead to a significant spread of damage in a building and the cost function
does not increase beyond a particular value.

The weighted sum appiearin Eq.(3.10, i.e., the numerator of ¢, is also

known as the conventional global cost of repair.
3.6.1.3Limit state of near collapse (&C)
Similar to the SLD, in the nemnilapse limit state, the varia¥le. is defined as:

YSLC = ma)( gLC,S ’YSLC,M 7YSLC ,L (31])

1 .. 1 . . .
in whichY = = . In this cas is evaluated
SLC,S I‘SLC a SLC,P 30)/0 aSLC,P % SLC,P

as per Eq3.8). It is assumed that the maximum capacity of the piers is reached
at the damage level 5, corresponding to a drift of 0.6%, as repo&ile i
for the sheafailure mode. The thresholdg ., represents the maximum

cumulative damage allowed in the SLC and is assumed to be 3.0%. The limit state
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variable associdtevith the macro elementg, .. \,, is defined as in the SLD,

with an assumption made that the limit threshold of thestotgrdrift is 0.6%.
Finally, the limit state variable associated with the global response of the

building, Y ¢ ¢, is the ratio between the maximum displacement of a control

point during the timaistory analysis and the displacement corresponding to a
percentage degradation equal to 40% of
the maximum s shear).

3.6.2. Record selection for the Cloud Analysis

A set of 40 records was selected from the M@At2 database to execute the
NDLAs. As the redife structures upon which ours was modeled are subjected to
earthquakes due to gas extraction, the rececti@elvas conducted without any
special regard being paid to the fault style, but instead only to the avoidance of the
effects of impulsive earthquakes and in consideration of soil category B. This is
based on the Eurocode 8 classificat@#lN, 2004, and is characterized by a
sheatwaves velocity ranging from 360 m/s and 800 m/s in the top 3%dm (V

Other selection criteria related to the execution ofCkbed Analysis
procedure were also taken into accdaifayer et al., 2015, 20R&ducing errors
in any estimation of the regression slope in this type of investigation requires a set
of records covering a vast range of intensity valusswvasiachieved using as
reference intensity measure the psauadeleration at the natural vibration period

of the first mode of the structure in thelXection:T, =0.20s, i.e.Sa T). The

records were selected givihug consideration to increasing valueSafT),

evaluated considering the componenamtl covering a range of accelerations
between 0.008g and 1.33g.

It is also important to ensure that a significant portion of the records,
generdy more than the 30%, hasBDP close to the value of the adopted limit
state. This guarantees that there are enough data points in the region under
consideration. Since different limit states were of interest, the final selection

criterion was met by choosing records with incre@s{nif) valueswith account

taken of constant increments of pseaciceleration.

Finally, selecting too many records (commonly more than 10%) from the
same seismic event should lmed®d in order to reduce the potential correlation
between th&DP values assessed for different records.

The main characteristics of the records used to execute the NLDAs are set
out inTable 37. In particular, the following are reported: the RSN identification
number; the name and year of the seismic event; the name of the réathoding s
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the moment magnitude of the event,; theJoyner & Boore distance Bf,
(Joyner and Boore, 1984and thesheatwaves velocity in the top 30 m 4/

Table 37 Characteristics of the selected records.

RSN Event Year Station M, R Vs
Name Name [km] [m/s]
32 "Parkfield" 1966 "San Luis Obispo" 6.19 63.34 493.5
40 "Borrego Mtn" 1968 "San Onofre So Cal Edison" 6.63 129.11 442.88
41 "Lytle Creek" 1970 "Castaic Old Ridge Route"  5.33 103.23 450.28
55 "San Fernando" 1971 "Buena Vista Taft" 6.61 111.37 385.69
76 "San Fernando” 1971 "Maricopa Array #3" 6.61 109.01 441.25
81 "San Fernando” 1971 "Pearblossom Pump" 6.61 3554 529.09
132 "Friuli_ Italy02" 1976 "Forgaria Cornino" 591 14.65 41237
230 "Mammoth Lake§1" 1980 "Convict Creek" 6.06 11 382.12
236 "Mammoth Lake§3" 1980 "Convict Creek" 591 267 38212
288 "Irpinia_Italy-01" 1980 "Brienza" 6.9 22.54 561.04
290 "Irpinia_ Italy01" 1980 "Mercato San Severino" 6.9 29.79 42857
304 "Irpinia_ Italy02" 1980 "Tricarico" 6.2 64.36  496.46
413 "Coalinge05" 1983 "Skunk Hollow" 5.77 7.27  480.32
434  "Borah PeaklD-01" 1983 ANL'7?EZSF:§;",,“°[ Plant ¢ 58 10022 44566
435 "Borah Peak_ IED1" 1983 "ANL-768 Power Plant (Bsmt) 6.88 100.22 445.66
481 "LazioAbruzzo_ ltaly" 1984 "Roccamonfina” 5.8 4547 475.1
513 "N. Palm Springs" 1986 "Anza FireStation" 6.06 42.17 360.45
546 "Chalfant Vallep1" 1986 ‘"Lake CrowleyShehorn Res." 5.77 24.37 456.83
548 "Chalfant Vallep2" 1986 "Benton"” 6.19 2155 370.94
572 "Taiwan SMART1(45)" 1986 "SMART1 EO02" 7.3 51.35 671.52
587 "New ZealanéD2" 1987 "Matahina Dam" 6.6 16.09 551.3
590 "Whittier Narrows01" 1987 "Altadena Eaton Canyon" 599 872 375.16
592 "Whittier Narrows01" 1987 "Arcadia Campus Dr" 599 453 367.53
753 "Loma Prieta" 1989 "Corralitos" 6.93 0.16 462.24
763 "Loma Prieta" 1989 "Gilroy - Gavilan Coll." 6.93 9.19 729.65
815 "Griva_ Greece" 1990 "Kilkis" 6.1 26.75 454.56
816 "Georgia_ USSR" 1991 "Ambralauri” 6.2 63.53 399.61
819 "Georgia_ USSR" 1991 "Oni" 6.2 4219 392.67
823 "Roermond_ Netherlands 1992 "OLF" 5.3 80.67 483.02
824  "Roermond_ Netherlands 1992 "WBS" 5.3 100.81 525.95
897 "Landers" 1992 "Twentynine Palms" 7.28 4143 635.01
954 "Northridge01" 1994 "Big Tujunga_ Angeles Nat F  6.69 19.1 550.11
1041 "Northridge01" 1994 "Mt Wilson- CIT SeisSta" 6.69 3553 680.37
1125 "Kozani_ Greec@1" 1995 "Kastoria" 6.4 47.79 5794
1126 "Kozani_ Greec@1" 1995 "Kozani" 6.4 14.13  649.67
1137 "Dinar_ Turkey" 1995 "Burdur" 6.4 3559 468.44
1612 "Duzce_ Turkey" 1999 "Lamont 1059" 714 417 551.3
2619 "Chi-Chi_ Taiwar03" 1999 "TCUO067" 6.2 27.66 433.63
4491 "L'Aquila_ Italy" 2009 "Ortucchio” 6.3 35.07 388.01

4893 "Chuetstoki_ Japan” 2007 "Toyotsu Nakano" 6.8 61.16 561.59
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Figure 3; Figure 3Ll0andFigure 3l1show the spectra for each component
of the records used to conduct theDMs in the LEDYNA program. The W
component of each record was applied in ttieextion of the structure and the
components kHand V in the Yand Zdirections, respectively (§égure ).

T, =020 Horizontal response spectra H1
T T T

25 T T T

Sa(T) [g]

1 1.2 1.4 1.6 1.8 2
T [s]
Figure 39 Spectra of the ground motions componentaglied in the Xlirection of the
structure.

T,=020s Horizontal response spectra H2
T T

2.5 T

n
T

Sa(T) [g]

0.5 b

T[s]
Figure 310Spectra of the ground motiac@mponents blapplied in the Ydirection of the
structure.
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T,=0.20s Vertical response spectra V
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Figure 311Spectra of the ground motions components V applied indiection of the
structure.

3.6.3. Intensity Measure

Intensity measure had to be chosen before conducting the analytical estimation of
the fragility curves of the intact structure. Thkée were investigated: 1) the

firstmode spectral accelerati®a( T), evaluad on the component;tdpplied
in the Xdirection of the structure during the execution of the NLDAs; 2)
Sy T),,,» Which isthe geometric mean of the spectral accelerésigip)

evaluated using the componenisirtiH> applied in the Xand Y-directions of
the structure, respectively , when performing the NLDAs; 3) the average spectral
accelerationsa, ( T,T... ,J,) (Baker and Cornell, 2Q0évaluatedising H

and withconsideration given to 20 equally sppegdds in a range between 0.01s
and 0.2s.

The process of selecting the intensity measure for the execution of Cloud
Analysis and the assessment of fragility curves of the structures was based on the
concepts of sufficiency and efficiency, which hagetss to the accuracy of
structuraberformance assessmenicp 2002; Luco and Cornell 2007; Padgett
et al. 2007 In fact, asufficienM renders the structural response conditionally
independent, given the selected intensity measure, ofhéneeatthquake
characteristics involved in the seidraizard assessment at the construction site
(i.e., magnitude and soutossite distance). Meanwhile,edfiicieniivi leads to
relatively little variability in the structurgboase given théM . In the context
of the Cloud Analysis, the efficiency ofincan be measured by the standard
error of the regression analysis,, . Consequently, the most efficignt

produces the lowegt.,, value.
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On the other hand, establishingl M3 s escy reduireg an investigation
of the effectiveness of the ground motion (GM) characteristics as further
regression variables (in additionNb). In other words, as regression variables,
the GM features result in very little imgment to the regression prediction if
the IM is sufficient. Any enhancement can be judged by the reduction in the
dispersion of the regression residuals and/or the statistical significance of the
regression coefficients correspogdanthe GM characteristidalaye 2003.

In this study, the sufficiency was evaluated using a simplified statistical
approach based on linear regression to measure the effectiveness of the GM
characteristics as additional regression variables. This method requires a regression
of the dependent variabl&EDP, versus the independent varialie,.
Subsequently, plotting the residuals of the regression versus the GM characteristics
enables a second linear regression to be performed. By highlighting any significant
data trends, this approach facilitates the investigation of the potential dependence
of EDP on the other GM characteristics. The significance of the trend can be
measured by testing the hypothesis that the slope of the second linear regression
is zero. This can be evaluated using-tadue, with a hypothesis regecif this
is lower than a set value (e.g., 0.05; 0.01yaminsufficient.

Next, the dependence of the structural response conditional on the three
IMs was tested with respect to the mommeagnitude ¥, ), Joyner & Boore

distance(R,;), and the &5% significant durationD{ ;). The standard

residuals from the first linear regression were plotted against the moment
magnituds, the logarithm of distances and the logarithm od®3&Gsignificant
durations. A standard linear regression was then carried out. The statistical
significance of the regression estimate was quantified usglges pnd a value
lower than 0.05 forng of the three parameters is considered to be a
demonstration of the statistical significance between the residuals and that
parameter.

It is common to check the dependence afharwith respect to magnitude
and distancé_gco and Cornell, 2007n this study, however, the dependence on
a measure of the ground shaking duration was also considered. The decision to do
so was based on the evidence from previous research that the response of URM
buildings (and other strengéimd stiffnesslegradig structures) is dependent on
the length of any strong grousttbkingBommer et al., 20p4 he interval related
to 5395% of the total Arias IntetsiArias, 1970of the record (the swalled B
95% significant duratidd,_,, ) was selected as the preferred duration parameter.
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3.6.4. Results of the Cloud Analysis

This section describes the assessment of the fragikty, @enformed using the
Cloud Analysis approach. The NLDAs were conducted by applying the three
components of each record,(Hzand V) in the three directions of the structure,

X, Y and Z (shown irFigure 2), respectively and recording the structural
response.

The fragility curves were evaluated for the three damage states SLD, SLS and
SLC, with single fragilities defined for the entire structwas Hssumed that the
structural response was the maximum value of the damage state variables in the
X-and the Ydirections for each record. It is worth recalling that the definition of
the limit states (described in the previous paragraphs) exclussigdycthe in
plane structural response and assumes thdahmearmode for the piers. Each
damage state is considered to have been achieved when theYgrjables;

and Y, . have a value equal to 1.0.
Table Breports the data for each record used to evaluate the fragility curves,
I.e., the valuder each record of the damage state vari#blgs Y, s and Y, .

as well as thretMs, Sa T); s T),,, and Sa,, Moreover, , as described
above, the magnitudel,, theJoyner & Boore distand®,, and the significant

duration of the ground motions, _,, , Wwere used to chettle sufficiency of the
IM .

Table 3B Data for assessing the fragility function and checking the sufficiency of the intensity
measure.

N Sf’( -D SE T)GM S8y Yao Yas Ysc M, Rie Ds g3
[d] [ [a 1 I F1 ] [kl [
32 0.035 0.036 0.021 0.339 0.058 0.075 6.19 63.34 17.84
40  0.097 0.111 0.059 5.898 0.120 0.547 6.63 129.11 28.00
41 0.050 0.061 0.036 0.809 0.104 0.034 5.33 103.23 09.18
55 0.028 0.034 0.018 3.549 0.062 0.586 6.61 111.37 20.435
76 0.022 0.021 0.014 7.366 0.057 0.571 6.61 109.01 22.85

RS

81 0.256 0.281 0.248 3.514 1.667 1.190 6.61 3554 13.73
132 0.574 0.605 0.486 5.864 0.832 0.601 5.91 14.65 4.495
230 1.334 1.102 0.832 23.403 1.094 15.476 6.06 1.10 9.185
236 0.616 0.593 0.408 12.468 1.667 2.381 591 2.67 6.30

288 0.760 0.668 0.518 8.507 0.711 0.970 6.9 2254 10.3124
290 0.409 0.442 0.170 4.839 0.419 0.527 6.9 29.79 26.7061
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Table 3 (ContinugBata for assessing the fragility function and checking the sufficiency of the
intensity measure.

. S{T) SA Doy S&y Yoo Yas Yo M, R Do
[d] g [ I 1 1 ] [kl (9
304 0.038 0.045 0.034 8.904 0.067 0.298 6.2 64.36 18.9341
413 0.892 0.837 0.604 14.558 1.667 2.381 5.77 7.27 5.265
434 0.091 0.082 0.049 0.566 0.087 0.088 6.88 100.22 15.88
435 0.081 0.098 0.069 0.853 0.101 0.184 6.88 100.22 15.56
481 0.098 0.098 0.058 2.211 0.123 0.230 5.8 45,47 12.5562
513 0.287 0.192 0.200 2.224 0.265 0.146 6.06 42.17 5.845
546 0.172 0.136 0.096 2.807 0.139 0.278 5.77 24.37 14.595
548 0.672 0.505 0.461 9.094 1.667 1.272 6.19 2155 16.645
572 0.334 0.384 0.238 20.987 1.667 2.493 7.3 51.35 12.42
587 0.476 0.572 0.454 27.768 1.667 7.143 6.6 16.09 6.4
590 0.635 0.481 0.485 6.068 1.667 2.381 599 8.72 4.49
592 0.774 0.599 0.535 17.246 1.667 5.952 5.99 453 3.08
753 1.024 1.026 0.953 27.768 1.667 15.476 6.93 0.16 6.86
763 0.832 0.973 0.738 23.080 1.667 8.333 6.93 9.19 5
815 0.090 0.115 0.082 1.294 0.095 0.190 6.1 26.75 11.03
816 0.034 0.034 0.023 1.190 0.059 0.209 6.2 63.53 16.263
819 0.322 0.193 0.132 1.419 0.348 0.210 6.2 42,19 11.4036
823 0.008 0.009 0.007 0.310 0.0426 0.1034 5.3 80.67 9.8532
824 0.011 0.012 0.009 0.123 0.053 0.022 5.3 100.81 13.9216
897 0.217 0.190 0.149 14.433 0.181 0.898 7.28 41.43 30.7
954 0.557 0.611 0.342 5537 0.691 0.513 6.69 19.1 10.72
1041 0.839 0.628 0.391 2.605 0.685 0.511 6.69 35.53 8.84
1125 0.043 0.037 0.028 0.836 0.067 0.104 6.4 47.79 15.765
1126 0.723 0.595 0.389 3.178 0.607 0.650 6.4 14.13 6.45
1137 0.155 0.120 0.068 4.182 0.214 0.468 6.4 35.59 16.37
1612 0.502 0.554 0.280 26.579 1.667 3.570 7.14 4.17 14.09
2619 0.456 0.454 0.325 16.321 1.667 2.735 6.2 27.66 6.585
4491 0.173 0.127 0.086 3.296 0.185 0.658 6.3 35.07 9.775
4893 0.373 0.282 0.308 17.246 1.667 8.333 6.8 61.16 8.91

Table dandTable 3L0show the results of the Cloud Analysis and the sufficiency
check for the SLD and SLC, respectively. In detail, the following are reported: the
coefficientsa and b, estimated from the linear regression in (Bd); the
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conditional logarithmic standard deviationEBP given IM, eodw (see
Eq.(3.2); thep- valu; and the slopes , of the linear regressions obtained for

the sufficiency check of the three alternakite against the magnitudd, , the
distanceR ;, and the significant duration of ground moti@S,y, .

Table 3 Results of the Cloud Analysis and the sufficiency check performed for the damage limit
state (SLD).

p- valu p- valu P- valu

b, a a a
IM a b EDPIM ( MW) (RJB) (D5 9%) My Rig Ds. o34
S{T) 260 073 094 0.04 0.59 032 065 -0.08 0.30
Sq 1)y 274 079 091 0.06 0.71 027 059 -0.06 0.34
Sa,, 3.09 084 0.88 0.05 0.81 0.14 062 -0.04 045

Table 3LOResults of the Cloud Analysis and the sufficiency check performed for the near collapse
limit state (SLC).

p- valu p- valu P- valu

IM a b Deorm (M,) (RJB) (Ds 0s6) Aw,  Br, Ao,
Sq 1) 1.05 090 1.06 0.12 0.08 0.87 050 -021 -0.05
sqT), 120 096 1.03 0.17 0.11 091 044 -019 -0.04
Sa, 1.66 1.04 0.96 0.16 0.20 070 045 -0.15 0.12

In relation to the assessment of the fragility curve for the SLS, the definition of
the damage state variablg in Eq.(3.10 required verification that the SLS
would never succeed the SLC. Therefore, if the first term (@11Bgis greater

than 1.0;Y, ¢ assimes a limit valu¥, =1/06 =1 6. To account for these
extreme cases, the approaciaiayer and Cornell (2p88d governed by the Eq.

(3.4), was adopted.able 3l1sets out the results of Cloud Analysis for the SLS
for the NoC data (the cases where thecttire does not experience the collapse,

l.e., Yg s <1.67). In detail, the following are reported: the coefficeertisd b,

estimated from the linear regression in (Bd); the conditional logarithmic
standard deviation &DP givenIM , epdw (see Eq3.2)); thep- valu; and

the slopesa , of the linear regressions performed forifesufficiency checks
against the magnitudd,,, thedistanceR,;, and the significant duration of the

ground motionsP; g, -
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Table 3Ll1Results of the Cloud Analysis and the sufficiency check performed for the serviceability
limit state (SLS).

p- valu p-valu P-valu

b, a a a
IM a b EDPIM ( MW) (RJB) (D5 g%) My Rg D, gs6
Sq ) ogp 070 027 0.60 0.35 049  -023 -016 -0.24
S& 1), 0:18 0.75 0.28 0.99 0.47 0.58 0.00 -0.12 -0.19
Sa, 021 081 0.30 0.44 0.44 062  -0.34 -0.13 -0.17

The results summarizedTiable 3, Table 3l0andTable 3l1reveal that
the most efficient of the sufficient intensity measures for SLD and SLC is the
average spectral accelerati®a,,; for the SLS, it is thig'stmode spectral

accelerationsa T). However, thesg,, IM was chosen to represent all three

damage states, because it was also found to be sufficient for the SLS.
Figure 32 shows the linear regressions that take into accouiitithe
selected for the three damage states.

(@) 3.5 ——(0) 15 (€3
05 2 o of
1
-0.5
g 0
>7
-L.§ 1
-2
© DataNoC
-10 o Mean -2.5 Mean
1.5 ° 7 — = =Mean -fEpp|im . — — ~Mean -Sppjim -3 P — — ~Mean -Gppjim
-2,0 - — — —Mean +Eppjim 3 °, Mean + EppjiM . » - ° — — —Mean + feppyy
5 -4 -3 -2 -1 0o "% 4 3 =2 1 0 1 -5 -4 -3 -2 -1 0
Sadg] Savdg] Sadg]

Figure 312Linear regressions of the cloud data for SLD (a); SLS (b) and SLC (c).

Figure 33 contains an example of the sufficiency check conducted for the
intersity measuresa,,,, and the SLC. The figure shows the scatter plots of the

regressions residuals versus the moment magnkydeteJoyner & Boore
distance(R;), and the 85%significant duration,0 .,). The pvalues are
also reported.
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Figure 313Sufficiency check for the case of SLC and the intensity nSggsanelation to the
moment magnitude¥l,, (a), theJoyner & Boore distancB,; (b), and of the@5% significant

duration,Dg_gs, (C).

Finally, the fragility curves of the structure were evaluated accoEdjn@.8)
for the SLD and SLC, with the results showrigure 3l4a. Themedians,
Aepam » @nd the standard deviatiows,,,,, , which definghe fragility curve for

the SLD and SLC, are reported able 312

Table 312Medians and standard deviations defining the fragility curve for the damage states SLD

and SLC.
Median Standard deviation
Damage state hEDP]IM [g] bEDP]M [g]
SLD 0.025 1.051
SLC 0.204 0.920

The fragility curve for the SLS was evaluated according3a)ERigure 34
shows this CUVER Y, < 2 ]j IM =Sm , and all the components contributing to
its assessment, namehe probability of collaps®[ C|IM =im], evaluated
using the logiie regressigrand the conditional probability thég, ¢ is greater
than 1.0 given that the collapse has not taken Plgug 2 ]j IM =im, Noc,
assessed via a linear regression dfitleecloud data.

It should be noted that the probability of collaBg€,|IM =im], in Figure
314b does not coincide with the fragility cunrgY, . 2 4 IM =im , in Figure

314a This is because they were evaluated by taking into account gifbgrent
and using different distribution models, i.e., the logit in the first case and the
lognormal in the second one.
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Figure 314Fragility curves of the cagtady structure for the SLD and SLC (a), and the fragility
curve evaluated for the SLS and its components, accordin3td) Huj.

3.7.Assessment of statelependent seismic fragility curves

If seismiereliability calculations are expected to account for multiple earthquakes
and damage accumulation, it becomes important to evaluate the probability that
an alreadgamaged structure will make the transition from one damadeState,

, to another that is more sevel®$, . This probability is defined by the state

dependent fragility functid?lgEDP> eq;gi‘ DSA IM= inand represents the

probability that the structure will achi@&®, conditional on the occurrence of a

shaking intensitym, and that the structure has already been foun8 irHere,
the statalependent fragility functions are simply written as

PEDS| DSA IM= im.

The evaluation of the statependent fragility curves was conducsawyu
the procedure referred to as bekack IDA (uco et al., 2004; Ryu et al., 2011;
Goda, 2012; Rui@arcia, 2012; Raghunandan et al., 2015; Goda, 2045
requires a structure to be subjected to numerous NLDAs. The main disadvantage
of the procedure is its high computational cost, particularly for the 3D structures.
Therefore, in order to reduce the analysis time, a simplified procedure for
analytical fragy estimation is used, that is based onlinear static analysis.
This requires the definition of a surrogate structure in the form of an inelastic
equivalent singldegreef-freedom (ESDoF) system, whose definition is based
on the pushover curve ofettoriginaimodel Two systems were defined and
calibrated to reproduce the static and cyclic behavior of the 3D model in the two
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main directions (sédgure 3). The systems were analyzed usingtbdck
IDA to assess the statependent fragility curves. Meanwhile, the fragility curves
of the intact structure were evaluaiadDA to ensure a consistent comparison
was possible (IDAJamvatsikos and Cornell, 2001, 2004

The structurespecific and statbependent fragility curves were obtained by
applying the IMbased approaciWémvatsikos and Cornell, 2p@d the IDA
curves and the bat-back IDA curves, respectively. So, for the former, the IM

based method entailie@ntifying the intersections of the IDA curvwesg,; , with

the vertical line passing through the EDP threshold that defines the attainment of
the damage state. Thesg,, values can be viewed as realizatioagafidom
variable (RV)IM ¢ , which is the seismic intensity to which the ground motion

needs to be scaled for the structure to acbBigver he fragility function can then
be defined as the probability thdt,; is equal or lower than tlewel of seismic

intensity possibly occurring at the site, RERS || M =in] =PgIMg  @m.
Assuming thatM, follows a lognormal distribution, the fragility function can
be estimated according to B112):

P[DS|IM=im] =PgIM,;, ¢mg HF (im)h)/-b
Q_ In(irrbsiyj) (312

where/? and b are the parameter estimates (median and logarithmic standard deviation)
of the assumed lognormal distribution!bf g ; iMyg; is the realization of the RV

coming from to thgth record; and= ( § is the standard Gaussian (cumulative) function.

3.7.1. Calibration of the equivalent SDoF oscillators

The conversion to the ESDoF models involved defining the characteristics of the

SDoF oscillators (e.g., the equivalent masand the vibration period, ) and
backbones parameters. Also characterizedhe/dsysteretic behavior in the
structureds two horizont al directions.
Two SDoFs, each representative of a direction of the structure, were
calibrated based on the structural response shdwgume 3. The backbone
curves of the two ESDoF oscillators were obtained fropuii®vercurves of
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the original 3D structure scaled down by the corresponding modal patrticipation
factors G (Fajfar, 2000G =.00 for the pushover curves obtained using a
uniform force distribution ands 4.2Z in case of the tmgular force
distribution) and defining a mditiear approximation of the resulting curves, as
reported inFigure 3L5for the latter distribution typés the application of the
triangular force distribution produced the lowest force and displacement values in
both the X and Mdirections F*,d* coordinates), its resulting pushover curves
were used to define the capacity curvediviin SDOF systems.

The massm , the period] ", and the force and displacement values at the
points defining the linearized backbone curves of the ESDoFs are reported in
Table 3l3andTable 3L4for the X and Ydirections, respectively. It can be seen
that the structure had an asymmetric static response in both directions; therefore,
the positive andegative directions of the load are specified using signs plus and

minus in the subscript, respectively (Ei.g;,* andF 7).

Table 3l3Characteristics of the equivalent SBggtem representing the X direction of the

structure.
Direction X
F. a. F. d. m T
I (N [N 3 N (R ©
1 206.76 0.0029  -240.06 -0.0026 118713 0.239
2 142.05 0.0088 -133.570 -0.017
3 96.09 0.0293 -81.681 -0.047
4 26.84 0.1200 -31.341 -0.127

Table 314 Characteristics of the equivalent SDOF system representing the Y direction of the

structure.
Direction Y
R a. R’ a. m T
I 0 B 1 N 1 - N O
1 603.39 0.0021 -626.49 -0.0021 118713 0.126
2 492.04 0.0051 -517.21  -0.007
3 404.27 0.0321  -418.31 -0.033

4 405.75 0.1410 -423.42 -0.114
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Figure 315Definition of the backbone curves of the two SDoF systems representing the behavior
of the entire structure in the X (a) and Y (b) direction.

In addition to the backbone curves, the hysteretic behavior assigned to each
ESDoFsystem to execute the NLDAs was also calibrated based on the results of
the cyclic pushovers showrrigure 3. The two ESDoF systems were analyzed
using the OpenSees platfor@pén System for Earthquake Engineering Simulation,
McKenna, 20)1meaning that each hysteresisiefsed using a selection af th
hysteresis rules available in the OpenSees material library. To reproduce the
hysteretic behavior shown in theikection Figure 3/c), a hysteresisas defined
as a combination of the flalgaped hysteretic rulghfistopoulos et al., 20GHd
a pinched loadeformation respomswith strength and stiffness degradation
under cyclic loading (i.e., pinching4 Material in the OpenSees library). On the other
hand, only the pinching4 Material was used for-theedtion and calibrated to
reproduce the behavior showrrigure 37d.

Figure 3l6repats the comparison between thetérngtic behavior of the
3D model (panels (a) and (c)) and the responses of the two ESDoF systems to the
loading protocol shown Figure 3 (panels (b) and (d)).
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Figure 316 Comparison of the hysteretic behavior obtained by analyzing tainteresional
structure (a) and the hysteretic law defined using the OpenSees platform (b} ftirettioK.
Comparisno of the hysteretic behavior obtained by analyzing thelittnexgsional structure (c) and
the hysteretic law defined using the OpenSees platform (d) fediteetion.
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3.7.2. Fragility assessment

The assessment of the fragility curves of the intact stractuid the state
dependent fragility curves were conducted via IDA andtdsbakk IDA,
respectively. Treame set of 30 records selected from the NESS dRéaeetat
al., 201Bwas used for both the IDA and the first and the second phases of the
backto-back IDA. All these analyses (IDA and bawkack IDA) were
performed using the OpenSees platform (Open System for Earthquake
Engineering SimulatiomicKenna, 20)1via a recent version of the DYANAS
software Baltzopoulos et al. 2018

The fragility curves were assessed taking into atmaudamage states,
from DS, to DS,, defined in accordance with the studgragiotti et al. (20).7

In generally very good agreement with the literdtagerarsino and Cattari,
2015, this detects the global drifts corresponding to the different performance
levels identified on the basisacshakingable test of a fulicale, representative
specimen of a Dutch twsiory terraced house in the Netherlands. Damage state
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DS, was defined as the maximum level of displacement that can be achieved
without causing any visible damdns, refers to the maximum displacement

level achieved that causes only minor/slight structural damage, i.e., it could be
easy repaired for a possible immediate occupdb8y;relates to moderate
structural damage (observed in all the piers of the structure) that could be viewed
as a lifesafety limit state; arldlS, references a cafise prevention damage state.

The values of maximum displacemenyt, that represent the attainment of the

i-th damage state in the easaly structure and for all the performance levels
considered are reportedriable 315

Table 315Values of maximum displacement representing the attainment of the four damage
states.

a* ax a* ax,
I [ [

0.0031 0.0047 0.015 0.047

The assessment of the fragility curves and thedspatedent fragility
curves were conducted for the ergtracture considering, for each record and
thei-th damage state, the minimum valuengf, producing the achievement of
the considered damage state in one of the two directions of the structure. The
resulting mediang,, and standard deviatiorts, defining the parametric fragility
curves (seedq3.12) for the four damage states are reportédtie 3L6 The
IM used for the assessments was the average spectral acceleration
Sa( T.T... .%) » Which wagvaluated taking into account 20 equally spaced

periods in a range between 0.01s and 0.2s.
The fragility curves of the intact structure are shown in pandtiga)ref3l7.

Table 3Ll6Median,/ , and logarithmic standard deviatignd e f i ni ng t he structur ec
curvesiM in g).

MEDIAN A SIGMA p

DS DS, DS, DS, DS, DS, DS, DS,
014 018 029 051 038 034 046 069

The statalependent fragility curves were estimated by means of ttee back
back IDA, using a set of 30 records to represent the first damaging shock of the
cluster, scaled to produce maximum displacements of 0.0031 m, 0.0047 m and
0.015 m corresponding ttee attainment oDS,, DS, and DS,, respectively



CHAPTERS 11,

Thereafter, the same 30 subsegsientk accelerograms per the initial shock were
applied for a total of nideundred curves.

Table 317 contains the values for the medjanand logarithmic standard
deviation, b , defining the lognormal distribution obtained with(E#2), i.e.,
t he struct ur -edpendeptéragiityrcarves. ifinst cdummin the
tade sets out the initial damage state, while the the rest of the rows represent the
final damage states.

Panels (b), (c) and (d)Figure 3l7show thetsr u c t u-depeéhdentst at e

fragility curves, evaluated with the results of thet@&8ack IDA and assuming
a lognormal distribution. Each of the three pan€lgime 3L7shows the curves
obtained when considering all the possible transitions between damage states
(from a damage staiteto a damage state ) assuming the-th initial damage

state. Panel (b) showtgves obtained whddsS, is taken to be thaitial damage
state, while panel (c) and (d) do so for the cases WIfreand DS,,

respectively, represent the initial damage. The fragility functions in each panel,
which were assessed by assuming that the structure was initially in an intact
condition, are also reported as reference to show the increases in fragility caused
bythe first shock.

Table 3L7Median /1 , and logarithmic standard deviatign,defining the statdependent
fragility curves of the two SDoF systeti (n g).

MEDIAN A SIGMA p
Ds2 DS3 Ds4 DS2 DS3 Ds4
Ds1 0.06 0.21 0.46 1.20 1.23 0.80
DSs2 - 0.20 0.45 - 1.23 0.78

DS3 - - 0.44 - - 0.79
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Figure 317 Structurespecific and statiependent fragility curves of the edsdy structure.
Fragility curves of the intact structure (a)-d&dendent fragility curves evaluated by tre@fing

as the initial damage state (b);-skpendent fragility curves evaluated by tré@Bpas the initial

damage state (c); stdependent fragility curves evaluated by treBXfygas the initial damage

state (d).

3.8.Conclusions

Central to the discussion in this chapter has been the assessment of the fragility
and statelgpendent fragility curves oftheease u dy 6 s
is representative of the URM terraced houses in the Groningen region of the
Netherlands. This type of building has been the subject of extensive research
because of the seismicity iretliby commercial gas extraction in the area.

In a first step, the structuspecific fragilities were evaluated by analyzing a
3D finite element model developed in collaboration with Arup Italy using the LS

mo d,which 3 D

stru

DYNA software. The assessment was conducted using the Cloud Analysis, taking
into account th damage states defined accorditigetétalian Guidelines and
Technical Instructions of the National Research CouncitpONR2/2013)

Subsequently, to limit the computational costs of assessing the state

dependent fragility curves, two SDoF systems representing the structural behavior

in the
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to-backincremental Dynaim Analysis. This assessment took into account four
damage statesailable in the previous literature, whicdefireedbased on the
outcomes of a shakhtgple test of a fuflicale specimen of the type of structure
modeled in this case study.
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for Italian structural classes
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Abstract

From this chapter was derived the paper:
- Orlacchio M., Chioccarelli E., Baltzopteteslifto, (2021) o-&peaderd seismic

fragility functions for Iltalian reinforce
3> European Safety and Reliability Conference (ESREeptethtber 2021, Angers,
France.

The presdrchapter deals with the analytical assessment of structural vulnerability
models for Italian building classes that constitutes one of the results of the
ongoing research project RISE (Rea earthquake risk reduction for a
reSilient Europe). The structs under consideration are taken from the
outcomes of the SERA project (Seismology and Earthquake Engineering
Research Infrastructure Alliance for Europe) and refer to existing reinforced
concrete and masonry residential Italian buildings.

Statedependaet fragility curves are evaluated via -tmblack incremental
dynamic analyses using equivalegledegreef-freedom systems. The analyses
consider four damage states, identified by transient maximum inelastic
displacement thresholds defined on tletsg md s backbone curve
performed with the DYANAS software. Such fragilities are required to calculate
the seismic structural reliability when it is possible for structural failure to be
reached progressively, i.e., due to the cumulative effedtigiErearthquakes.

Keywordssequencbased seismic reliability, b@xback IDA, damage
accumulation, SDOF systems, reinforced concrete, masonry.

4.1.Introduction

One of the challenges facing the ongoing research project R&ing¢
earthquake rlsk reduction for a reSiligig &rocopeting for earthquake sequences

in shortterm seismic risk assessment. This requires allowing for the fact that
structural failure can occur not only due to a single seismic event but can also be
reached progressively, due to damage accumulatioliple earthquakes.

Seismic fragility functions are surrogate structural models that provide a
structureds conditional probability of
intensity in a single event. In this context, failure refers to a stiaithgeo
meet some performance objective. An extension is represesizigiéyendent
fragility functions, that provide the probability that an aldeexgged structure
makes a transition from a damage state to another (worse) one, given the value o
ground motion intensity. The evaluation of stafendent fragility is a necessary
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ingredient to account for damage accumulation in multiple events in risk
assessment (elgryvolino et al. 2016, lervolinoat202(.

Evaluation of structusgpecific fragility functions can be made vidinear
dynamic analysis of a numerical model of the structure. Past research has suggested
that the assessment of fragility functions representing structural g/fofogie
classes) can also be performed applying the same method to a limited number of
structures, deemed representative of the entire classr¢@iinp et al. 2007,
Kazantzi and Vamvatsikos 2D15

This chapter presents the computation of the-degendent fragility
functions for the ltalian reinforced concrete (RC) and masonry residential
structure classes as identified in the SERKAMology and EarthquakeriBgginee
Research Infrastructure Alliance joreBeanple project. In fact, within the SERA
project, the capacity curves of equivaiagiedegreef-freedom (ESDoF)
systems representative of different classes of the European buildings portfolio
were deeloped together with the corresponding fragility funciamsgo et al.

2019.

Although, for each RC building typology, the SERA project provided a set
of capacity curveR¢mao et al. 20),9he average capacity curves of each set are
herein assumed to be representative of the entire typology. On the other hand, for
the Italian masonry classes, the SERA project provides single capacity curves
representative of each class.

The statedlependent fragilities are evaluated via teallsabackioback
Incremental Dynamic Amalsiskto-back IDA Goda 2012; Ryu et al. 2p11

The chapter is structured as follofivst, the characteristics of the set of
analyzed structurespresentative of the Italian RC and masonry builaiegs
described. Then, the methodology is outlined along with the definition of damage
states used fohe fragility assessmenhe chosen intensity measure and the
identification of the number of ground motion records for the execution of the
nonlineardynamic analysis are also discussed. Finally, the results are presented,
discussing the lognormal assuompior the statelependent fragilities.

4.2.RISE project structures

European existing structural typologies were identified in accordance with the
building taxonomy developed within SERé&njao et al.q19 on the basis of an

updated version of the international standard (i.e., the GEM building taxonomy;
Brzev et al. 2013This taxonomy catalogues buildings considering four main
characteristics: primary construction material (e.g., minfaencrete,
unreinforced masonry, steel, etc.); typology of the lateral load resisting system (e.qg.,
wall, moment frame, infilled frame, etc.); height expressed in terms of number of
stories and seismic capaelated properties (e.g., ductility andlesign later
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force), which depend on the evolution of seismic design in the country (e.g.,
Petruzzelli and lervolino 202if)available, information about the presence of
structural irregularities is also provided.

4.2.1. ltalian RC structures

The Italian RC existing structures analyzed in this study are represented by a set
of eighteen infilled frame buildings, each representing mdouilalss. The
building classes are distinguished in terms of number of stories and level of seismic
design. The buildings/classes considered have one to six stories and are also
identified in terms of code level of seismic design, i.e., absent or Eavellor
low-code structures are divided further, based on their design (lateral) base shear,
which is either 5% or 10% of the building weight (i.e., the seismic coefficient).

4.2.2. Italian masonry structures

The Italian masonry structures portfolio is representbis study by a set of
fiteen wall masonry structures: in detail, ten unreinforced masonry (MUR)
buildings and five confined masonry structures (MCF). The MUR structures are
classified on the basis of the masonry material in rubble stone masonry (MUR
STRUB); dressed stone masonry (MMJRRE) and masonry with clay bricks
(MUR-CL99). All the MUR structures arechuxtile systems having at most five
stories. More specifically, the set of ten unreinforced masonry buildings is
composed of five MUBBTRUB stuctures having from one to five stories, two
MUR-STDRE structures with number of stories equal to four and five, and three
MUR-CL99 buildings having from three to five stories.

Finally, the five confined masonry structures have low level of available
ducility and from one to five stories.

4.3. Methodology
4.3.1. Capacity curves and damage states definition

The structures described in the previous section are analyzed using equivalent
singledegreef-freedom systems or ESDoF (eSuzuki and lervolino 2019
characterized by piestgse lineabackbone curves and a pinched hysteretic
behavior exhibiting degradation of strength and of (unloading and reloading)
stiffness under cyclic loading. An example of the cyclic response of the analyzed
systems is shownhigure 4L.
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—— Backbone
—— Hysteresis

a
Figure 41 Example of backbone curve and cyclic response of an inelastic SDoF system with
pinched hysteretic behavior and cyclic strength and stiffness degradation.

A generic backbone curve is presented in paneFjguid £ in terms of
displacementsgy, and ratio of the reacting force over the mass of the structure,

F/m, along with the points identifying the capacity deiuere £a also shows

the damage state thresholds considered in this study. Four damage states a
considered ranging frostight damad@es,) to collapss,) ; all of them are

defined according to the SERA project on the ba%8lafVega et al2017
andLagomarsino and Giovinag2006.

The engineering denthparameterEDP, adopted for the identification of the
damage states is the (absolute value of the) maximum transient inelastic response
in terms of displacement. Thus, in order to account for damage initiation in non
structural elaents,DS, is considered to have been reached when the maximum
displacement equals or exceeds 75% of the displacement corresponding to the
value ofF,/m, d,, whereas the collapse corresigdo the ultimate displacement
capacity of the structur@,. The definition of the intermediate damage states, that

is, moderate damageS, and extensive damag®S,, follows closely the
proposal originally presented bggomarsino and Giovinazzi, 2006he
thresholds oDS, and DS, are evenly spaced between the first and last damage
state thresholds and are reached at the displacements @&@éato 0 33 ¢
and0.252 967 ¢, respectively.

The backbone curves of the eighteen RC structures considered here are
shown irFigure £b whereas those of the fifteen masonry structures are reported
in Figure £c (numerical values defining each curve are available at the data
repositorjRomao et al. 20R0
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Figure 4.2 Example of capacity curve and definition of the four damage states used in the study (a);
capacity curves of the analyzed reinforced concrete structures (b) capacity curves of the analyzed
masonry structures.

Each backbone of the RC structureigiure 4b), is determined as an
average of the backbones of a multitude of structures comprising that class. More
specifically, each piagise linear backbones idefined by four points

({a’y,Fy/n}{ a.F r}1{ 7.7 }n{ : uaf/E}}é seeFigure £a & and the

displacemerdcceleration coordinates of each point on the representative curve is

evaluated as the geometric mean of the corresponding points defining the capacity

curves of the seThis geometric mean is obtained independently for the abscissa

and the ordinate of each of the four points defining a representative average curve.
Two subsets of curves can be identifiethure £b; they are representative

of onestory and moréhanonestory (from two to six) RC buildings, respectively.

More specifically, the curves with the highest val#&sotorrespod to one

story structures among which one has absent level of seismic design whereas the
other two have low code level with design lateral force equal to 5.0% and 10.0%
of the building weight, respectively. The-stogy buildings have vibration
periods ofabout 0.15s whereas the structures with more than one story have
periods ranging from 0.29s to 0.88s.

In Figure £c are reported the capacity curvegresentative of the
unreinforced masonry structures classes (solid lines) and those of the confined
masonry buildings (dashed lines). The capacity curves for masonry structures,
differently from the case of the RC systems, are already representative of e
masonry structures class and are directly provided within the SERA project in
terms of coordinates of the four points

({a'y,Fy/n} { ¢.H 1}1{ 7.7 }n{ : uCI{/E})entirer defining the backbone

curves. Both the unreinforced masonry buildings and the confined masonry
structures have periods of vibration between 0.13s and 0.69s.

The statalependent fragility curves were evaluated for the entire sets of
eighteen RC isictures and of fifteen masonry structures, whereas the choice of
the intensity measure and the identification of the number of ground motion
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records for the execution of the nonlirtharamic analyses were conducted
considering two benchmark systems animsg reported iRigure £b for the

RC structures and two benchmark systems among those repeigedeid2c

for masonry structure. Figure £b the backbone 1 (solid line) was selected to
berepresentative of a ea®ry RC building, which has a vibration periodrj,e.,

equal to 0.15s. On the other hand, backbone 2 (dashed line) is considered
representative of taller RC structures and corresponds-sboaysbuildig with

T,, equal to 0.88s. Figure £c the backbone 1 (solid line) is representative of

the unreinforced masonry buildings andThasqual to 0.69s. The backbone 2

(dashed line) is representative of the confined masonry structures which has a
vibration period equal @©13s.

4.3.2. Fragility assessment

In this study, fragility functions (i.e., for the undamaged structure) and state
dependent fragility functions are evaluated usingMBAvatsikos and Cornell
2002 and baclo-back IDA, respectively. For a selected set of records, IDA
collects the response of a dimear undamaged structure to the records that are
progressively scaled in amplitude to represent increadmgflegismic intensity.
The results of the procedure can be expressed using the IDA curves that represent
the structural response via the selected EDP as a function of the intensity measure,
IM .

Backto-back IDA is an extensiori DA, in which the structural model is
first subjected to a set of records shaking the structure at its intact state, causing it
to reach a damage st&t§ . This is numerically simulated by having each record
scaled in amplitude tioe lowestM value that causes the structure to reach the
EDP threshold for damage stdds ; thus, each record produces a different
realization of the nedlamaged structural model, which can be considéraaet
made the transition t®@S . Subsequently, each damaged incarnation of the
structural model (i.e., the ESDoF) is subjected to a second set of accelerograms.
The records of the second set are scaled until the damaged structure reaches a
more severe damage, B&§,, where | >i .

Applying thelM-based approach to the results of INarqvatsikos and
Cornell 2001l and bakto-back IDA, fragility functions and stdependent
fragility functions are evaluated. This approach consists in finding the realizations

of the random variablgM ,5) that is the seismic intensity leading the structure
to equal orxxeed a certain damage state threshold. Assuming that this random
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variable follows a lognormal distributitve, fragility functioncan be estimated
according to g (4.1):

P[DS IM=im] =H IMs @h & Bn(imy)/-b, (4.1)

where P[ DS |IM =im] is the sought conditional probability that, given the

intensity measure valu®] =im, the undamaged structure reaches or exceeds a
certain damage staleS , whereasy and b are the parameters (median and

logarithmic standard deviation) of the assumed lognormal distréndibr(

is the standard Gaussian (cumulative) function.

Concerning the statlependent fragility, two probability disttion models
are investigated,; i.e., the lognormal and the gamma distributions. The former is
already defined in Eg. (1) whereas the cumulative density function of the latter is
provided by Eq4.2):

R _ 1 m z
PaDS |DS £IM = =~ _ [{&’ , 4.2
8bs IDS Mo N2 °® (42

where PgDSJ IDS £IM =im is the probability that an already damaged
structure transitions from a damage £2&€o a more severe damage Sge

, @ andb are parameters, a@{ X is the Gamma functidn.

In this study, the same set of records selected within the NESSRiataset (
et al., 2018s used for both the IDA and the first and the second phase -of back
to-back IDA (The definition of the records set size is discussed in the following
sections.) the analyses (IDA and bdolkback IDA) are performed using the
OpenSEES platform (Open System for Earthquake Engineering Simulation;
McKenna, 20)lvia a recent version of the DYANAS softwBedtfopoulos et
al. 2013

4.3.3. Choice of the intensity measure

In the assessment of structural response by means of dynamic analysis, the choice
of the ground motion intensity measure is of primary importance. Traditionally,
the IM is selected on the basis of its characteristics of suffamenefficiency

which are strictly tied to the accuracy of the structural performance assessment
(Luco 2002; Luco and Cornell 2007; Padgett et a). RO@act, ssufficienim

1 The parameters of both gaussian and gamma models depend on the initial damage state and the
exceeded damage threshold. However, such a dependency is not explicitly repodtéd améEq. (
Eq. @.22) for the sake of simplicity
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renders the structural response conditionally independent, giverdtes sel
intensity measure, of the other earthquake characteristics involved in the seismic
hazard assessment for the construction site (i.e., magnitude antb-siarce
distance), whereas efficientv produces a relatively smadriability in the
structural response given v . The concepts of sufficiency and efficiency are
used in this study to select the intensity measure for the execution of the IDA and
backto-back IDA.

The IMs known to allow an efficient prediction of the response of reinforced
concrete structures, in terms of maximum-roofinterstorydisplacement,
generally include elastic response spectral values and somehow account for
spectral shpe Eads et al. 201Bojoérquez and lervolino 2Q11n this study, four
IMs were preliminarily considered as candidates: the elastic spectral acceleration

at the period 0.33a T=03 $ (in accordance witRomao et al. 20),%the
elastic spectral acceleration at the vibragoiod of the undamaged system,
Sa T,), the geometric mean of spectral accelerasiaps(Baker and Cornell
2006 and thel , intensity measurBdgjorquez and lervolino, 2Q1Hereafter,
the geometric mean of spectral acceleraiepg 7.7 ... .T) is evaluated

considering the twentliree periods of the ground motion prediction equation of
Bindi et & (201}, defined in a range between 0.0s and 2.75s, accordifg3p Eq.

S, T.T.. .7)=% 9809 O..Ga75x 43

The scalar intensity measuge is also spectrakceleratichasedin this case,
it was defined using the same spectral ordinates considered for
Sa{ T.T... . J), as shown in E@.4):

eSa,(T.T. . 5) @
e (T T ) =S4 T) 88— O
NP 1 "2 23 é 84 -El) U
where a is a parameter that, strictly apeg, requires structespecific
calibration, but is assumed equal to 0.4 in the foll®djdgquez and lervolino,

201). It can be noted thaa,( T,T... ,J) can be regarded as a special case

of sa( T.T... . %), fora=L1

Among the citediMs, one had to be selected for computing fragility
functions and statdependent fragility function of all the analymeldings. To
this aim, the four already mentioned benchmark systems are considered (see
Figure &b andFigure 4c).

4.4
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As pertaining to sufficiency, past research has shown that intensity measures
that account for spectral shape in a range of periodsdj,gand I, among

those considered here) seem to perform better thgesgiectrabrdinatelMs

at higher damage states. This can be intuitively attributed to the fact that a damaged
structureds stiffness IS | ower t han
consequently, the range of vibration permdsall influencing the dynamic
response increases.

On the other hand, to have an indication of the efficiency of the four
investigated intensity measures, the coefficient of variatiotMfihe€Oov,,
, Is evalated for increasing values of failure threstbigld Figure 4 shows the
values ofcoV,, assessed for the four differemMs and the four benchmark

systems (two representative of the RC structures and two representative of the
masonry structures).

Figure 43 COV,,__as a function otl,., evaluated for the folMsfor the first (a) and the second

system (b) representative of the RC structures, the first (c) and the second (d) system representative
of the masonry structures.

The figure shows th&a,, and I, are generally more efficient intensity

measures than the single spectral ordinates (with the only exception for the
backbone 2 of RC structures), as expected and confirms the findings of past




















































































































































































































































































