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Abstract

This study proposga two-level framework for regiospecificvalidation of simulategroundmotiors, including signal
based androundmotion model (GMMjbasedstatisticalcomparisons. The validation frameworldesmonstrated othe
simulated broadbangtoundmotionsof theM,, 6.0 2012 May 2Emilia-Romagnaarthquake, Italywhich are generated
by combing lowfrequency simulated ground motions from 3D phyiased numerical simulations with hiflequency
stochastiground motions from artificial neural netvks. Thepeak inelastic displaceme(&;) andtheequivalent number
of cycles(Ne) demands from the simulatiom@th respect tadhe counterparfrom recordingsand empirical models are
investigatedResults of the study indicate tHaf values of the consideresingledegreeof-freedom nonlineasystems
subjected to the simulated ground motions generally underestimate those from the reeordiegpirical GMMs,
particularlyat shortvibration periods The N. valuesfrom the simulations slightly underestimatiee Ne valuesfrom the
recordingsandempirical GMMs However, peculiar overestimations have been observed atioetreinsition frequency
between the lowand highfrequencysimulation methodsMoreover, the GMMbased cmparisonsndicatethat region
specific GMMs representr better benchmarfor the purposef inelastic demand validatisthan GMMsestablished
based orrontinental and/or global datéhe proposed validation framework cassist irfurther securitizing thealidity
of simulated ground motionsproviding insights regarding the possible improvements of simulation underlying
components for thpurpose oengineeringutilization indesign and seismic rislssessmergxercises

Keywords broadband simulationphysicsbased groundnotion simulationjnelastic engineering demand parameters
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1. Introdu ction

Groundmotion simulations are needed in various engineering applicattogs seismic hazard analis,
seismicdesign andisk assessmewf structures/infrastructuyeespeciallyfor largemagnitudesventsat short
sourceto-site distancesvhich are not wettepresented in empirical ground motion dat Physicsbased
groundmotion simulatiormethodologies, ingrticular,incorporate characteristics of the rupture on the fault,
propagationof seismic wavesand localnearsurfacesoil responseTherefore the generategroundmotion
time series are expected to represent accurate estimates of earihquakd gound motions asites of
interest Engineering validation afimulatedgroundmotionrs is essential to investigate potential biases and
inaccuracy in theinderlyingmodels utilized forthe simulation as well as to scrutinize thelidity of the
generated atputs to be used the engineeringractice

Bradley et al[1] haveproposed validation matrixor simulated ground motiort®nsideringhe spatial
extentand specificityof thesimulationsas well ashe complexity ofroundmotion properties anehgineering
demand paramete(EDPs)to be testedThe primary validation metric&vithin this validation matrix are
groundmotion intensity measures (IMslated toamplitude frequencyand energy content, such as spectral
accelerations, Fourier spectra and Arias interfkijyf2]. The advanced validation ftmesinclude the response
of engineeed systens and other propertiesf interest(e.g. polarization of ground motiong,4]. Inelastic
engineering demasdEDs), such aspeak inelastic displacemantare amonghe advanced metrics that

© The 17th World Conference on Earthquake Engineering - 1d-0066 -


mailto:chen.huang.14@ucl.ac.uk
mailto:k.tarbali@ucl.ac.uk
mailto:c.galasso@ucl.ac.uk
mailto:roberto.paolucci@polimi.it

1 d'0066 The 17th World Conference on Earthquake Engineering

17" World Conference on Earthquake EngineeringVCEE
Sendai, Japan Septembet 3th to 18th 220

effectivelyrelake earthquakenduced hazartb building damagéoss Thisis essential for the utilizatiowith
the confidencdn simulations irperformanceébased design and assessment of various engineering systems

This studyproposes a twtevel validation frameworkisinglED valuesderived from ground motion
signak (referred to as signbhsed validation) and also basedgooundmotion modet (GMMSs) in terms of
the consideredEDs. The signatbased validation can erformedwhen recordings of historical events are
available, wherea&MM-basedvalidationis feasible for both historical and future earthquake scenarios.
Specifically, n this papera scenariespecific simulationfrom the My, 6.0 2012 May 2%Emilia-Romaga
earthquake in th€o Plain, Italy[5], is chosen to demonstrasa application of theproposedframework
(without adding complexisin terms of the simulatiooncertainties and their spatial extgniEhe selected
simulation method for illustrative purposesaisiybrid modellingcombining(in the frequency domajrthe
low-frequency waveforms from 3D physibased numerical simulatioby SPEED (SPectral Elastodynamics
with Discontinuous Galerkin approach) with hiffequency signals froran artificial neural networlbased
approachlt is worth noting that the intent here is not to provide a défmijudggment about the specific
simulation method used in this study, but rather to illustrate the proposed validation metrics and approaches
and discuss possible outcomes. The findings of this study, even though obtained based on limited sets of ground
motion records, are in good agreemeithyrevious similar studiesn the subsequent sections, the proposed
framework is presentednd the pertinent implications are discussed.

2. Proposed alidation framework

The proposedframework consists of twovalidation levels: signabased comparison and GMbased
comparisons. Theignatbased comparisassessswhether théED time series (antheir summaryproperties

in terms of peak and permanent demand valirem simulationscanrepresent thosttom recordngs at the
samesites(i.e., recording station$dr historical earthqualeeThe GMM-based comparison aims at evaluating
whether thdED valuesgenerated by the simulations are consistent with thaegictedoy empirical GMMs

for past earthquakdsvith no ora small number of recorded ground motipres well as for ground motions
simulated for future scenariolt.is noted that when a small numh#rrecordingsare availablethe signat

based comparisamay notassist in drawingtatistically reliable conclusiw. In such cases, empirical GMMs
calibrated based on recordings from multiple historical events are considered as a benchmark to obtain the
spatial distribution of validation metrics on a large geographical extent.

Two guantitative validation measuresthodsareutilized for each validation level, as follows

1. A ratio measurecomputed as Eq. (1):

o ~

alED simnulationO

ratio = lo % , 1
glo(; ED benchmarkg ( )

wherethe benchmark is the recordings in case of sigrasled comparisaror the GMM estimates in case
of GMM-based comparisons.

2. Statistical tests performed to assess the significance of the differeircésrms ofmedianvaluesand
variance of the results from simulations with respect toltleachmark results T h e  West[6Fand s
the twosampleF-test[7] are used to assed#ferencesin the medians and variances, respectivéhe
We | ctheétss a twesample tesbasedon thenull hypothesis that twaormal populations have equal
meangwithout assuming equal variances and/or equal samplg.sitestwesampleF-test is a tedbased
on thenull hypothesis that two normal populations h#ve same variance. If thevalue of the test (i.e.,
the probability of observing a test statistic as extreme as, or more extreme than the observed value) is less
than the chosen Type | error (e.g., 5% in this case), the evidence to reject the nutdigfethich states
the two populations are statistically different) is considered strong.
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3. Engineering Systems andrelastic Demand<Considered

A set of nonlinear singldegreeof-freedom (SDoF) oscillatorwith varying dynamic characteristiare
modeledusingthe OpenSeesoftware[8]. These characteristics are:

Elasticvibrationperiod Te: 0.0450.1s to 5s with 0.05spacing

Strength reduction factoR: 2,4, 6,8 and 10;

Hysteretic modelsa bilinearmodel with 3% postelastic stiffnessatio (LL);
Equivalent viscous dampingtio, & 5%.

T > >

TheconsideredEDs are:

A Peak inelastic displacemer&), defined ashe maximuminelastic displacement

A Equivalent number of cycles\f), defined aghe cumulative hysteretic energy, evaluated as the sum
of the areas of the hysteretic cycles (not considering the contribution of viscous damping) normalized
with respect to the largest cycle, evaluated as the area underneath the monotonic backbanencurve f
the yielding displacement to the peak inelastic displacef@gnt

The constanR approach is adopted in this study to enshagnonlinearityis reachedor all oscillators
Thus, the yield strengtl) varies from recoridg to recordng, se€9] for a discussion on this aspegbr the
nonlinear dynamics analygiSILDA), only the horizontaNorth-South(NS) andEastWest EW) components
of ground motios are used.The geometric means of IEDs are combined from the analyses of the two
componentsNotethat in[5] the comparison between records and simulations shows better resutNS
groundmotion componentather than the EWne However, the use of geometric means enables a comparison
with existing GMMs for the considered IEDs.

4. Casestudy application

The results fromphysicsbased ground motion simulation of thy 6.0 2012 May 2%Emilia-Romagna
earthquakeltaly [5] arechosen as casstudy simulationsto demonstrate the proposed framewd¥ig. 1
shows the basin depth and the locatioreebrdingstationswithin the simulaion domain The lowfrequency
ground motions are generated based on the spectral element methotheSRgED package[10]. The
resulting simulations are then combinadth high-frequency ground motionby correlating the high
frequency content to tremulated lowfrequency ground motionghis is done byising the artificial neural
networks (ANN) approach of Paolucci et[al]. The broadband ground motiongilized in this studyare
obtained by merging the highnd lowfrequency contentat 1.5Hz

Basin depth

(km)

45.0° N |
44.9° N
44.8° N

44.7° N | _
h

10.7° E10.8° E10.9° E11.0° E11.1° E11.2 Ell.: El11.4° E11.5° E
Fig. 17 Basin depthand thdocation ofrecordingstationswithin thesimulaton domain

It is noted thathe lowfrequency simulated ground motions (up to about 1.5Hz) have been previously
validated in terms of elastic engineering densaghinst recordings and empirical GM8$, and a generally
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good agreement has been found between simulations and recordings in both time and frequensy domain
especiallyfor the horizontal NS and the vertical compondrite ANN-basedmethodalogy to estimate the
high-frequency conterttas also been validated previouflg]. Building ontop of thesgrimary validatiors,

the proposed framework is appliexthe aforementioned inelastic demand parameters.

5. Results and discussion

5.1 Signatbased ratio

There are 41 stations within the simulated domain, as showig.id. The processeckcordings fromhese
stations are collected frothelTalian ACcelerometric Archive (ITACA)Hitp:/itaca.mi.ingv.it/ last accessed
Dec 2019 and he considered SDoF systems were subjected todivespondingecordedand simulated
ground motions. The sigrbbsedatiosin terms ofS; for several representativie-R pairsareshown inFig.

2, together with the 16 50" and 84 percentiles of the ratsfor four distance bins (i.eRss = 0, 55 km,
15+5 km, 255 km)lt is noted that th&;s distance metrici.e., theclosest distance to the surface projection
of ruptured fault plangs chosen in this study in orderlie able tonake comparisoswith the available GMM
for S andNe (elaborated on in Sectiond) which are usindrss as their distance metrics
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Fig. 217 Signal-basedatiosin terms ofS; versusRyg distance for elastic periods = 0.3s, 1s and 2s and
reduction factoR = 2, 4 and 8The whiskers indicatthe 16" to 84" percentiles
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Negative value forthe consideredatio indicatethatthe simulatios underestimatéED valuesfrom the
recordngs while positive valug indicate overestimations. As shown Hig. 2, the simulations generally
underestimate th&; valuesfrom the recordngs. The averageatio slightly decreasess the sourcto-site
distance increaséor all Te-R pairs. For a given distance bin afg the averageatioand the associated variability
slightly decrease as the strength reduction faRincreases, particularly at long periods® 1s) . Furt he
the variabilities for binswitReO 15 km ar e | aRgpdFkmfotamyTe-Rpamose wi t h

It is worth noting that these results are consistent with tho$g] ifor elastic spectral ordinates. In
particular, a good agreement between records and simulations is gevtesatl/ed close to the source, especially
because the data collected was suitable only to constrain the velocity model in flaglbeagion. Therefore,
the negative bias of simulations with respect to records, espetikdlge distans does noteflect an intrinsic
limitation of the numerical simulatiamethodology

The signabased ratis in terms of. for representativée-R pairsare showrn Fig. 3. It is shown that thisl
valuescomputed from simulatiorare generally similar to those frofhe recordngs, except afle = 1s at which
simulations overestimate the results from recordiogdarge R values The discrepancy at periods close to the
transition period of 0.754.5 Hz)can be attributed to the physically incompatible level of energy from the merged
low- and highfrequency simulated ground motiofiie discrepancy arouid= 1sindicates that the hybrid method
can be improvedrig. 3 also shows that thé. variability for distance bins increasesRiscreases for a givenh.
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Fig. 31 Signatbasedatios in terms ol versusRse distance for elastic periods = 0.3s, 1s and 2s and
reduction factoR = 2, 4 and 8. The whiskers indicae 16" to 84" percentiles
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