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Abstract

Typically, in seismicresporse analss, the focusis on absdute maximum responsgwithout specific interest inits
attainmentime. The definition of responsespectrumfor example does noprovideinformation about suchatime and
the issue issomewhatscarcely investigated ithe literature while it is thesubject of thepresentd very simple study;
wherelinear and nofinear singledegreeof-freedan systens are investgated whenexcited bya large setof ground
motion recordsFor the linear systems, the occurrence timmafmum displacemerstis measured with respect to: (i)
the initial instantdefiningthe significant durationof the recod; (ii) the initial instant definingthe bracketed duratiorof
the reord (iii) the time d ocaurrence ofpeak ground acceleratiofPGA). For thenon-linear ystems,the maxmum
displacementare measuredvith respectto the time of ocarrence of pealground aceeleraton, for two different
hystereticbehaviorsstable and evationary, consideringseveralvibration periods anductility levels. The occurrence
time of inelasticrespamse iscompaed between tle two non-linear systems ando that of the correspnding elastc
system A characteristidehavioris found for the time ofoccurrence othe maximum displacemenin linear systems
that as a trendsystematicallyoccursafterthe PGA, independently of tavibration period The occurrence timt&ends
to getclose to the FGA time as the dampinigicreasesFinally, the comparison ofthe time of maximum responsdor
thetwo nonlinearsystensandthoselinear, slows somerelationshps between the two

Keywords: Earthquake recorgnontlinear modes; respase spectraPGA; duration.

1. Introduction

Therespmse spectrurdoes nbprovide information about thetime of occurrence of fmaxmum responsg
an issuewhich, to theauthosd knowledge hasreived scarce attentionin the existingliteratue (e.g, [1]).
The aimof this work is to amalyze this issueusing bothlinear and nonlinear single-degree-of-freedom
(SDoF) systens.

Within the congxt of linear systemdorced bygrourd motian records, the time of accurrenceof the
maximum displacements assessefor a wide rage of vibration periodsand some damping factar§he
work focuses on the relationship between the maximum respse timewith regect o: (i) the time of
occurence of the pak ground acceleratin (PGA) (ii) the firg instantdefining thesignificart duration [2];
(iii) the first insantdefining the brackeed duration [3].

For nonlinear SDoF systens, the time of occurence of maxima is investgatedconsideringelastic-
perfedly-plastic and peakoriented [4] hysteric behaviorsin a fixed-ductility approab. Subseuently, the
results for linearand nortlinear systemsare compaed All the analysesare carried ait throughthe use of
groundmotion records from NESSL daaset5], made & approximatelyfifteen-hundredground motiors.

The paper is structured suchthat the next sectiorprovides themain charateristics of the consiered

recorddatasetThen,somedetails &outthe linea anaysesare given followed by the riated resultsFinally,
nonlinearanalyses ae presented aldisaussed, ao in comparison with thenear cae
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2. Ground motion dataset

The setof accelerognans u®d in this studyis a cdledion of nearsource strongmotion waeforms named
NESSL [5]. This setis madeof about fifteen-hundrels strong motion three canponentwaveorms from
aboutseven hundredccderometic seismicstationsaround the world and causedby more tha seventy
events(occurral from 1933to 2016), with momen magnitwde larger tran 5.5 and hypaertral depthsmaller
than 40 km (crustaleverts). Normal, strike-slip, and thrustdcal mecharsimsare included irthe datast In
Fig. 1, the pseido-acceleratiorspedra for the whde st of recrdsandtheir Husid plotg2] are shown
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Fig. 117 Pseudeacceleration sper (top) andHusid plots (bottan) of NESS1daaset
3. Occurrence regonse time inlinear systems

The key paraméer of this studyis the occurrence time of maximum responseof a linear SDoF, tSa(ﬂ pi.e,

the time at which a linear SDoF systen, forced ky a ground motionrecad, reaches the maximumalbsdute
displacementvalue, tSa(T) :mtaxlx(t)| (Fig. 2 - top). This work andyzes, in paticular, the relationkip

betwesn ts.(7) for a ystemcharacteized byvibration period T and dampig facta 3, and: (i) the time of

occurenceof PGA ty., (Fig. 21 certer); (ii) thefirst time defining thesignificant duration t,, , that isthe
instantin which the normalized Arias Intersity is equal t05% [2] (Fig. 2 - bottom); (iii) theinitial instant
defining the bracketed durdion, t,, , that isthe first exceedance time of °0.05g in ground motion recad
[3] (Fig.21 center).
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Fig. 217 Exampleof identification of t%(ﬂ’ toea, tia @nd ty, ona ground motiomecord; displacenent

respamse(top) of alinear SDoF (T =0.55 s, 3 =0.05) forced bytheacoelerograma(t) (center);
Husidplot of a(t) (bottom)

Becauset, changes for anT , and 3, it is passble to plot asat of spectrum, Wheretsa(T) is a
functon of T given 3. In patticular, this work focuseson the spectraconcerning the differences between
ts(m) and the characterstic times of the ground motionrecads: (tsa(T) - tPGA)/tPGA, (t%(T) - tIA)/tIA and
(ts.(T) -t )/tBK , specta. Suchspectrahave beencalculatedin arange é periodsfrom 0.01sto 10s(0.005

s step) and damping factor valuesequalto 0.00 (undamped systes) 0.01, 0.02 and 0.05.
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3.1 Median trends

Fig. 3 shows the medianvalues ofresponsdime spedra for the whole NESS1 datasetwhich significantly
deaeass with increasing dampingThe occurence of the maimum, on aerage,follows the time of
occurrene ofthe PGA(Fig. 3 - top). For undamped systemshis dfferencereachests maxmum value of
about 70% of t.;,, in a range of p@ods from 2.5 s to 4.0 s.For systens with dampingfactor of 0.05, the

differene reachesa maximumvalue of dout 15% in a range of periods from 4.0 s t06.0 s. In particular for
periods up to 1 stemedianvalues of (t%(T) - tPGA)/tPGA fluctuatebetweerD% and5%. It is possible to also

observeregardles®f the danping fador, always a normonotonicbehavor, that is,an increasingandthena
decreaimg trend

The spectrarelatedto (tsa(T) - t.A)/t.A and (tsa(T) - tBK)/tBK show asimilar behavor. For undamped

systens, both spectrahow the maximum value of about 100% in a rangeof peaiodsfrom 25 sto 4.5s. In
therange é periodsfrom 3.5 s 0 5.5 s, the ordinatedor dampedsystemq 3 = 0.05) reacha maximumvalue
of about 35%

undamped
.......... v =0.01
—_—— = =0.02

Fig. 37 Medanresporse-time pedra for theNESSL set of ground motim records
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3.2 Individual record behavior

It is to note hatthe median tred is not quite tlat of a sinte recad. As anexample in Fig. 4 (top) illustrates
the spedral ordinates tg ) - toga, Whichfluctuate betweerpositive aul negative values This means thatthe

occurence time of maximum oscillaiesaroundt,g,. It can dso be se thattSa(T) is apiecewise corstant

function dueto significant changes in respmsetime, even fo smdl periad fluctuations To appeciate that
in Fig. 4 (center andottom) the significant varations in the responsdime to chames invibrationperiodare
shown. For T=2 s, tsa(T) matchest,.,, while increasig the peiod, as it possible to olesve that the

maximum responsemoveto adifferentrange i.e.,beéween55 sand65 s.Thisleadsto avalue of tsa(T) -t
equalto 26 s. A postive value, bwerthan 25 5 is observd for T =4 s, because the respsechangesand
the range of maximumvalues moves between 40 s and 60 s. Finally, for T =5s, the maximum response
times move bakwardsaroundt,,. In partcular, the maximunoeccus aboutl sbeforethe PGA andcauses
a neyative ts(m - tia value However, these negatiwalues are less recurrent and lower than positives

in absoluteternms. This characterigt is highlightedin Fig. 5, in which the spetra for all the records of
NESS1 andheir median value, for =0.05 are represented
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Fig.41 ts(m) - teoa regponse-time spectum (top) for record of Fig. 1 (3 =0.05) and dsplacementresponse
(center andbottom) for thefour differentsystemsnarked
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Fig.571 Single and Medan resporse-time gedrafor the NESSL1 set of groundmotion records 3 =0.05)
3.3 Effect of damping

Fig. 6 clarifies the behaviour ofinear systems as the damping @wes. Thesame sysm (T =0.59)
responds dierently to therecord for the variouslevelsof damping and, nh accedancewith Fig. 3, ts(m) is

getting closer td,,, to confrm theordinates reductioas the dampig increases

Fig. 61 Regorse-timehistory for the same systeif s), forced byonerecord, , for four
increasing dampig values 0.00, 0.01, 0.02 and 0.05
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