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ABSTRACT:

The duration of strong shaking is one of the keyapuaters in engineering analysis and earthquakstadsi
design of structures, since the damaging effecenafarthquake as well aperational reliability of equipme
are often related to the duration of strong shaKirgere are several definitions of duratias described in t
paper. In this study, the so-called relative sigaift duration has mainly been appliddnodel is presented f
the relative significant duration using regressimalysis based on an appropriate data set for nt
magnitude and source-to-site distance. The datapdiedis taken from the ISESD databank and con
shallow strikeslip earthquakes from Armenia, Greece, Icelandy,|@lovenia and Turkey. Main emphasi
placed on rock site conditions. The relative sigaifit duration appears to represent the S-phasgonic
shaking in the near and intermediate fault aresomably well, but for the cases studied thedes create tl
dominating horizontal seismic action on structutéswever it is also seen that the uncertainties ctdte by
the residual error can be significant.

KEYWORDS: Seismology, earthquake, strong ground-motion, ¢amabf ground motion,regressio
modelling, ISESD databank
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1. INTRODUCTION

The duration of strong shaking is one of the quiastiheeded in engineering analysis and earttejuesistar
design of structures. Estimate of duration is regflias an input into any probabilistic analysis afl as fo
Monte Carlo simulation of time serid3uration of strong shaking plays an important relgarding operation
reliability of equipment during earthquakdézurthermore, the damaging effects of an earthqaakestrong|
related to the duration of strong shaking. Thissigeeially the case for deterioration of masonry randaforcer
structural concrete as repeated cycles of seismiibra presumablylead to repeated cracking of
masonry¢oncrete and vyielding in the reinforcement steslulteng in strength degradation and low ¢
fatigue. As the structure degrades its stiffnessadses and effective natural period increabkss. implicitly
assumes that the longer period content of the gkoumtion occurs after the shorter period motiord thitiate
stiffness degradation.

The influence of duration on the seismic responseodt is universally acknowledged and methodstiie
assessment of liquefaction potential consider tiratibn of motionThere is, by contrast, no such unanin
view regarding the influence of duration on indlastructural response. Intuitively, the inelaggsponse of
structure should depend on both the amplitude eftiaking -to take the structural elements to their crac
or yielding states -and the duration of the shaking, since the latteyuld control the amount of inela:
deformation accumulated. Although the severityhaf koading and hence damage to structures is shown
governed by the spectral amplitude of the groundions, the period of the critical spectral accdien
changes with increased degradation and time amdfli'enced by the phase difference and duratd the
strong shaking (Bommer et al., 2004). However, degree to which strongrotion duration influences t
damage experienced by buildings during earthqueksins a subject of debate and investigatBmmmer ¢
al., 2006). lervolino et al. (2006) came to theatosion thatthe answer to the question "does duration nr
for inelastic response" depends on the considezethdd measure.

It has been suggested (Bolt, 1973; Trifunac andt&¥We®, 1982; Novikova and Trifunac, 1994) that
durationof strong ground motion should be considered sdelgrin several narrow frequency bands. The
considering the motion as being composed of sesm@édrate portions, whose position in the record bz
specified. This can be useful when studying tberse of an earthquake and the related wave prtipa
phenomena as well as the resulting structural respof individual structures. In this study, howeaemor:
global perspective was chosen, in order to devalagatively simple model that could describe drpendenc
of duration on earthquake magnitude and epicedisédnce.

2. DEFINITION OF GROUND MOTION DURATION

Several different definitions have been proposed doound motion duration measur@ommer an
Martines-Perreira (1999) reviewed about 30 differéefinitions of duration. The most commonly used a
bracketed, uniform and significant durations, battsolute and relative. They need to be calculatet
user-specified limits, which make direct comparisetween the derived resultien difficult. The definition
for these three types of duration estimates arergiw the subsequent sections.

2.1. Bracketed duration

The absolute bracketed duration is specified as the length of the time intervatwaen the first and le
occurrence of a ground acceleration exceedingealfikreshold value. It can be defined formally as:

1, = max(t) - min(t) 2.1)

wheret is the solution of:
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H(alt)-a,)=1 2.2)

Here,H(-) is the Heaviside step functioa(t) is recorded acceleration component as a funafaihe timet,
anda, is the threshold given as an absolute value, lys0415 g (Bolt, 1973).

Therelative bracketed duration is specified as the length of the time intervaiNgen the first and last time 1

ground acceleration exceeds a threshold value etbfas a fraction of the geground acceleration. Forme
this can be stated as:

1,, = max(t) - min(t) (2.3)
wheret is the solution of:
H(a(t) - a,PGA)=1 (2.4)

Here,H(") is the Heaviside step functiaa(f) is recorded acceleration component as a fundidhe timet, a,
is the fraction (often taken as 0.05) and PGA demtite peak ground acceleration. The bracketedidiicar
therefore be considered to be an intensity-dependeasure of energy.

2.2. Uniform duration

The absolute uniform duration is spedied as the length of time for which the groundedetation exceeds
fixed threshold value (Sarma and Casey, 1990). klyni can be defined as follows:

T, = [ Halt) -, )et (2.5)

Here,H(:) is the Heaviside step functioa(t) is recorded acceleration component as a funaifaihe timet,
anda, is the user defined threshold given as an absohltee. It follow from the definitions that the aihste
bracketed duration is greater or equal than thelates uniform duration for a given acceléoat componer

and any given threshold, i.e, >T,,.

Therelative uniform duration is specified as the total length of time for whtble ground acceleration exce
a threshold value given as a fraction of the peakigd acceleration. Formally it can be definedddisws:

t,, = [ H(alt) - a,PcA)dt (2.6)

Here,H(:) is the Heaviside step functioa(t) is recorded acceleration component as a funaifahe timet,
PGA denotes the peak ground acceleration @né the fraction (often tan as 0.05) of the peak groi
acceleration defining the threshold value. idal from the definitions that the relative bracleetduration i
greater or equal to the relative uniform durationd given acceleration component and any givesstiold
ie. T, 2T,

2.3. Significant duration

Theabsolute significant duration is defined as the length of the time interval wthe two time points wh
the Arias intensity exceeds two separate fixedsthokl values. This can be expressed as follows:
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T, = [ {H(AI{t)- AL) - H(AI (1) - Al ) ot 2.7)

Here,H(-) is the Heaviside step functiofl(t) is the Arias intensity (Arias, 1970) as a funotiof the timet,
andAl; is the first threshold commonly defined as 0.0% wuidAl,is the second thresholdsually taken ¢
0.125 m/s. Bommer and Martinez-Pereira (1999)tbalquantity ‘effective’ duration.

Therelative significant duration is defined as the length of the time interval lEwwhen the normalised Ar
intensity exceeds two separate fixed thresholdesllihis can be expressed as follows:

1. = [ {H(Al)- A)-H(Al)- A}t (28)

Here,H(:) is the Heaviside step functiof(t) is normalised Arias intensity, as a function lué timet, definec
asA(t) = Al(t)/max@l(t)), A; defines the first threshold usually given as a8l A, is the second thresht
commonly taken as 0.95 (Trifunac & Brady, 1975).nkke the relative significant duration is the tinpar
when 90% (or comparable user defined fractionpefwave energy is released at a given location.

3. ANALYSISAND RESULTS

The data used in the following is obtained from tIf®ESD data bank found on theeb site
http://www.isesd.hi.igsee also Ambraseys et al. (2004)). The ISESD ésafrthe best available sources for
European and Mediterranean strong ground motion. ddtme than 3,000 acceleration time histories i
earthquakes in Europe and adjacent areas are aidhitiee database.

The authors study areas are the transform zonesomhMNand South Iceland, where the seismiciy i
characterized by shallow strike-slip earthquakemagnitude up to 7. Data from the Icelandic Strfagion
Network is a considerable part of the availableadaspecially for strikelip source mechanism. Hence,
study area of the seismic environment in Icelarmlikhbe fairly well reflected by the applied détat the dat
chosen for this study was from shallow strétg earthquakes from Armenia, Greece, Icelandy,|@loveni:
and Turkey. Main emphasis is placed on rock siteditimns. The @tribution of the applied data in terms
moment magnitude and source distance is displayegigure 1. The data set shown contains 7hxié
strong-motion records recorded at rock sites irsi@low strike-slip earthquakes. This data see@sonhly
complete within the magnitude range of 5.5 to @bib especially lacking more data for magnitudesva 6.5.

It is found that the absolute durations for a fixeg@shold value tend to decrease with increasirtgntie to th
causative source, whilthe relative duration measures tend to increadeimcreasing distance to source
cases when duration is used in cotimecwith quantities like peak ground accelerationmodel seismic actit
it is common to use the relative duration measuatiser than the absolute ones (Trifunac and Westerm
1982). In our assessment of duration we have chtséollow this practice. Furtherore, we have primari
applied the relative significant duration in thdldwing analysis (see Eqn.2.8). The Significdbtiratior
(Trifunac et al. 1975) defines ground motion dumatias the length of the time interval between
accumulation of 5% and 95% of ground motion enewgyere ground motion energy is defined by the /
Intensity (Arias 1970). Since the data includgeund motion from different tectonic environmerasc
different spectral intensities, the Arias energyirtigon is more applicablethan the intensity driven enel
measure of the bracketed and uniform duration eséimAnother reason for usinbet relative significal
duration is that it appears to represent the Seplodground shaking in the near antemmediate fault ar
rather well. This is important, because for the dqiplied the Svaves create the dominating horizontal sei:
action on structures.
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Figure 1 Distribution of the applied data in terofsmoment magnitude and source distantlee data s
shown contains 71 tri-axial strong-motion recoretsorded at rock sites in 13 shallow strike-sliptegurakes.

The following simplified model is fitted to the seted dataset of shallow strike-slip eautlakes with nei
vertical fault plane. That is:

109,4(7, ) =1, +B,M,, +b,l0g,,,[d + b2 (2.9)

Here, M,, is moment magnitude] is distance to surface trace of the fablt, b,, b; andb, are regressic
coefficients. It is seen that thegcoefficient is a depth parameter to prevent singyléor d = 0. The regressit
analysis gave the following coefficients:

[ by, b, bs, by, 0] =[-1.3877, 0.2451, 0.6280, 4.50, 0.1663] (2.10)

These parameters refer to distance in km and duaratie. The last coefficients, represents the residual er
According to Jarque-Bera test the residual are aqmately normal distributed (5% significance |eveiith
standard deviation equal to 0.166 (log-scale).

The results of the regression analysis are display@&igure 2 using linear scales and normalizedtiom. As
can be seen there is considerable scatter in fptagied results, however, the data fits withingh®r bound
of + one standard deviation and the model seems tdaglishe general trend of the data fairly wélhe
observed scatter is linked to the fact that grommudions are affectely the three main factors such as sol
path and local site effects. Shoji et al (2005)ngislata with hypocentral distance between 15 &0 l6n,
found the scatter of data for the duration to gegér and larger when tihgpocentral distance increases. A
explanation, it may be considered that the variaridbe duration is associatadth the effect of scattering a
attenuation of seismic waves for longer travel pathis also indicated that the variance of theatlan can be
influenced by local soil conditions.

A slightly different view of the suggested modelgwen in Figure 3, which shows the model poifis
magnitude 6.5 earthquake (solid line) alomigh data from the South Iceland earthquakes omrid 21 Jur
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2000 (Sigbjornsson and Olafsson, 2004)respnted by the circles. In this case we use aitbgac scale fo
the distance to emphasize the near fault area. asieed lines indicatel onestandard error as obtained fr
the whole dataset applied. Visually the fit of thedel to these data appears faegn though the model tel
to give longer duration for distances shorter th@rkm than the duration reflected by the data goint

Finally, Figure 4 gives the relative significantrdtion as a function of disnce to surface trace of the caus:
fault for different earthquake magnitude valuess Iseen that the relative significant durationihia near fau
area is not expected to exceed 10 s on the averayeever, it is also founthat the uncertainties reflectec
the standard error can increase this value sigmiflg. This increase can benast 50% if one stande
deviation is added to the mean values reflectedarcurves of Figure 4.
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Figure 2 Relative significant duration of shallotrike-slip earthquakes. The solid line is the swulge model
obtained by regression analysis and the circleslata from the applied dataset. The dashed lingsgepts
gives the modet one standard deviation.

4. CONCLUSIONS AND FINAL REMARKS

The duration of strong shaking is one of the quigstiheeded in engineering analysis and earthguesistar
design of structures as well as playing an impontale regarding operational reliability of equipmieluring
earthquakes. There are several definitions of dumatn our assessment of duration, we have maiplgliec
the relative significant duration, which is definad the time interval between two separate fixedstiol
values of the normalised Arias intensity are exeeed

A model is presented for the relative significaatation using regression analysis based on an ppate dat
set for moment magnitude and sourcesite-distance. The data set applied is taken frarlSiESD databal
and contains shallow strik&ip earthquakes from Armenia, Greece, Icelandy,|@lovenia and Turkey. Ma
emphasis is placed on rock site conditions.
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Figure 3 Relative significant duration of shallotnilee-slip earthquakes. The duration values obtafnethe
June 2000 South Iceland Earthquakes compared t@stggbduration model (solid line). The dashed lines
represent the modelone standard deviation of full dataset.
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Figure 4 Relative significant duration of shallotrike-slip earthquakes with near vertical faultra
Suggested model representing duration as a funofidistance to surface trace of causative faultffferent
magnitude values.
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The relative significant duration appears to represhe Sphase of ground shaking in the near
intermediate fault area reasonably well, but forstraf the cases in our study it is thev8ves that create t
dominating horizontal seismic action on structures.

The earthquake motion duration is seen to increatfe imcreasing magnitude and epicentral distaraze
expected. The fit of the regression model to tlewnmded data set appears reasonable. Howeverséieis that
the uncertainties reflected by the residual ereor be significantwhich is in line with the findings of ott
investigators.

The duration of strong ground shaking during eardi@s can play an importantleoin the response
foundation materials and structareparticularly when strength or stiffness degrathais encountered.
thorough seismic hazard assessment should thereftele an estimation of the expected duratiostofng
motion, which first requires criteria to define thart of an accelerogmraconsidered to represent the duratic
strong ground motion. The earthquake motion durgtimmameters presented in this paper provide a basic
required for simulating a random earthquake exoitasuitable to aseismic analysis and design of enod
engineering structures.
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