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ABSTRACT:

Observations have shown significant incoherenaaithgiake ground motions measured at different locs
within the spatial dimensions of large horizontakpanded structures. Eurocode 8, the effects of incohel
ground motions are addressed, but without the ldeaieeded for pictical applications in engineering des
The objective of this paper is to present a sirggifmodel for design purposes to accounttfa spatie
variability of ground motions. Strong-motion effecheasured at different locations within the disiens of a
engineered structure are typically different, even structures of moderate size. However, the ct
engineering practice assumes routinely that thé@agians at all support points are the same or iy differ
only by a wave propagation time delay, i.e., exiate at all locations are assumed to be fully ceht Thes:
assumptions ignore the natural incoherence in tbargl motion, which may lead to incorrect or inaate
results. An improved model should include the mefiects governing the spal structure of strong grou
motion i.e. wave passage effects, incoherencetsféed local site effect¥his study emphasises the horizo
incoherence of ground motion. Selected records fsballow strikeslip earthquakes obtained at rock site
events with magnitude 6.5 are used to facilitate study. The horizontal components of the recomds a
transformed into principal coordinates and cohezeestimatesomputed from the strong motion phas:
acceleration containgn90% of the wave energy. It is seen that the ilosherence increases on the ave
with increasing frequency and increasing separatistance, which is in accordance with results rigubin the
literature. The presented model is found to beiegiple in response calculations of horizontal dtres.
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1. INTRODUCTION

Observations from closely-spaced strangtion arrays have shown that earthquake grounélerogram
measured at different locations within the dimensiof typical large engineered structures are fogmitly
different. This has led to considerableegarch on modelling spatially varying earthqualaigd motion and ¢
determining its effect on the seismic responseaofd horizontal structures. Modifications of themoaor
engineering methods have subsequently been devkekopeclude the dééct of incoherent ground motic
Furthermore, in current and upcoming code provisiom. Eurocode 8, these effects are addressedkvieo
without the sufficient detailing needed for praatiapplications in engineering design (Eurocod2d3. In
order to provide additional information for enginiegrdesign, we present in the following a modelcdiggng
the spatial variability of strong ground motion egnting for the incoherency of wave motidhshould b
noted that the model is developed considering d¢ichidate from the South-Iceland seismic zone (Sigbgwi
and Olafsson, 2004).

2. MODELLING SPATIAL VARIABILITY

Strong-motion effects measured at different locetiwithin the dimensions of an engéered structure are &
rule different, even if the structure is of moderaize. In spite of the similarities, there aremeaharacterist
differences that increase with incrgas separation distance. For larger separationsdifierences becon
visually quite noticeable and the motion appearsownelated. However, the went engineering practi
assumes routinely:

a) Excitations at all support points are the same; or

b) Excitations are different by only a wave propagatione delay, i.e., excitations at all locationg

taken to be fully coherent.

The first approximation, (a), is acceptable forustures with small horizontal dimsions at th
structure-ground interface. The second approximatio), is commonly asimed valid for horizontal structu
with large dimensions. However, this approach igrsinplified as thenicoherence in ground motion
missing, which may lead to incorrect or inaccuratults. Zerva (1994), founde most important effect of t
spatial incoherence to be the introduction of digant quasi-static internal forces in the struetur

An improved model should include all main effectsvgrning the spatial structure of strong groundiomot
(Der Kiureghian, 1996). These can be summarisédilasvs:

 Wave passage effecthe wave passage effects are resulting from seisraues arriving at differe
times at different stations.

« Incoherence effect: The incoherence effects resulbss in coherence of the wave motion. They
due to differences in the manner of superpositiowaves (& arriving from an extended finite sour
and (b) wave scattering by irregularities and inbgameities along the wave path and at the site.

« Local site effect: Differences in local soil condits at each station may alter the amplitude
frequency content of the bedrock motions signifian

Based on these simplified observations, if loctd siffects are neglected, spatial ahiiity of strong groun
motion can be modelled as a locally homogeneoustatbnary random field with crospectral density give
as:

SI’S(f ’dI'S) = Sf (f )Cohs(f ’drS)eXF(i(FTS(f ’dI'S)) (21)

Here,f is frequencyd is the separation distance between the observptimis referred to by the indicesnc
s, § is the auto-spectral densitgoh;s is the coherence spectrum agdis the phase spectrum. By definit
cohys is in the range O to 1. Rhermore, we see that the wave passage effectfuiamshed in the pha
spectrum. By inspecting the above equation we lsathe coherence spectrum accounts for inestoey, i.



th
Thel1l4 World Conferenceon Earthquake Engineering
October 12-17, 2008, Beijing, China

loss in coherence visualised by coherence vala stk less than one.

Many different models have been suggested for tepsetra (Zerva and Zervas, 2002),sash models a
required for any practical application of Eqn. j2(Harichandran et al., 1996; Chen and Harichandz2@z,
Lou and Zerva, 2005). In the following we will diss the coherence atftk phase in some details. Regar
the auto-spectral density it is most convenienthacurrent case, to derive it from a Fourier eggmtation o
the source spectrum (Morikawa et al., 2002).

3. COHERENCE

To facilitate this study of horizontal incoherenaeground motion, acceleration records have beésctssl
from shallow strike-slip earthquakes recoragdock sites in events with magnitude about 6% Tecord
were obtained from the ISESD databank (Ambraseyd.eP004) from sites in South Iceland and inKeyr
near the North Anatolian Fault. The records wepptmented by EERC data.

The estimates of the coherence were computed fnersttong motion phase of acceleration containts 9
the wave energy. Then, before carrying out the agatjons the horizontal components of the records
transformed into principal codinates. The spectral estimates were obtained u¥itgich's average
periodogram method. The sample frequency of thdiegppecords was 100 Hz. The periodograms
obtained using noverlapping 256 points and a Hanning window ofgame length. The resulting estimate
the coherence spectrum is summarised in Figurdalvbeoth the results of the Well's approach astimate
obtained using moving average 5-point spectral aindVe see that the loss in coherence increases
average with increasing frequency and increasingars¢gion distance which is in accordance with te
reported in the literature.

It is found that an empirical coherence model effibllowing type, commonly referred to in the literature, ¢
not fit very well to the applied dataset:

coh(f,d.,) = exp-a,f) exr(-a,d,) (3)

Heref is frequency in Hzds is the separation distance between the observabarts in m,a; anda, are
parameters determined using linear regjms analysis. The same applies to the widely refemodel b
Anderson et al. (1991). An extension of the abowel@his the following simplified exponential typeodel:

coh.(f,d..)=exp-a f*)exp-a,d*) (3.2)

wheref is frequency in Hz as abow is the separation distance between the observations in m andy, ...
a, are parameters determined using finear regression analysis. It should be noted traties of th
parametersy; ... a, depend on the units used for the frequency disthnce. The following values wi
obtained using non-linear least-squares datadittin

a=[a a& a as]=[3.646710° 0.489M0° 1.85 2.85] (3.3)
The results are displayed in Figure 2. The fitasrd reasonable with the residual esraprmally distribute

according to the Jarque-Bera parametric hypothtesis of composite normality (see Figure B)is wortl
noting that the parameters are dimensional dep&nden
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Figure 1 Estimated horizontal coherence spectjdéaved applying Welch's averaged periodogramhoet
(b) derived using moving average 5-point spectiabbaw (blue curves), the black curves are the sasrnia
Figure 1(a) above.
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Figure 2 Horizontal coherence as a function ofdeety for different distances between observatiatioss.
The black and blue curves are estimates derived ine@asurements (see Figure 1) and the red curges ar
simplified fitted exponential type model, Eqn's.2(3and (3.3).
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Figure 3 Distribution of residuals derived using #implified exponential model (see Figure 2). Tésduals
are given in terms of number of standard deviatidhe standard deviation of the residuals is etu@l22.
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Figure 4 displays three empirical models that Haeen commonly applied in the literature, Aederson et e
(1991), Novak and Suen (1987) and Harichandran\Garanarcke (1986)These models are compared to
data set applied and the suggested model in Eq@). @& spectral coherencit is seen that the fit of the
models to the applied data varies depending orsplagial distance studied and the frequency of moiibe
Anderson modetends to fit the lower bound of the data and thgrebderestimate the coherence to s
degree. The model of Harichandran and Vanmarkeaimiunderestimatethe coherence of the current ¢
set except for low frequency motion and long spagparation where it is seen to overestimate ter@nce.
The Novak and Suemodel, on the other hand, overestimates the coberam current data set for
frequencies of motion. Hence, it can be statedriwdels found in the literature should always leated witl
some caution and tested if reliable data is aviglabhe herein proposed model of Egn. (Z@¢ms to fit tr
smoothed coherence spectra quite well.
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Figure 4 Horizontal coherence spectra. The blackkdime curves are estimates derived from measuitsmen
(see Figure 1), the green curves are the modehd&gson et al. (1991), the cyan curves are the hnedertec
by Novak and Suen (1987), the violet curve is tloeleh reported by Harichandran and Vanmarcke (1886)

the red curves represents the suggested modehin(EQ).

The fitted coherence model is displayed in FigurénSspite of some theoretical shortcomings thislatas
found to be a reasonable approximation that fitssttlected data better that other available mededd In this
context it is worth namg that the selected data are partly originatimgnfthe South Iceland Lowland. Her
the presented model is recommended for the custady area.
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Figure 5 Simplified exponential model for horizdntaherence spectrum expressed as a function qiidrecy
in Hz and separation distance in m. The model isgtven in Eqn. (3.2) with the parameters in E@X3).

4. PHASE

A commonly used model for the phase spectrum tske it proportional to the gross propagation titeday
reflecting the wave passage effects. Along thesss|iwe suggest the following simpaidi model for the pha
spectrum:

V
(prs(f ’drs) = _Zn_drs (41)

VI

Here, V denotes the gross apparent velocity vesalr ¢s is the separation betweensalvation points. Tt
velocity vector should be transform into principabrdinates fere applying this equation with the cohere
model outlines above.

4. DISCUSSION

The above presented models of Egn. (3.2) and Egh) ére found to represent the data studied queté
They have been found useful in response calcutdfonghorizontal structures, especially if linear statil
models apply. For non-linear response cases theealhmdels have found apgdtion in simulation of tim
series.

The coherence model fits the current data condifietzetter than the three comparative models whiahe
commonly been applied in the literature. The fitltése models to the applied data is found to dapendin
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on the frequency of motion and the spatial distastadied. It can be stated thrabdels found in the literatt
should be treated with some caution and preferaisied if reliable data is available.

Further work will include comparison of earthquaksponse applying the various assumptions and model
presented herein.
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