Ref : SIGMA2-XXXX-YY-ZZ
Research and Development Program on

YIGMAZ Seismic Ground Motion

Page 1/30

Assessing the performance of the seismic coda
spectral factorization method the for the site effect
estimation

Grendas loannis, HollendEabrice, Theodoulidis Nikolaos, Hatzidimitriou
Panagiotis, Bard Pier¥¢ves and Perron Vincent

Work Package #4 "Site response”

YIGMALZ

AUTHORS REVIEW APPROVAL
Name Date Name Date Name Date
2022/06/09 MAIN lan Fabrice HOLLENDER 2022/06/09
GRENDASoannis YYYY/MM/DI] Public-access C %
MARTIN Christophe SIGMA-2 restricted . ’

Document history

DATE VERSION COMMENTS
2020/05/13 1 Original manuscript
2022/06/09 2 Account taken of the Scientific Council's comments.

Grendas & alg Seismic oda spectral factorizatiofor site effect estimation- SIGMA2XXXXY ¥ZZ



Ref : SIGMA2-XXXX-YY-ZZ
Research and Development Program on

YIGMAZ Seismic Ground Motion

Page 2/30

Executive summary

The reliability of asite-specific seismic hazard assessment is highly dependent on the quality of the soil response
(or site effect) evaluation. There are several methods for estimating the site effect, either using numerical
simulation tools or empirical approaches. One ¥ tmost widely used empirical methods is thecalted
iStandard Spectral R a Borclwert, 19®).STR9 apprdach & dased arbeismiceeveimto d  (
simultaneouslbeingrecorded on a reference station (rock site), considered to be aatpifiree, and on a

nearby station at the studied site. The main limitation of this method lies in the availability of a reference station
relatively close to the studied site. Indeede importantondition of the SSR method is that the distance between

the reference and site stations must be at least 10 times smaller than the epicentral distance of the causative
earthquakes. In some cases, it is not easy to have such a reference station close to the site station. This is for
example the case in the cert of large sedimentary basins (e.g. the Rhone valley in France). The method proposed

by Sébe et al. 201&ased on the spectral factorization of the source time function (STF) of an earthquake using
earthquake coda wave record, can potentially allowgikenting this limitation.

The latter method theoretically allows performing 88Rlike, site effect analysis using reference statiaha

large distance from the study site. The spectral factorization method is quite complex and involves advahced sign
processing approaches. It firstly requires the Astat
amplitude decagindattenuation factor removal) attten theestimation of the minimum phase wavesstuivalent

to the seismic Source Time Fation (STF). The STF can be determined for a single estatibn pair. The STF

obviously includes information on the magnitude and kinematics of the source, but also contains the signature of

the site effect of the study site. If this station is consiiesée free of any amplification (reference station), then

the STF characterizes only the intrinsic characteristics of the source. STFs calculated for the same earthquake but

for different stations can therefore be used as the classical SSR nuettevdining thesite spectral amplification

(called Transfer Function, TR} a target site in relation to theferencesite (free ofamplification). Since STFs

are distancéndependent, theoretically, there is no restriction in distance betiveee f er ence 6 and O6si
At this study, he validity of theaboveSSRIike site effect analysisris investigated and the applicability of this

TF estimation technique, are evaluated.

The pectral factorization methodas adapted and tested for thiady, performingSSRlike applicationsased

on a high-quality dataset from the lonian Sea zoii@is zone isone of the most seismic areas in the Euro
Mediterranean region. Bdataset integratestites andB9 seismic events, with 3L C6.1. In thisdata set,
four stations (CKWRITC1, VSK1 and AST1~15 to 65 km distances between each Qtban be considered as
reference rock sites amdo statiors (CKO and CK83, surface and botta@aommonborehole stationsan be used,

in conjunction with CKWPto compute classicé8SR (the distance between CKO and CKWP is aboutr)4
Results obtained by classi€aSR and by spectrédctorizationSSR are satisfactorily comparable. Hence, the
potentialapplicability of the spectral factorization techniqueadidatedby the results of this study.
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1 Introduction

The main object of this study focuses on the establishment of a relatively simple technique of Transfer Function
(TF) determination at a site, in relation to a distant reference site. This TF det®vmis based on real earthquake
dataand more specifically to coda wave seismic recofti® presented technique follows two analysis steps. At

the first one the Source Time Function (STF) ofratividual earthquakés separatelyestimated at two recarth

sites based on the methodology introducedSsbe et al. 201&pplied on the coda wave part of an earthquake
record Attheseconbne t he Fourier Spectra of the t worelsBvEFs ar
spectral amplification. In casghereone of them is a site without spectral amplification (reference) due to the
surface geology, the neeference site TF can lbetrieved by their STF spectral ratio. The second step is similar

to the process commonly appliedtire Standard Spectral Ratio (SSR) technigBer€herdt, 1970. In this last
technique, the spectral ratio of then@ve strong motion records of an earthkgel at two adjacent stations, where

one is a reference station, can be considered as the TF of thefe@mnce one. This can be considered due to the
common STF and to the similar path attenuation. Regarding the technique established and examisaaiy this

the only conditios required for its application i$) to consider a common seismic sourfog,the two examined

coda waveecords, withoubeing necessary the restrictive qmandition of the adjacent statipB) The similar

coda excitation factaand average shear wave velocity of the path. $&ésns being true when referefiaeget

site distance reaches even t0 km while strong indications for the right use of this technique at extended
referencetarget site distancafter excitation factocorrection constitutekeystone for further study.

The first, workable goal of the below study is to estimateSFfiEs of several earthquakes in western Greece
recorded at several sites in this high seismicity arba.secondbut substantial goal is teterminethe TFs by
comparing the computed STFs at the examined sites to the corresponding fonesdigtantfrom each other,
reference sites (rock installetiation$. The potentialstability of the TFs at each site and the agreement of the
average TFs, computed in relation to ther different reference sites is going to reasonably support the reliable
applicability of the proposed techniquéhis applicability will be confirmed by comparing these TFs results with
the corresponding ones computed from S&Rsome station (where are available) other methodge.g.
Generalized Inversion Technique, HVSR)uring this effort and due to the fact that the STF estimation
methodology $ebe et al. 20)8which is the first step of the TF estimation technique, basically refers to reference
sites (without spectramplification), the applicability of this methodology to naierence sites has to be also
studied We addresshe lastissue in this studytesting the degree of tlexpected stability of the computed TFs
from the several examined earthquakes at each site sepafdtelyesults provide strong indications of TFs
stability andsupports the concept that theerage TFs for several earthquakes can be used to infer the STFs in
areas where there is no close reference site, and hence be used to infer the relative siée despite the large
spatial separation, at least in the cases examined here.

Ités worth not i n-gvaitahleaSTF @mputation MA&LAB dlgorithendwas developed for this

study based on the one $&be et al. 201&ut applyinga fewalternative but reasonable procedures, analytically
mentioned in the below analysis. These procedures are referring to: 1) the reliable coda wave signal detection
through the initial Signal to Noise Ratio proce®sThe different strategy followed on the stejf the attenuation

factor analysis BThe different minimum phassTF computation procgs 4) the correction of the low frequency

STF part, as well as to its scaling, concluding to the seismic momentomputation5) the uncertainties
propagation tahe STFMo and TF estimationThese procedures were considered trying to achieve the most valid
defined STFs, in order to conclude to reliable TF results. By this way, the potential of the proposed technique, can
be sigrificantly determinedas possible

Beforethe application of the TF estimation technique, the basic step analysis of the STF estimation methodology
that were partially revised from the pioneer studypebe et al. 201,8s well as the earthquake data eixeiat
this study for their STFare firstly presented below.
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2 Data

Seismic records of 105 earthquakes (ML=3.9), were initially examined for the computation of theirs Source
Time Function (STF), in order to further study the site effects aettwrded sites. These earthquakes were located
on wester Greecé-jgure 1), at the time period between 9/8/20136/11/2019,

The record sitegFigure 1, Appendix A) refer to the locations of thd8 ITSAK accelerometric network
(http://www.itsak.gr) stations and to the 6 accelerometric ARGOnet stations (5, in a borehole to depths: 0, 6, 15,
40, 83 meters, at the center of Koutavos sedimentary basin and 1 rock installed, on the edge of the basin)
(Theodoulidis et a. 2018 All the stations used are broad band accelerometers.
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Figure 1. (a)The studied area (west Gredomian Sea). 47 pairs of earthquakestation for which coda wave
records were examined in this study. 89 earthquakes (epicaet@rsycles) andfaccelerometer stations (blue
triangles, http://www.itsak.gr). (b) The distribution of the computed STF of each earthquake a teach station
(according to Appendix A and B)

The collected seismic records were examined for a reliable 60 sec required coda wave window as mentioned below
The arrival time of the coda waves was considered as two timeswheesarrival timets (te= 2s), (Aki, 1969

but being greater that 30 seconds after the earthquake origin time and lower that 70 sec of it, too. The first criterion
was applied in order to avoid as possieface waves arttie very early coda waves that could probably affected

by the strong motiorii t a i | & whare thes amplification is significant. This affection was confirmed by
observations at several cases in the examined dataset. The second criterion was applied so that the examined 60
sec coda time windowat several site from the sametbguakepresentingt least 80% overlap in time (e.g. the

case of having two coda windows at 30 to 90 sec and 70 to 13@sethe earthquake origin time).

Finally, 739 STFs were computed corresponding to 89 earthquéligsré 1, AppendixB), whereit is obvious

that ST from each earthquakarenot estimated to each site. This is either due to the lack of thesporrding

seismic record at some sites, or because of the lack of a reliable 60 sec coda wave window at least for the frequency
range: 0.5 to 3 Hz, investigated in this study. This frequency range, that is under the engineering seismology
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interest, was ctsen as the minimum, for which the STF could be investigated. Further study could treéduce
rangeso thattoretrieve ven a minnfiomuma tfiheSTB. about

After the signal reliability detection, all the acceleration seismic records were integyatpglying a Butterworth
(2-order) HighPass filter at 0.05 Hz (the low frequency limit of the instruments), so that to retrieve the
corresponding velocity records and to use them as input at the STF computation algorithm, developed in this study.

3 STF estimation methodology

The Source Time Function estimation analysis studied here, follows a methodology introduced in seismology by
Sebe et al. 2018This methodology is applied to seismic records theoretically retrieved from reference stations
(assumingno amplification). Briefly, this methodology is based on the following three main facts: 1) According
to WienerKhinchin theorem, the Power Spectrum of the STF wav@lenuation (corresponding to the kind of
record examined: velocity, or acceleratiamequal to the Fourier Transform tife autocorrelationcomputed

from a suitable stationary waveform. 2) This stationary coda waveform can be theoretically achieved after
removing the suitable attenuation factor from the coda wave recdit ime domai. This factor is controlled

by a coda wave attenuation model for which the frequency dependent coda quality fadimrbeafirstly
determined. 3) The minimum phase wavelet computaeh the STF Fourier Amplitud&pectrum (equal to the
square root of the STF Power Spectrimdisplacement can be consider as the STF of the earthquake, as
explained and approved I8ebe et al. 2018

As mentioned above, this methodology is basically applied for earthquakes recordec@reeesite where no
spectral amplifications affect the seismic motion. Ideally, the application of the above mentioned three facts can
lead to a well determined STF at a reference site, assuming that the examined attenuation model satisfactorily
simulated he real attenuation process. However, in fAreal
facts, usually includes limitations and uncertainties in computations, or diverges from some idealditens

in methodology. This caaffect he STF estimation. The reliable part of the signal in comparison to the noise, or
the adequacy of the attenuation model to simulate perfect the attenuation ,oeassne of these limitations.

Even the site effect existence can insert uncertaintidset&TF estimation. The investigation of the last factor
constitutes the main objective of this study. Beltwe limitations and uncertainti@s STF estimatiorare tried to

be controlled at eadtep of the examined methodolo@ygure 2), concluding to &s valid application and aiming

to the reliable TFs determination.

3.1 SignalReliability

The determination of the reliable part of the coda wave rasa@grecondition for the valid applicability of the
coda wave analysis. This determination is achieved for each component separé#telfreguency and in time
domairs. According toAki, (1969 the initial examined coda wave recasithdow is defined from a starttime,

(tc) of 2ts (ts, the Swave travel time) after the earthquake origin tigigherup to the end of the record, or up to
the appearance of a new earthquake rettede, the: was chosen as it mentioned above at the Datalsapter.

It is worth noting that the coda wave arrival tistél remainsan understudy issue, ranging betwe2rsa n dts 3
(among otherdRkautian and Khalturin, 1978, so that tcavoid surface wavess possibleBelow in this study, &a

the applicationof the methodology, a suitable strategy of the examined coda wave window determination, is
presented, supporting the applicability ofTib ensurghe best choice of the coda wave record, for the examined
frequency range and trying to avoid noisés necessary teharacterizéheminimum Signal to Noise ratioHere,

this is characterizebly two particular procedures.

The first one is that the noise used for the SNR prdsessmpled frona longtime window(e.g. 120 sed)efore

the Rwave arrival Figure 3a). This window is consideretb be represerdtive of the average noise level
dominating the site in time close to the earthquake arrival. The geometric mean of the Fourier Amplitude (FA)
spectra Figure 3b), of several consecutive noise windowgiime (Figure 3a), plus its one standard deviation is
used to estimatthis average noise level. Finally, coda wave (Signal) Fourier Amplitidasmes greater than

this average noise levENR(f)>1.5), in frequency domain, is consideredbea reliablesignalfor the purposes

of this study Figure 3c).
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The second feature of this SNR process was applied aiming to better investigate the reduction of the signal
amplitude in time, detecting the reliable part of coda both on frequency and time domainu@emséding time
windows, of several increased duratidtiglre 3a) were used in order to better test all the examined frequency
range and its changes into the time. It is obvious that the use ofiloegonsecutives coda windows cannot

precisely catctsmall changes at high frequency amplitudes in time, while $hortme

wi dows cannot

existing low frequency waves. For this reason, both short and long wingleused to detect high and low
frequency amplitude changes in time. For example h@r&d, 40, 80 sec and so on (up to the length of the coda
wave record) half overlapped, coda windows were initially used to compute FA for the frequency ranges: 0.1
(fs/2) Hz (£ sampling frequency), 0.68.1 Hz, 0.0280.05 Hz, 0.012%).025 Hz and so onespectively.

Regarding the second feature of the SNR process an extra strict criterion was used for even more valid
computations. Four (4) cycles of signal duration were used as the lowest reliable frequency limitingéaiar (

et al. 2018 on the Fast Fourier Transform (FFT) computation. Thus, the final frequency ranges studied for the
above coda wave durations in this study was:-q#/2) Hz, 0.20.4 Hz, 0.10.2 Hz, 0.050.1 Hz and so on,
respectively. The same time windows were exautialso for the average noisggure 3a as mentioned above,

for the same frequency rangésgure 3b), in order to finally estimate the reliable part of coda wave through the

SNR processHigure 30).
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1) Coda wave determ ination & Signal Reliability detection (SNR(t'’f) process at each component
separately )

|

2) Application of: “Time Decay Rate Analysis of Coda wave Record” (at each component), determining
the frequency and Time dependent Energy J(feen.t")comp-
A

s

3) Total Energy J(fzen.t”) computation from the three components (summarizing the correspondings
T feen.t eomn)

¢

4) Qe(fem) estimation based on J{fea.t”) and Eq. [6] (common at the three components), following the
“single scattering” attenuation model (Eq. [3]).

¢

5) @¢(ff) model computation based on the computed Qc(feen) (examples on Figure 4). (common at the
three components)

.

6) Attenuation Factor Removal from each coda wave record com ponent, based on the Qf) model
computation, retrieving three “stationary”™ waveforms, (Eq. [8]), affected by the Transfer Function (TF)
and unscaled by the F factor (Eq. [9]).

(

7) STFym;7 velocity Fourier Spectra computation (unscaled and TF affected), at each component, valid
at the reliable frequency range (step 1) (standard deviation range is also defined)

¢

8) Single velocity STF Fourier Spectrum computation (unscaled and TF affected), based on the three
velocity STFzmy . (standard deviation range is also defined).

¢

9) Unscaled Minimum phase STFun. (TF included) and seismic moment, Mons. estimation, based on the
Single STF Fourier Spectrum.

“

{ 10) Minimum phase STF scaling and seismic moment, A4, estimation, if possible. J

.

11) Site Transfer Function (TF(f)) estimation at a target site, by com paring the STFmns Fourier
Amplitude Spectra of the same earthquake determined at the target and a reference site (under conditions
(details into the text)

Figure 2. The flowchart othe STF computation algorithm developed at this study based on the one developed by
Sebe et al. 2018ncluding the last step dfF(f) estimatioranalysis.
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onist 20190713_150843_CKWP_E, Epic.Dist.: 99.20km, ML:4.7
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Figure 3. (@ The accel er awd omo mpeccroerrdt )( icEf an eart hquake at
coda wave record examined window are depicted (grey and-coldtis, respectively)(b) The Fourier
Amplitudes of the corresponding window Big. 3(a). Geometrical measpectrum (G.M.S) (solid black line)

G.M.S. plus itsone standard deviatioflashed line)and the final noise level used.$ times greater tharthe

second one)(c) The coda wave Fourier Amplitudes per real record time, with SNIE5€red points) and the

reliable corresponding amplitudes (white). The dashedtlinawindows represent the several potential examined

time windows for different frequency ranges.

The minimum required length of the coda wave window as well as the requijedtiy range constitute the two
factors definingthe final reliable signal window that will be studied for the SREasonably, when the required
coda time window is increased, the reliable Fourier Amplitude frequency range is normally de@sasettie
example ofFigure 3c. At this figure with blue dashed lines the maximum coda time windows that can be
considered for different maximum frequency ranges, are definehis study, a minimum frequency range from
0.5 Hz up to2.5Hz, was required for all the examined records. Also, a long coda wave time wirid@sec,

was chosen to be examined, in order to study the capability of the raktypdo reliably computehe low
frequency plateau of the STF. This plateau is necessary for the seismic mblg)egdt{mation and to the valid
STF determination. Based on the above SNR process, the maximum frequency range that can be entirely studied
for a60 sec windowis finally detectedAt the example ofigure 3c this maximum frequency range0.097 5.5

Hz. Finally, for the three componentsrabtion foran earthquaké stationpair with the same time windownd

the same frequency range must be examined.

3.2 Attenuation model

The removal of the attenuation factor from the coda wave reaiowito reduce this record to a zero epicentral
distant stationary waveformwhich isnecessary for the STF detection. In this study the attenuation factor is based
onthes-cal | ed fAsingle scatter i ngkhandChouetnl@7a This model mbadeel! o f
on the study case of the impulsive spherical radiation of the total energy at an elastic infinite ,méutitan
scatterers exist. As a result, seismaves are backscattered to the receiv@osla wavesecognized first byAki,

Grendas & alg Seismic oda spectral factorizatiofior site effect estimation- SIGMA2XXXXY ¥ZZ
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1969andAki and Chouet, 197) are considered as the superposition of these scattered seismic wavelets (mainly
body Swaves, among othergki, 19809 on randomly distributednhomogeneities in the lithospherkt the

single scattering model, the backscattering process is assumed to be relatigk|ysince each wavelet is
considered as single time backscatteheterms of energy the relation between the Power Spectral Density (PSD),
Ri(f) of a velocity coda wave record for one component, at a statiorresponding to an earthquakean be
described by the following formula in frequency domi@ebe et al. 2018

Y QO o QO QD s 0 Q [1]

where thesecond and the third term of the product correspond to the attenuation factor, whiikt,tté(f) and
the last termN(f), arerelated to thesourceand Site effect factos, respectivelyBefore the analysis of the
attenuation factor, it is reminded ththe real site spectral amplificatio§(f) is actually expressed in terms of
amplitudes, where it i9vj(f) = S(f), (N; (f) is expressed in energy domain), as well as that the P8 $€ismic
Source Wi(f) (under the assumption of an isotropic source radiatismjiven by:

(2]

p it

where thes - l corresponds to the STF Fourier Spectrum in velocity domain. The denominator of the above ratio
constitutes the seismic source scaling fa¢uassiliou and Kanamori, 1982 This factor is controlled by the
density} and the shear wave velochyat the mdium close to the seismic source.

Regarding attenuation factan terms of energy (Eg. [1]the single scatteringttenuation modelused in this
study,is controlled(in frequency domain)py the product of the excitation fact(f) with the factorg=,. .:N S:

f s P —
3
O W s ooQ (3]

wheretd, is the travel time of the signak the average shear wave velocity considered for the area of interest and
Qc(f) is the frequency dependent quality factor for the coda waves

The first part of Eq. 3] controls the wave geometrical spreading loss of energy, where for the single scattering

model it is considered = 2 (Aki and Chouet, 1975Sato, 1977Sato et al. 2012 The secongbartcontrols the

loss of energy due to botmelastic(intrinsic) attenuation and scattering of the bodyw&ves This kind of

attenuation igeferedt o t he el astic properties of the medium t ha
(among othersSoham and Abhishek, 20)6due to velocity variabilities and to the presence of geological
structures (e.g. faultfolds etc.).The last two factors of attenuati¢anelasticity of the medium and scattering)

are studied together being initially impossible to simultaneously separate them at this study.

The excitation factoEc(f) (Eqg. [1]), included to the single scattering attenuation model, indirectly indicates the
amount of scatterers at the crust of interest area, controlling the degree of scattesiitgting aravel time,t 6
independenscaling factoof attenuation.

Following Sebeet al. 2018t is:

p

0 "Q e
“ a Q

[4]

wherel(f) is the frequency dependent mean free path, characterizing the distribution of the scatterers. Mean free
pathisanapriomnknown fifreeo parameter that describes the wa
tectonic statement@to, 1978
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Under the assumption of the reference site (no spectral amplifica8ielng, et al. 201&fer to the welapproached
exponential model of crustal heterogeneities distribution, supportéa $itu observationsolan et al. 1998

and suitable analysis measuremer@sigev and Abubakirov, 1996 Based on the above, they theoretically

considerthat for the single scattering model, where the attenuation facté®> fic ar es 0 abou't
decay of coda wave amplitudes, the mean free path could also be consider as frequency independent where:

If)=16 Ef)=Ec

(5]

t he

Thus, the stationary (corrected by "0 ) coda waveform can be considered as the convolution of the repetition
of STF waveletif velocity) with the square root of coda excitation t&(f) = Ec (stable), in time domain, since

Eq(f) refers to energy.

3.3 Quality factor estimation

The coda quality factofQ. computation is based on tlime decay rate analysié coda wave envelopesutlined

by Aki and Chouet (1975. This analysisfollows the principal of energy conservation between source and
receiver at continuous wave arrival timeBased on theingle scattering attenuation model and it is described

belowaccording taVlargerin et al.(1999. Initial goal of the analysis is the independestimation oftoda quality
factors,Qc(fcen.) corresponding to central frequencigss. In this study 28cen, equallydistributed orlogarithmic
scale betweeR.06 and 30 Hz where chosdfollowing the steps of analysigrffrequency windows ofvidth
equal to 2/3 of these central frequencies the coda wave record (separately at each cpimputigiht bandpass
filtered (Figure 3). The energyJ(feent )@f consecutivesignal(coda filtered)envelopesof duration equal to the
centralperiod {[Tcen= 1fcen), 1.5 sec time step amdth middle timethe arrivalt #me,is computed. The sum of
the square of the filtered signal Amplitusi@t each signal envelopeprrespond to this energy J(fcent )0
Consequentlyafterlogarithmizationof Eq. [1],andtaking into account Eq. [3it is:

Fa)

atlo b o oQ

0
0

CAY

(6]

for each filtered signal envelope corresponding tarrival time.V factor includes all the time imdependent
factors of Eq. [1](Wi(f), Ec, N(f)). The same process is applied on noise record so that to detect only the reliable
coda wave part from whicfc will be finally computed. The geometric mean value of filtered noise record plus

its one standard deviation is considered as the average noikarldwe Signal to Noise ratio (SNR) greater than

1.5 is the reliability signal criterioriF{gure 3a). At this step, instead of computing theality factors Qc(fcen) for
each component separately, we choose to surodtiespondingenergies)(fcent )@nly at thecommonreliable
part ofthe signal envelopesf the three components afidally to determine the commoQc(fcen.), by a least
square analysié -S) (Figure 3b) at the onedegree polynomial of Eq. [6], for each central frequefwy(Figure
4). Standard deviations @c(fcen.) are also determinedt. is worth noting that the 1S analysis is implemented
only if the duration of the examined corrected signal is greater than 10 cycles of the correspesndiddcen)
(e.g. forfcen= 1 Hz, 10 sec minimum signal), with a minimum threshold on 30 sé@anaximum of 180 sec.
These empirical limits were taken into account based on our observations, in otderordgludeo reliableand
robust slopes@c(fcen)) and 2) to avoid distant enough, regional attenuation affections.

The stationarization press of coda waveform, which is a necessary step to STF estimation, is achieved through
the attenuation factor (Eq. [2]) removal in time domain, as describSely et al. 2018\t this step the frequency
dependent quality fact@c(f) (Eq. [2]) must be determined for all the required frequencies of the infFersger

process. Thus, a computation formula in order to reproduce the reQ4{fets used as explained below, based

on the compute®@c(fcen). Regarding the way d®c(f) esimation, the bellow functionAki, 1980h Singh and

Hermann, 1983:

[7]
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is usually applied so that to express the exponential variability of quality factor with frequencies mainly for f > 1
Hz (among othersAki, 1980k Dainty, 1981 Hatzidimitriou, 1993 Margerin et al. 1998 Tselentis, 1998Sato

et al. 2012,Sebe et al. 2098 However, as outlined bierraiz and Espinosa, (1986)ased orBato, (1982)
computations and Akin 19994, ithe sheoretical jqualiyt factorg.(f)( present also an
exponential increase for the lowest frequencies (below ~ 1 Hz). In this stud¥(fheequired for thattenuation

factor (Eq. [2]) removal in time domain, were computed following the dec&y op to ~1 Hz, expressed by Eq.

[7], but dso the increase from ~1 Hz to lower frequencies. Thus, trying to empirical modékghfs) fAbehavi or
a 39, or a 29degree polynomial betwedm(Qc(fcer)) andin(fcen), or sometime asidegree (same as Eq. [7]), was
used, as it is shown at the characteristic exampl&gyofe 5. At this regression analysis, standard deviations of
Qc(fcen) are taken into account and finally the standard deviation of the computed polynomial is usesiTét the
computation process for its better and more reliable and valid estinféigomne 6 presents all the estimat€x(f)

models for each earthquake at each station.

f.: 0.22Hz f: 037 Hz fe: 1.04 Hz fo: 3.78 Hz f.: 6.34 Hz
“ \ " ‘- \ 0
< A M A ‘“h’f I 10| \ 107 \ 1o
§ 1010 | £ 5=f M M"‘w" ”M‘I,’urm' {‘f‘u 10 whl"'i,ﬁ h HI*K i ' Ak
o f}\'\l "H Froe (I U w ° | "m (L "J“]‘\ J H’" o MW_P 1012 |
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Figure 4. (a) (Upper line)Examples of thgJ(feen,t9| energy (blue line) at each tintedf the banepassed signall

(coda wave and noise) for 6 central frequendigg (for the record oFigure 3a). S-wave arrival timets, Average

Noise Level (A.V.L.), the AV.L. + standard deviation and the final examined noise level (vertical green and
horizontal solid and dashed lines, respectivelyg, also depictedb) (bottom line)The In(|I(feentd | quardity

(Eq. [6]), corresponding té&igure 4a (butcommon for the three componentsdmputed only for the coda wave

part. The least square analysis (red solid line) with its standard deviation (red dashed line) are depicted, where
N.L.C and N.E.D. indicatdlon-Linear Correlation and Not Enough Dagé&cordng to the criteria mentioned into

the text.
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Figure 5. Three characteristic examples of thg¢fflcomputation moddbased omregression analysis (red dashed
lines) of 39, 29 and ® order polynomial(Fig. (a), (b) and (c), respectivelWetweenin(Qc(feen) and In(feen
(details into the text)Standard deviation of the determined line is also compéiigdre 5a corresponds to the

Qc(feen) from Figure 4.

Grendas & alg Seismic oda spectral factorizatiofor site effect estimation- SIGMA2XXXXY ¥ZZ



Ref : SIGMA2-XXXX-YY-ZZ
Research and Development Program on

YIGMAZ Seismic Ground Motion

Page 12/30

Figure 6. The Qqf) modek (red linesand their standard deviation range (red dashed loweaputed from each
earthquake coda wave record to eachaite of the 2 sites Figure 1) (same saling at all the 2 subFigures)

3.4 Attenuation Removal

After the quality factas aredeterminedthe attenuatiofactor correcthe coda wave record at each component, is
applied concluding to a stationary coda wavefoFigre 7a). More specifically,3 different stationary coda
waveforms are determaa for each component, for the three differer{ffdmodels (the average and two for the
standard deviation range,g. Figure 5). These waveforms artheoreticallyir educedd t o zero
distance. Irthis study this removal is based on the vegfined and studied byebe et al. 201Brocess. For this

reason, we do not refer to details about this process. Briefly, the attenuation factor removal is achieved by
deconvolving the minimum phase waveletnfied by the frequency dependent part of Eq. [1], from the coda
waveform. In fact, the deconvolution is applied for all the moving, taperéthbying windowjn consecutive 60

se¢ time windows (zero padded where it is needed), and the stationary waveform is created by the median value
in time of each corrected coda window.

Since this process is appligdthetime based on the frequendpmain,usinga deconvolution procesapplied in
frequency domainthe quality factor must be computed for all the frequencies defined at the inverse Fourier
Transform(FT) for a 60 sec windowThus, aghe polynomial relatingn(Qc(fcen)) andIn(fcen), is determined as
explained abovéFigure 5), the Qc(f) for the FT required frequencies are computed. It must be noted that for
frequencies, below thefcengow) that corresponds to the lowest determi@ecengow), it is Q(f) = Qc(feen(ow).

Grendas & alg Seismic oda spectral factorizatiofor site effect estimation- SIGMA2XXXXY ¥ZZ



