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ABSTRACT:

A recently developed nonstationary stochastic moélstrong earthquake ground motion is describéx hodel
employs filtering of a white-noise process, whemnstationarity is achieved by modulating the inttgnand

varying the filter parameters in time. The modefitied to a target accelerogram by matching aocéedtatistical
measures that characterize the evolution of thensity, predominant frequency and bandwidth ofréeord. For
performance-based earthquake engineering (PBEBYsésathe model parameters are identified for taskt of
strong ground motion records, where each accelenoig treated as a target ground motion with kneanthquake
and site characteristics. Statistical data analgsisen performed on the identified model paransete investigate
relations that will help predict the model parametéor a given set of earthquake and site chariatitey.

Preliminary results from this analysis, includintyeid distributions of the model parameters, ame ftitus of this
paper. Once these relations are fully developedulsition algorithms will be used to generate areptide of
artificial ground motion records for a given seteairthquake and site characteristics. Such sintulatgions can
be used in place of actually recorded accelerogrsmmBBEE analysis, thus avoiding the difficult aoften

guestionable tasks of selecting and scaling granoigons recorded at different sites for a singlgeut site.
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1. INTRODUCTION

Stochastic models for characterization and simutatf earthquake ground motions are useful in thkl fof
earthquake engineering. These models can be gimtibloyed for probabilistic assessment of seigieimand by
random vibration analysis [1], or they can be usedjenerate simulated ground motions for the evialuzof
seismic demand on structures, foundations and byiléme-history dynamic analysis [2]. A recent papy the
first two authors (Rezaeian and Der Kiureghian f8t)vides a review of the literature on this topic.

A good stochastic ground motion model must be tbtepresent both the temporal and the spectradtabanarity
features of an earthquake. Whereas temporal narsdsty can be easily modeled by modulating aictatry
process over time, spectral nonstationarity isswoeasy to model. Nevertheless, the spectral rtarsaty is of
importance in nonlinear response analysis becafiskeomoving resonant effect of nonlinear structuror a
stochastic ground motion model to be of practic#, ut should be parsimonious and it should proyidgsical
insight with its parameters relating to the chagastics of the earthquake and the site under dersiion. Such a
stochastic ground motion model can be especiakfulisn the current practice of PBEE, because It @nable
engineers to generate artificial samples of groomudions for specified earthquake and site charaties, thus
avoiding dependence on actually recorded accelanagythat can be unavailable for the region andofiteterest.
This approach also avoids the controversial taskebécting ground motions recorded at various lonatand
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modifying them to represent the seismic hazard mfogect site, a task which in some cases mightltr@s motions
with unrealistic characteristics.

This paper considers a newly developed stochastideifor strong earthquake ground motion that iléy fu
described in [3]. The model has a small numberavbmeters that can be related to the physical cteaistics of

an accelerogram, such as the variation of intemsity frequency content in time. One important athga of the
model is that separate parameters control the texhpnd spectral nonstationarities of the procimss simplifying

parameter estimation. The model has a discrete, fatmch facilitates simulation of artificial recarchs well as
nonlinear random vibration analysis by the tailigglent linearization method [4].

Many stochastic ground motion models have beengseqh but the selection of an appropriate set afiaino
parameters for a given earthquake and site of @steremains unresolved. This issue can be addrdsged
constructing correlations between the model paramsetnd the earthquake and site characteristich @edictive
relationships are created by statistically analyzrdataset of the identified model parameterafarge number of
recorded ground motions with known earthquake dted characteristics. This paper is a first attenmpthat
direction.

The paper begins with a brief summary of the steib@round motion model. The methodology of traistical

data analysis to be performed on the model paramitexplained in detail. A database of strongugtbmotions
is selected and optimization schemes are propasestimate the parameters of the model that isdfitb each
motion in the database. Preliminary results of staistical analysis, including fitted distribut®mo the various
model parameters, are presented.

2. STOCHASTIC GROUND MOTION MODEL

It is well known that earthquake ground motions enaonstationary characteristics both in time amdjdency
domains. The temporal nonstationarity refers tovagation of the intensity of the ground motiontime and can
be easily modeled by any time-varying function theddually increases from zero to achieve a neashstant
intensity, representing the strong-shaking phasanokarthquake, and then gradually decays baclerm Zhe
spectral nonstationarity refers to the variationhaf frequency content of the motion in time, whigtses from the
evolving nature of the seismic waves arriving atta. This evolving frequency content of the grommotion must
be modeled accurately since it can be critical te tesponse of degrading structures, which havenass
frequencies that tend to decay with time as thegire responds to the excitation.

A stochastic model for strong earthquake groundanstthat accounts for both types of nonstatioiearihas been
proposed by the first two authors in [3]. This miodas the important advantage of separating theaoeah and
spectral nonstationary characteristics of the @®ead it can be written in a discrete format. abiéty to separate
the temporal and spectral nonstationarities allfegbility and ease in modeling and parametemeation.

The model for the ground acceleration is obtaingdirne-modulating a filtered white-noise processhwihe filter
having time-varying parameters. In the continuausf the model is defined by

X(t) = q(t){o 1(t) jh[t -1, e(r)]w(r)dr} (2.1)
hit) 2o

In this expressiong(t) is the (deterministic, non-negative) modulatingdtion that also represents the standard
deviation of the process; the expression insidectlvged brackets is a unit-variance filtered whitése process,
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where h[t —1,0(t )] denotes the impulse-response function (IRF) ohear filter with time-varying parameters
0(t); w(t) denotes a white-noise process, andt) ={| h?[t-1,0(1)ld}"'? is the standard deviation of the
process defined by the integral inside the curvedchets. Thus,g(t) completely defines the temporal
nonstationarity of the process, while the formt filter IRF and its time-varying parameters coetgly define the
spectral nonstationarity of the process.

In order to facilitate digital simulation, the shastic model in (2.1) is discretized in the timenddn into the form

n
X(1) =q®))_sOu (2.2)
i=1
wheres () i =1...,n, are a set of deterministic basis functions cdiigothe frequency content of the excitation
andu,, i =1...,n, are a set of standard normal random variablagsepting random pulses at equally spaced time
pointst;, i =1,...,n, with t, denoting the total duration of the motion. Theibdisnctions are expressed in terms

of the IRF of the filter and fot < k < n-1 take the form

s(t) = kh[t_ti'e(ti)] t, St<t,, 0<i<k
\/Z:j=1hz[t _tj'e(tj)] 2.3)
=0 t<t

The model described in Eqn. 2.1-2.3 is completed§ingéd by specifying the forms and parameters @& th
modulating and IRF functions. For the current stublg “gamma” modulating function is selected:

q(t,e) = ot expCasgt) (2.4)

The parameters = (a,,a,,0;) shape the modulating function and control itsristgy. In the frequency domain, the
properties of the process are influenced by thecteh of the filter and its time-varying paramsteifhe
parameters@(t )are typically the time-varying filter frequencyy; (t , Jand damping ratio,( (T ,)which
respectively control the evolutionary predominaefiency and bandwidth of the process. In thisystue have
selected an IRF that corresponds to the pseuddesatien response of a single-degree-of-freedossliroscillator.
As a simple approximation, and based on analysalafge number of accelerograms, we have adoplieéarly
decreasing function for the filter frequency antbastant value for the filter damping ratio. Thus,

Wi (T) = Wy + Wgepe (T~ yig) (2.5a)

(D)= (2.5b)

wheret,,; and o,y represent the time and the filter frequency atrthedle of the strong shaking phase of the
ground motion, anag,, represents the rate of change of the filter frequeover time. Thus, the three parameters
0 = (g » Og0pe+ & ) COMpletely define the evolutionary frequency eontof the process.

3. PREDICTION OF MODEL PARAMETERS

The model parameter§uy,a,,0; INd @yg , Oge,C¢) CONtrol the statistical characteristics of theederation
process, including the mean-square intensity, nzeao-level up-crossing rate, and the rate of cutivdacount of
negative maxima or positive minima. These statisticharacteristics, all expressed as functionsiroé,t are
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respectfully measures of the intensity, predomiti@@tuency, and bandwidth of the process. The #imad model

is fitted to a target accelerogram by matchingetstatistical characteristics with those of thgeamotion, thereby
determining the optimal values of the model paranmsetOnce the model parameters are determined, Zgris

used to simulate artificial accelerograms. The el process is eventually high-pass filteredettds model the
long-period content of the motion. This allows thienulated motion to achieve zero residual veloatd

displacement and improves the behavior in the loeged range of the corresponding response spectrum

Once the model parameters for a target accelerogranidentified, it is easy to produce any numbfeground
motion realizations that match the statistical ahseristics of the target accelerogram in an awersense.
However, this ensemble of realizations is createthfone specific set of model parameters that spmeds to the
target accelerogram. Since earthquakes of similaracteristics (e.g. type of faulting, magnitudsd écation) can
produce vastly different accelerograms, the sinadlamotions with one set of parameters should bardeg as one
realization of the possible ground motions resgltirom such an earthquake. Therefore, in ordereiwecate an
ensemble of artificial records for an earthquakekobwn characteristics, it makes sense to treatntioeel
parameters(ay,0,,0; )and @yiq , ®gepesG¢) @s random variables conditioned on the charatiesi of the
earthquake and the project site. In order to canssuch a predictive model, we have developedtasdtaof the
model parameter values by identifying them for eachelerogram in a dataset of recorded earthquekend
motions. Our eventual aim is to develop full regies formulas (including cross-correlations betwedagn
corresponding error terms) that will provide proliatic estimates of the model parameter in ternfistie
earthquake and site characteristics.

To identify the parameteréy,0,,0, of the modulating function, it is convenient tdate them to the physical
characteristics of an accelerogram. Specificalty,a,,0, ar¢ obtained in terms of three variablég,(Ds_gs,
tyiq ), @s described below,, represents Arias intensity, a measure of the &stafgy defined as

1= [a?dt 3.1)
0

where a(t) denotes the recorded acceleration time histByy . represents a measure of the “effective” duration
of the motion, which is defined as the time intétvatween the instants at which the 5% and 95%hefArias
intensity are reached. As mentioned befdfg, is the time at the middle of the strong shakingggh In this study
we assume that the middle of strong shaking ocattise 45% level of Arias intensity. Investigatiohthe ground
motions in our database supports this assumptiased® on these definitions, and taking advantadleofact that
the function in Eqn. 2.4 is proportional to the gaanprobability density function, we can write

Ds_95 = togs ~tags (3.2a)
tyia = toas (3.2b)

in which t, represents thgpx 1@0 percentile of the gamma probability distributieaving the parameter values

20, —1 and 20, . Furthermoreq, is directly related to the Arias intensity through

20,1
B T 0 (33)
I (2a, —1)
where I" () represents the well known gamma function. In #s@ainder of this paper, we only work with, (
Ds_os, tuig)- Any simulated values of these parameters carudedl in Eqns. 3.2-3.3 to back-calculate the
corresponding values df,a,,05 .)
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Once a sample of observations is available for @ehparameter, a probability distribution is assigrto its
underlying population. The form of this distributiés inferred by visually inspecting the correspogdrequency
diagram. The parameters of the chosen probabilityillution are then estimated by the method of mwoi® or the
method of maximum likelihood. Finally, the validibf the specified distribution model is verified Bygoodness-
of-fit test, e.g. the Komogorov-Smirnov test. Howewpredicting probability distributions for the del parameters
is not sufficient to generate a suite of groundioms that represents all the possible realizat@rafgiven set of
earthquake and site characteristics. We also nedistover any existing relations between the mpdeameters
and the earthquake and site characteristics, dsawelny correlations between the parameters tHeessdn the
current study, the earthquake and site of inteagstcharacterized by four factors ( M, R,,, Vs30). F
corresponds to the type of faulting, includinglsrslip, reverse, or normal mechanisriv; represents the moment
magnitude of the earthquak&,,, represents the closest distance from the recositego the ruptured area, and
Vs30 represents the shear wave velocity at the top &@ns of the soil. We intend to develop regresiomulas
of the form

u =g([F,M,RVs30]) +¢, (3.4)

whereu, denotes a model parameter that has been transfamuethe normal space €1,...6 since we have six
parameters) and, represents the zero-mean regression error thadrisally distributed. For a parametér the
transformation to the normal space is achieveduby® '[F(0 ], where ®™ [ is the inverse of the standard
normal cumulative distribution function anB(6 i3 the cumulative distribution function of the pareter. We
expect the error termsg for different parameters to be correlated. Thigession analysis is currently underway.

4. STRONG MOTION DATABASE

The strong motion database used in this study &nall subset of the PEER NGA (PEER Next Generation
Attenuation of Ground Motion) database, and a dub$dhe data used in the development of the CB-NGA
(Campbell-Bozorgnia NGA Ground Motion Relations) dab [5]. The accelerograms in the database are
representative of “free-field” ground motions reded in shallow crustal events in tectonically aztiggions.
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Figure 1 Distribution of the data used in this gtwdth respect to earthquake magnitude and distémoe rupture.

The selected earthquakes (see Figure 1) have a miansgnitude greater than or equal to 6.0, andeavéith
rupture distance rangdOkms< R, <100km. Furthermore, only stiff soil and rock site coiafis with
Vs30= 600m/secare considered for the present phase of the sfilitgse constraints reduced the dataset used in
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the analysis to 31 recordings from 12 earthquakessfrike-slip type of faulting, and 72 recordinfyem 7
earthquakes for reverse type of faulting. Eachnding has two horizontal components, which doubke gample
size in the statistical analysis. The correlatibeswveen the two components of each recording ae&ulugshen
constructing the predictive relationships.

5. SAMPLE OBSERVATIONSOF MODEL PARAMETERS

Figure 2 shows the normalized frequency diagramshie parametersl(, D,_o,t,,,) for motions resulting from
strike-slip type of faulting. The fitted probabylitlensity functions (PDFs) foD. 4, andt,,, are superimposed in
Figure 2 and their formulas and parameter valuedisted in Table 5.1. A PDF is not needed for Ariatensity
because existing empirical relations can be usgaddict this parameter for given earthquake charistics. It is
observed that the duration paramel®r . varies between a few seconds up to about 40 securith a mean of
about 20 seconds. The parameigy assumes values up to about 50 seconds with a afekthseconds. The fact
that t,,;, is greater tharD,_s; in some cases is due to long stretches of lowngity motion in some records. A
strong positive correlation between these paraméi@s been observed.
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Figure 2 Normalized frequency diagrams for pararselte, D . ,t,,4 for earthquakes with
strike-slip faulting; fitted PDFs fob._,. andt,,, are superimposed

One way to identify the filter parameters,f , ©gqp, ¢ ) fOr a given accelerogram is to follow the optiatinn
scheme provided in [3]. However, that method isiidethe purpose is to calculate the filter paréene that give
the closest match to the statistical charactesigiia target accelerogram. For the purpose ofrgéng a sample of
the filter parameters for a large number of ear#ikgs such high level of accuracy is not necessasiead, other
estimation methods are used that are less demaimdirggms of computational efforts while providisgfficient
accuracy.

It is well known that the apparent frequency of #tationary response of the considered filter white-noise
excitation is equal to the filter frequency. Thistiaates the idea of approximating the filter freqay by the rate
of change of the cumulative count of zero-levelcogssings (see Figure 3a). Even though the exmitdiere is a
nonstationary process, investigation of severaklacograms revealed that such an approximationfficiently
accurate. In order to approximate the two pararsetgf,; and og,, for a given recording, a second order
polynomial is fitted to the cumulative number ofredevel up-crossings of the accelerogram at Andensity
percentages equal to 5%, 20%, 45%, 70% and 95%fifiée polynomial is then differentiated to obtaininear
estimate of the apparent frequency as a functiotinw. The value of this line &t,, represents an estimate of
wyiq » @nd its slope represents an estimate gf, -

To estimate the filter damping ratio, the cumulathumber of negative maxima plus positive minima &isnction
of time for the target accelerogram is determifdds value, which is a measure of the bandwidtthefprocess, is
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compared with the estimated averages of the sametiufor sets of 20 simulations of the theordtitadel with
the already approximated filter frequency and tremping values{; = 01,02,..., 09 (see Figure 3b).
Interpolation between the curves is used to detegrthie optimal value of ; that best matches the curve for the
target accelerogram. For this analysis, only theetinterval between 5% to 95% levels of Arias istgnis
considered, where it is more likely fdr; to remain constant [3].
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Figure 3 Identification of filter parameters: (dfer frequency, (b) filter damping ratio

Figure 4 shows the normalized frequency diagramghiefilter parameters for earthquakes with stskp faulting.
The fitted PDFs are superimposed and their formalaslisted in Table 5.1. It is interesting to nobat the
predominant frequency at the middle of strong st@kif the records in the dataset ranges from 2tblA with a
mean value of 6 Hz. The fact that only rock anff stils are considered is the reason for this mgan value. It is
also interesting to note thatg,, is negative, i.e., the predominant frequency efdhound motion decreases with
time. This is consistent with our expectation. Alilgh small values of the slope are more likelis itoted that the
slope can be as large as a drop of 0.5 Hz per demomrven larger. Finally, the filter damping ratiwhich is a
measure of the bandwidth of the process, is fooncamge from 0.05 to 0.7 with a mean of 0.26. Makie is
smaller than the typical value of 0.6 often assufeedhe well known Kanai Tajimi model. Again weliege the
fact that only rock and stiff soil sites are coms&t explains this narrow bandwidth of the grouratioms in the
dataset.
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Figure 4 Normalized frequency diagrams and fittestiidbutions of the filter parametersy;q , Wgq,e andg for
earthquakes with strike-slip faulting.

As an example, Figure 5 shows a simulated accalmmgbtained by using a randomly selected set aleino
parameters in accordance to the distributionsdigteTable 5.1 and a selected value of the Arigsnisity. Cross-
correlation coefficients between the model pararse{eegative betweemy,; and gy, Positive between
D. i andt,,, ), which were not discussed in this paper, are @l for in the simulation. The total duration of
the accelerogram is selected §s= 2x max[Dg_gs,tyiq) -
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Figure 5 Simulated accelerogram withw,,/(21) = 356 Hz, ooSope/(ZTr)z—O.O?Hz/sec, ¢y = 022
D, =1636sec, t;; = 2259sec, andl, = 005secg”. Time steps chosen for simulation are 0.02sect Pos
processing is done as described in [3] with a aoimeguency of 0.05Hz.

Table 5.1 Distributions fitted to model parametersearthquakes with strike-slip faulting

Model parameter Fitted PDF Parameter values Meamndatd deviation
< < 1 (x-a)b-x" a=7.5,b=37.5
75< Dy g5 <375 (s€0) | 1, (x)= e b2 0=1.02,r=1.38 20.23 8.05
0 <ty <55 (sec) 870,755 15.95 10.17
r@r) q_ll4c()5 ’lg_:;% 0.26
0<(, <1 Bla.r) =———= a=0, b= .
b Ma+n) 0=1.66,r=4.84 0.16
a-1
Wyig /219 (H2) (9= 5 OPEXD) a=5.53,6=1.10 | 6.09 2.59
Wgope /(2T <0 (Hz/sec) f (X) = expEx/p) u=-012 -0.12 0.15

6. CONCLUDING REMARKS

A fully nonstationary stochastic model for stromg@nd motion having statistical characteristicsilsinto those of
a target accelerogram is described. A recordedhgtmotion database is selected and the model ptesmare
estimated for each of the recordings in the datb@hkis provides a set of sample observations &oh enodel
parameter, which facilitates performing statisti@ahlysis that eventually will help to construcgdlictive relations
for the model parameters in terms of earthquakesétedcharacteristics. Future work will focus orpamrding and
completing this data analysis.

REFERENCES

1. Lutes, L.D. and Sarkani, S. (2004). Random \ibre: analysis of structural and mechanical systé&iisevier
Butterworth-Heinemann, Burlington, Mass.

2. Chopra, A.K. (2001). Dynamics of structyrBsentice-Hall, Upper Saddle River, NJ.

3. Rezaeian, S. and Der Kiureghian, A. (2008). écisastic ground motion model with separable tenpand
spectral nonstationarityournal of Earthquake Engineering and Structural Dynamics, to appear.

4. Fujimura, K. and Der Kiureghian, A. (2007). Feduivalent linearization method for nonlinear ramd
vibration. Probabilistic Engineering Mechanics 22:63-76.

5. Campbell, K.W. and Bozorgnia, Y. (2007). CampBelzorgnia NGA Ground Motion Relations for the
Geometric Mean Horizontal Component of Peak andctspleGround Motion ParameterBEER 2007/02
Report, Pacific Earthquake Eng. Research Center (PEER).



