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SUMMARY:

The specific barrier model is a self-consistent physically based earthquake source model. It§idat-source
spectrum can be established based on a few primadel parameters. It has recently been calibraietthet
NGA dataset of earthquake strong motions by Fastat. (2012). In this paper we investigate furtter model
calibration and interpret the results in terms loé seismological model applied. We control the draff
between the local stress drop amdand conclude a-filter is required for describing the high-freqaegn
diminution of diverse strong-motion datasets. Weaegtigate how our predictions of pseudo-spectral
acceleration normalized by peak-ground accelerdf@@A/PGA), and that of an empirical model, tendtodit

the NGA data at long distances1(50 km). No path model applied resolved this midfite discuss how the
strong-motion characteristics of the Chi-Chi eantdces may be incompatible with the rest of the Nfagaset.
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1. INTRODUCTION

Empirical ground motion prediction equations arefuls for quantifying the relationship of the
spectral amplitudes of the parameters of inteestarthquake engineers (e.g., peak ground motion,
peak structural response parameters) with distandefrequency. Seismic design of structures may
however require simulation of the time historiestsf expected earthquake strong ground motions at
a given site due to an earthquake of a given magmitThis necessitates a more ‘physical’ approach
and in the past the stochastic method has beenywided (Boore 1983, 2003). The method is based
on a seismological model that contains a simpliBpdctral description of the waves radiating from
the earthquake source, along with spectral filtprantifying the effects of propagation path and sit
conditions on observed ground motion. While moeéeist that account for both P and S waves, along
with reflected phases and surface waves, the aiolic of the stochastic method generally focuses
solely on the S wave train, because it is mostarsiple for earthquake damage.

The specific barrier model (SBM) is an earthquakerse model that is particularly useful for
simulation of earthquake strong-motion over thereritequency and distance ranges of engineering
interest (Papageorgiou & Aki 1983a; b). The salfeatures of the SBM making it suitable for this
purpose are: (1) the SBM contains a self-consistaat physically meaningful description of the
faulting process of a finite-size, composite setsswurce i.e., an earthquake source composed of
smaller sub-sources (subevents) (Figure 1.1ajt {fully characterized by only five paramete(3)

the spectral expression of the radiated S waveahenfar-field region (far-field source spectrum)
(Figure 1.1b) exists in closed form making it espic suitable for application in the stochastic
method. It has been shown that the SBM capturesridi@ features of more complex composite
earthquake sources. Additionally, it has been agpin the simulation of earthquake strong-motion
time histories, and structural response, both énrtbar-fault and far-field region of earthquake=e (s
e.g., Papageorgiou & Aki 1985; Papageorgiou 1988)32 Halldorsson & Papageorgiou 2005;
Halldorsson, Olafsson, & Sigbjornsson 2007; Halidon, Mavroeidis, & Papageorgiou 2011; Foster
et al. 2012; Halldorsson & Papageorgiou 2012a, b anderées therein)
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Figure 1.1. (a) A schematic view of the SBM representing thethepiake fault consisting of equal-size
subevents arranged in a non-overlapping manneherault plane. Subevent rupture starts at theeceoft
each crack associated with a ‘local stress debg’ and spreads radially outwards (the rupture fraits
successive time instants are denoted by the ligbkes) until it is arrested by the barriers, dexnbby the
shaded area between the cracks. (b) The specifitebanodel source spectra for three different dpit
regions. The interplate and extensional sourcetspece non-self similar and affected by high-fregey
diminution i.e.,S(f, M., {) - D(f, k) (log{ = 2s,,(M,, — 6.35), s,, = —0.12, andx = 0.05 s; see Table 8 in
HPO5). The spectra are shown 5.5, and 7.5 as calibrated by Halldorsson and Ragggpu (2005) (from
Feal2).

The previous calibration of the SBM to earthquakatioms from different tectonic regions in the
context of the stochastic method and random vitmatheory (Halldorsson & Papageorgiou 2005;
denoted by HPO5) has been updated using the mughr|d'unified” NGA database of strong-
motions from interplate earthquakes of shallow @lusegions (Fosteet al. 2012; Feal2 hereafter).
The seismological model of Feal2 fits the NGA stdbspiite well using nearly the same model
parameters as HPO5, but also differs in importapeets. In this paper we review and expand on the
results of Feal2. We present our results usingrigthodology developed by Spudietal. (1999) to
represent the fit of a seismological model to aaskt, and a novel method based on the ratio of
pseudo-spectral acceleration (PSA) to peak-growneleration (PGA). We show that analyses of
model residuals can highlight important aspecttheffit of a seismological model to a dataset. In a
physically based seismological model, such analys@s provide clues to the origin of the
discrepancy in terms of physical parameters. Wevshow the recently calibrated seismological
model tends to underpredict the spectral respomg#itades of earthquake ground motions at long
distances %150 km). We investigate the source of this disanepaising a number of independently
obtained path attenuation functions in the seisgiokd model and compare the predictions of our
model with empirical relationships using largely ttame data. Additionally, we show that a kappa-
filter effectively describes diminution of high-fjeency spectral amplitudes for datasets with rexord
from different earthquakes and stations. We disthisscharacteristics of the PSA/PGA spectrum,
whose shape is sensitive to changeskirthigh-frequency diminution parameter) but nbd;
(controlling parameter of the SBM), and use itdéonpare our model predictions with NGA data. The
behaviour of the curves supports our observatiahsttandAg; affect frequency-dependent residual
behaviour in a fundamentally different manner aertse frequency range of calibration, largely
eliminating the issue of parameter tradeoffs. lnave show how the strong-motion characteristics
of the Chi-Chi data may be different from the r&fsthe NGA dataset.
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Figure 2.1. Magnitude-distance plots of the three datasets ims#ds study. (a): Complete NGA dataset; (b):
NGA dataset excluding Chi-Chi aftershock data; @me as (b), except excluding earthquakes assdciat
with active tectonic extension (Spudich et al., 99@nd the Chi-Chi mainshock data.

2. CALIBRATION OVERVIEW

Since Papageorgiou & Aki (1983a; b) developed aiduced the SBM, several studies have been
published improving its usability for engineeringpiications. The developments are briefly
summarized below:

» Establishment of the scaling law for the SBM basedbserved model parameters (Papageorgiou
& Aki 1985; Aki & Papageorgiou 1988).

» The presentation of a closed-form equation forapgregate far-field source spectrum from the
SBM (see Figure 1.1b) (Papageorgiou 1988) on tleshaf the formulation for a composite
earthquake source composed of multiple identida¢gents (Joyner & Boore 1986).

» Calibration of the SBM to shallow crustal earthgeslof three different tectonic regions, using a
seismological model combining the SBM source spettderived by Papageorgiou (1988) with
suitable regional path and site terms drawn from literature (Halldorsson & Papageorgiou
2005).

* A theoretical study of the sensitivity of the faell source spectrum to variations to the
fundamental assumptions in the SBM, allowing forialsle size-subevents and accounting for
different isochrone distributions (Halldorsson &pBgeorgiou 2012a; b). The results indicate that
in the absence of physical information on the d@ecof subevent-size distribution, the SBM
appears to be the most parsimonious, yet effeciiag,to capture the essential characteristics of a
composite seismic source

e Calibration of the SBM to a larger and unified dataof strong-motions from shallow crustal
earthquakes in interplate regions (Feal2). Thidystwnsiderably expanded on the HPO5 study
by performing a calibration (analogously to HP0OSng the full NGA dataset (Chicat al. 2008;
Poweret al. 2008) and both soil and rock data (HPO5 only wked recorded on soil).

While the seismological model and calibration pohoe were similar in HP05 and Feal2, we focus
here on the distinguishing aspects of the lattiébredion and the insights gained from it. For btg's
sake we also omit detailed discussion of the foneti form of the SBM far-field source spectrum in
this paper. For a concise summary of the calibmadiad its results we refer the reader to Feal2.
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Figure 2.2. (a) Residuals of the seismological model’'s predictf spectral ordinates At= 2 Hz for dataset
(c) plotted vs. (i) log-distance and (ii) momentgnaude. The residual clouds appear balanced ordf@line
(i.e., zero bias) and do not exhibit any apparengantified) trends with increasing distance maignitude.
(b) Residuals of four separate binsfat 0.5-1.1 Hz plotted vs. log-distance showing distance ddpah
behavior, manifested by a positive slope of a legsiares line fitted to the residuals.

For completeness however, we revisit the functidoah of the seismological model in Feal2 and
HPO5 (Boore 1983, 2003):

where: f is frequency; theE(f,M,), P(f,r), and G(f) terms account for source,path,and site
effects,respectively; ant(f) is the “instrumental term” for providing the 5%nmdiged PSV used in
this study. The model was applied using the stdithagethod in combination with random vibration
theory (RVT) to generate predictions of the mdstliif PSV ordinates at a range of discrete spectral
periods (Boore 1983, 2003). In Feal2 we used thubsets of the NGA dataset (Figure 2.1) to
calibrate the seismological model. We proceededdnerating estimates of PSV for each observation
in the database and plotting residual clouds agamagnitude and distance (see e.g., Figure 2.2a),
divided into twelve log-spaced frequency bins flof to 10 Hz.

In Equation (1), the source term B(f,M,) ~S(f,M,,{) - D(f, k) where D(f,k) is the high
frequency diminution term (HFD) arf{f, M., {) is the far-field spectrum of the earthquake saurce
modeled by the SBM. HP0O5 compared the effects oflelilng high-frequency diminution with
different filtering functions. HFD in observed gralimotion has been attributed to both source (Aki
& Papageorgiou, 1988) and site (e.g., Hanks, 1982terson & Hough, 1984) effects. But, in our
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Figure 2.3. High-frequency diminution (HFD) filtekommonly employed in seismological models. Left:
“kappa” filter with fz=0 and several values of Middle: “kappa” filter with several (nonzero) vas offz and
k. Right: f filter with several values of andf .
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Figure 2.4. The fit of a seismological model to the three data in Figure 2.1, expressed in terms of residual
behaviour using the method of Spudich et al. (2088} each dataset (a)-(c) (left to right), respety, each

of the following is shown: mean bias (top), logtditce dependence (upper middle), and magnitude
dependence (lower middle) of the residuals betvilkenlataset and the seismological model applielid Sod
dashed lines denote residual behaviour associatbdreck and soil sites, respectively. Error baiews +/-1
standard deviation of the respective maximum-Iit@did estimates. The top vertical scale shows lase-t
logarithms of the residuals. The bottom plot shavtsr-event residualsj() as a function of magnitude. The
solid and dashed lines are the least-squares ségndsie and its 95% confidence limits.

model we apply the HFD filter solely to the souteam. In doing so, we are implicitly assuming one
of two possibilities: (a) HFD is a universal chdeaistic of ground motion regardless of the point o
observation. Therefore site characteristics asteivant,.e. the HFD is attributed solely to the source.
(b) HFD is a characteristic of both source and $ifeD will vary in the degree of influence based on
site properties. We take the pragmatic latter stdrere, acknowledging the influence of both source
and site HFD mechanisms and attempting to destrd®GA data by a single HFD function without
separating the relative site and source contrihgtaquantitatively.

Figure 2.3 presents the most common filtering fimns, the so-calle@ andf.«functions. In large
ground motion datasets, both onset frequeney f¢ andfy.x in Figure 2.3) and rates of decay( «
ands) will vary substantially among individual records and thus “smear out” when the data are
taken as a whole (Trifunac 1994). As HPO5 conclydedfound in our calibrations thatdilter with
zero onset frequency results in the best fit ofsdismological model to the high-frequency spectral
data of the NGA dataset. We suggest that the “dmicgliape of ac-filter with fz==0 works well
because it best accounts for the variation of HFDrag individual records in a large dataset.

In our calibration, local stress drop &w; andx were the two independent variables of most interes
Ao, andk affect the source spectral amplitudes to a diffeextent, and in fundamentally different
way, at different frequenciedos; controls the high-frequency source spectral lewetsch are flat
above the second corner frequency (e.g., the lategpectra in Figure 1.1b) whereas increasing
diminution with frequency stems from the filter plan Figure 2.3 (Figure 5 in Feal2 demonstrates
this behavior in terms of mean residual bias). Beeaof the different manner in whidw;, andxk
affect the source spectrum, Feal2 controlled thenexf trade-off betweeno; andk and found
their combination that results in zero model biasrdhe frequency range considered.

Brillinger & Preisler (1984, 1985) and Strasserr#tamson, & Bommer (2009) discuss the necessity
of accounting for imbalance in strong-motion datss8oth HPO5 and Feal2 applied the random
effects model by Abrahamson & Youngs (1992) andt galch residual into two components, an
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Figure 3.1. The fit of Boore & Atkinson’s (2008) empirical GMPgredictions to the NGA dataset. The
subset used is BA08's, and 1,249 records remaifted @pplying our exclusion criteria. No distingtids
made between soil and rock residuals here, diggelata were input to BAO8 directly from the NGA data

“inter-event” and an “intra-event” component, inder to account for the imbalanced datasets.
Following the calculation of inter- and intra-eveasiduals, we used the maximume-likelihood (ML)
formalism of Spudiclet al. (1999) to concisely represent the performancénefmodel. Figure 2.4
presents our results using Sea99's formalism shpwiean residual bias, as well as the distance-
dependence and magnitude-dependence for variogmeiney bins. Distance- and magnitude-
dependency are quantified by the slopes of leasireg lines fit to the residuals in each bin (see
Figure 2.2). We expect low overall model bias aalmost frequencies for a model that performs
well. We suggest that inter-event residuals (Figue bottom) that are high or low, relative to the
database average, may act as a proxy for the égémeiss drops being higher or lower than average.

3. COMPARISON WITH EMPIRICAL GMPES

A seismological model of the type shown in Equatibpwhere the underlying functional forms are
based on theory and have few parameters will hgaoeer fit to a given dataset than many empirical
ground motion prediction equations (GMPESs), whidtero have a greater number of independent
parameters that additionally can take differentgalat each discrete frequency. We exemplify this b
showing in Figure 3.1 the overall mean residuas biistance dependence and magnitude dependence
of the residuals for the empirical relation by Bod&r Atkinson's (2008; BAO8 hereafter) vs. the NGA
dataset. As expected, the flexible BAO8 relatios tie data well. One significant distinction beén

the fits shown in Figure 3.1 and Figure 2.4 is Wwambting. In evaluating our SBM seismological
model predictions, NGA sites were categorized binary fashion, on the basis of the effective shear
wave velocity of the uppermost 30 meters of theoBphere beneath the sitgg,. One of two site
amplification functions (soil, foWgo < 360 m/s, or rock otherwise) was then used tegda model
predictions, regardless of thgodatum in the NGA flatfile. By contrast, when gernigrg the plot in
Figure 3.1, th&/govalues from the NGA flatfile were provided as inptd the BAO8 GMPE.

4. THE PSA/PGA METHOD AND VARIOUSPATH MODELS

Our best-fit value okt = 0.06 s differs from the HPO5 calibration (which fourd= 0.05 s). We
evaluated this result in a different way by examinihe pseudospectral accelerations normalized by
peak ground acceleration (PSA/PGA). We binned tlBANata of subset (c) into magnitude- and
distance-bins, and compared the PSA/PGA ratiothfgge bins to the corresponding predictions from
the seismological model. Figure 4.1 shows an examipthe comparison for earthquaked/ff6 — 7

and at six distance bins with lower distance lindfs;; = 0, 10, 20, 40, 80, and 150 km. The
PSA/PGA ratios for each record are plotted withydmes. The thin black solid lines denote their
average value for each bin, and the thin dashegk lilees correspond to +/- 1 standard deviatiore Th
thick solid lines denote the predictions from tleéssological model foAs, = 160 bar andx =
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Figure 4.1. The PSA/PGA ratio on rock (gray curves) of eartiiggs ofM,,6-7 in dataset (c), plotted as a
function of frequency for six separate distancesb0t10, 10-20, and 20-40 km (top left to rightdat0-80,
80-150 and 150-300 km (bottom left to right), regtpely. The average ratio for each distance bidesoted

by the thin black curve and its +/- one standardiadmn by thin dashed black curves. The correspand
predicted PSA/PGA ratios by the seismological maatel shown by the solid red curve, and that of the

empirical model of BAO8 by the dashed blue curve.

0.06 s. Due to space limitations, only PSA/PGA ploir rock sites are shown. However, the results
for both rock and soil sites show that the sima&@®SA/PGA ratio curves are relatively insensitive t
changes im\o;, (and for that matter, any other model parameten) are very sensitive to changes in

k. These plots confirm that the best overall fiioisk = 0.06 s.

The longest distance bin in Figure 4.1, 150-300 lgmpws a significant mismatch between
observations and predictions that was not captiwréite Sea99 plots of Figure 2.4. As the PSA/PGA

SGMPvE and Boore&Atkinson (2008) predictions for M =6.5 rock site
5 SGMPv6 uses same path model parameters as Halldorsson (2004).
Q T T

Spectral Acceleration prediction, cmisec?
Spectral Acceleration prediction, cmisec?

Period (sec)

SGMPvE and Boore&Atkinson (2008) predictions for M, =6.5 soil site
, SGMPv6 uses same path model parameters as Halldorsson (2004)
0 T T

— — —B&A008(R _=10.0)
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Figure 4.2. PSA predicted by BAO8 compared withl2e&everal path models were evaluated for better f
but this remained the best and the prediction problassociated with long distances still remaire flots are
for rock (left) and soil (right) sites fau,, = 6.5.
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Figure 4.3. Different geometric spreading functions (left) agdfunctions (right) proposed by various
researchers and evaluated by HP0O5 and Feal2.

plots are normalized, we refer to the individuaideal plots for insight to the problem. The residu
bins shown in Figure 2.2b indicate that our moeéelds to underpredict motions beyond about 15 0
km.

We concluded based on the above observations thde¢lnfit might be improved by modifying the
path modelP(f,r) in Equation (2.1). Up to now, our calibration hamt questioned the assumptions
of path or site terms in the model assembled by3dHbese were selected from a wide range of
independent published path and site studies, so @a#id inverting for multiple seismological model
parameters which are prone to tradeoffs. We thezaf-examined these path models and evaluated
their impact on the fit of the model. To evaludte fits of these path functions efficiently, pletere
generated in which the seismological model's PSédjations, using one of the path models, were
compared to BA08. Figure 4.2 shows an example. r@kVieest” model configurations were chosen
based on visual evaluation of the fits of plotsikinto those in Figure 4.1. These were then evatia
more thoroughly by the random-effects method. Aeamining the performance of all the models,
the best model fit was still the one used by HP@hile near-source and mid-range predictions
remain more important for most engineering applce, the problems of model performance at long
distances discussed above still remained. Fig@shbws all of the path models evaluated.

5. THE CHI-CHI AFTERSHOCK DATA

Finally we focus on the deteriorating fit of theispeological model to entire NGA dataset (a) as
compared to dataset (c), both in terms of incrgglsias at higher frequencies and increasing distanc
dependence at lower frequencies. This may inditetiethe Chi-Chi data is inconsistent with the rest
of the NGA dataset, which contains data mostly frehallow crustal earthquakes in interplate
regions. The primary difference between the dasaisethe Chi-Chi data, shown in Figure 5.1a. For
half of the NGA dataset to consist of strong-motdata from a single region in itself causes the
dataset to be biased. Although the random effeethioa accounts for such unbalanced datasets, the
difference in model fits between datasets (c) a)dq evident. The natural conclusion is therefore
that the attenuation characteristics of strong-omotiata (and possibly local stress drop) associated
with the Chi-Chi main shock and aftershocks are auoisistent with the rest of the NGA data. We
investigated this by calculating the model bias digtance and magnitude dependencies of the
residuals for the Chi-Chi data (mainshock with stecks, and only aftershocks). The results are
shown in Figure 5.1b and confirm the above conolusWe point out however, that the distance
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of model fit to this data shows significant nonezéias and distance dependences, for both roclsaihdata.
Note the relative differences between e.g., thehiitwn in Figure 2.4c.

dependence (againkigr;z) is quite evident in part because very few nealt-fdata exist(r;p less
than 1-2 fault dimensions) for the Chi-Chi eartiaas| Nevertheless, the disparity exists and we
believe that a single path function (accountinggeometric spreading and anelastic attenuatioheof t
types shown in Figure 4.3) as applied in our seiggical model cannot remove it.

6. CONCLUSIONS

Trade-offs between parameters controlling the sgupath and site effects in empirical models are
unavoidable. For insight into the physical natuirsuch trade-offs a physical model is required. The
one applied in this study fits the data relativeill. The Sea99 formalism and the PSA/PGA method
are especially well suited to examining model perni@nce in a physical context. We conclude that an
improved path function is required to improve seailogical model performance, especially at large
distances. The disparity between the model fihto(presumably more consistent) dataset (c) and the
entire NGA dataset (a), which lies primarily withet Chi Chi strong-motion data, implies that the
Chi-Chi data may be inconsistent with those conmgishe rest of the dataset of strong-motion from
shallow crustal earthquakes in interplate regions.
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