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SUMMARY:

We propose a new framework for probabilistic setsh@zard analysis that enables to directly caleuta time
history waveforms of ground motions correspondingatbitrary annual probability of exceedance taking
account of seismic source characteristics, propagaath characteristics and the ground motion ditgtion
characteristics of deep subsurface profiles. Tlapgsed method does not use representative valwsasu
maximum accelerations and response spectra foulasitogy time history waveforms, but focuses on keaur
amplitude spectra and group delay times to diradghermine the waveforms using a stochastic Grdantgion
method, taking advantage of the linearity of ogeraamong those characteristics. An applicatiothefmethod

to the sites in eastern Japan region is illustratetidering the effect of the 2011 off the Padifiast of Tohoku
Earthquake to seismic hazard.
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1. INTRODUCTION

Since the 1995 Hyogoken-Nanbu Earthquake, techetaadards of Japanese civil engineering works
apply two input seismic ground motion levels: Leteteismic ground motions and Level 2 seismic
ground motions.

Level 2 seismic ground motions are defined as tioeirgd motions with maximume-level intensities
that may occur at the site of interest over tinmerfithe present to the future. On the other handelLe

1 seismic ground motions are ground motions thay wecur once or twice in the lifetimes of
structures. Therefore, we need to use a probabiistsmic hazard analysis in order to evaluatesLev
1 seismic ground motion for each site of interdstis study discusses the method for evaluating
probabilistic earthquake ground motions as timehyswaveforms.

Time history waveforms calculated through probabdiseismic hazard analyses generally correspond
to the hazard curves of the maximum acceleratiaonth® acceleration response spectra obtained
through the analyses. The effects of seismic socinegacteristics, propagation path characteristics,
and the ground motion amplification characterisbfsdeep subsurface profiles are not necessarily
taken into account in detail in such cases.

We propose a new framework for probabilistic setsrhazard analyses focusing on Fourier
amplitudes and group delay times. Regarding thei&oamplitude spectra and the group delay times
of seismic ground motions, the linearity of opamatholds among those characteristics. By using
Fourier amplitude spectra and group delay timeteaus of representative values such as maximum
accelerations and response spectra, those chéstcsectan be easily taken into account in detalil.



2. CONVENTIONAL PROBABILISTIC SEISMIC HAZARD ANALYSISAND ITSMAJOR
PROBLEMS

Before describing our proposed probabilistic setstmazard analysis, we outline a conventional
seismic hazard analysis for calculating time histeaveforms and discuss its problems.

2.1. Conventional Seismic Hazard Analysis

Figure 1(a) shows the flow of a conventional metlfadderiving the seismic hazard curves of the
maximum accelerations and the acceleration resmpessra of seismic ground motions.

2.1.1. Modeling of Seismic Sources

The first step is to model the seismic sources &gpeto cause earthquakes near the site of int@rest
the future. The modeling here means the settingypiocentral distances. This is done by using
earthquake catalogs, which are compilations of paghquake records, to gather data on earthquakes
that have occurred near the site of interest orubyng data on active faults obtained through
topographical and geological surveys.

When using earthquake catalog data, engineers sighe@ne seismic source in each of equally divided
meshes over a zone where seismic activities aferamihereafter called earthquake province) or set
seismic sources randomly in an earthquake proviMfeen using active fault data, engineers equally
divide each active fault into several parts, artdegiuse the distance from each subfault to tkeeosit
use one representative distance from the faulbdostte. In either case, the seismic source latsitio
(hypocentral distances) are specific to each atiuk:.

2.1.2. Assessment of the Sizes and the Occurrextes & Earthquakes
After the modeling of seismic sources, the engs@ssess the sizes (magnitudes) and the occurrence
rates of the earthquakes that may occur at theseesoin the future.

When using earthquake catalog data, the enginessmee a model (b-value model) satisfying a
Gutenberg-Richter's relation, which states thatldigarithm of the occurrence rate of the earthquake
(N) is proportional to the magnitude (M). Earthgeaizes are determined by randomly sampling the
magnitude values in the size-wise occurrence rateltlitions calculated from the model. Assuming
that the occurrence of the earthquake follows adewi process, the occurrence rate at an earthquake
province can be determined from the number of gagke occurrences and the observation period
recorded in the earthquake catalog data.

When using active fault data, the engineers oft@ress the sizes of the earthquakes generated by
active faults by a maximum magnitude model (maxinmmoment model) specific to each active fault.
In such cases, the sizes and the occurrence ratearthquakes are generally calculated from
topographical and geological data such as theheraytd the average displacement velocities ofectiv
faults.

2.1.3. Assessment of the Attenuations of Seisnoien@rMotions

The attenuation equations for seismic ground motmensities (e.g., maximum accelerations and
response spectra) are often used for assessingicgsund motions. In the attenuation equations,
the average or median values and the dispersiosgisiic ground motion intensities are given as
functions of magnitudes and distances. In recearsyea stochastic Green’s function method is
occasionally used for assessing seismic groundomatiensities, taking account of fault finiteness.

2.1.4. Calculation of Annual Probability of Exceeda

Using the results of the assessments describedibseStions 2.1.1 to 2.1.2, the annual occurrence
rates calculated for each seismic ground moticensity at each earthquake province and each active
fault are summed up for all earthquake provinced active faults. Then the annual frequency of
experiencing seismic ground motions with intensiggual to or larger than a certain value (hereafte
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called annual occurrence rate) at the assessntenisscalculated. Thus, the annual probability of
exceedance is obtained as a function of groundomeintensities, which is called the ‘hazard curve’

Logic trees are used for evaluating the unceresntf the results caused by the assumptions used
during assessment and by the selection of moddie [Bgic trees analyse the properly-set
combinations of models and parameters to evaliatedliabilities from the dispersions of analysed
results.

2.2. Calculation of Time History Waveforms

Several approaches, such as those using uniforarchdmesponse) spectra, risk (hazard) consistent
seismic ground motion, and probabilistic scenaaateuakes, have been proposed to derive time
history waveforms from the results of seismic hdzaralyses.

2.3. Major Problems of the Conventional Seismic Hazard Analysis

The conventional seismic hazard analysis describe®ections 2.1 and 2.2 has the following
problems:

(i) The conventional seismic hazard analysis iralayi uses maximum accelerations or acceleration
response spectra as the representative valuessofisgground motions to obtain the time history
waveforms of earthquakes. The calculation takesfahewing steps: 1l.earthquake sizes, distances,
2.maximum accelerations, 3.the hazard curves ofimar accelerations, 4.the time history
waveforms of scenario earthquakes, or: 1.earthgsiakes, distances, 2.acceleration response spectra,
3.the hazard curves of acceleration response spettthe time history waveforms of scenario
earthquakes.

(i) The conventional method generally uses attéooaequations to determine maximum
accelerations or acceleration response spectrajrasdme cases it does not take account of the
physical factors influencing seismic ground motiogsch as seismic source characteristics,
propagation path characteristics, and the groundiomoamplification characteristics of deep
subsurface profiles. Even if approaches capablekifig account of fault models are used to caleulat
time history waveforms, hazard analyses are madd@maximum accelerations or the acceleration
response spectra. Hence the degrees of contribofidhe influential factors described above are
limited.

(iif) In the cases of using probabilistic scenag@thquakes, it is possible to assess the seisound
motions of selected scenario earthquakes takinguamtcof the seismic source characteristics,
propagation path characteristics, and the groundiomoamplification characteristics of deep
subsurface profiles. It is, however, difficult tetdrmine the seismic ground motions that satiséy th
probability levels given simultaneously in multigfequency ranges.

3. PROPOSED PROBABILISTIC SEISMIC HAZARD ANALY SIS (PROBABILISTIC
METHOD FOR ESTIMATING DESIGN INPUT SEISMIC GROUND MOTIONS)

To resolve the problems described in Chapter 2pwepose a new seismic hazard analysis using
Fourier amplitudes and group delay times. The medomethod does not use the representative
values such as maximum accelerations and respgrestra. Taking advantage of the linearity of
operation among various characteristics descrilbedeg the method uses Fourier amplitude spectra
and the group delay times representing phase dkasdics to directly calculate the time history
waveforms that satisfy uniform hazard Fourier atndié spectra. It adopts a stochastic Green's
function method as a convenient tool to calcul@tee thistory waveforms taking account of the
various characteristics described above. Figurg difpws the overall flow of the proposed method.
The red frames in Figure 1 indicate the procesdesravthe proposed method is different from the
conventional method. Major characteristics of thegppsed method are described below in detail.



3.1. Handling of Seismic Sour ce, Propagation Path, and the Ground M otion Amplification
Characteristics of Deep Subsurface Profilesin the Proposed M ethod

3.1.1. Approach to Estimate Seismic Ground Motadrtbe Site of Interest Based on Active Faults
and Fault Models

To estimate the seismic ground motions (Fourier lange spectra and their corresponding time
history waveforms) at the site of interest baseadaiive faults and fault models, we determine siism
source characteristics, propagation path charattsj and the ground motion amplification
characteristics of deep subsurface profiles udiegfollowing approach as shown in the conceptual
diagram of Figure 2. In calculating the time higtaraveforms, we also take account of the effects of
the various characteristics described above ongghas

(i) Using primarily a stochastic Green’s functioretimod, we estimate seismic ground motions at the
site of interest to express seismic source charsiits and propagation path characteristics.

(ii) Ground motions on the seismic bedrock fromubfault are assumed to follow the” model and
their Fourier amplitude and phase are evaluategibas the approach proposed by Boore(1983).

(iif) The medians of seismic source parameterseatignated based on the results of past studies on
seismic sources or the “recipe” for strong grouratiom estimation.

(iv) Using the results of the study of Yamada ef28I04), asperites and rupture starting points are
distributed randomly and uniformly on the fault mpds. Logic trees are used to estimate the
dispersions of the indices unable to be expresgedritiom dispersions.

(v) As for propagation path characteristics, we theeregion-wise Q values that have been proposed
in past studies.

(vi) The results of spectral inversion on the sifenterest are used for calculating the amplifmat
characteristics of deep subsurface profiles (batwsmsmic bedrocks to engineering bedrocks). We
also take account of the phase delays occurrintarsubsurface profiles between seismic bedrocks
and engineering bedrocks.

3.1.2. Approach to Estimate Seismic Ground Motairibe Site of Interest Using Earthquake Catalog
Data

We regard the seismic ground motions occurringhat dite of interest obtained from earthquake
catalog data as background data (here, backgrowashsrthat “it cannot be related to specific active
faults), and so we do not take fault finitenes® inbnsideration. We therefore estimate Fourier
amplitude spectra instead of time history wavefor8eismic source characteristics, propagation path
characteristics, and the ground motion amplificatelharacteristics of deep subsurface profiles are
estimated through the following procedure as shimmthe conceptual diagram of Figure 3.

(i) Assuming that seismic activities are uniformeowach earthquake province, we first distribute
seismic sources over the earthquake province efdat. Based on a Gutenberg-Richter's relation and
a relational expression between magnitudes andngeimoments, we then define the sizes of the
earthquakes (using the seismic momegt M

(i) Assuming thew™ spectral model, we calculate the Fourier amplitsgectra on the seismic
bedrocks.

(iif) The region-wise Q values that have been psagoin past studies are used to indicate propamgatio
path characteristics.

(iv) The results of spectral inversion on the sifénterest are used for calculating the amplifimat
characteristics of deep subsurface profiles (batveeésmic bedrocks and engineering bedrocks).

3.2. Uniform Hazard Fourier Amplitude Spectra and the Preparation of Corresponding Time
History Waveforms

3.2.1. Preparation of Hazard Surfaces

The processes described in Sections 3.1 enabteaksdin Fourier amplitude spectra from earthquake
catalog data with occurrence probabilities, andldtain time history waveforms with occurrence
probabilities from active fault models and faultaets.
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3.2.1. Preparation of Hazard Surfaces

The processes described in Sections 3.1 enabteakstdin Fourier amplitude spectra from earthquake
catalog data with occurrence probabilities, andldtain time history waveforms with occurrence
probabilities from active fault models and faultadhats.

Using the Fourier amplitude spectra obtained froanthguake catalog data, we determine the
relationships between the values of Fourier amgditspectra and annual occurrence rates for each
frequency. Performing a Fourier transform, we tfamms the time history waveforms obtained from
active fault models and fault models into Fouriempétude spectra and Fourier phase spectra. Using
the transformed Fourier amplitude spectra, we detfie relationships between the values of Fourier
amplitude spectra and annual occurrence ratesafir equency as in the cases of earthquake catalog
data.

For each frequency and each value of Fourier angigitthe annual occurrence rates are summed up
for all scenario earthquakes. The result can beesgpd as the ‘hazard surfaces’ as shown in Figure

Assuming a certain hazard levéke(, annual probability of exceedance) for the hazandaces, we
acquire uniform hazard Fourier amplitude spectrshasvn in Figure 4.

3.2.2. Preparation of Time History Waveforms Caopagding to Uniform Hazard Fourier Amplitude
Spectra

The determination of the time history waveformsresponding to uniform hazard Fourier amplitudes
requires phase information. Since there is no defielationship between phases and hazard levels,
we cannot easily obtain the Fourier phase spetteaumniform hazard level. We therefore use the
Fourier phase spectra obtained from the time histaaveforms corresponding to each active fault
model and each fault model to calculate Fouriesplepectra. Here we obtain fractional contribution
from earthquake catalog data, active fault modeid, fault models, adopting the Fourier phase spectr
of the seismic sources having the highest fractiooatribution with respect to the values of unifor
Fourier amplitude spectra. If the earthquake cgtalata has the highest fractional contribution,
Fourier phase spectra assuming a point sourcensdered.
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Figure 4. Procedure for calculating uniform hazard Fourimpétude spectrum
Applying an inverse Fourier transform to these ermf hazard Fourier spectra and to the Fourier
phase spectra selected by using the fractionalribatibn, we acquire probabilistic design input
seismic ground motions (time history waveforms).
4. APPLICATIONSTO TOHOKU REGION
We applied the proposed method to Sendai-Shiogamig$endai district) and discussed the effect of

the 2011 off the Pacific Coast of Tohoku earthqudkereafter Tohoku earthquake) on the
probabilistic ground motions.



4.1. Source model for Tohoku earthquake

We set source model for Tohoku earthquake accondimdozu(2012, this issue). Figure 5 shows the
source area, the epicenter (black star in Figur@nfl)the subevents (SAs) (blue squares in Figure 5)
The parameters of the subevents are shown in Table

4.2. Application of the proposed method to the Sendai-Shiogama port (Sendai district)

The proposed probabilistic ground motions were watald for two conditions: with and without
Tohoku earthquake. In the probabilistic process, dispersions on the position and the seismic
moment of each SA and the site amplification fagtere considered. Each SA was randomly located
in the landside of the source area (gray squarésgure 5) from where strong motions are mainly
generated. The average interval of the sourceictias determined as 1000 years, taking the Jogan
earthquake in 869 A.D. into consideration as thesta2011-type recurrence event.

The time histories of predicted probabilistic grdunotions at Sendai-Shiogama port (Sendai district)
are shown in Figure 6. In Figure 6(a), Tohoku eqrétke is not considered. In Figure 6(b), Tohoku
earthquake is considered. In the range of compatatiarge annual probability of exceedance (1/75),
maximum amplitude and the envelope of waveformsatesignificantly different. On the other hand,
in the range of small annual probability of excewmwa(1/1000), maximum amplitude with Tohoku
earthquake is one and a half timestio&t without Tohoku earthquake. Duration and eopelof
waveform are also significantly different becausehe influence of Tohoku earthquake. Figure 7
shows the fractional contribution of each sourcethi probabilistic ground motions. Tohoku
earthquake has small fractional contribution witthia range of large annual probability of exceedanc
but has large fractional contribution at 1/1000 badality of exceedance that corresponds to the
assumed average interval. Figure 8 shows the aatiele response spectra of the observation record
of Tohoku earthquake and of the predicted probsttmlimotion with 1/1000 annual probability of
exceedance for 90% confidence level. The predispedtrum is in good agreement with the observed
spectra.

5. CONCLUSION

In this paper we proposed a new framework for podistic seismic hazard analyses focusing on
Fourier amplitudes and group delay times as anoagpr to directly calculate the time history

waveforms of the seismic ground motions correspunth arbitrary annual probability of exceedance,
taking account of seismic source characteristitepggation path characteristics, and the ground
motion amplification characteristics of deep sufmte profiles. We also explained some results of
applying the proposed seismic hazard analyses rihgesmkes that have occurred in the Tohoku
region.

One of the advantage of the proposed method isthleaphysical factors influencing seismic ground
motions, such as seismic source characteristicgagation path characteristics, and the seismic
amplification characteristics of deep subsurface#files, in the process of seismic hazard analyses.
Applicability of the proposed method to the siteeastern Japan region was shown.
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Figure 6. Predicted time history waveforms at Sendai-shicgport with 1/75, 1/1000 annual probability of
exceedance for 50% confidence level, with and witAmhoku earthquake
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