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SUMMARY: (10 pt)

After the 1995 Kobe earthquake, strong ground motibservation network has been intensively develape
Japan. And a great amount of observed data has dmemulated. In the past study, we proposed thes wa
selection method based on, “Seismic Wave Inven{@&w!)", for the objective that the database can be
effectively used for structural design. The gronmation data in the database is classified by ##iibutes such
as source magnitude and distance etc. The dats#ying user requirement is chosen from the degalby the
help of SWI. In this study, the concept of SWI idemded for PSHA as well as for a design groundionot
selection method corresponding to a target retemogd. The feature of our method is that the saismaizard
curve represented in terms of an arbitrary intgnsieasure can be calculated. And the ground matetn
corresponding to a target return period can bdyesalected from the ground motion database.
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1. INTRODUCTION

After the 1995 Kobe earthquake, strong ground motioservation network like K-NET and KiK-net
has been developed by National Research InstitutEdrth Science and Disaster Prevention (NIED).
And a great amount of observed data has been atat@thuespecially from 2011 Tohoku earthquake
and the aftershocks. These data greatly contribuatdxbtter understanding of source mechanism and
earthquake damage. However, it is not well propalsathow to use the database for structural design
and seismic risk assessment. On the other handdwide strong ground motion database for the
NGA project is open to the public at Pacific Eatthlkge Engineering Research center (PEER) website
(Chiouet al, 2008). Moreover, the scheme for selection otigcbmotion dataset is provided. So, we
can download the ground motion dataset scaledandefined spectrum and ASCE code spectrum.

In the past study, we proposed the wave selectethod based on, “Seismic Wave Inventory (SWI)”,
for the objective that strong ground motion databean be effectively used for structural design
(Tanakaet al, 2009). The ground motion data in the databastagsified by their attributes such as
source magnitude and distance, average velocitp\®wtc. The dataset satisfying user requirement is
chosen from the database by the help of SWI.

In this study, the concept of SWI is extended fababilistic seismic hazard analysis as well asafor
design ground motion selection method correspontiing target design return period. First, we
formulate the probabilistic seismic hazard analy$tse feature of our method is that an occurrence
probability is assigned to each ground motion basead probability of each earthquake occurrence.
This gives uncertainty of ground motion intensigvél, while the theoretical distribution (e.g.
Log-normal distribution) has been employed in tlmmwentional method. A seismic hazard curve
represented by an arbitrary intensity measure eataltulated. Then, a set of design ground motions
corresponding to a target return period can beimddabecause each point on the hazard curve is
related to the data in database.



2. WAVE INVENTORY
2.1. Overview of Wave I nventory

Figure 1 shows overview of SWI. At first, the groumotion database which contains both observed
and simulated wave is constructed. The attributbchvindicates a characteristic of each ground
motion is linked to it. The types of attributes ameirce characteristics (magnitude, focal deptimcgo
mechanism, etc.), propagation characteristics (bsmpival distance, Q-value, a structure of deep
sedimentary layers, etc.), soil conditions at a §8-wave velocity, soil density, N-value, etc.dan
intensity measures (PGA, PGV,,9y, etc.). Next, these attributes are gathered tmamtory. The
user requirement is represented by values of até# A set of ground motion which is matched to
these values is selected from the database. Hoynge doesn’t necessarily exist the data which is
completely matched to these values as shown i2 Figne magnitude and distance of each data (black
dots) are scattered around the target valm.%é, X). So, it is necessary to set the window of each
value such agM; and4X. M; of selected ground motions is ranged frigin-AM; to M, +4M; andX is

ranged fromX-4X to X' +4X. These windows are determined by an amount of gramotions
contained in database.

The features of SWI are the following four poirfst, an estimation result is given not by a séngl
IM level but by a time history. Efforts for groumdotion estimation are comparable to an attenuation
relationship because it requires only simple patarsesuch as magnitude and distance. Second, the
types of attributes for ground motion selection barchosen freely. The amount of prior information
is different in each earthquake scenario. If anvacdiault has been precisely investigated, various
source parameters of the fault may be set. On tifver dhand, if a source could not be identified in
advance (background earthquakes), only rough irdtam of the particular source such as magnitude
and distance can been known. The more prior infoomahat is available the more precise the results
would be. However, input parameters of an attennatlationship are limited to popular ones such as
magnitude, distance, and source depth. So, iffisult to freely choose input parameters according
the amount of prior information. Third feature isat the types of attributes for ground motion
selection are added later. Intensity measure id tsexplain a structural response and damage. The
best one which can completely explain a structt@ahage is not existed and new knowledge is being
accumulated. When a new parameter is proposednitbe used as attributes for ground motion
selection. Fourth, estimation accuracy is immetliabmproved by an update of database.an
attenuation relationship, a re-fitting of the mowedequired for the improvement of accuracy.
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Figure 1. Overview of SWI Figure 2. An area for selection of ground motions

2.2. Ground motion database

In this section, overview of ground motion datab&sdescribed. In this paper, a database for only
crustal earthquakes is constructed because the eruaibobserved waves is large and the strong
ground motion simulation method has been well amghas the “Recipe” (HERP, 2008). On the

other hand, it is common in Japan that the grouatiom simulation for subduction-zone earthquakes
is performed for each scenario such as Nankai gzaite. Although the proposed method is feasible



even for subduction-zone earthquakes, a discussidhis paper is limited to crustal earthquakes.
Target earthquakes satisfy the following condititimst JMA magnitudel;) is greater than 5.0 and
source depth is smaller than 25 km.

2.2.1. Observed Data
Observed data contain in database satisfy thewwitp conditions that hypocentral distance is ranged

from 5 to 100km and AVS30A{erageshear-wave velocity in the upper 30of observed sites is
ranged from 350 to 750m/s. This soil range is atmosresponded to C class in NEHRP site class. So,
selected data from database are comparable to @ynowmiions at engineering bedrock. Further to
AVS30 condition, the data strongly affected by iwedr response of the soil are eliminated. The
lower limit of hypocentral distance is decided frtme lower limit of earthquake occurrence layer and
from the smallest distance of collected data. EV8, ddmponents of ground motion are regarded as
independent data. Observed data are gathered fraga tgencies, NIED (K-NET, KiK-net), Japan
Meteorological Agency (JMA) and PEER.

In this database, dataset collected from three caggrare gathered. So, it is concerned about the
possibility that each dataset has different charestics. Especially, the worldwide ground motisn i
contained in PEER database. Figure 3 shows me&Géf PGV ,=6.3, 6.6, 6.9) evaluated from
each three datasets. The trend of three agen@dbhenimost same. It is confirmed that PEER datase
doesn't have a specific bias compared to dataséapan so database is constructed by mix of three

datasets.

The characteristics of database are described Fignare 3 shows the number of the data in each bin.
The data at small distance and large magnitudeisinot enough. The data at these bins are
complemented by ground motion simulation method?id.2. Figure 2 shows scatter plot Ndf-
distance. Figure 5 shows scatter plot of PGA an¥f.Pthe number of the data the PGV of which is
greater than 50cm/s is 17 records and the PGA afhwih greater than 1000crhis 7 records.
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2.2.2. Simulated Data

Ground motions are calculated based on the stochasten’s function method. The fault parameters
are decided based on the “Recipe” (HERP 2008). & phasameters are finally adjusted as mean trends
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Figure 4. The scatter plot of
magnitude-distance in all data

Peak Ground Acceleration (Cm/52)
Figureb5. The scatter plot of
PGA-PGV in all data



of simulated dataset at each bin are consistenthdse of observed dataset constructed in 2.2.1.
Ground motions at ¥= 400m/s are calculated by the same conditiortaset al(2009). Figure 6
shows location of receiver sites. The number ofutated data should be complemented is different
for each bin, so the density of receiver siteshanged for each event. Table.1 shows the fault
parameter oM, = 6.6 Figure 7 shows the fault model arranged base#ia et al (2005), which
proposes ground motion simulation method for bamkgd earthquake. The number of simulated data
is 746 at 22 events and 13% of database. FiguneBssthe comparison of intensity measure between
observed and simulated data; @6, X 20,30km). It can be observed from theseréguhat both
trends are almost the same.
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Figure 6. Location of receiver Figure 7. The fault model for each event (A, B, C in theufig show the
sites (A, B, C) receiver sites for each event.)

Tablel. The fault parameters ®f; 6.6 (Two values in the same bin are correspondirgach 2 asperities.)

M; 6.6 Rupture Propagation Velocity (km/s) 2.5
My, 6.2 Asperity Area (kR) 36, 16
Seismic Moment (N m) 4.21x 10 Asperity Area Ratio 0.23
Fault Length (km) 16 Seismic Moment of Asperity (N m) 151X 10%
g perty 4.47x10"
Fault Width (km) 14 Stress Drop of Asperity (MPa) 3.4, 13.2
Fault Area (k) 224 Background Area (kin 172
Depth of Fault Top (km) 3 Seismic Moment of Background (Nm) 2.26x 10
Dip Angle (dig) 45 Stress Drop of Background (Nm) 1.17
Density near Fault (kg/fh 2.8
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Figure 8. The comparison of intensity measureg, (8GA, PGV, Spectral intensity, Arias intensity}Jeen
observed and simulated data; 66, X 20,30km)

2.2.3. Statistical characteristics of constructedadbase

The number of data finally contained in databases788. Observed data are 4962 (K-NET,
KiK-net:3045, JMA:778, PEER:1139) and simulatedadate 746. The largest PGA is 1467 cralsd
PGV is 129cm/s. Figure 9 shows the scatter planhafnitudedistance. Figure 10 shows Log-mean
PGV at each bin. Figure 11 shows the ratio that-inegn PGV evaluated at each bin is divided by
Log-mean evaluated by Annaka’s attenuation relatign (Annakaet al, 1997). It is found that
Log-mean in database is overestimated about 1dstahsmall distance and underestimated about 0.5
times at large distance compared to attenuati@tioekhip. Figure 12 shows Log-standard deviation
at each bin. Standard deviation at large magniburgieis smaller than that at other bins
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2.3. Application of SWI

In this section, brief application of SWI is pretsh Figure 13 shows selected set of ground motions
atM; = 7.0, fault distanc: = 15km. Figure 14 shows Response Accelerationt&pehe mean value

of which is comparable to that calculated by atédiom relationship. The window of each selection
parameter is determined by a convergence of fragyudistribution of intensity measure. Figure 15
and 16 show frequency distribution of PGA, PGV, sftatistic (median, Log-standard deviation) of
which is almost converged atM;=0.1, AX:=8km. Then, it is concluded that sufficient data ar
selected to explain the ground motion of the taeygint. The mean of PGA evaluated from the
distribution in Fig.15 is 307cnfisind that of PGV in Fig.16 is 21.3cm/s. These \@are comparable

to the values evaluated by attenuation relationships result shows that we can gain the same
information as attenuation relationship from dataséected by SWI.
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3. PSHA BASED ON SWI
Probabilistic Seismic Hazard Analysis (PSHA) basadSWI is proposed. The conventional PSHA
based on the empirical attenuation relationshipthagollowing two problems, which can be solved
by the proposed method.

1. A seismic hazard curve which expresses the rektips between a level of intensity measure



and its annual exceedance probability is evalubyeESHA. In the conventional PSHA based on
an attenuation relationship, a type of IM cannoffieely chosen because the types of IM fully
depends on the used attenuation relationship adedavith popular IMs such as PGA and PGV,
Sa. So, it is difficult to flexibly change a type ¢¥1. In the proposed method, it is possible to
select a type of IM depending on the structurethrdevel of damage.

2. The single IM value corresponding to the exceedgmobability of interest is given by the
seismic hazard curve. If users require a time hsbd ground motion, other properties of ground
motions are needed to re-produce a time histomesponding to the single value. As it has been
pointed out in many papers, the image of earthqsakece is lost because the result of PSHA is
the one aggregated from the effects of many souies most popular method to solve this
problem is deaggregation of hazard curve proposedVbGuire (1995). In this method a
contribution rate of each seismic source can betifieed and other properties of a ground motion
are given from these result. In the proposed methsers don’t need to simulate a time history
from the single IM value because database of groowiibns has been already prepared and each
point on hazard curve is related to the ground onaiti the database.

Figure 16 shows overview of PSHA. A simple framekvof the conventional PSHA is divided by the
following 4 steps. First, all seismic sources amansite are taken up and properties of earthquake
sources are identified such as magnitude and aaoueer probability. Next when an earthqudke
occurs, the probability that intensity meas¥rexceedy is calculated from Eqn. 3.1.

Iny-A4
P(Y > y| li):l—tb[nyc E«] (3.1)

Ey

Here, g, (g denote, respectively, Log-mean and Log-standaviatien of Y whenE, occurs. Thirdly,
an exceedance probability pin E,, P(Y>Y), is calculated from the result of step 1 andiBaly, an
exceedance probability of, P(Y>y), is calculated by aggregation &(Y>y). If these steps are
repeated at all, seismic hazard curve ¥fis obtained.

Step.1 Step.2 Step.3 Step.4
Take up The probability tha¥ exceedy is Exceedance probability i is Aggregate the result of step 3
all the seismic events calculated whek, occurs. calculated from the result of stepl, 2 in all events
E =My, X, typg R(Y> Y= P(Y> )
P(Y > :
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Figure 17. The framework of PSHA
The proposed method changes how to calclPé¥ey|E,) in step 2 from the conventional PSHA.
P(Y>y|E) is calculated from an empirical distributionYfwhich is estimated by selected data Epr
from the database. This distribution is the samghaisshown in Figures 15 and 16. If a weight afrea
selected data is equl(Y>Y|E)) is a relative rate of the data th@exceeds y. Once, a value of IM is
calculated to each data in database as attridtitegqossible to perform PSHA by any types of IM.
4. CASE STUDY OF THE PROPOSED METHOD
4.1. Overview of Case Study

In chapter 4, the proposed method is applied tciteewhere a source area concentrically spreads in



the point of 5km in depth as shown in Fig.18. Iis threa, a frequency of earthquake occurrence
(4.95<M; <7.35, 10¥<100km) is 1/yearb is set to 0.9. In the calculatioN; is discretized into 8
points, 5.1, 5.4, 5.7, 6.0, 6.3, 6.6, 6.9, 7.2 4Nt is set to 0.15X is discretized into 9 points, 15, 25,
35, 45, 55, 65, 75, 85, 95km anX is set to 5km.

site .

S5km

Source area
Figure 18. A seismicity around the case study site.

4.2. Theoretical Aspect of the Proposed M ethod

Theoretical aspect of the proposed method is destiin this section. It is assumed at a case study
chapter 4 that background earthquake area exisierutme site, where the occurrence model is
regarded as stationary poisson process. So, tiedretodel described in this paper is focused on
applications for background earthquake model. Td=® avhich is assumed non-stationary occurrence
model such as BTP model is discussed in Taeakh (2011).

In background earthquake, the model of earthquakeroence is characterized by two parameters,
andb. vis a frequency of earthquake occurrence lansl a slope of Gutenberg-Richter equation.
shows a level of seismicityp shows a relative magnitude distribution at a seuacea. Now, an
earthquakeE,; occurs at a source arg®. Magnitude is expressed by random variable M and
hypocentral distance is X. B,;, a range oM is fromm —4mto m+4m and that ofX is fromx; —4x

to x+4x. WhenE;; occurs, the probability thatexceedy in t yearsP,; (Y>y;t) is given as Eqn. 4.1.

ij (Y > yr t) =1_ eXp[_Vnij (Y> y)Dﬂ (41)

vnij (Y>y) is expressed as Eqn. 4.2:\Rywhich denotes a frequency of earthquikgoccurrence.
ij (Y > y) = l/nij DP( Y> y1 ﬁj ) (42)

vnij IS expressed as Eqn. 4.3 in terms of probabittysity function oM andX, fy,, fx.

+Am +A X
oy =V L, T (ml AYANE] T (X A) o

(4.3)
=V, IP(m | A)ORCx | A)

Here,f v is given depends ob andf x depends on a shape of source area and geomesitopo

between a site and a source argadenotes a frequency of earthquake occurrencé,aflhe

occurrence probability of the earthquake that amtade range fronm —4m to m+4m, P(m|A,), is

given as Eqn. 4.4.

expl -4, (m +Am) - exf-4, (-5 ]

P(m | Ar})z exd_ﬁn (Mmax+Am)] - ex;{—ﬁn Nmin_Am}'

B, =b,log10 (4.4)
Here,b, is b-value at source are®. If a source area spreads concentrically agdiestarget site, the
probability of the earthquake that a distance rdrma x; —4x to X +4x%, P(X|A), is given as Eqn. 4.5.

4x;Ax
+AX)2 _(Xmin _A)OZ

P(xi | Aﬁ): (45)

(Xmax

Here, Xmax Xmin Show the maximum and minimum hypocentral distargsumed in source aréq.
WhenE,; occurs, the probability thatexceedy, P(Y>Y|E,;), is expressed as Eqn. 4.6.



P(Y>y| Eij)z z W,

i Ol (4 . 6)
L ={|nij |y|nU >y, Inij =1 N G—:nij }

Yinj denotes the value ofof ground motiorg,;. giy; is theln,]th ground motions selected from database
for E,j. The exceedance probability calculated by Eqnigt€imilar to that calculated by Eqn 3.1 in

the conventional PSHA. In the proposed method, dalculated by a sum of a weight of ground
motion theY value of which exceedsas shown in Fig.1R,; (Y>y;t) is expressed as Eqn. 4.7 by Eqn.
4.1,4.2,4.3,4.6.

Pi(Y>yd=1- exp{-v DtDZ w, OP(m| AYJR x| A) 4.7)

Here, occurrence probability gf,; in t yearsP(g,,;; t), is given as Eqn. 4.8.
P(9,, 1) =1~ exg] ~v, 00w, TP | AYIP(x | A) (4.8)
Eqgn 4.7 is expressed as Eqn 4.9 usi(gy,;; 1).

Py (Y> y 9 =1~ [ exq -v, 00w, OP(m| ADR x| A)

L DLn

4.9
-1 [1-P@, 1) (*9)
And the probability tha¥ exceedy atA, int years P, (Y>y;t), is expressed as Eqn. 4.10.
RY> 9 =1-T[2- R (Y> ¥}
] (4.10)

=1-111 [ [+-Pe, v)]

As shown in equation Eqn. 4.10, Seismic hazardecat\source ared, can be calculated frof(g;;
t). And the contribution rate &, , j; is expressed as Eqn. 4.11.

1- 1-P t
fynnn(yit) |nm!;_|n"‘m[ (glml‘ll )}

)T Zz{l_ M (PG, ;t))} (4.11)

Tnj Ol

Cn,il,j]_(Y =ybh=

Ly ={ly 1y, DO/ =2y, y+Ay)
4.3. Results of Seismic Hazard Curve

Figures 19-21 shows seismic hazard curve evaluayethe proposed method. The 3 dot lines is
calculated by the conventional method amd0.5, 1.0, 1.5 is multiplied to mean valueYoévaluated

by attenuation relationship. The common trend shiwifig.19 and 20 is that the curve evaluated by
the proposed method meets to a dot Ine 0.5) around small intensity level and to a doed ( =

1.5) around large intensity level. These results @nsistent to the mean value trend of each bin
which is shown in Fig.11.

The other trend can be seen from these resulisighe curve falls in a staircase pattern aroangkel
intensity level. This results from 2 causes. Fittstre doesn’t necessarily exist the data correfipgn
to these levels in database. In Fig.20, there idata the PGV of which is ranged from 80 to 90cm/s



so the hazard curve is parallel teaxis. Second, exceedance probability of the cisvestimated
discretely because a probability density functidnYois given as discrete distribution rather than
continuous one. Although the curve evaluated by preposed method is in a stair pattern at all
intensity range, the stair is highlighted at a $mateedance probability. From a combination oséhe
causes, the curve becomes like a staircase.

As described in chapter 3, a feature of the pragpasethod is that it is possible to evaluate thersi
hazard curve by any types of IM. Figure 21 showd/GBumulative Absolute Velocity) hazard curve.
Attenuation relationship of CAV is not popular iapan. Judging from a definition of CAV, it is
difficult to re-product a ground motion which ha&CAV level of interest. The hazard curve can be
easily evaluated by the proposed method and sy € select ground motion dataset because each
point on the hazard curve is corresponding to Hia th database.

P(PGA>pga)

——Proposed method ‘\ \\ —— Proposed method \\ iy
4| |—_~ Annaka et al (1997) Vo ~ ~ Annaka et al (1997) o " — Proposed method
10 5 X 2 3 B o K 2 10 5 X v 3
10 10 10 , 10 10 10 10 10 10 10 10 10
Peak ground acceleration (cm/s”) Peak ground velocity (cm/s) Cumulative Absolute velocity (cm/s)
Figure 19. PGA hazard curve Figure 20. PGV hazard curve Figure 21. CAV hazard curve

4.4. Selected data corresponding to return period

In this section, dataset at return period of irgeig selected. PGV is used as the type of IM. le@@2
shows selected data at return period = 500 ye@¥sfgis evaluated to 27.8cm/s from Fig.20. PGV of
these data is ranged from 27.8-2.8 to 27.8+@,8X0%). p., shows a window rate of PGV for data
selection. The setting method mf is described later. The draw position of each @at&ig.22 shows
magnitude and distance of the data. These seldetiadhas the almost same PGV but a waveform is
different by magnitude and distance. The wavefotrsmaall distance has small duration time. The
black line shows observed data and gray line doeglated data. Selected data at return period (5000
years, PGV = 55.6 cm/s) are shown in Fig.23. PGV of thesa @atanged from 55.6-8.3 to 55.6+
8.3 (Pn=15%).

Figure 24 shows a variation of a distribution ofcibution rate at return period (500 years) whwn t
selection window ratp,, changes. The contribution rate at each bin is tatled from Eqgn. 4.11. From
these results, a convergence of a distributionbiserved ap,=10, 20%. In order to quantitatively

evaluate the convergence, mean magnitWand distanceX of a distribution is calculated as shown

in Fig.25. Judging from a convergence I(zlf and X, pmis set to 10% at 100, 500, 1000 years return
periods and 15% at 5000 years. Figure 26 showsdhgibution distribution of two return periods,
500, 5000years.

5. CONCLUSION

In this paper, new formulation of Probabilistic $eic Hazard Analysis based on Seismic Wave
Inventory is proposed. This method solves two bpsiblems of the conventional method based on
the attenuation relationships. First, PSHA is penfed by limited types of IM such as PGA, PGV and
Sa. Second, it is difficult to prepare ground motibatasets corresponding to a return period of istere
In chapter 4, a case study is shown and the validaf proposed method is examined. In the future
works, the database should be expanded to theadstdbr subduction-zone earthquakes. And the
more quantative method for setting the selectiamdaiv is needed.
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