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Abstract

Methodology Development and Engineering Applications of
Probabilistic Aftershock Hazard Analysis

Choi Byunghyun

A March 11, 2011 earthquake occurred with the magnitude of 9 in the Tohoku’s Pacific
Ocean area. After the main shock, thousands of aftershocks occurred and the distribution of
their epicenters ranged from the Iwate sea area to Ibaraki sea area. Since aftershocks occur
continuously after significant damage due to the main shock, it is necessary for emergency
reactions or restoration activities just or several days after the main shock to take into
consideration of the occurrence of aftershocks. This means, in addition to the measures of
disaster prevention and mitigation against main shock, it is necessary to conduct measures
against aftershocks.

Recently, the importance of restoration is getting more recognized from the viewpoint of
contingency plan and such basic policy for reaction is desirable to be planned before a main
shock occurs. As the aftershock damages reported after the occurrence of the 2011 Tohoku
earthquake, there were reports for the collapses by the aftershocks of buildings already
damaged by the main shock, the delay in restoration activities due to lifeline damages such
as water shut-off by the damage in water supply facilities or no-passing zones and the delay
in rescue activities. Meanwhile, there still remains a room for improvement because the
disaster prevention measures by the Central Disaster Management Council of Japan do not
consider the influence of aftershocks. Because of the uncertainty of the occurrence location,
scale and frequency of aftershocks, probabilistic consideration is more effective, and the
probabilistic earthquake hazard evaluation of aftershock is deemed to be effective means for
more reasonable decision-making on the unique tasks of such aftershocks. Through the
aftershock hazard evaluation of early and emergency activities for the first 3 days from the
occurrence of a main shock, it is possible to use for the purpose of establishing disaster

prevention plans such as designating evacuation area and period of evacuation, which are



necessary for rescue activity, or the purpose of deciding the time of beginning restoration
activities for lifeline such as electricity, water supply, gas, road, etc. Furthermore, the hazard
evaluation result for the restoration period of 3 to 30 days after the occurrence of a main
shock can be possibly used to schedule plans for restoration of damaged buildings or
engineering structures.

The studies on the methods of aftershock hazard evaluation were mainly made after the
2004 Niigata Chuetsu earthquake that had a lot of aftershocks, and standard evaluation
methods were proposed by the Headquarters for Earthquake Research Promotion for
probabilistic aftershock occurrence models. But few reviews were made on aftershocks at
more than magnitude 7.0 followed by magnitude 9.0 main shock, especially focusing on
trench earthquakes. In the previous study, more focus was made on performing the
aftershock risk evaluation right after the occurrence of a main shock but it has been also
pointed out that performing precisely the aftershock hazard right after a main shock would
be difficult. In order to review measures before a main shock occurs, a comprehensive model
in consideration of such uncertainty is necessary.

In this dissertation, a probabilistic aftershock hazard analysis method and its applications
are proposed on the aftershocks followed by a trench-type gigantic earthquake in order to
solve the above tasks.

In chapter 2, using the analysis of the past aftershock record, a probabilistic aftershock
occurrence model that includes prediction error on the parameters is proposed.

In chapter 3, in order to confirm validity of the proposed methods, the sensitivity analysis
and a comparison of aftershock hazard with the observation of the 2011 Tohoku earthquake
is performed. Especially, this study aimed to propose a model that includes prediction error
on the parameters used in aftershock hazard analysis and propose a method that can be
usable for restoration activity plans through evaluating aftershock hazard of future
trench-type gigantic earthquakes.

In chapter 4, as a detailed method of application, this study proposed an aftershock hazard
map for the occurrence of aftershocks that exceed PGV of main shock level. The aftershock

hazard map is expected to be utilized in decision-making such as designating evacuation



zones and establishing priority for restoration activities right after a main shock and
forecasting damages such as power outage and non-operation of trains.

It is also known that there is high probability of tsunami in case a trench-type gigantic
earthquake occurs. Therefore, both aftershock and tsunami should be considered
simultaneously for designing facilities located at seashore such as tsunami refuge building,
seawall and nuclear power plant. In chapter 5, this study proposed a method to evaluate
reasonably aftershocks and tsunami load combination on the tsunami-resistant design,
through conducting a reliability analysis in order to evaluate the load combination in case
aftershocks and tsunami occur simultaneously after a trench-type gigantic earthquake.

In conclusions, the probabilistic aftershock hazard analysis method for the aftershocks of
the future trench-type gigantic earthquake is proposed. And as its applications, the aftershock
hazard map for restoration activity plans and a method to evaluate reasonably aftershocks
and tsunami load combination on the tsunami-resistant design are proposed. As future
research topics relevant to the present work are consideration of remotely triggered
earthquake, spatial characteristic aftershock occurrence. In the future, more complex
multi-hazard assessment and more specific aftershock disaster prevention measures are

expected.
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G 324 5.1 09 0.71 G 1029 5.8 1.6 0.79
H 2214 6.5 15 0.87 H 2354 7.0 2.0 0.96
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5 o F . S o F
E@La G . ﬁ!: G
& i goal>H
1
05 02
% 05 1 15 2 25 3 % 0.2 0.4 0.6 08 1
AE(1923-2009) AZ(1923-2009)
2.1 HEEBORELBENFRD 2.8 HEEBORBLBENKED
a fEELER b fiE k.85
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2.4.2 HIMAXRFFEIMEORELBENDTLHHMEDOREDLR

FALH T AP R O el O R RSk E MO USH TEw 5 &L X 2.9 Of
REp0, ZOMENLRDEND MO KD/RXT A—H %K 23 1TR-T, REHRAE
B ORBERAERICET 2 KHEIX, KRB~/ =F a2 — FOBRME R EORBIC X
STHEMOIES DENIEFICRELS, ET/MET D2 ERE LT, —F. p
EICB L CIEHEBR OIX S D E NI/ NS WZ E 3 S C& 7o, Lol ik
DRBEIAEDE LWFBIT R O o Tz,

WiZ, BEOTARMBEORELSRZ A L, SACHT KPR E O RE & ik
T5 2L TREORKME ST %, BEOTRMBEORE L L TIE 1923 475 2009
FETIZ, ADD HETOFIRICBWTARERIIRAELL, v/ =F=2—K68LE
DOHIFE 12 2R L, AERAEND 90 HUWIZ(.6): N THEIREH TRAE L2
BAERELELTHAT S,

WEOERMEBEORELGZ GR XL PMO KUY TIH b &, X210 Lt 2.11
DBFHIL, ZORERNPOLROONDRERENT A= EK 2417,

ZOFER & 2.1 KT 2.3 O HALHIT R HIEE O RERek 2 22 M ot L7z
RO ZIT Y, 7. GR AU K o THELMK &\ a flE2SFHE S v/ 8k E 1B
LT, BEOERMBEOREIZLIT S a HITIEFIT/NE o7z, FI-HE E 2B
2% b T, BAEH G R EEHIEE T3 0.91 TH Y O FEEIZ LR TR E Do 7223,
WEDOHETIX0.68,0.72 L/hS< Ao TH Y | BN LR R HIR Ao 72,
MO KDOFERIZHENTH, £ 24 LV FERERAEERCTHIXL X ORE W p ERHER
Lo TRY, HRORELZEL Z LI3E Lo 72,

W EOERMEORBEOMER OCHALH T K EPE#EOREICE D GR Kk
MO RUZ K DR DWW TZEMBITAE LT o728, EEHEBEOEARLD /NI N &
IZE - T, REFAEICET MRS A L Z ERHRRN T, ED72H, 25
HiLARE OREHAETRERN T EUET D,
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REFLEXRE/A]

—_
o

E

TOTMOO >N

10'

AEFENLORBIMA]
B2 9 RALMARFFHPHEDORELIZICL S MO R

& 2.3 WAAMAKRKFEFHMED MO XD/ A —4

Aftershock(2011)
MRiE | REH
K K/Area p
All 7560 821 0.48E-2 0.79
A 227 11 0.19E-2 0.57
B 1093 215 1.6E-2 1.04
C 1226 161 1.4E-2 0.86
D 382 63 0.99E-2 0.98
E 1296 96 0.79E-2 0.67
F 798 104 0.75E-2 0.86
G 324 21 0.14E-2 0.63
H 2214 137 0.15E-2 0.63
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e 7.0(B,1994)
® 7.0(B,2008)
® 7.0(D,1981)

6.8(D,2003)
o 74(E11978)
o 7.2(E,2005)
° 6.9(F,1992)

7.6(G,1994)
X 7.2(G,1995)
X 7.1(G,1989)
X 7.2(H,2005)

6.9(H,1992)

e 7.0(B,1994)
® 7.0(B,2008)
e 7.0(D,1981)
i 6.8(D,2003)
o 74(E1978)
o 7.2(E,2005)
o 6.9(F,1992)
. 7.6(G,1994)
X 7.2(G,1995)
X 7.1(G,1989)
X 7.2(H,2005)

6.9(H,1992)

REFRLEXRE/A]

10 10' 10
AKERLE OO ERELIR]

2.11 BEDELGHENRELEICLDS MOR
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x2.4 BEDELHBEOREICL S GREXRUMO XD/5 4 —4

BR Date BRZES GR = MO =

friE Vi (GMT) [km] " a | log(10%Area) b K | K/Area p
B 7.0 19820723 30 84 | 48 1.0 0.78 | 19 | 0.30E-2 | 1.18
B 7.0 20080508 50 62 | 4.9 11 085 | 11 | 0.17E-2 | 0.99
D 7.0 19810119 0 34 | 3.8 0.0 059 | 9 | 0.14E-2 | 1.14
D 6.8 20031031 33 44 | 58 2.2 1.1 | 15 | 0.38E-2 | 1.25
E 7.4 19780612 40 60 | 4.2 0.0 0.68 | 14 | 0.09E-2 | 1.06
E 7.2 20050816 42 30 | 4.0 0.0 0.72 | 12 | 0.12E-2 | 1.07
F 6.9 19920718 0 196 | 5.0 13 0.73 | 36 | 0.72E-2 | 1.23
G 7.6 19941228 0 310 | 54 1.0 0.78 | 66 | 0.26E-2 | 1.07
G 7.2 19950107 48 61 | 44 0.4 0.77 | 7 | 0.07E-2 | 0.78
G 7.1 19891102 0 87 | 45 0.6 0.72 | 12 | 0.15E-2 | 0.97
H 7.2 20051115 45 133 | 7.0 3.0 14 | 28 | 0.28E-2 | 1.20
H 6.9 19920718 0 223 | 5.1 14 0.76 | 34 | 0.68E-2 | 1.12
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2.5 BEDRERIKICED/INTA—FDRE

Bk OUHER E R HBEOREBRELZTT /LT 5720, 2011 4EH AL K EEE
HFE (Mp=9.0), 2003 FE+BihHE (M,=8.0) Z&irilEDE KMEOREDO S %
1T 9o AWFFRITREEEGTESS T A 7 7 A4 AMEE 2 EAREN ORI — I ARRE O iR
WM OBIHEEROT-ODET LV EREL TVNDHD, ZTNED L RVLAREREND
90 HLIN® % KEIHEIIR LR ET D, T DIFNORESRM L LT, BIFRE S 100km
g, 7 =F 22— R FBRIL Mun=4.0 &5 5, 72720, K L1LITRLEREORERA
FIECIE M5.0 LLEDREZ MG E L TWDHA, M5.0 LU EORERTZ&HTIZY 7L
DN, UTFOREREET LTI Mpn=4.0 L35, K212, 213 %t
G LT OB E RMEBEORBER M E =T,

2.5.1 &ERHE

2011 AFSRAL T ACV-PEI IR D4 iR 1 IARE T8 AL AR ([ T PR THEE L 7 W)
H® L KRBT ORBIEB OFEIRIC OV TE 2B & TR U - iR W 2 A &
L. BFREITRET o eER Y 2 N2 H 5,

Z DA D HIUE D RIS E EARMFFERTIC X > TAREOERZ .0 L 325K
(2.6) TR SN AR AkmDO MW E L, BFLEITAETOMEERN 2 V5,

2003 4E- B R O AR AR A DI [ L ER R TR E L Wgm 2 55
IZ(2.6) LV ROT-REEFE L BE LI REEm 2 KBk S U, BRI
ST OMBERME VD,
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2.12 RABF AT HBER U HHREORES T
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29



i% 2.5 =£0)$FE0)$E%EE/\°7)‘ Q(Tl 90, Myin=4. 0)

M AREHAT AIEER RERAENRT A—H %
"1 @M1 | s | s | N | boo) | p D, | =

9.0 | 20110311 1429 | 381 | 3123 | 099 | 086 | 13
7.0 | 20080507 | 1416 | 36.2 27 091 | 084 | 1.2
8.0 | 20030925 | 144.1 | 418 | 212 | 0.84 1.02 | 09
7.3 | 19951203 | 150.1 | 446 | 329 | 089 | 097 | 03
7.2 | 19950106 | 142.3 | 40.2 26 0.7 076 | 1.0
7.6 | 19941228 | 143.7 | 404 | 191 0.8 093 | 1.1
6.9 | 19920718 | 1434 | 39.4 | 100 0.8 1.09 | 05
7.1 | 19891101 | 143.1 | 39.9 34 074 | 094 | 08
6.7 19870206 1419 | 369 | NA | 088 091 | 11 |
7.1 19840806 132.2 | 324 | NA | 1.03 100 | 23 | ™
7.0 | 19820723 | 142.0 | 36.2 49 083 | 098 | 0.8
74 | 19780612 | 142.2 | 382 30 069 | 086 | 1.1
7.9 | 19680516 | 1436 | 407 | NA | 0.90 1.00 | 04 | D4
7.5 19640616 139.2 | 384 | NA | 1.00 140 | 14 | ™
7.0 | 19610226 1319 | 316 | NA | 075 100 | 17 | ™
6.8 | 19610112 | 1423 | 360 | NA | 0.80 130 | 02 | ™
75 | 19600320 | 1435 | 39.8 | NA | 0.85 130 | o8 | ™
8.1 | 19520304 | 1439 | 422 | NA | 0.80 1120 | 11 | ™
8.1 | 19461220 | 1356 | 330 | NA | 0.70 100 | 09 | ™
8.0 | 19441207 | 1362 | 337 | NA | 0.70 110 | 13 | ™
7.7 | 19381105 | 1416 | 371 | NA | 0.65 120 | 01 | ™
7.1 | 19380523 | 1414 | 367 | NA | 0.80 110 | 12 | ™
8.3 19330302 1447 | 391 | NA | 1.10 140 | 16 | ™

2T, NIEAERAN T HEZEAE L MA DL EDORANERTH S, bO0)IAERE
A% 90 HE D GR D b ETH 523, [13], [LA] TIZHRINZ S o T RN DR
DMETHD, p FEBEREXOHESRE, D IIARE~ T/ =F 2 — RERRRE~
J=Fa2a— RFDET, RENAY— FHEORE, HRREZROLIFIZHNOND,
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26.2 FEITZFa—FEHRSA—S2OBRK

PLETER Y B 7ol B ORI R O R TERL G A VTR B REE T L0
T A =8 %H 25T, RIBEORIATRD B M6.T DL EOEER %
DIRT A= S bEDETRT,

£ 25 MOFONINT A—H LRE~ T =F 20— F(My) & OBIFZ(X 2.14~2.18
RT, COBREERON L. RERETTAONT A S ERET D, TR
IR (Aarer) 133K(2.6) 2 N2 Z OO TR OR RS & 2011 4 HALH ACSEPE T
HIL T I UF 2003 4RI s B OB KT T 0 TR 2[RRI EL S % &L K7D K5 ic
#E 5,

l0g,, Ajer =0.778M, —1.60 (2.7)

CNANOARE~Y I =F 2 — FICLDIERKBEHOEMENGE IS & WRITHE
KWrB I DOALE 2R ET D HEND D, AL RWT B IIAREIC X oW
T AREWE 1 D550 & R COMANZ AT > THERWIE I O EAEIC /2 D K 91T
RIET D,

6

10
(6}
_10°
~N o
g
% I %
< 10%
g 0 2011Tohoku
g 2003Tokachioki
, x FDith
. TABROmEER
6.5 7 7.5 8 8.5 9 9.5
M
m

214 REEE M, DER
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Mmin=4.0 UL EDRSREEN I, 2.15 OFERNLSERAO L o lcEFTfl Tx . Bl
TIME & % FXHECORE DR 1% 0.36 TH 5,

log,, N (90,4.0,M,)=0.88M,, —4.51 (2.8)

7272 Ly SCHK[13], [14]THE Muin 28 4.0 T3 N 2RI R 220028, fhdk A l2BE
HDDB(T). M. D1 HRREEN KD, ¥ 2.15 & g Lo R &=,

A(2.8)I2 L > T N9, 4.0, My) & AREHUL My, OBILR2NE L, Zhafvg &
) EWATET = L BHESD,

(T,+c) P —c=

N (T, M, M, ) = N (90, 4.0, Mm)(90+c)l_p o

(p ;tl) (2.9)

b(90), p, D1 1& My & DBIRA R B4V, LU O L5 7 P & AR =% 5D 1M
L LCTETMET B,

b(90)=0.83, o, =0.12 (2.10)
p=1.05, o, =0.17 (2.11)
D, =10, o, =05 (2.12)

F 5T A —F ORFA R O BEBRHRIZ OV TE 2.4 12T,

32



b(90)

N(90,4.0M )
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£2.4 BNITA—FEOHESEITII

l0g1N(90, 4.0, My) | b(90) p D,
10g:0N(90, 4.0, My) 0.13 002 | 002 | -0.07
b(90) 001 | 001 | 002
p 003 | -0.003

D, 0.26

F£2.5 FBINTA—LHEDOEEREK
l0g1N(90, 4.0, My) | b(90) p D,

l0g:oN(90, 4.0, My,) 037 | 031 | -0.40

b(90) 027 | 0.38

p -0.03

D,

#2512k D L, |0g10N k b(90)\ |0g10N & N b(90)k N b(90)E Di. p s D, DIE
TIFAHBIFREL 0.4 R DI WAHBIN 22 54V D, logioN & Dy DRI I8\ THABEFR%%-0.4
BEOAOHBENHER TE 2, ZABMVEE L ITE AR W), LT ORET

XN EDNT A —=ZTML L RET D,
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2.5.3  AREREHLNSOFZBRMEICEDS bENEL
ERHBEZICEET 2HMOREZVWREOIZE A EDRARERAEBERICEFNIC

ETHZERMOBINTED, REHAEDD ORERFRIC L > TRET HREOHE
DAk, T2 6 GR RUTEIT D b EOE b2 FET 5, X 2.19 (ZIiF AL K F
PETMHEE DA B I A D B FEIER T1=1,7,90 HM® GR & 7"d, X219 k5 &,
AREFRAED SN T, 2B+ 252 & T, M7 BEOREHIIHE VMLV DI
L, BURO/NSWREBEOBITEMT 22 & Ty UIABRKREL 20, fERICER
DIEETHD b ENAKREL 0D T EPHERERD, MR FETEEOERHED
BB T L. ZORREZIK 220 123, ZORRIZED KEREDND ORF
[l & IRIZ ()RR E LD 2 &, DF D REMOREOEIENAEIEND
Rk & NS <D Z L RHRTE, BoNTREREZ BRSO 2 LR T
KBTI DHZENTED,

b(T,)=0.068log,, (T,) +0.70 (2.13)
KQRWYEAND Z LIk, BEOMERRIORE %é%rwanfi E72 b fE

M LTz 7e OB IR o Te ARRFE A B OFGE R X 2 REREOZ %
BT HIENTEDHE I RoTz,
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—T =1H
---T,=7H
- T1=90E| 1

2.19 WALHAKRFFFMBEORZTROZERE T, 20 GR KX

1.1

10 10" 10
T.[A]

2.20 AEBROIZBFFRE T, & b(T)DER
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2.6 F&d

AETIH, £792212BWT, REOERE &AW RORGHPHIZOWTH LML
Teo AMPFEIZEBT DHRRERMTIUTO LS TH S,

c RAERITEEER-E L § 2,

CREBOREBEXGE L, FRMEINSRIE TS,

REBIAEW R O N A IEE LT IR RETE i & T 5,

2.3 TiX. Gutenberg-Richter 3. & B RAHRAUZ Lo TR S D, TERGRAVRER
EETNVERE LT,

2.4 Tk, ALK R HIER O AR ek & 38 5 O AR TR A L7 B s
A L. LT O/RRES,

* GR D b HITIHEDOAE LG, REGLERAZDOTH 09 Tho7,

K IR L CIAEBE YV =F 2 — FOBERNEZR EORETHEMIS > &2
FEHIZRENoT,

cp EITHIEM OIS S EN/NEZNWT LR TE =,

2.5 TlE, HALHT AR FEEM IR 2 S Tl B O K FFET L— M CHRAE L 23 Ho
HEFE B RIS 2 AR & 97 5 REERLER A RS AT LT, B LR s
BRAEETNCBITHNRNTA =L L RE~ T =F 2 — REORBERAED D ORKIEEE
FOBREZ I L, LN O AT,

REBOEBE AR~V =F 2 — ROBTIXBIBIRL . MREHN) L AE~
7 =F 2 — F(Mp) D TIIE BT L > TET VLT 5 2 &R,

KRB~ =F 2— K My & b(90), p, D; DRI TIFAEBEMEN A HNT, HIEMREE
EE L O EFEERAEZ W TET MEEITo 72,

b EIIAER A0 D OFRGERFH & KX <720 Z E PR L T, KEHEND
ORGBIFM OB L L TET /ML LTz,
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/E‘fr‘3ﬁ‘.

oF
RT T NVORENY — FiHili~0E H

3.1 FL®HIZ

3ETIE, 2 HTIRRE LRI RBEREETT Ve O TRENY — Felfi 217
W RN T A= ZITE E T D HIERIRIRAZE DR O 72 O IR EEFRNT 21T 5 . £72,
REETNVOBMANEZ R T D72, 2011 FHLHT AR R IZ@E A L CEHAE
SNTERBEAY— NEER & T A Mg BB OB & & Lot 5., %
D FEROMFERIE KRB FEA LTCBRORBEFR AL T 2720, BIRMIE &
SRME SR PR & 00 ) & OE L, IRERBAT — NIl FEIC & DR 2 3
T %, T 2 TIE, 1923 4RI AR & UF 1854 A2 BUHIGE & [RIFREE D AR RIE £
5 Z & a2 E L TREANY — FaHli 217 9,
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3.2 RENY— FEHEK

HEE A — REHlI & 1%, HRICB T 2B OM S &z ReE O WIRINICE 2
B (D D WITEIBREE) OBRE B ET 5 b D Th H, RBFSE TITHIE N — NI
fili 2 W B R HUE S ORERICHEA L, REAY— REHlZ1T 9 o I My OAREN
FWELTHD T, HEICHIEEI O X You 23y 288 2 5 EHRER A RBIIAE 2 %f
Ge b LB — REF AN 2 A L, kU k> TR D 2 EaHik s,

N( surf >y|T M )

=N(T,,M ., M )ZZP( ot >y|mI rJ) m,[T,)P ( |mi) (3.1)

22T, N(TuM i M) IR & T 2 REIRICH T2 T A O/~ 7 =F 2 — R
(Mnin=4.0)Lh O PEIREIE L C o 0 2R TEHET D0 (Y, >y|m,n ) IIARE
DL m, | BEHEAS r, ORHCHIEBI OIS You DYy 2 X 5 FRUHEETH Y |
BN SITIGE AT MASRCMOIEEZEH T2 Z & b AREEN, 2 2 Tldm AR
JEPGV)Z M4 5, ZOHBEBEI DR E Yo 25t R HHCIXE.2)RUTR LEZF] - 2
J11(1999) > BN e A 6 FH 9%

10g,4 Yyeg =b —log (X +€¢)—0.002X
b =0.58M +0.0038D —1.31+ ¢ (3.2)
6 = 0.0028-10%%°M

ZZT, MIEX A TIET L — MHHE S AUE . Yhe 1L LFRIIEAE TO PGV[em/s], M
IIRBEO~Y 7 =F 22— 8, XITEFEREERKkm], DITEFREIkm], ¢ 1TFREEE
THERABTH Y | T OEERAEZ AT 023 £ 95, X iw%“la)zt(s.s)%ﬁﬁ
W E R LIkm] 24878 L, B 2 ol & U7z 2448 120 [km] D BRif 7> & BUHLS £ To
B & U CRFET AM, 2k, EIREEEESS 12Lkm] & 0 b WES . R CEERAE
FEEfE X %2 3km LR ET D,
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log,, L=0.5M —1.85 (3.3)

FoHIBHEIE Z B8 L7 PGV XL T O TRD H Z LN Hk D,

Ysurf =Ybed ‘R (34)
log,, R =1.83—0.66lo0g,, AVS30 (3.5

Z 2T, Yo lXHIFE E T PGV[em/s]. R IZHIARIEIESR, AVS30 I3 HIE DR S 30m F
TONH) S I E[M/S] TH 5, (3.5)7% 100<AVS30<600 (2B T/ 7 7 THRT &
32D K HIT/ Y, AVS30 K E /e D & HUBEIHIE RIS S D 2 L0 D,

P(m|T,) I3 AR TR AT 2 B OB OMER B TH v | :(2.4)D GR KD
b HET /L CREAT D,
RBROEBIIRBRARICKRITRETHRRINIAEBEY =F 2 — R H
TRQNOAE~ 7 =F 2 — FERBWEBOBRN KD . REWOAEIIAE

i 181 0> 45300 7% 5 [ by TAOMUNZ IS T > THERWT B R O EFEIZ 72 D & 9 ICRET D,
AWFFENZ BT 2 IR WG i O ERRE T EIC OV T3 LITRT, £, AEICLD
Wil i A Ji -~ ARWEE 2 FRIFROHIE A v v 28T 5, APZETIEA v v
20D 1K E 2% 10km & L7z, RIS, AR K > TQR.7)200 b fE KW O 1a
BaitE L, AEOMEmZ 0L LTHRLZR CEED X v 2 2 MLk
L CHERWE HE OEFEIC R D KO ICRET D, ABIZKLHWEHEROERI BENGE
RAREY 7 =F 20— FIPRE WD AEWE 8 & JR S 7o YR W E O TR S 23 i
FV@ELSRDGENBZ LN, £ X5 RRGEITIE, IERETE R O b HO TR
S&H AU 3km EIRET D, ZDO X IITRIE LIZHERWTE I D4 A v ¥ 2 OELIS
BOTRESRELEL, ZOFEHTRTHD LEET 2, P(r|m ) (ZEBA m D5
HETORBEDOMEREETH Y, IERWEED A v a2 ETHRICHMmT 5 & EL
Teleh, FA vy BB DR AEMRE Uk A v alET 5,
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AROHEE R

3.1 XM B E(REE)DILERE T A

3.9

3

29

R

=
H

Hh A2 1B

0%0 200 300 400 500 600
AVS30[m/s]

3.2 Hh#EEIEER R & AVS30 & D%
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3.3 REETIOERAMHER

25 HiCIRE LT/ T A= 2 FIW T, HALHUT IR IR O RISk 5 ek
HEE(PGV)D Y — NHifR 2 AFk L, 2 RET A OEMAEEZ R T 2, fTET LD
SRR LB A MIE A 3212, BT A R OEICERK 3LITRT .

41

40
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357y

34f

139 140 141 142 143 144 145 146

3.3 Rt AKFEFMEOREEH L YA

&3 1 BAYA FDET

A b AVS30
(K-NET &%) \ \ [m/s]
F(MYG010) | 141.28 | 38.43 262
JR¥F(FKS010) | 141.00 | 37.23 | 409
$£H(IBRO13) | 140.49 | 36.16 265
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3.3.3 BEETFIOHMEMBEEDTMFEE
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AN ORI FE O @ R CEEE) T L% Taylor BT 5 &

Y g X )+ (X, - X)L iii(x x)(,_ij)ajiagx_+... @3.7)
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og g(fl,yi+in,---,Yn)—g(Xl,Xi,---,Xn)
a_xi: Oy,
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5.2.1 f@WEH

ARWFFETIT, IS K o THRERZRBEE 25217 72 2011 4= ARG AP 5 4 i
AFEGIE L, Gl 280 L E LI-AE L HE o EMA S DO =ik
IR D, AACHIT R HIER Ol & Rl 1 - Th 58 A O K-NET Bt
Hi(Ab i 39.27, FR% 141.86) DALE A X 5.2 1R,

FRAT RFRIEEMIE, WIS ATE U 72 A B R 74 | sl (1 R DBk T &
72 % EERGREE L SUET D, T OFEEGEEE BV IT8k 2 7 Y — R IE(RC i) 10
BEEEC & L. iE B=40m, BT L=20m, & & H=40m TH 2 LIRET D,

RECHBEIC L AMEMAGDOEEZET DRI, FHIY A MBI D HE S
RFZI (ty) & A TIREAN (L) DN EE Th 5, H AT THAE LTHEDIGE . HIKOH
—WNBFET DHDIE, RERENGE SN OE A7 E MBI TN DM, HEE G
FHCB L TIEMAREIC 2> TWRWVWORBLRTH 5, kB, HESE KA LT L bk
KREPE L TR R2WT2, R REEOBZEICET 2 TEENLETH LH, K
BFFE I, X 5.3 (SR HRIB 28 B AR B JE T 0 45 TR 35 1 2 i o B % 5L
ESBIT, BEERERL(L) AR ED D OFBRER 0, 30, 60 4y & L. HEHkG:
IRF ] (te-ta) | —HE T 30 29[ & U HEEAKRERF RN 381 D IRAKIRIZ—ETH D L IET
DA, R ENERA, ARRERER], ERR AR T 30 1T DR AKIRIZEE T 2 KV BEM 22
ETMLIZAHOREE T 5,
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5.2.2 FMERUMADETIVE
(1) HHFE

FEMGBEEE © R D RE L EE O EAA G DEICET AR NOR N E1T I,
AISC @ LRFD(Load and Resistance Factor Design)?fE#& I F D (5.1):d & 9 125
T5,

IR, >Z7’iQin (5.1)

T, R QnlFEZENZIM A DOLFME, FEZRONEFMETHY . ¢, plEMl
I MEAKTH D,

B TIEOEEAWINER LT ARRR AL OB & REIC K DBRARIERIS G 1
DEHITREND,

-
—

(Y

R

G=R-(Q,+Q) (5.2)

Z 2T, R, Qa Qr IZENENARBERORAKFM ST, AREIHAED D OREFFH]
LDt ETORBICKDMEDR. AERAENLDOREL D t, T TOEPEIZ LD
WEHETHDH, Z0bx, LRFDRIFLLTDO LI 12k 5,

PR, >y aQun + 77 Qry :7A(r 'QMn)+7TQTn = 7w Qmn + 77 Qr, (5-3)

ZZ7T, Qa Q. Qunn RVIZENZENABREAER 000 t ETORE, B, A
BICLDMEMR, RAAKEHAOONREETH Y | yas prv ywe ¢ IIRE, HEL A
R D EARB O SR T Do r(=Qan/Qun) FAEIZ K DA BN R ORFABEI KT
TOARBRAENS ORFZ 1,05 1t EF TORBICLDMEDROREZEDOLTHY |
INEMND 2 ETREBEICIDMEDREARICL DMENR TET Z ENHKD,
AT H OFEMICE L TRLLT T4 %,
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(2 REIZXLHHEDE QuOET VL
i EotEREEAK AT TR L EiET 5,

;umsa(Ilié,l) C W (5.4)

VEi = kDikFi k\/i g
k=i

k

D S ORI &

koi : BEEE DIBMEZSTERE 11C & D IRHIREL. ke
LB HBHEREY L

I T,

ZEEEE, kv ¢ i OB AW IR D5 % F IR, un

I PE R CREAM L 72 & & ORTIERRE. Sa(To,¢h) « A AW Ty I E R G OIEE S
kgD ERE[KN]TH 5,

JUIE, g @ BN [em/s?]. wy

H
BEANRT B

ZIKE:F?Z‘E iHiT)Z'Q):"&A/Lﬁjj /_:EH‘é—éf:y)\ le =1\ k|:1 :1\ kv]_ :1\ HUm =0.82
EREL., THEMEBRB TOEBREAYE T2 LIMEESEANT FiZ

PGA-S,(T;,0.05) =k, - PGA-kyy & BT E | k=1, kny=2~3 FRED

S,(T,,0.05) =k -
BETDE, GAHRNITRDL > EED,

(5.5)

HEE[em/s?| T D, RCIEDENL MY - EE

Z 2T, PGA [IARIRIC & D s Kk
%&%MW&#&k\ﬁ%@%@%E%wzwzmwmamm 104000 [kN] & 72 %
FIZH D PGA IE, 2 ECRE LILHERRIIREREETT VL 3HEORENY —

Al FEZHWCHET 2 Z ENRHKRD, £7, AE~Y/ =F 22— K M,=9.0 &£ A&
BT AMHERGHIRERETT IVONRT A—HD

N b RAERFR] T,;=30, 60, 90[43]iZ
LA #5117,
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#R5.1 HERUEEREETILOINSTA—ZHET

T1 b(Tl) p D, |0910N(T1,4.0,9.O)
(73] W) RERERAE | ) | REERAE | CFY | REREAE | | R RE

30 0.58 0.12 1.05 0.17 1.00 0.50 1.92 0.36

60 0.60 0.12 1.05 0.17 1.00 0.50 2.19 0.36

90 0.62 0.12 1.05 0.17 1.00 0.50 2.33 0.36

WIZ, £ 51 D/RTA—=FZHNT, FHEHIH o ok R, D F 0 AREH
A% 0 07 O ARRIE A% 30 43 £ T, ABEIAER 30 mHAREIAEK 60 0 E T, K
AL 60 I OARERAER 0 NETOEAIIEBTIRENT— FE 3 BETRE
L7eREAY— FEHlFIEZ AW CHEAET 2, 72720, 3 ETITHEEHEIEL LT
PGV ZAEH L7223, ZZTiX PGA %Al 5720, (3.2) & - )10 =D
PGV (BT 2o Rb v iz, (5.6)UT/RTH] - ) OHEHERE RO PGA 12T %
R E > CRBEAY— FEFET D, £70. PGA (TxIT 5 HUEIAESR R 1% 1.4 %

L9 2,

10g,4 Ypeg =b —log (X +¢)—0.003X
b =0.50M +0.0043D +0.62 + & (5.6)
¢ =0.0055-10%%°M

WERGRIRBREETT NVONT A —=FICEHEN TV L HERREZ BET 5 FIE
LT, 333 MiOFMEFEE AV, REAY— RICk1) 2 BRI X 2 EYER
(o) EFE L, EH RO +0 12T D PGA ODRBNAY— FEHET S, 7L
3 ETCTIIRENY— NlFUIEREIEOE TRE L=, K7 Y Vi85 (5.7)
KK o TR AZHET 2 Z L BHPR, BLETRO T, Eh+e ORBANY
— NIRRT LR R A AGIH L, £5.210587,

P(Yor > Yt £t<te,Mm):1—eXp{—(N(YM > YT, M,,) = N (Y >y|Ta,Mm))} (5.7)
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x52 RENY—FER

INT A=K ) fE TRV 72 T %
174 235 &S|
PGAo.go [Cm/SZ]
373 390 +o
130 194 &S|
PGAzo.c0[cm/s’]
276 325 V4o
111 171 S|
PGA50.90 [Cm/SZ]
232 294 V4o

W A HEVER#AT D F1ETH % AFOSM(Advanced First-Order Second-Moment) ¢ %
MR NT A —F DO ETELE LT DH, T2 T, KRENT— ROSMEIL XL
EHSARICHEATTRE L % %, £ 5.2 TROTERBNAY — FEERO VB L O R
UL R D X AR E R EE L. REICEDMEGROTT LEIT-
oo BBV — REERDKHEER DA ERE L2 Z & 2 RFET D720, JHIESSY
i EUET DRTDORBAY — FER & HBOER A0 & RUE LT REANT— R &
DI A X 5.4 (2T, HReRE R, HEHMRAEOZEOF T )b b T RHLIER Y
MIET DRI EZ OIS DRE KT 2 2 L AMHR I, REAY— Nl
R EOEB AT T UET D2 2 E N D LB 2 B D,

LILETRD 72, SEH DA TRI L IEREANY — RET L0 FHE K OZEER
B (=AY R A= P E) 2 2 5.3 1R T,
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(3) HEAMHE Qr DET /ML
B E & I ORI & X 5.5 (R T, E9 R O AT 7 R 0
WIEE, TRk EET D,

qz=pg(3h-z) (5.8)

T 2T, qz: MR G OMETT 7 1R O HER E [KN/M?] p < 7K OO AL AR REEL B [ton/m®]
g : EAHMBEE ], h o B EFARAEIM]. 2 Yy ORI D O &
(0<z<3h)[M]TH 5.,

HEME 1, (5.8)R DM ENRMCAEL 2 LEL, FRICE W EET D,

Q = prJ‘: (3h—z)dz = %pr{(6hz2 - 222)_(6hz1 — 212)} (5.9)

Z 2 C, Qr: WEERXEHH OMELT M OFEE I JI[N], B« 4547 DX GG D
ME[m], z : ZJEEOR/PMEE(0<z, <z,)[M]. 2 : ZJEE DGR S(z, <z, <3h)[m]
Thb, 2B, BEYOEIN 30 LLTFTOSHEE, BEEENK 5.5 O@CIIRT LD
B EIRDTID, O FEsy L CEERIE 2K 5,

HEW 2 KT8 h[m] O FEIMEIE(5.10) 2 2 L 7=l oo e 11 X(1989) he ko » Tk
W, FOIESOEIE Aida(1978) M X o TH LI ER TdH 2 H A R HER = 0.4
& U, WERDAIGITREIEH 0 ERE L TET MEZET 9,

log,,h=M,, —log,, A—5.55+C (5.10)

Z 2T, hidskE e A— FLOKE TOPELEEE, My IAB~ 7 =F2—F, A
(LRI BB E TORFHE SRR, C ITMHEHTH Y AT C=0, H
AYEHAIT C=02 £ LT3,

2011 A HUAL MG R R (M =9.0) DI5A OB 01T 31T 5 )R KR (5.10) =X
IZR2ER18m &7 n, ZOEEEEL L, EIERKEIGEWVIC LD REOFEL
g D76, FEMED 213, U3 ITHHST 5 12m, 6m DGAIZ DWW T BT 217 9,
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(4) PRAKFEMmMII R DET VL

TRA KM ST R O EIT BARE MRS L > TkE D . £ OZEEREIL
0.2, WERGARTCIIREER oA EAE Lz, 2 2T, [SHEMEEE p 1T, BREMEE Py
ERAPDORRICH Y . ZOREEX 5.6 (ZRT,

B=d*(1-P,) (5.11)

T, OFEELESHERGAMERTH D,

%53 WE-WAETILOHET

RT A—H EE ZEENREK RS k=3
174 1.35 REECEH NIA 4
PGA0.30[Cm/SZ]
373 1.05 SHIER St +o
130 1.49 REECEH NIA 4
PGAsg.c0[cm/s?]
276 1.18 REECEH ¥ +o
111 1.54 SHEIER NAS)
PGAso-90 [Cm/SZ]
232 1.26 KHEOEB V+o
18 0.42 KHEOES A
HER IR K h[m] 12 0.42 KRS PR 2D 2/3
6 0.42 KHEOEB faEs o> 1/3
PRA 7K 77 R[KN] - 0.2 KHECIEHL
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5.2.3 @WF&

AT 15T AFOSM Z 81 U, HAEGHEMEREEE pr 2 005 1.0 £ TOL R TA %
RIS D, AELHEROMEMRAADEORF RAEHET S, ORI 22X 5.7 (2
Y,

START

'

H B IPEFRER pr ORE

v

s (AT AT 2 44 0D 1M
T ]
fit 4 P
2 i LR RE R S D Ak
5o
S (EAEMERRAT % 526 L
A
5 3 B RO EFFT S

ES

e

(AT KT NO

FAEOIETE

YES

I - MR DR

'

END

5.7 FHE - MHRBOEETIA—
(BEYMORFIREERZETIEE (2002, BABRERR) #SEI1TER)
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5.3 BITHER

VIR KRR DATE PGA BT % X 5.8 12, AGE PGA IT%T 5 AR PGA %At A
DEHFr 2K 5912, REICL HMEHFEEZK 510 (TRT,

P PR AKED 18m DA DORTE PGA O F IOV TG 21T 9, X 5.8(a)
TR MR EE S EE T, BT A—HICLDIRBEET VRO RER,
5.8(b)ICIXHIERMFAZEZ B LTz, T+ D/RT A —Z[CLDERBEETNVOFRETH
%, K 58@)IcLD &, FKE3IDRBATIINT A—F ONWLEMEOFEIZ IV, 0-30 47,
30-60 43 60-90 45 D FEAGHAFINEIZ A 5E PGA DR E NN RKE W Z LN 5, X 5.8(b)
ThH, [FERRIAE L 7o TWDNR, ZORE SITEHNRNTA—F DOFER L VK 25
EREWVERE o7, WRIZ, [X5.8(c) %O 5.8(d)DFHRRAKEN 12m D4, ¥
RKIER 18m D4 PGA R &t~ BARMEHEMERREEDS 0 TIXAE A A S 7208
AEEEBEMERENRE D 2 LT - T, REPGA OFGHRMERN D LREL 2
5D ENSMND, £, X 5.8) % 5.8(F) DR AKIEDN 6m DAL, F DN
NG o ERKEL, EH+e D 0-30 79 TO BEEGEMERRIEN 1 B4, A7E PGA O
At AUTHR 550em/s® Ee oz, ZORERND, FERAKEMOOEE,  FAR(E E
DEWEE, DF D BEREROIRWE S ORE PGA ORRGFHRNREL 2D Z &M
Mo,

SR D MBI ER & Z 8 L 72 AE PGA O RfiiX 533[cm/s’] THY ., ZD
AFE PGA I3 %M 5.8 DARFE PGA OHE r #[X 5.9 1Z/R LTz, FHIR/KE 18m O
WBJNT A= I L DFERTIX, 0-30 47, 30-60 43, 60-90 43 TEIE41 0.2 f5, 0.15
#0125 TH Y, e IZ L DFERTIZ. £ EH 058, 039, 0.30 5L Ae~7e,
ZORERND PEEIIRKEE 18m D6, SR8 PGA KGR O A PGA IZXT 5
HRAMHERT 2 2 ENHRD, £o, EERAKEMELS 725 2 DHFRIIREL 2D,
WLPRAKEEDS 6m DB+ (2T, BAEEEEMEEIED 1 OGS IIIRERICH T 5
3 1.07 £72 0 REPGA LV REWRERGFHA LRI bbb oTz,

5.10 (21%[X 5.8 DAE PGA it A AW TGES)R N HEE L, REICX 510
FHNRKN] 2 7~ T,

RN IRKIROFRGET R & X 5.11 1, HERIZ KD EHA R 2 X 5.12 (TR,

77, PRIKEE 18m OEEIZAKEE h OFRGEHRIL. T TV & B +o KOG
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RN 0o 677 BEMEEEMERIED 0 05812 16m, HAEMSEIEREER 1 056
(2 24m Lip o7z, EHRAKE 122m OBE S FEET LV &R e K OREHI IS
2o 6T, BARMEEMEEE 0 T 1im, HARE#EMAEIE 1 T16m &2 o7, LAl
FENZAKVE 6m DA 1L, HIFRFRFAZEZ BB LRV E T UV, BN
fEIE 0 ©5.5m, HAEGEEMEE 1 TRNem THY, Fh+ o ET /MICBW L, BEE
{SHEMEFEAE 0 © 5.5m, HEMS MR 1 CIXaHmHIR 0-30 43, 30-60 45, 60-90 4y M
JIEIZ 6.3m, 6.5m, 6.9m Th Vv, FEMMIMIC LD ENTNT, TIUTHEHRIC X D fr
ARRDHAYNS DT, REBICLDMEDRENRENZLRFERTHDL B X
b, K512 I21EK 511 TH LR FHRAKEZ HO TGN GER ST,
R fr BN IR [KN] 27”9

513 (IR K oM BN RICKT T 2 REBIC K DM EDREZHLFETRT, BT
DI —AZEWT, 0-30 4. 30-60 47, 60-90 73 DIEIZ AREH ELNE N K E W2,
HEAZ R DR ER R T 2 REIC L A EZRA R AR IS 5, Fz,
HEMEEEZZEB LARVETANEE LIEZETT VLY RMENZ B0 5, F
PNZ KR 18m KON 12m D56, REM B RITHE AT R I/ h &<
PIRKTE 18m D356 TR 0.1 FF LT, - +o THI 0.2 f5LU T IR KEE 12m
DOEA . T 0.2 (5L T, E¥J+e TOS5FLL T E7eo7=, L, FIRAKE
6m DA 0-30 53 DI THK 0.92 %, & HIZFHJ+0 Tl 0-30 43, 30-60 57, 60-90
DTENENRK 32, 2265, L75E720  REICK DM EZRHEGEIC X 51
FHRLYKEVWHEAELH -T2,

TRA AR ) Of%EH R Z K 5.14 1TRT, REIC K DMER KL OB K D WE
BHAR DN R Z VERENRIKIE 18m O J+e TET AN IHRK E 2D | RBIZ K D EL)
R OHEEZ K DR E R NS VERRAKEE 6m O ET AN RN 7o
770

LLEDORE & ORTEMAS DRI L DRFHAORREE AW T, Afrm & OR
B IR S O SEAIENxh T 2 3R RIC BT D554 X 5.15~5.17 (2~ L, B AZE Ik
FREE(BT)AY 0, 0.5, 1.0 128 DARHUC Xk D %G A (5.12)~(5.29) IR ET 5,
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[EEIERB IR KR 115=18 D&

pr=0 DLE

HE MR ZE 2 B 8 L 72 W RF O i B K OV /AR 2K
0.98R >0.12Q,, +0.82Q,,

MR MRAAE A2 B 5 R D B K& OVt /4R 4K
0.98R. >0.33Q,, +0.82Q,,

pr=0.5 DA

MR =2 B L 22O EF O fif 8 ) OV 168 4%
0.95R, >0.13Q,,, +1.10Q.,

IR M85 & Z 3 2 W o0 1 8 M ONTI AR 3K
0.95R >0.41Q,,, +1.10Q,,

pr=1.0 DA

HIFEHIRAZE 2 B[ L 722\ RE D fif 8 & OV /655K
0.91R >0.14Q,, +1.44Q,,

HIFRMIRAZE 2 B 8 3 5 RED i T K O /4% 5%
0.91R, >0.47Q,,, +1.43Q,,
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[EEIERBR KR =12 D&

pr=0 DLE

HE MR ZE 2 B 8 L 72 W RF O i B K OV /AR 2K
0.98R, >0.12Q,,. +0.85Q,.

MR MRAAE A2 B 5 R D B K& OVt /4R 4K
0.98R >0.33Q,, +0.85Q,,

pr=0.5 DA

HEMRRZZ 2 B8 L 22O EF O faf 5 ) OV 1146524
0.95R, >0.14Q,,, +1.25Q;

HhFR MRS & B 83 2 RF oo faf 8 ) OV 145K
0.95R, >0.45Q,,, +1.24Q,,

pr=1.0 DA

B MRS 2 58 L7\ O REO T 8 K OV /148 5%
0.92R, >0.15Q,, +1.77Q,,

HIFRMIRAZE 2 B 8 3 5 RED i T K O /4% 5%
0.92R, >0.59Q,, +1.74Q,
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[EEIEEBIR KR 11n=6 DY AT]

pr=0 DLE

HE MR ZE 2 B 8 L 72 W RF O i B K OV /AR 2K
0.98R, >0.12Q,, +0.85Q,.

MR MRAAE A2 B 5 R D B K& OVt /4R 4K
0.98R. >0.33Q,, +0.85Q,

pr=0.5 DA

HEMRRZZ 2 B8 L 22O EF O faf 5 ) OV 1146524
0.95R, >0.23Q,,, +1.20Q.,

HhFR MRS & B 83 2 RF oo faf 8 ) OV 145K
0.95R, >0.72Q,,, +1.06Q,

pr=1.0 DA

HIFEHIRAZE 2 B L 722\ RED fif 8 & OV /655K
0.92R. >0.50Q,, +1.72Q,,

HIFRMIRA S 2 B 8 3 B R ff T K O /1£% 5%
0.93R. >1.63Q,,, +1.20Q,,
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