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ABSTRACT

　　　　　Earthquake－resistant　design　is　a　procedure　used　to　assure　that　strength　alld　deformation

capacities　of　structures　exceed　the　demands　impOsed　by　earthquakes　with　an　adequate　safety　margin．

Although　the　design　philosophy　is　generally　accepted，　its　quantification　in　the　form　of　design

specifications　is　not　enough．　One　of　the　most　difficult　aspects　in　currying　out　proper　design　is　to

select　an　earthquake　ground　motion　for　seismic　design．　For　this　purpose，　a　good　understanding　and

quantification　of　ground　motion　parameters　that　characterize　the　severity　and　damage　potential　of

the　earthquake　ground　motion　are　needed．

　　　　　　III　this　dissertation，　damage　spectrum　　is　defined　as　damage　indices　of

single－degreeK）f－freedom　systems　with　natural　periods　ranging　ffom　O．05　to　5．O　sec．　The　damage

index　propOsed　by　Park　and　Ang　and　the　bilinear　model　are　used　to　calculate　the　damage　spectrum．

The　damage　index　describes　the　state　of　the　concrete　structUre　from　slight　damage　to　severe　damage

or　collapse．

　　　　　The　damage　potential　of　ground　motions　during　recent　great　earthquakes　such　as　the　1995

Hyogoken－Nanbu　earthquake，　the　1999　Kocaeli　earthquake　in　Turkey，　and　the　1999　Chi－Chi

earthquake　in　Taiwan　is　studied　by　using　the　damage　spectra．　It　is　shown　that　damage　to　structures

may　be　greatly　affected　by　the　location　of　the　fault，　the　geological　profile　of　the　site　and　the　fault

rupture　mechanism．　Also，　damage　spectra　of　some　earthquake　ground　motions　that　have　been　used

for　desigri　purpose　are　studied　and　the　required　yield　strengths　of　them　in　view　of　damage　indices　of

structUres　are　described．

　　　　　Amethod　of　evaluating　damage　pOtential　of　ground　motions　in　a　large　area　during　a　great

earthquake　is　proposed．　The　methodology　is　applied　to　Kawasaki　City　and　the　damage　potential　of

ground　motions　are　studied．

　　　　　Da．mage　spectra　of　recorded　ground　motions　during　aftershocks　are　calculated　and　the　damage

potential　is　studied．　Then　a　simulation　model　for　mainshock－aftershock　earthquake　sequences　and　a

method　for　estimating　the　damage　potential　of　the　ground　motions　du血g　the　mainshock・aftershock

earthquake　sequences　at　a　site　are　propOsed．　This　procedure　consists　of　3　main　steps：（1）simulation

of　the　mainshock－aftershock　earthquake　sequences　at　a　site　il】alifetime　of　a　strusture，（2）

calculation　of　ground　motions　of　the　mainshock－aftershock　sequences　and（3）calculation　of　damage

spectra　of　the　ground　motions　of　the　mainshock－aftershock　sequences　and　estimation　of　damage

potential　of　the　earthquake　ground　motions　at　the　site．　Then，　a　method　for　evaluating　the　strength

demand　spectra　with　uniform　damage　level　in　the　lifetime　of　a　structure　conside血g

mainshock－aftershock　earthquake　sequences　is　proposed．　The　proposed　method　is　applied　to

estimation　of　damage　potential　of　ground　motions　and　strength　demand　spectra　in　a　lifetime　of　a

structure　conside血g　mainshock－aftershock　earthquake　sequences　in　Eureka，　California．
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CHAPTER　1

INTROI）UCTION

1．1BACKGROUND　AND　OBJE（コTVES

　　　　　In　recent　years，　many　large　earthquakes　occurred　very　close　to　modem　cities　and　caused

severe　damage　to　buildings　and　infrastructure．　During　the　1971　San　Femando　earthquake，　the　1987

Wittier　Narrows　earthquake　and　the　1989　Loma　Prieta　earthquake　in　Califomia，　bridges　designed　to

pre－1971　fbrce　levels　specified　by　Caltrans　or　AASHTO　were　damaged　severely．　The　1994

Northridge，　Califomia　earthquake　caused　severe　damage　to　buildings　and　infrastructure　in　the

epicentral　regions．

　　　　　The　1995　Hyougoken－Nanbu　earthquake　affected　one　of　the　most　modemized　areas　in　Japan

with　violent　ground　shaking．　Damage　to　modem　engineering　structures　was　beyond　engineers’

expectations，　because　it　was　thought　that　the　structures　were　designed　accordillg　to　proper

earthquake－resistant　design　standards．

　　　　　The　1999　Kocaeli　earthquake　in　Turkey　and　the　1999　Chi－Chi　earthquake　in　Taiwan　caused

severe　damage　to　buildings　and　in丘astmcture．　Furthermore，　great　a佃shocks　of　these　ea宜hquakes

induced　collapse　or　more　severe　damage　to　the　structures　that　had　been　already　damaged　by　the

mainshocks．

　　　　　The　damage　to　modem　engineering　structures　described　above　has　been　fbrcing　engineers　and

researchers　to　revise　the　earthquake－resistant　standards　and　to　reevaluate　gro皿d　motion　potential

during　great　earthquakes．

　　　　　Eaれhquake・resistant　design　is　a　proced町e　used　to　assure　that　strength　and　defbmation

capacities　of　stnlctures　exceed　the　demands　imposed　by　earthquakes　with　an　adequate　safety　margin．

Although　the　design　philosophy　is　generally　accepted，　its　quanti∬cation　in　the　form　of　design

specifications　is　not　enough．

　　　　　The　equivalent　lateral　fbrce　method　has　been　used　widely　fbr　earthquake－resistant　design．　This

method　prescribes　that　every　structure　shaU　be　designed　and　constructed　to　resist　a　minimum　lateral

seismic　fbrce，　applied　statically　and　independently　in　the　direction　of　each　of　the　two　main　axes　of

the　stmcture．　The　equivalenUateral　fbrce　of　the　structure　is　detemined　by　the　dead　weight　of　the

structure　and　some　coefficients，　for　example，　the　seismic　zone　factor，　the　importance　coefficient，　the

cite　coefficient，　and　the　structural　factor．　For　underground　stnlctures，　the　response　displacement

method　has　been　used　widely　for　earthquake－resistant　design．　This　method　prescribes　that　every

underground　stmcture　shall　be　designed　and　constructed　to　resist　a　minimum　lateral　ground

displacement，　applied　statically．　The　lateral　ground　displacement　is　induced　by　response　to　ground

1



shaking　du血g　an　earthquake．

　　　　　These　static　methods　are　very　simple　and　easy　to　use　and　thus　are　widely　applied　to

eaτthquake－resistant　design　of　stnlctures．　Severe　damage　to　buildings　and　infrastructure　in　modem

cities　during　recent　great　earthquakes　has　suggested　that　these　static　methods　are　insufficient　fbr

earthquake－resistant　design，　however．　Dynamic　methods　have　been　recommended　to　check　the

safety　of　a　structure　that　has　been　designed　by　static　methods．

　　　　　In　dynamic　methods，　the　stresses　and　the　deflections　of　the　structure　are　analyzed　when　the

stmcture　is　su句ected　to　an　arbitrary　dynamic　loading．　For　the　analysis，　adequate　material　parameters，

modeling　of　the　structure，　and　ground　motions　are　needed．　The　selection　of　appropriate　ground

motions　is　the　most　difficult．

　　　　　The　most　important　aspect　of　ground　motions　during　earthquakes　is　the　effect　the　ground

motions　will　have　on　structUres，　i．e．，　the　s仕esses，　defbmations，　or　the　amount　of　damage　they　will

produce．　In　order　to　select　appropriate　ground　motions　for　the　dynamic　analysis，　the　damage

potential　of　ground　motions　during　recent　great　earthquakes　and　aftershocks　should　be　studied　and

the　characteristics　should　be　identified．

1．2SCOPE

　　　　　Earthquake　ground　motions　are　highly　unpredictable　and　uncertain．　Since　different　earthquake

ground　motions　cause　different　degrees　of　damage　to　structures，　it　is　necessary　for　engineers　to

quantify　the　severity　and　damage　potential　of　ground　motions．

　　　　　One　of　the　measures　of　the　intensity　of　a　ground　motion　can　be　obtained　by　evaluating　the

response　of　a　simple　structure，　such　as　the　single－degree－of－freedom　system（SDOF），　to　the　gro皿d

motion．　When　the　respOnse　of　the　SDOF，　characterized　by　the　structural　parameters　such　as　its

natural　period　and　damping　ratio，　to　the　ground　motion　is　taken　as　the　measure　of　the　earthquake

intensity，　this　respOnse　expressed　as　a　fUnction　of　its　natural　period　is　called　a　respOnse　spectrum．

　　　　　In　this　dissertation，　damage　spectrum　is　defined　as　damage　indices　of　SDOF　systems　with

natural　periods　ranging　from　O．05　to　5．O　sec．　The　damage　index　proposed　by　Park　and　Ang（1985）

and　a　bilinear　fbrce－displacement　relationship　are　used　to　calculate　the　damage　spectrum．　The

damage　index　describes　the　state　of　the　concrete　structure　from　slight　damage　to　severe　damage　or

collapse．　The　damage　index　can　be　calculated　by　inelastic　analysis　of　structural　response　during

earthquakes．　Damage　to　engineering　structures　caused　by　re㏄nt　great　earthquakes　is　summarized，

and　the　damage　pOtential　of　ground　motions　during　the　earthquakes　is　studied．　Damage　potential　of

some　earthquake　ground　motions　that　have　been　used　fbr　design　purpose　is　studied．　A　method　of

evaluating　damage　potential　of　ground　motions　in　large　areas　is　described．　Furthermore，　the　damage

potential　of　ground　motions　during　aftershocks　is　studied，　and　a　method　of　evaluating　damage

2



pOtential　of　ground　motions　considering　mainshock・aftershock　eanhquake　sequences　ill　a　design

period　of　a　structure　is　proposed．　Then，　a　method　for　evaluating　the　strength　demand　spectra　with

皿iform　damage　level　in　the　lifetime　of　a　structure　considering　mainshock－aftershock　earthquake

sequences　is　proposed．　The　proposed　method　is　applied　to　estimation　of　damage　potential　of　ground

motions　and　strength　demand　spectra　in　a　lifetime　of　a　structUre　conside血g　mainshock－aftershock

earthquake　sequences　in　Eureka，　California．

1．30RGANIZATION　OF　THE　DISSERTATION

　　　　　　Chapter　2　provides　a　review　of　cuπent　studies　on　structural　damage　indicators　and　damage

potential　of　ground　motions．　Damage　to　engineering　structures　caused　by　recent　great　earthquakes

including　the　1995　Hyogoken－Nanbu　earthquake，　the　1999　Kocaeli　earthquake　in　Turkey，　and　the

1999Chi－Chi　earthquake　in　Taiwan　is　also　summarized　in　this　chapter．

　　　　　　In　Chapter　3，　damage　spectrum　of　ground　motions　is　defined　and　characte亘stics　of　damage

spectra　are　described．

　　　　　　Chapter　4　describes　damage　potential　of　ground　motions　during　recent　great　earthquakes

including　the　1995　Hyogoken－Nanbu　earthquake，　the　1999　Kocaeli　earthquake　in　Turkey，　and　the

1999Chi－Chi　earthquake　in　Taiwan．　Damage　spectra　of　some　earthquake　ground　motions　that　have

been　used　fbr　design　purpose　are　studied　and　the　required　yield　strengths　fbr　the　ground　motions　in

view　of　damage　indices　of　stmctures　are　described．

　　　　　In　Chapter　5，　a　method　of　evaluating　damage　potential　of　ground　motions　in　large　areas　during

earthquakes　is　proposed，　and　its　application　is　presented．　Damage　potential　of　ground　motions　in

large　areas　is　also　described．

　　　　　In　Chapter　6，　damage　potential　of　ground　motions　during　aftershocks　is　studied．　A　method　to

evaluate　damage　potential　of　ground　motions　considering　mainshock－aftershock　sequences　in　a

design　period　of　a　strucnlre　is　proposed．　Then，　a　method　fbr　evaluating　the　strength　demand　spectra

with　unifom　damage　level　in　the　1減me　of　a　stmcture　conside亘ng　mainshock－a食e曲ock

earthquake　sequences　is　proposed．　The　proposed　method　is　applied　to　estimation　of　damage

potential　of　ground　motions　and　strength　demand　spectra　in　a　lifetime　of　a　structure　considering

mainshock－aftershock　earthquake　sequences　in　Eureka，　Califbmia．

　　　　　Finally，　Chapter　7　presents　the　conclusions　on　damage　potential　of　gro皿d　motions　during

great　earthquakes　and　aftershocks　and　the　strength　demand　spectra　with　unifbrm　damage　level　in　the

lifetime　of　a　struct町e　considering　mainshock－aftershock　earthquake　sequences．

3



CHAPTER　2

REVIEW　OF　CURRENT　STUDIES　ON　DAMAGE　POTENTIAL　OF　GROUND　MOTIONS

　　　　　　　　　　　　　　　　　　　　　　　　　AND　STRUCTIJRAL　DAMAGE

2．1㎜ODU㎝ON

　　　　　In　recent　years，　many　large　earthquakes　occurred　very　close　to　modem　cities　and　caused

severe　damage　to　buildings　and　infrastructure．　In　the　United　States，　the　1989　Loma　Prieta　earthquake

in　California　caused　severe　damage　to　engineering　structures　such　as　bridges，　and　the　1994

Northridge　earthquake　caused　severe　damage　to　buildings　and　infrastructure．　The　1995

Hyougoken－Nanbu　earthquake　affected　one　of　the　most　modemized　areas　in　Japan　with　violent

ground　shaking．　Damage　to　modem　engineering　structures　was　beyond　engineers，　expectations，

because　it　was　thought　that　they　were　designed　according　to　proper　earthquake－resistant　design

standards．　The　1999　Kocaeli　earthquake　in　Turkey　and　the　1999　Chi－Chi　earthquake　in　Taiwan

caused　severe　damage　to　buildings　and　inffastructure．　In　this　chapter，　the　ground　motion　parameters

that　characterize　the　severity　and　damage　potential　of　the　earthquake　ground　motions，　and　structUral

damage　by　recent　great　earthquakes　are　summarized．

2．2　CURRENT　STUDIES　ON　DAMAGE　POTENTIAL　OF　GROUND　MOTIONS

　　　　　The　most　impOrtant　features　of　ground　motions　during　an　earthquake，　from　the　standpOint　of

its　effectiveness　in　producing　structural　response，　are　the　amplitude，　the　frequency　content，　and　the

duration．　The　amplitude　is　generally　characterized　by　the　peak　ground　acceleration（PGA）or　the

peak　ground　velocity（PGV）．　The　frequency　content　can　be　represented　by　the　number　of　zero

erossings　in　the　acceleration　time　history　of　the　ground　motion，　or　Fourier　spectrum　of　the

acceleration　time　history　of　the　ground　motion．　The　duration　can　be　represented　roughly　by　the

length　of　time　betWeen　the　first　and　the　last　peaks　exceeding　a　given　threshold　leveL　It　is　evident，

however，　that　these　quantitative　features　provide　only　a　very　limited　description　of　the　ground

motions　and　do　not　quantify　the　damage　pOtential　adequately．

　　　　　A　more　precise　measure　of　the　intensity　of　a　ground　motion　can　be　obtained　by　evaluating　the

respOnse　of　a　simple　structUre，　such　as　a　SDOF　system，　to　the　ground　motion．　When　the　maximum

value　of　the　response　of　the　SDOF　characterized　by　the　structural　parameters　such　as，　its　natural

period　and　damping　ratio，　to　the　ground　motion　is　taken　as　the　measure　of　the　earthquake　intensity，

this　maximum　expressed　as　a　function　of　its　natural　period　is　called　the　response　spectrum．

　　　　　It　is　evident　that　a　response　spectmm　provides　a　more　effective　measure　of　damage　pOtential

4



of　the　ground　motion　du血g　earthquake　than　any　single　quantity，　e．g．　PGA．　The　response　spectrum

shows　directly　to　what　extent　any　given　SDOF　would　respond　to　the　ground　motion．　The　response

spectrum　depends　on　not　only　the　ground　motions，　but　also　the　structural　parameters．　This　is

reasonable，　because　structural　damage　during　an　earthquake　depends　on　not　only　characte亘stics　of

the　ground　motion　but　also　the　stnlctural　characteristics．

　　　　　Response　spectra　are　very　effective　even　if　the　stnlctural　response　is　assumed　to　be　linear

elastic．　The　amount　of　expected　elastic　response　is　a　very　significant　indication　of　a　gro皿d　motion

intensity．　Moreover，　the　integral　of　the　response　spectrum　taken　over　an　appropriate　natural　period

range　is　very　good　overall　measure　of　the　ground　motion　intensity．　Housner（1952）has　defined　a

quantity　as　the　integral　of　the　velocity　response　spectnlm　taken　over　the　range　of　natural　periods

血om　O．1　to　2．5　sec，　and　has　called　this　quantity　the　response－spectrum　intensity．

　　　　　Stmctural　damage　du亘ng　eaπhquakes　involves　inelastic　defomation．　Therefbre，　the　inelastic

response　spectrum　provides　a　much　more　effective　measure　of　damage　potential　of　the　ground

motion　during　an　earthquake．

　　　　　Iemura，　Igarashi　and　Takahashi（1998）calculated　several　response　spectra　including　inelastic

response　spectra　fbr　the　gro皿d　motion　record　at　Kobe　during　the　1995　Hyogoken－Nanbu

earthquake，　together　with　the　gro皿d　motion　record　at　Sylmar　during　the　1994　Northridge

earthquake．　Comparing　these　response　spectra　with　those　fbr　previously　obtained　historical

earthquake　ground　motion　records，　they　revealed　extremely　high　damage　potential　for　near　field

earthquake　ground　motions．

　　　　　The　soil－stnlcture　interaction　has　a　strong　ef食ct　on　the　response　of　the　superstructures．　Toki　et

a1．（1998）considered　simple　3－degree→）f－freedom　model，　foundation　（sway，　rocking）and

s叩erstnlcture，　fbr　the　soi1－structure　interaction　system．　Assuming　the　three　types　of　restoring　fbrces

fbr　foundation，1iner，　bilinear　and　Hardin－Dmevich　model，　they　calculated　strength　demand　spectra

fbr　the　interaction　systems．　They　showed　that　the　demanded　strength　fbr　the　3－degree℃f－freedom

system　could　be　reduced　by　incorporation　of　the　effect　of　hysteresis　characteristics　of　the　foundation．

　　　　　Krawinkler　et　a1．（1983）proposed　the　fbllowing　cumulative　damage　modeいo　describe

component　perfbrmance　fbr　specific　failure　modes　in　steel　structures：

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　D－cE（△δP’）c（2・1）

where　D　is　the　cumulative　damage，　N　is　the　number　of　damaging　excursions，△δpis　the　plastic

deformation　range　of　an　individual　excursion　i，　and　C，　c　are　structural　performance　parameters．

　　　　　Park　and　Ang（1985）proposed　a　cumulative　damage　indicator　based　on　the　liner　combination

of　plastic　displacement　and　energy　dissipation　capacity　under　monotonic　loading．　This　model，　well

known　as　Park　and　Ang’s　model，　is　a　calibrated　model　and　has　been　widely　used　in　recent　years．　The

damage　index　is　expressed　as　a　linear　combination　of　the　maximum　defomation　and　the　hysteretic
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　energy　as　fonows：

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　D－il・可（dEQyδu）②2）

　where　D　is　the　damage　index，　an　empirical　measure　of　damage（D＞1　indicates　total　damage　or

collapse），δmis　the　maximum　response　defomation，δ、is　the　ultimate　defomation　capacity

　ullder　static　loading，　Qy　is　the　calculated　yield　strength，　dE　is　the　incremental　dissipated　hysteretic

　energy，　andβ　is　the　coefficient　fbr　cyclic　loading　effect．　The　limiting　value　of　D（i．e．，　damage

　capacity　of　a　member）is　lognomally　distributed　with　a　mean　of　approximately　1．O　and　a　standard

　deviation　of　O．54．

　　　　　　Sasada　et　aL（1996）developed　a　practical　way　to　assess　damage　to　stmctures　ullder　severe

　earthquake　motions．　They　proposed　a　method　fbr　damage　estimation　by　the　use　of　damage

．parameters　that　were　obtained　by　using　Park　and　Ang，s　damage　index．

　　　　　　Nagata，　Watanabe　and　Sugiura（1996）studied　the　effect　of　restoring　force　characteristics　on

　the　inelastic　dynamic　interaction　of　fbundation－structure　system　They　simply　modeled　a　bridge

　structural　system　by　a　three－degreeべ）f－f士eedom　system，　allowing　sway　of　the　structure，　sway　and

　rocking　of　the　fbundation．　The　equation　of　motion　fbr　the　3DOF　system，　which　was　derived　by

　considering　bilinear　restoring　force　characteristics，　was　solved　numerically　by　Newmark’sβ

　method　in　order　to　obtaill　the　inelastic　dynamic　response　of　foundation－structure　system　subjected　to

　strong　ground　motions．　They　evaluated　effects　of　both　the　yielding　strength，　and　the　tangential

　second　stiffhess　of　the　bilinear　restoring　force　on　the　structural　damage．　They　fbund　that　the　damage

　was　collcentrated　at　the　weakest　stmctural　components　and　that　the　sway　of　structure　might

　significantly　affect　the　rocking　of　the　fbundation・

　　　　　　Sasada　et　al．（1996）studied　effects　of　son－structure　interaction　on　the　required　strength　of

　reinforced　concrete　pier　under　strong　earthquake　motions．　They　conducted　inelastic　response

　analysis　fbr　the　sway－rocking　3DOF　models　su切ected　to　strong　artificial　earthquake　motions，　and

　calculated　the　required　yield　strength　ratios　which　were　values　of　yield　strength　of　the　pier　satisfying

　Park　and　Ang’s　damage　index＝1．　Their　numerical　results　showed　tha“he　required　strength　ratio　was

　mainly　influenCed　by　the　yield　strength　of　the　foundation　and　the　ratio　of　the　natural　fヒequency　fbr

　rocking　of　the　fbulldation　to　those　of　sway　of　the　fbundation．

6



2．3　STRUCTURAL　DAMAGE　BY　RECENT　GREAT　EARTHQUAKES

（1）The　1995　Hyogoken－Nanbu　earthquake　（rrhe　Kobe　Earthquake）

　　　　　An　earthquake，　with　magnitude　of　7．20n　the　Richter　scale，　violently　shook　the　city　of　Kobe，

Awaji　lsland　and　other　parts　of　the　Hansin　region　in　Japan　on　January　17th，1995．　This　earthquake　is

called　the　1995　Hyogoken－Nanbu　earthquake．　This　earthquake　was　the　first　violently　disastrous　one

with　its　fault　1ine　directly　under　a　large　city　with　modern　urban　infrastructures．　The　death　toll　caused

by　the　earthquake　was　5，472，　the　llumber　of　h皿ses　totally　destroyed　was　83，536　and　those　partially

destroyed　was　68，761．　Fires　broke皿t　at　25810cations，　and　bumed　an　area　of　671，253m2．　The　total

damage　is　estimated　to　exceed￥9　trillion（Japan　Society　of　Civil　Engineers，1995）．

　　　　　　The　epicenter　of　this　event　was　located　apProximately　15　km　underground，　just　below　the

northem　end　of　Awaji　lsland　in　Hyogo　Prefecture．　The　length　of　the　fault　that　nlptured　in　this　event

extended　from　the　northern　end　of　Awaji　lsland　northeasけhrough　the　city　of　Kobe．　The　fault　rupture

directed　f「om　the　epicenter　toward　northeast．　The　concentration　of　the　aftershock　sequence

fbllowing　the　main　shock　delineated　the　area　of　the　fault　nlpture．　Appearance　of　surface　fault　nlpture

was　limited　to　about　9　km　on　the　northern　pOrtion　of　Awaji　lsland．　Measurements　indicate　that　the

two　sides　of　the　faults　moved　between　1．2　and　1．5　meters　relative　to　one　another．

　　　　　The　area　that　has　a　seismic　intensity　level　of　VII　on　the　JMA（Japanese　Meteorological

Agency）scale　was　concentrated　along　the　fault　nlpture　as　shown　in　Figure　2．1（Editorial　Committee

fbr　the　Report　on　the　Hanshin－Awaji　Earthquake　Disaster，1998a）．　It　is　the　first　time　when　level　VII

has　been　recorded　since　the　1848　Fukui　earthquake．　The　intensity　level　of　VII　is　defined　by　JMA　to

be　the　level　in　which　30％or　more　of　wooden　houses　collapse．　hl　Figure　2．1，　iUs　fbund　that　detail　of

distribution　of　the　area　of　greatest　devastation　is　affected　by　the　directivity　of　the　fault　rupture

movement．　In　the　northeast　side　of　the　fault　where　the　mpture　arrived，　the　area　of　greatest

devastation　expanded．

　　　　　　Figure　2．2　shows　recorded　maximum　accelerations　of　ground　motions　during　the　earthquake

in　Hanshin　Region　（Editorial　Committee　for　the　Repo血on　the　Hanshin－Aw勾i　Ea宜hquake　Disaster，

1998b）．　The　significance　of　a　direct　hit　with　a　shallow　fauh　line　is　that　the　ground　motion　in　the

vicinity　of　the　nlpture　area　is　ve加igh，　while　in　even　20　to　30㎞倉om　the　epicentral　region　the

ground　motion　attenuates　rapidly．　Ground　acceleration　measurements　in　Kobe　indicate　that

accelerations　in　the　epicentral　area　were　as　high　as　833　cm／sec2，　while　measuremellts　at　stations　20

km丘om　the　area　of　fault　mpture　ranged　200　to　400　cm／sec2．　Also，　it　is　found　that　the　distribution　of

the　area　of　PGA　is　affected　by　the　directivity　of　the　fault　rupture　movement．　In　the　northeast　side　of

the　fault　where　the　rupture　anived，　the　area　of　large　PGA　expanded．

　　　　　Many　kinds　of　civil　structures　such　as　bridges，　viaducts，　harbor　facilities，　pipelines，　sewage
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networks　suffered　severe　damage　by　the　earthquake．　Roads　and　railways　on　the　gro皿d，　shoppillg

areas　and　parking　lots　under　ground　had　been　apparently　damaged　much　less，　however．　Severe

damage　to　subways　was　very　local，　and　the　majority　of　them　suffered　no　damage．

　　　　　The　distribution　of　damage　to　buildings　is　described　as　follows（pepartment　of　Civil

Engineering，　Faculty　of　Engineering，　Kobe　University，1995）：

　　　　a）Topography　of　Kobe　city　may　be　classified　into　the　Rokko　Mountains，　piedmont　terraces，

　　　　　　　composite　fans　below　the　terraces，　the　old　coastal　strip，　and　reclaimed　land　along　the　sea．

　　　　　　　Total　collapse　of　housing　occurred　on　the　composite　fans．

　　　　b）A　closer　examination　of　the　distribution　of　the　damage　in　the　composite　fans　shows　that　the

　　　　　　　damage　was　relatively　small　in　areas　close　to　the　piedmont　terraces．

））
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　　　　　The　locations　of　damaged　roads　and　railways　are　shown

Extensive　damage　occurred　in　viaduct　sections　of　both　roads　and　railways．　The　severity　of　the

damage　to　roads　and　railways　is　strongly　related　to　the　ground　conditions　and　pOsitions　of　faults．

Various　types　of　damage　were　observed　as　follows：

め励0ω

The　damage　was　also　relatively　small　in　the　old　coastal　strips　below　the　composite　fans．

Ground　liquefaction　was　observed　on　reclaimed　land，　but　the　damage　to　wooden　frame

housings　in　such　areas　was　relatively　small．

The　damage　to　buildings　was　concentrated　in　a　belt　O．7　to　1．2　km　in　wide，　stretching　ffom

southwest　to　northeast　along　the　foot　of　Rokko　Mountains．

On　Aw勾i　Island，　severe　damage　occurred　in　the　towns　of　Hokutan　and　Ichinomiya，

whereas　only　a　small　amount　of　damage　to　housing　was　observed　in　the　town　of　Awaji

that　was　close　to　the　epicenter．

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　in　Figure　2．3　and　Figure　2．4．

Complete　collapse　of　bridge　piers

Dislocation　of　girders　from　piers

Failure　of　bridge　piers

Tilt　of　bridge　piers

　　　　　Kobe　Line　of　Hanshin　Expressway　is　along　the　southern　edge　of　the　heavily　damaged　zone　as

shown　in　Figure　2．4．　Viaducts　of　the　Kobe　line　were　supported　with　718　piers．　Damage　to　the　piers，

girders　and　shoes　was　investigated　by　Abe，　Fujino　and　Abe（1999）．　The　damage　level　to　piers　was

generally　very　high　in　the　Kobe　Line，　but　the　damage　level　was　scattered　along　the　route．　According

to　Iemura　et　aL（1998），　this　may　be　partially　because　ground　motion　at　each　pier　was　different，　and

the　analyzed　maximum　elastic　acceleration　acted　on　the　piers　varied　from　O．65　to　1．52　g．

　　　　　Many　industrial　facilities　were　seriously　damaged　during　the　earthquake．　Almost　all　fUnctions

of　the　port　of　Kobe　were　incapacitated　during　the　earthquake．　Liquefaction　occurred　extensively　in

reclaimed　coastal　areas，　and　influenced　damage　to　port　facilities．　Liquefaction　induced　ground

settlements　and　destruction　or　deformation　of　quay　walls　around　the　shore．　At　Port　lsland，　one　of　the
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man－made　islands　in　Kobe，　ground　settlements　of　20　to　50　cm　were　found　extensively　over　the

island．

　　　　　Almost　aU　container　cranes　on　Rokko　Island，　another　man－made　islands　in　Kobe，　were

damage　seriously．　Some　cranes　had　completely　overturned．　The　container　crane　columns　on　the

seaward　side　stood　on　quay　walls，　and　the　movements　of　the　quay　walls　in　a　seaward　direction

induced　by　liquefaction　caused　buckling　of　the　steel　frames　of　the　cranes．

　　　　　The　earthquake　caused　damage　to　the　electrical　power　supply，　city　gas　supply，　and

telecommunications　systems．　Nso，　there　occurred　such　damage　as　the　tilting　of　utility　poles　and　the

severing　of　cables　for　the　systems，　and　the　failure　ofjoints　in　gas　delivery　network．

●
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（2）The　1999　Kocaeli　earthquake，　Turkey

　　　　　Agreat　earthquake　occurred　in　Kocaeli　Province，　Turkey　on　August　17，1999．　The　earthquake

caused　the　collapse　of　more　than　2，㎜buUdings，　and　the　loss　of　more　than　16，0001ives．　The

earthquake　fault　was　observed　on　land　from　Yalova　to　Duzce，　and　the　length　of　the　fault　was　about

150㎞．The　displacement　of　the伽lt　on　the　ground　surface　was　measured　from　about　2　to　4　m．

Disastrous　damage　to　buildings，　civil　structures，　industdal　facilities　was　distdbuted　along　the　fault．

　　　　The　epicenter　of　the　earthquake　was　at　latitude　40．77　degrees，10ngitude　29．97　degrees，　and　at　a

depth　of　about　17㎞．　The　fault　nlp血re　d壮ected丘om　the　epicenter　toward　east．　According　to

Earthquake　Research　Institute，　Ulliversity　of　Tokyo，　source　mechanism　is　thought　to　be　right－lateral

strike－slip　fault．　It　is　reported　that　the　eartbquake　was　induced　by　movement　of　two　segments　of　the

North　Anatoliall　Fault．

　　　　　Figure　2．5　shows　recorded　maximum　accelerations　of　gr皿nd　motions　during　the　earthquake．

The　maximum　accelerations　of　ground　motions　along　the　North　Anatolian　Fauh　are　distributed　from

about　O．2　to　O．4　g．　From　this　figure，　it　is　fb皿d　that　detail　of　distribution　of　the　peak　ground　motions

is　affected　by　the　directivity　of　the　fault　rupture　movement．111　the　east　side　of　the　fault　where　the

rupture　anived，　the　area　of　large　peak　ground　motions　expanded．

　　　　　Alarge　number　of　buildings　were　perfectly　broken　by　the　fault　movement．　Several　bridges，

rails　and　embankments　crossing　the　fault　were　completely　collapsed　by　the　lateral　displacements　of

the　fault．

　　　　　Soil　liquefaction　widely　occuπed　in　the　city　of　Adapazari　and　on　the　lake　of　Sapanca．　The　soil

liquefaction　inclined　and／or　sank　many　buildings，　and　broke　buried　pipes　fbr　water　distHbution．

　　　　　Many　5　to　8　story－buildings　were　totally　collapsed　or　heavily　damaged．　The　natural　periods　of

these　buildings　mostly　coincide　with　the　dominant　periods　of　the　ground　motion（Japan　Society　of

Civil　Engineers，1999）．　These　stmctures　were　designed　as　moment－resistant丘ame　st則ctures　with

in－filled　walls　made　of　very　brittle　hollow　bricks．　Therefbre，　once　they　start　to　fail，　they　fail　very

quickly．　Many　buildings　had　a　weak　ground　floor　without　shear－walls　fbr　shops　or　garages．

　　　　　Motorways　and　rails　nm　almost　parallel　to　the　fault，　and　crosses　over　it　at　several　locations．

The　lateral　displacement　of　the　fault　induced　damage　to　bridges，　rails　and　embankmellts．

　　　　　Two　highway　bridges，　Arifiye　Overpass　and　Sakarya　River　Bridge，　collapsed　due　to　the

displacement　of　the　fault．　There　was　extensive　damage　to　reinforced　concrete　columns，　parapet　walls，

reinforced　concrete　stoppers，　bearings　and　prestressed　collcrete　decks．　It　is　th皿ght　that　the　main

cause　of　the　damage　to　roads　and　railways　was　ground　surface　faulting．　The　relative　displacement　at

the　ground　surface　along　the　fault　rupture　was　observed　to　be　about　4　m．

　　　　　　At　Derince　Port　located　very　close　to　the　epicenter，　damage　to　quay　walls　was　observed．　The

peak　ground　accelerations　were　estimated　to　be　between　O．25　and　O．3　g　during　the　earthquake．
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Concrete　cellular　block　walls　moved　toward　the　sea　by　about　O．7　m，　and　a　large　settlement　in　the

backfill　occurred　of　about　O．5　m．　A　crane　with　a　capacity　of　5　tons　on　a　quay　was　overturned　due　to

the　settlement　in　the　backfill　during　the　earthquake．　Boiled　fine　sands　were　fbund　on　the　backfill

ground，　thus　the　soil　liquefaction　of　backfill　was　thought　to　be　one　of　the　causes　of　the　damage．

　　　　Several　storage　tanks　for　petroleum　products　in　a　national　oil　refinery　plant　were　burned　down．

The　tanks　were　damaged　by　high　sloshing　waves　of　storage　liquid，　which　was　caused　by　the　long

period　components　of　the　ground　motion　during　the　earthquake．

Aiipbrt（K｝

Adapaz　ri《D）　399gal

（D第The　Eard円．　R鵯．　Dcpしof　Q鴇Ministry　o『Public　Wo■k　a脳三Sctt1t　filen匂0）ADsER工））

漣鴇：．＝＝袈雀曝瓢盤㌫‘悲農峯錨

Figure　2．5　Distribution　of　horizontal　peak　ground　accelerations（JSCE，1999）
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（3）The　1999　Chi－Chi　earthquake，　Taiwan

　　　　　Am勾or　earthquake（Mw＝7．6）occurred　near　the　town　of　Chi－Chi　in　Nantou　County，　central

Taiwan　on　September　21，1999．　According　to　the　Taiwan’s　Interior　Department，　the　earthquake

caused　about　2，000　deaths　and　about　10，000　i可uries，　and　thousands　of　houses　conapsed・

　　　　　Aseismic　instrumentation　program　in　Taiwan　was　implemented　by　the　Central　Weather

Bureau（CWB）．　More　than　700　strong　observation　stations　are　distributed　and　maintained．　About

70％of　them　were　triggered　du血g　the　earthquake．

　　　　The　epicenter　of　the　earthquake　was　at　latitude　23．85　degrees，　longitude　120．81　degrees，　and　at

adepth　of　about　7㎞．　According　to　Earthquake　Research　lnstitute，　University　of　Tokyo，　source

mechanism　is　thought　to　be　a　reverse　dip　slip　fault．　It　is　thought　that　the　earthquake　was　induced　by

the　movement　of　the　Chelongpu　Fault　in　N－S　direction　along　the　fbothills　of　the　Central　Range．　The

fault　is　80　km　in　length，40㎞wide　with　30－degree　dip　angle．　The　maximum　dislocation　at　the

ground　surface　was　measured　to　be　6．5　m．

　　　　　In　Figure　2．6　and　2．7，　recorded　accelerations　of　ground　motions　during　the　earthquake　in

Taiwan（CWB，1999）are　shown．　The　recorded　maximum　accelerations　of　ground　motions　along　the

Ch・1・ngP・F・ult・・e　di・trib・t・d　b・tWeen・300・nd　800㎝／・ec2．

　　　　　hl　the　whole　area　of　Taiwan，　more　than　14，000　buildings　suffered　damage．　In　Nantou　and

Taichung　Prefecture，　in　the　epicentral　region，　more　than　12，000　buildings　were　damaged　and　almost

half　of　them　collapsed．　h　Taich皿g　City，　more　than　1，000　buUdings　was　damaged，　almost　half　of

them　totally　collapsed．

　　　　　WufUng　is　one　of　the　towns　across　the　Chelongpu　Fault，　and　is　located　about　8　krn　south　from

Taichung　City．　The　reconnaissance　teams　organtzed　by　the　Japan　Society　of　Civil　Engineers　made　a

comprehensive　survey　in　Wufung，　and　investigated　the　coπelation　between　the　degree　of　structural

damage　and　stmctural　factors　such　as　structuraHype，　the　number　of　stories，　and　location（Japan

Society　of　Civil　Engineers，1999）．　They　investigated　the　degree　of　damage　to　buildings　in　some

blocks，　based　on　Damage　Level　Criteria　from　the　European　Macroseismic　Scale．　According　to　the

results，5．8％of　812　buildings　collapsed．　There　was　heavy　damage　fbund　mainly　to　2　and　4　story

RC　buildings　and　one－story　masonry　buildings．　In　Wufung，　several　buildings　were　severely　damaged

by　ground　su㎡ace　mptures　along　the　Chelongpu　Fault．　Some　buildings　tilted　due　to　differential

settlements　of　their　fbundations．

　　　　　At　Dali　City　in　the　neighborhood　of　Taichung　City，　some　of　many　condominium　buildings

collapsed．　Damage　to　buildings　was　caused　by　large　gro皿d　motions　and／or　ground　surface　faulting．

The　peak　ground　accelerations　observed　in　the　epicentral　region　were　greater　than　O．4　g．　Many

ground　surface　ruptures　appeared　along　the　Chelongpu　Fault　and　induced　differential　settlement　of

building　fbundations．
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　　　　　According　to　the　report　ffom　the　Transpo丘ation　Department　of　the　Taiwanese　Govemment，

10bridges　were　severely　damaged　and　30　bridges　were　in　need　of　repair．　The　majority　of　the

damage　to　transportation　facilities　was　caused　by　gr皿nd　surface　faulting　and　several　structures　were

damaged　by　strong　ground　shaking．　The　displacement　of　ground　surface　faulting　was　reported　to　be

about　2　to　g　m　in　the　vertical　direction　and　2　to　3　m　in　the　hor靴zontal　direction．　Such　huge

displacemems　of　the　surface　faulting　caused　fallillg－off　of　superstructures　or　complete　ove血ming　of

substructures　in　highway　bridge　systems　crossillg　the　fault．

　　　　Swi－Wei　Bridge，　a　simply　supported　concrete　girder　bridge，　collapsed．　The　main　cause　of　the

bridge　collapse　is　thought　to　be　the　ground　surface　faulting．　Another　simply　supported　concrete

girder　b亘dge，　Bei－Fon　B亘dge，　collapsed．　The　fault　ran　across　the　bddge　and　caused　the　collapse．

　　　　　Acable－stayed　bridge　under　construction　was　seri皿sly　damaged　during　the　earthquake　i加he

epicentral　area．　The　bddge　is　located　in　Chi－Chi，　and　crosses　over　the　Juo－Suei－Shi　River．　The　span

of　the　bridge　is　about　110　m，　and　the　main　tower　is　about　50　m　high．　One　cable　failed　and　the　main

tower　suffered　flexural　and　torsional　eracks　from　the　earthquake．

　　　　　Port　and　harbor　facilities　in　Taichung　were　damaged　dudng　the　earthquake．　The　port　of

Taichung　is　located　along　the　west　coast　of　the　central　part　of　Taiwan．　The　epicentral　distance　to　the

port　of　Taichung　is　approximately　55　km．

　　　　　In　power　transfbnnation　facilities，　the　Chungliao　switching　yard　was　seriously　damaged

during　the　earthquake．　Insulators　and　bushings　fbr　the　extra－high　voltage　switching　facilities　were

damaged．　The　causes　are　thought　to　be　both　great　ground　shaking　and　ground　surface　faulting．

According　to　the　survey　by　the　Taiwan　Power　Company，　approximately　200　transmission　steel

towers　were　damaged．
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Figure　2．6　North－south　components　of　recorded　accelerations　of　ground　motions

16



Figure　2．7　East－west　components　of　recorded　accelerations　of　ground　motions
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CHAPTER　3

1）EFINITION　OF　DAMAGE　SPECTRAUM　OF　GROUND　MOTIONS

3．1　INTRODucrlON

　　　　　The　most　irnportant　aspect　of　ground　motion　during　a　earthquake　is　itS　effect　on　structures，　i．e．，

the　stresses　and　deformations　or　the　amount　of　damage　it　will　produce．　In　this　chapter，　a　damage

spectrum　of　ground　moti皿during　an　earthquake　is　introduced　to　estimate　its　damage　potential．　The

damage　speCtrum　is　defined　here　as　damage　indices　of　single・degree－of－freedom　system　with　natural

periods　ranging　O．05　to　5．O　sec．　The　damage　index　propOsed　by　Park　and　Ang（1985）and　a　bilinear

model　as　a　force・displacement　relationship　are　used　to　calculate　the　damage　spectrum．

3．2　DEFINmON　OF　DAMAGE　SPErmUM

　　　　　StructUral　damage　depends　on　the　characteristics　of　the　structure　as　well　as　the　ground

motions．　Thus，　we　must　select　an　appropriate　damage　measure　that　reflects　the　characteristics　of　a

structure．　The　damage　index　propOsed　by　Park　and　Ang（1985）is　an　appropriate　tool　to　evaluate　the

damage　of　concrete　structUres　during　earthquakes．

　　　　　This　index　is　expressed　as　a　linear　combination　of　the　maximum　normaliZed　deformation　and

the　hysteretic　energy　dissipation　as　follows：

　　　　　　　　　　　　　　　　　　　　　　　　　　　　D－il・PJ（dEQyδ、）（3・1）

where　D　is　the　damage　index，　an　empirical　measure　of　damage，δmis　the　maximum　response

deformation，δ　u　is　the　ultimate　deformation　capacity皿der　static　loading，　Qy　is　the　calculated　yield

strength，　dE　is　the　incremental　dissipated　hysteretic　energy，　and　β　is　the　coeffTicient　fbr　cyclic

loading　effect．　D≧1　indicates　total　damage　or　collapse．0＜D＜0．7　indicates　the　slight　damage，　and

O．7＜D＜1．O　indicates　severe　damage（Park　and　Ang，1985）．　The　limiting　value　of　D（i．e．，　damage

capacity　of　a　member）is　lognormally　distributed　with　a　mean　of　approxirnately　1．O　and　a　stalldard

deviation　of　O．54．

　　　　　D（r，h）is　defined　to　be　the　damage　spectra　for　SDOF　system　with　a　bi－linear

fbrce－deformation　characteristics　subjected　to　a　specified　ground　motion．　For　a　given　structural

period　T　and　damping　h，　D（T，h）is　equal　to　the　Park　and　Ang’s　damage　index（Sunasaka，1998，

Sunasaka，　Toki　alld　Kiremidijian，2001）．　The　bi－linear　model　is　shown　in　Figure　3．1　and　the
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parameters　of　the　SDOF　system　and　the　damage　index　are　shown　in　Table　3．1．　The　yield　strength　is

set　to　be　40％of　the　weight　of　the　SDOF　and　the　ultimate　deformation　capacity　is　set　to　be　four

times　that　of　the　yield　deformation．　Park　and　Ang　et　al．（1985）stUdied　the　value　of　the　parameterβ

in　equation（3．1）．　Based　on　their　study，　it　is　appropriate　to　assume　that　the　value　ofβill　equation

（3．1）is　O．05，　when　the　force－displacement　relationship　is　bi－linear．

　　　　　Figure　3．2　shows　a　schematic　explanation　of　the　definition　of　the　damage　spectnlm．　The

inelastic　respOnse　of　a　SDOF　system　with　natural　period　Ti　subjected　to　a　strong　ground　motion

during　a　great　earthquake（Figure　3．2（a））is　evaluated　first．　Then　the　damage　index　is　calculated　by

using　the　inelastic　response　analysis　of　the　SDOF　system　with　natural　period　Ti．　The　damage

spectrum　is　plotted　in　Figure　3．2（b）where　the　vertical　axis　shows　damage　indices　and　the　horizontal

axis　shows　natural　periods　Ti　of　the　SDOF　system　ranging　from　O．05　to　5．O　sec．

Force　Q k2

Ov ・．．・．．．．．．．◆．．◆■・●■・■■．●●■■

…

…

…

…

…

k1 …

…

δy δ

DisplaDisplacement

Figure　3．1　Bilinear　force－displacement　relationship

Table　3．1　Basic　arameters　fbr　anal　sis

SDOF　Model dam　ill　ratioh 0．05

second　stiffhess　k2 0．05k1

ield　stren　th　Q 0．4W

Dama　e　Index coefficientβ 0．05

ultimate　defbmation　capacity

@　　　　　　　　　δu

4δy

kl：initial　stiffhess，　W：weight　of　the　SDOF，δy：yield　defbrmation
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Figure　3．2　Schematic　explanation　of　definition　of　damage　spectrum

3．3　CHARACTERISTICS　OF　DAMAGE　SPE（：TRA

　　　　　For　a　demonstration　of　damage　spectra，　two　representative　recorded　gr皿nd　motions，　i．e．　the

ground　motion　recorded　at　El　Centro　during　the　1940　earthquake　and　the　ground　motion　recorded　at

JMA　Kobe　during　the　1995　Hyogoken－Nanbu　earthquake，　are　selected．　The　acceleration　time

historieS　of　the　ground　motions　are　shown　in　FigUre　3．3．　The　damage　spectra　of　the　two　ground

motions，　according　to　the　definition　described　above　and　the　elastic　response　spectra　are　shown　in

Figure　3．4．　The　respOnse　spectrum　of　the　ground　motion　recorded　at　JMA　Kobe　are　much　larger　than

those　at　El　Centro，　but　it　is　difficult　to　suppose　directly　the　effect　they　will　have　on　structures．　As

shown　in　Figure　3．4，　the　damage　indices　of　the　ground　motion　observed　at　El　Centro　are　smaller　than

lfor　all　natural　periods　range．　Therefore　the　ground　motion　is　suppOsed　to　have　very　small　damage

pOtential　against　all　structures．　As　for　the　SDOF　systems　with　the　natural　periods　less　than　about　O．7

sec．，　the　damage　indices　of　the　ground　motion　at　JMA　Kobe　during　the　1995　Hyogoken－Nanbu

earthquake　are　greater　than　1．　Therefore　the　ground　motion　is　supposed　to　have　very　large　damage

potential　for　structures　with　natural　periods　less　than　about　O．7　sec．

　　　　　In　Figures　3．5　to　3．7，　the　required　yield　strength　ratio　spectra　in　view　of　damage　index　are

shown．　The　required　yield　strength　spectrum　demonstrates　the　relationship　between　the　natural

period　of　SDOF　and　the　ratio　of　the　required　yield　strength　to　the　weight　of　the　SDOF　so　as　to

satisfy　a　safety　level　presented　by　the　damage　index．

　　　　　Figure　3．5　shows　the　required　yield　strength　ratio　spectra　so　as　to　satisfy　the　damage

index＝1．O　for　various　ratiosμof　the　ultimate　deformation　capacity　under　static　deformation，δu，

to　the　yield　defbmation，δy，　of　the　SDOF．　Figure　3．6　shows　the　required　yield　strength　ratio

spectra　for　the　damage　index＝1．O　and　O．7　in　the　case　ofμ＝4．　Figure　3．7　shows　the　required　yield
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strength　ratio　spectra　to　satisfy　the　damage　index＝1．O　with　βin　Equation（3．1）of　O．05　and　O．0．　In

the　case　of　the　parameterβ＝0．0，　the　required　yield　strength　ratio　spectra　is　the　same　as　that　to　satisfy

ductility＝4．0．

　　　　　In　Figures　3．8　and　3．9，　parametric　studies　on　damage　spectra　of　ground　motions　recorded　at　El

Centro　and　at　JMA　are　shown，　respectively．　The　values　of　the　parameters　that　are　not　explicit　in　the

figures　are　the　same　as　those　shown　in　Table　3．1．　It　is　fbund　that　the　yield　strength　Qy　and　the

ultimate　defbmation　capacityδuhave　a　strong　effect　on也e　damage　spectmm　and　tha品e

parameterβ，the　damping　ratio　h　and　the　ratio　of　second　stifthess　to　initial　stiffhess　k：ノkl　have　a

considerable　effect　on　the　damage　spectrum．
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Figure　3．3　Acceleration　time　histories　of　the　ground　motions
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CHAPTER　4

Dm　AGE　POTENTIAL　OF　GROUND　MOTIONS

　　　　I）URING　PAST　GREAT　EARTHQUAKES

4．1　IN　IRODUCTION

　　　　　As　summariZed　in　Chapter　2，　very　severe　damage　to　enginee血g　stmctures　was　caused　du亘ng

recent　great　earthquakes　includillg　the　1995　Hyogoken－Nanbu　earthquake，　the　1999　Kocaeli

earthquake　in　Turkey，　and　the　1999　Chi－Chi　earthquake　in　Taiwan．　In　Chapter　3，　damage　spectra　of

ground　motions　are　defined　and　characteristics　of　damage　spectra　are　described．

　　　　　In　this　chapter　damage　pOtential　of　ground　motions　during　recent　great　earthquakes　including

the　1995　Hyogoken－Nanbu　earthquake，　the　1999　Kocaeli　earthquake　in　Turkey，1999　Chi－Chi

earthquake　in　Taiwan　and　damage　potential　of　earthquake　ground　motions　that　have　been　used　for

design　purpose　are　desc】ribed．

4．2DAMAGE　POTENrLAL　OF　THE　1995　HYOGOKEN－NANBU　EARTHQUAKE

　　　　　Stmctural　damage　in　Kobe　during　the　1995　Hyogoken－Nanbu　earthquake　was　concentrated　in

abelt　O．7　to　1．2　km　wide　stretching　from　southwest　to　northeast　along　the　foot　of　the　Rokko

Mountains　as　shown　in　Figure　4．1．　Figure　4．2　shows　the　recorded　ground　motions　at　JMA　Kobe，

Fukiai（FKI），　Kobe　University　CKBU）and　NTT　during　the　Hyogoken－Nanbu　earthquake　in　or

around　the　heavily　damaged　zone　shown　in　Figure　4．1．　Figure　4．3　shows　the　damage　spectra　of　the

ground　motions（Sunasaka，1996，　Sunasaka，1997，　Sunasaka，1998）．　The　damage　spectrum　of　the

groulld　motion　recorded　at　FKI　in　the　heavily　damaged　zone　is　the　largest　in　the　recorded　ground

motions　fbr　almost　aU　natural　periods．　The　damage　indices　of　the　ground　motion　recorded　at　FKI　are

larger　than　1．O　at　natural　periods　smaller　than　ab皿t　1．2　sec，　and　the　damage　indices　of　the　ground

motion　recorded　at　JMA　Kobe　are　larger　than　1．O　at　natural　periods　smaller　than　about　O．7　sec．

These　results　agree　with　the　fact　that　45　percents　of　158　viaducts　piers　with　natural　periods　ranging

O．4to　O．9　sec．　collapsed　in　this　zone（Japan　Society　of　Civil　Engineers，1996a）．　The　damage　spectra

of　groulld　motions　recorded　at　KBU　and　NIT　outside　of　the　heavily　damaged　zone　are　smaller　than

1．O　in　all　natural　period　range，　however．

　　　　　To　estimate　the　amplification　characteristics　of　gro皿d　motions　in　the　heavily　damaged　zone

in　the　city　of　Kobe　du血g　the　Hyogoken－Nanmu　earthquake，　Motosaka　and　Nagano（1996）

pe㎡bmed　wave－propagation　analyses　of　a　deep　irregular　underground　structure　model　with　vertical

discontinuity．　The　incident　wavefom　at　bedrock　was　estimated　by　deconvolution　analysis　using　the
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observed　record　at　Kobe　University．　Figure　4．4　shows　the　two－dimensional　model　of　the

underground　structure　orthogonal　to　the　Rokko　Fault　plane　along　the　Rokko　Mountains．　Figure　45

shows　the　configuration　of　shallow　surface　layers．　Figure　4．6　shows　the　simulated　ground　motions

by　Motosaka　and　Nagano（1996）at　ground　surface　points　Pl　to　P8　shown　in　Figure　4．5．　Ground

surface　points　P4　to　P6　are　located　in　the　heavily　damaged　zone，　and　P4　amollg　them　is　located　in

the　most　heavily　damaged　zone　betWeen　JR　and　the　Hanshin　Railway　Line（HR）．　The　ground

motions　in　the　heavily　damaged　zone　were　amplified　due　to　the　focusing　effect　in　the　deep　irregular

undergr皿nd　structure　as　well　as　in　the　shallow　surface　layers．

　　　　　The　damage　spectra　of　the　simulated　ground　motions　are　calculated　and　showed　in　FigUre　4．7．

According　to　this　figure，　the　damage　spectra　of　the　simulated　ground　motions　at　ground　surface

points　P4　to　P7　located　in　the　heavily　damaged　zone　are　relatively　large．　Among　them，　the　largest　is

the　damage　spectra　of　the　gro皿d　motion　at　P410cated　between　JR　and　the　Hanshin　Railway　Line．

The　damage　indices　of　the　ground　motions　at　the　point　are　larger　than　1．O　at　natural　periods　smaller

than　about　1．5　sec，　and　the　damage　indices　of　the　gro皿d　motions　at　pOints　Ps　to　P7　are　larger　than

1．O　at　natural　periods　smaller　than　about　O．7　sec．　These　resuks　agree　with　the　fact　that　45　percents　of

158　viaducts　piers　with　natural　periods　O．4　to　O．9　sec　of　JR　collapsed　in　the　zone（Japan　Society　of

Civil　EIlgineers，1996a）．　The　damage　spectra　of　ground　accelerations　at　P　l　and　P2　are　smaller　than

1．O　for　all　natural　periods．　The　intensity　of　the　damage　spectra　of　ground　accelerations　increases　with

distance　fオom　the　Rokko　Mountains　to　P4．　Beyond　P4，　the　intensity　of　the　damage　spectra　of　ground

accelerations　decreases　with　distance　ftom　the　Rokko　Mountains．　These　results　demonstrate　that　the

damage　spectra　well　correlate　with　the　structural　damage，　and　that　the　concentration　of　structural

damage　in　the　nallow　zone　stretching　from　southwest　to　northeast　along　the　fbot　of　the　Rokko

Mountains　is　mainly　explained　by　the　geologica1　deep　gro皿d　conditions　of　Kobe．
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4．3　DAMAGE　POTIENTIAL　OF　THE　1999　KOCAEU　EAR’IHQUAKE，　TURKEY

　　　　　Figure　4．8　shows　the　recorded　acceleration　time　histories　of　the　ground　motions　at　Duzce

O）ZC），　Gebze（GBZ），㎞it（IZT）and　Sakarya（SKR）along　the　North　Anatolian　Fault　during　the

1999　Turkey　earthquake．　It　is　thought　that　the　maximum　accelerations　of　ground　motions　about　O．2

to　O．4　g　are　small　in　contrast　to　the　severe　structural　damage．　The　elastic　acceleration　respOnse

spectra　are　shown　in　Figure　4．9．　Based　on　those　figures，　it　is　found　that　the　predominant　periods　of

the　ground　motion　are　distributed　from　O．1　to　O．4　sec．　and　that　the　maximum　acceleration　response

are　about　1000　and　1500　cm！sec2　fbr　NS　component　at　DZC　and　EW　component　at　SKR，

respectively．　The　small　acceleration　response　suggests　that　the　damage　pOtential　of　the　ground

motions　are　relatively　small．

　　　　　Figure　4．10　shows　the　damage　spectra　of　the　recorded　ground　motions　at　DZC，　GBZ，　IZT　and

SKR．　It　is　found　f「om　Figure　4．9　and　Figure　4．10　that　the　shapes　of　the　acceleration　response　spectra

are　very　similar　to　those　of　the　damage　spectra．　However，　the　sharpness　of　the　damage　spectra　is

emphasized　around　damage　index　of　1．0．　Damage　indices　of　ground　motions　at　GBZ　and　IZM　are

much　smaller　than　1．O　for　all　natural　periods．　Damage　indices　of　ground　motions　at　DZC　and　SKR

are　1arger　than　1．O　for　narrow　period　range　from　O．1　to　O．2　sec．　This　means　that　the　damage　potential

of　ground　motions　during　the　Kocaeli　earthquake　is　relatively　small．

　　　　　Some　of　structural　damage　was　directly　caused　by　the　fault　movement，　liquefaction　or

liquefaction－induced　large　ground　displacements．111　spite　of　relatively　small　damage　spectra　of　the

observed　ground　motions　during　the　earthquake，　however，　many　structures　were　severely　damaged

by　ground　motions　during　the　earthquake．　This　is　thought　to　imply　poor　earthquake－resistant

capacity　of　the　stnlctures　in　Turkey．　Many　collapsed　or　heavily　damaged・apartment　buildings　had

5－8stories．　The　natural　periods　of　these　buildings　range　between　O．2　and　O．4　sec．，　and　mostly

coincided　with　the　predominant　periods　of　the　ground　motions．　These　structures　were　designed　as

moment－resistant　frame　structures　with　in－fill　walls　made　of　hollow　bricks．　The　diameters　of

reinforcing　bars　were　mostly　between　8　and　16　mm　and　bars　were　generally　of　smooth　types（Japan

Society　of　Civi1　Engineers，1999）．　These　pOor　earthquake－resistant　capacities　of　the　structures　would

be　the　reason　why　many　structures　were　severely　damaged　by　ground　motions　during　the　eanhquake

in　spite　of　relatively　smal1　damage　spectra　of　the　ground　motions．
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Figure　4．8　Recorded　acceleration　time　histories　at　DZC，　GBZ，　IZT　and　SKR

　　　　　　　　　　　　during　the　Kocaeli　earthquake
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4．4　DAMAGE　POTENTIA】しOF　THE　1999　CHI－CHI　EARTHQUAKE，　TArWAN

　　　Gro皿d　motion　records　during　the　Chi－Chi　earthquake　were　re垣eved　from　the　f士ee－field

accelerographs　by　the　Central　Weather　Bureau（CWB）．　In　Figures　4．11，　the　recorded　gro皿d

motions　at　the　stations　located　relatively　close　to　the　fault　are　shown．　kl　this　figure，　integrated

velocities　and　displacements　of　ground　motions　from　the　acceleration　records　are　showed，　too．

Nong　the　northern　end　of　the　fault，　very　simple　waveforms　are　observed．　At　the　southem　end　of　the

fault，　a　large　ground　motion　with　very　short　duration　is　observed．　Very　large　ground　motions　with

long　duration　and　high　frequencies　are　observed　in　the　middle　of　the　fault．

　　　The　damage　spectra　of　ground　motions　at　the　stations　are　shown　in　Figure　4．12（Sunasaka，　Toki

and　Kiremidejian，2001）．　The　damage　spectra　of　the　EW　compOnent　at　station　TCUO68　and　the　NS

component　at　station　TCUO52　in　the　northem　part　alld　eastem　side　of　the　fault　are　fairly　large　fbr

natura1画ods　less　than　around　1．O　sec．，　while　their　waveforms　are　very　simple　and　the　maximum

accelerations　are　relatively　smalL　These　fairy　large　damage　spectra　appear　to　correspond　to　the

ground　motions　recorded　at　stations　where　many　civil　engineering　structures　suffered　severe　damage．

The　damage　spectra　of　ground　motions　at　station　CHYO28　in　the　southem　part　and　western　side　of

the　fault　are　much　larger　than　1．O　fbr　the　natural　periods　less　than　ab皿t　O．9　sec．，　while　the　ground

motions　have　fairly　large　PGA　and　short　duration．　The　damage　spectra　of　ground　motions　at　stations

TCU　129　and　TCUO65　in　the　middle　part　of　the　fault　are　larger　than　1．O　for　the　natural　periods　less

than　about　O．7　sec．，　while　the　ground　motions　have　long　duration　and　high　frequencies．

　　　　The　locations　of　the　stations　that　are　very　close　to　the　fault　can　be　classified　into　six　parts　as

shown　in　Table　4．1．　Unfortunately，　there　are　no　stations　in　the　southern　part　and　eastern　side　of　the

fault．　The　selected　ground　motions　in　Table　4．1　are　representatives　of　those　damage　spectra　that　are

the　largest　in　each　location　along　the　fault．　Station　TCUO68　is　located　in　the　northem　part　and

eastem　side　of　the　fault　where　the　nlpture　arrived．　The　ground　motion　observed　at　the　station　has

relatively　low　PGA，　low　dominant　frequency，　and　then　high　damage　potential　for　relatively　long

natural　periods　aro皿d　1．O　sec．　Station　CHYO28　is　located　in　the　southem　part　and　western　side　of

the　fault　where　the　rupture　extended．　The　ground　motion　observed　at　the　station　has　large　maximum

acceleration　and　very　short　duration，　and　its　damage　pOtential　is　very　large　for　natural　periods　less

than　O．9　sec．　Stations　TCUO65　and　TCU129　are　located　at　the　middle　of　the　fault．　In　spite　of　the

large　maximum　acceleration　and　long　duration　of　the　ground　motions　obse】rved　at　the　stations，　the

damage　potential　is　high　ollly　for　the　short　natural　periods．　The　tendency　that　the　gro皿d　motions

observed　on　eastern　side　of　the　fault　have　larger　damage　spectra，　peak　ground　velocities（PGV），　and

peak　ground　displacements（PGD）than　those　on　westem　side　of　the　fault　can　also　be　observed　in

Table　4．1．
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Table　4．1　Features　of　ground　motions　observed　along　the　Chelungpu　fault

Location　along　the

bhelungpu　fault

Ground　　　・motlon

Max．　　namral
垂?Sod（sec）when

р≠高≠№?@index≧

P．0

PGA
icm／sec2）

PGV
icm／sec）

PGD
icm）

110rthem

＜ﾎ

eastem
唐奄р

TCUO68 1．0 468 147 101

westem
唐奄р

TCUO67 0．5 482 71 32

middle

≠窒

eastem
唐奄р

TCUO65 0．7 722 115 67

westem
唐奄р

TCU129 0．6 832 47 26

southem

≠

eastem
唐奄р

一 ● 一 一 一

westem
唐奄р

CHYO28
@　S

0．9 678 86 27
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4．5D典GE　PO在NTIAL　OF　GROUND　MOTIONS　FOR　DESIGN　PURPOSE

　　　　　The　1995　Hyougoken－Nanbu　earthquake　caused　severe　damage　to　many　structures　that　had

been　thought　to　be　designed　according　to　proper　earthquake－resistant　design．　Damage　to　modern

engineering　structures　was　beyond　engineers’expectation．　This　has　been　fbrcing　engineers　and

researchers　to　revise　the　earthquake－resistant　standards　and　to　reevaluate　ground　motion　potential

during　great　earthquakes．

　　　　　ln　1996，　the　Special　Task　Committee　of　Earthquake　Resistance　of　Civil　Engineering

Structures　issued　the　JSCE　Recommendations　on　Earthquake　Resistance　of　Civil　Engineering

Structures（JSCE，1996b）．　Major　subjectS　of　the　recommendations　follow：

i）　Two　levels　of　earthquake　motions，　i．e．，　Level　I　and　Level　ll　design　motions　sh皿ld　be

　incorporated．　The　Lβvel　I　design　motions　account　fbr　moderate　seismic　loads　at　the　site　from

　random　sources．　The　Level　II　design　motions　are　induced　by　deterministic　sources　near　the　site．

　There　would　be　many　difficulties　in　generating　the　proper　Level　ll　design　motions　at　the　site　by

　using　simulation　techniques，　however．　For　these　cases，　standard　Level　ll　motions　may　be　specified

　on　the　basis　of　recorded　near－source　ground　motions　during　earthquakes，　e．g．　the　1995

　Hyogoken－Nanbu　earthquake．

li）　For　structural　design　or　structural　safety　evaluation　against　the　Level　n　motions，　it　is　basically

required　to　estimate　the　inelastic　deformations　and　ultimate　strengths．

　　　　　According　to　the　recommendations，　many　seismic　codes　for　civil　engineering　structUres

including　highway　bridges，　railway　facilities，　water　and　sewer　facilities　have　been　revised．　The

Japanese　Design　Specifications　of　Highway　Bridges　were　revised　in　1996（Japan　Roads　Association，

1996）．ln　this　revision，　Level　II　design　motions　include　two　types　of　ground　motions：Type　I　and

Type　II　ground　motions．　Type　1　gro皿d　motions　are　induced　by　inter－plate　earthquakes　that　occurred

at　boundaries　between　tectonic　plates　relatively　far　from　affected　areas．　Type　II　ground　motions　are

induced　by　near－source　type　earthquakes　that　occurred　at　fau1G　very　close　to　affected　areas．　The

acceleration　respOnse　spectra　of　Type　1　ground　motions　were　statistically　determined　by　considering

estimated　ground　motions　in　Tokyo　during　the　1923　Kanto　earthquake　with　a　magnitude　of　8．O　and

epicentral　distance　of　50　km．　The　1923　Kanto　earthquake　claimed　the　largest　number　of　lives　in

Japan，　and　was　thought　to　be　olle　of　the　inter－plate　earthquakes　that　occurs　at　the　boundary　between

tectonic　plates．　The　acceleration　response　spectra　of　Type　II　ground　motions　were　statistically

determined　by　considering　ground　motions　recorded　in　Kobe　during　the　1995　Kyogoken－Nanbu

earthquake．

　　　　　In　this　section，　damage　spectra　of　ground　motions　that　have　been　used　for　design　purpose　and
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the　required　yield　strength　in　view　of　damage　indices　of　structures　are　calculated，　and　damage

potentia1　of　them　are　studied．

　　　　　Before　the　1995　Hyougoken・Nanbu　earthquake　caused　severe　damage　to　various　structures，

some　observed　and／or　artificial　ground　motions　had　been　used　in　dynamic　design　process　of　civil

enginee血g　structures　in　Japan．　Representative　ground　motions　are　as　follows：

（1）Observed　gro皿d　motions　at　El　Centro　du血g　the　1940　lmperial　Valley　earthquake

（2）Observed　ground　motions　at　Taft　during　the　1952　Kern　County　earthquake

（3）Observed　ground　motions　at　Hachinohe　during　the　1968　Tokachioki　earthquake

（4）Observed　ground　motions　at　KaihokU　Bridge　during　1978　Miyagiken－Oki　earthquake

（5）Observed　ground　motions　at　ltajima　Bridge　during　1968　Hyuganada－Oki　earthquake

（6）Artificial　standard　ground　motions　for　highway　bridges（Japan　Road　Association，1990）

　　　　　Time　histories　of　these　ground　motions　are　shown　in　Figure　4．13．　The　maximum　accelerations

of　these　ground　motions　range　from　O．2　to　O．3　g．　Damage　spectra　of　these　ground　motions　are　shown

in　Figure　4．14．　Almost　all　damage　indices　are　smaller　than　1　for　all　natural　periods．

　　　　　FigUre　4．15　shows　acceleration　response　spectra　and　damage　spectra　of　ground　motions　that

are　adjusted　to　design　of　nuclear　power　plants　that　have　had　one　of　the　most　severe　earthquake

resistant　design　standards　in　Japan皿til　the　1995　Hyogoken－Nunbu　earthquake．　The　ground　motions

are　defined　at　bedrock．　It　is　found丘om　the　figures　that　the　shapes　of　the　damage　spectra　of　the

ground　motions　are　slightly　different　from　the　corresponding　acceleration　respOnse　spectra．

　　　　　As　described　above，　since　the　1999　Hyogoken－Nanbu　earthquake，　almost　all　earthquake

resistant　design　standards　for　civil　engineering　structures　have　been　revised．　The　experience　of　the

1995Hyogoken－Nallbu　earthquake　have　forced　civil　engineers　to　introduce　the　design　ground

motions　with　Intensity　Level　II　into　the　revised　standards．　In　FigUre　4．16，　samples　of　design　gr皿nd

motions　with　Intensity　Level　n　fbr　earthquake　resistant　design　of　highway　bridges　in　Japan（Japan

Road　Association，1996）are　shown．　These　ground　motions　are　classified　by　type　of　earthquake　and

type　of　ground．　The　damage　spectra　of　the　ground　motions　are　shown　in　Figure　4．17．　The　response

spectra　of　the　ground　motions　are　shown　in　Figure　4．18．　Figure　4．17　demonstrates　that　the　damage

spectra　of　Type　1　design　ground　motions　are　relatively　smal1　and　that　the　damage　spectra　of　Type　H

design　ground　motions　are　very　large．　It　is　suggested　that　the　Type　1　design　ground　motions　are　too

small　as　fbr　Level　II　design　ground　motions　and　that　additional　study　of　Type　I　ground　motion　is

needed．　Also　it　is　suggested　that　the　Type　II　design　ground　motions　are　possibly　too　large　to　be　used

in　the　whole　country　because　they　were　defined　based　on　the　observed　ground　motions　during　the

1995Hyogoken－Nanbu　earthquake．　Based　on　the　comparison　between　FigUre　4．17　and　Figure

4．18（a），shapes　of　the　damage　spectra　are　very　similar　to　those　of　the　acceleration　response　spectra

for　Type　I　design　gro皿d　motions，　but　shapes　of　the　damage　spectra　are　significantly　different　ffom

those　of　the　acceleration　respOnse　spectra　for　Type　II　design　ground　motions．　Based　on　Figure　4．18，
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acceleration　response　spectra　of　Type　n　design　ground　motions　are　larger　than　those　of　Type　I

ground　motions，　velocity　respOnse　spectra　of　Type　I　gro皿d　motions　are　similar　to　those　of　Type　n

design　ground　motions，　and　displacement　response　spectra　of　Type　I　design　ground　motions　are

larger　than　those　of　Type　ll　design　ground　motions　in　longer　natural　periods　than　about　2　sec．

　　　　In　Figures　4．19　to　4．21，　the　required　yield　strength　ratio（Qy／W）so　as　to　satisfソasafety　level

with　the　damage　index＝1．O　are　shown　for　the　ground　motions　described　above．　In　each　figure，　three

lines　are　plotted　for　three　values　of　the　parameterμ＝4，6，8：the　parameterμis　the　ratio　of　the

ultimate　deformation　capacity　under　static　loading（δu）to　the　yield　defbmation（δy）．　As　shown

in　Figure　4．19，　the　required　yield　strength　ratio　fbr　the　conventional　design　ground　motions　are　less

than　about　O．4，　except　the　ground　motion　recorded　at　It勾ima　Bridge．　Figure　4．20　shows　that　the

required　yield　strength　ratios　for　the　design　ground　motions　at　bedrock　for　nuclear　power　plants　are

less　than　about　O．5．　As　shown　in　Figure　4．21，　the　required　yield　strength　ratios　of　Type　I　design

ground　motions　for　highway　bridges　are　less　than　about　O．4，　whereas　those　of　Type　II　design　ground

motions　are　ab皿t　O．4　to　O．7　for　natura1　periods　of　less　than　1．0．
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4．5CONCLUSIONS

（1）Structural　damage　in　Kobe　during　the　1995　Hyogoken－Nanbu　earthquake　was　concentrated　in　a

belt　O．7　to　1．2㎞wide　stretching丘om　sou也west　to　northeast　along　the　foot　of　the　Rokko

M皿ntains．　The　damage　spec仕um　of　the　ground　motion　recorded　in　the　heavily　damaged　zone　is　the

largest　among　those　of　the　recorded　ground　motions　in　almost　all　natural　periods　range．　The　damage

illdices　of　the　ground　motion　recorded　in　and　around　the　heavily　damaged　zone　are　larger　than　1．O　at

natural　periods　smaller　than　about　1．O　sec．　These　results　weU　agree　with　the　fact　that　45　percents　of

158viaducts　piers　with　natural　pe亘ods　ranging　O．4　to　O．9　sec．　collapsed　in　the　zone（Japan　Society

of　Civil　Engineers，1996a）．　The　damage　spectra　of　ground　motions　recorded　outside　of　the　heavily

damaged　zone　are　smaUer　than　1．O　in　all　natural　periods．

（2）To　estimate　the　amplification　characteristics　of　ground　motions　imhe　heavily　damaged　zone　in

the　city　of　Kobe　during　the　Hyogoken－Nanmu　earthquake，　Motosaka　and　Nagano（1996）perfbrmed

wave－propagation　analyses　of　a　deep　irregular皿derground　structure　model　with　vertical

discontinuity　fbr　incident　plane　waves．　The　simulated　gro皿d　motions　in　the　heavily　damaged　zone

were　amplified　due　to　the　focusing　effect　in　the　deep　iπegular　underground　structure　as　well　as　in

the　shallow　surface　layers．　The　damage　spectra　of　the　ground　motions　simulated　by　Motosaka　and

Nagano（1996）are　calculated　and　studied．　The　damage　spectra　of　the　simulated　ground　motions　at

ground　surface　poims　in　the　heavily　damaged　zone　are　relatively　large．　Among　them，　the　largest　is

the　damage　spectmm　of　the　ground　motion　at　a　point　located　between　JR　and　the　Hanshin　Ranway

Line．　The　illtensity　of　the　damage　spectra　of　ground　accelerations　decreases　with　distance　ffom　the

center　of　the　heavily　damaged　zone．　These　results　demonstrate　that　the　damage　spectra　well　correlate

with　the　stmctural　damage，　and　that　the　concentration　of　structural　damage　in　the　narrow　zone

s仕etching　f「om　southwest　to　northeast　along　the　foot　of　the　Rokko　Mountains　is　mainly　explained　by

the　geological　deep　ground　stnlcture　in　Kobe．

（3）“edamage　s寧ra　of　the　recorded　ground　motions　at　Duzce　（DZC），　Gebze（GBZ），　Izmit　aZD

and　Sakarya（SKR）du血g　the　1999　Turkey　earthquake　have　been　studied．　Damage　indices　of

ground　motions　at　GBZ　and　IZM　are　much　smaller　than　1．O　fbr　all　natural　periods．　Damage　indices

of　ground　motions　at　DZC　alld　SKR　are　larger　than　1．O　fbr　a　narrow　period　range　around　O．1　sec．　In

spite　of　relatively　small　damage　spectra　of　the　observed　ground　motions　during　the　earthquake，

stmctural　damage　was　very　severe．　This　is　thought　to　imply　poor　earthquake’resistant　capacity　of　the

structures　in　Turkey．

（4）Damage　spectra　of　the　recorded　ground　motions　at　the　stations　very　close　to　the　Chelongpu　Fauh

during　the　1999　Taiwan　earthquake　have　been　studied．　Station　TCUO68　is　located　in　the　northem

part　and　eastem　side　of　the　fault　where　the　rupture　arrived．　The　ground　motion　observed　at　that

station　has　a　relatively　low　PGA，　low　dominant　fヒequency，　and　high　damage　potential　fbr　relatively
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long　natural　periods　around　1．O　sec．　Station　CHYO28　is　located　in　the　southern　part　and　western　side

of　the　fault　where　rupture　a㎡ved．　The　ground　motion　observed　at　the　station　has　a　large　maximum

acceleration，　a　very　short　duration，　and　itS　damage　pOtential　is　very　large　for　natural　periods　less　than

O．9sec．　Stations　TCUO65　and　TCU129　are　located　at　the　middle　of　the　fault．　hl　spite　of　the　large

maximum　acceleration　and　long　duration　of　the　ground　motions　observed　at　the　stations，　the　damage

pOtential　is　high　only　for　short　natural　periods　less　than　O．6　sec．　The　ground　motions　observed　on

eastern　side　of　the　fault　have　larger　damage　spectra，　peak　ground　velocities（PGV），　and　peak　ground

displacements（PGD）than　those　on　western　side　of　the　fault．

（5）Damage　potential　of　ground　motions　that　have　been　used　for　design　purpose　was　studied．　It　was

found　that　damage　potential　of　the　conventional　design　ground　motions　that　had　been　used　before

the　1995　Hyogoken－Nanbu　earthquake　is　very　smalL　The　required　yield　strength　ratios　for　the

conventional　design　ground　motions　are　less　than　about　O．4．　It　is　found　that　the　damage　potential　of

design　ground　motions　at　bedrock　for　nuclear　power　plants　is　not　very　large　in　comparison　with　that

of　the　conventional　design　ground　motions．　Since　the　1995　Hyogoken－Nanbu　earthquake，　almost　all

earthquake　resistant　design　codes　of　civil　engineering　structures　have　been　revised．　Two　levels　of

design　ground　motions，　i．e．，　Level　I　and　Level　II　have　been　incorporated．　The　Level　1　design　motions

acc皿nt　for　moderate　seismic　loads　at　the　site　from　random　sources．　The　Level　II　design　motions　are

induced　by　deterministic　sources　near　the　site．　Damage　potential　of　design　ground　motions　of　the

Japanese　Design　Specifications　of　Highway　Bridges　revised　in　1996　was　studied．　ln　this

specification，　hβvel　II　design　motions　includes　tWo　types　of　ground　motions：Type　1　ground　motions

which　would　be　induced　by　inter・plate　earthquakes　that　occurred　at　boundaries　between　tectonic

plates　relatively　far　from　affected　areas，　and　Type　H　ground　motions　which　would　be　induced　by

near－source　type　earthquakes　that　occurred　at　faults　very　close　to　affected　areas．　Damage　spectra　of

the　design　ground　motions　demonstrated　that　damage　spectra　of　Type　I　design　ground　motions　are

relatively　small　and　that　damage　spectra　of　Type　II　design　ground　motiolls　are　very　large．　The

required　yield　strength　ratios　of　Type　1　design　gro皿d　motions　are　less　than　about　O．4，　whereas　those

of　Type　II　design　ground　motions　are　ranging　from　O．4　to　O．7　for　natural　periods　less　than　1．0．　It　is

suggested　that　the　Type　1　design　ground　motions　are　too　small　as　for　Level　II　design　ground　motions

and　that　additional　study　of　Type　l　ground　motion　is　needed．　Also　it　is　suggested　that　the　Type　II

design　ground　motions　are　pOssibly　too　large　to　be　used　in　the　whole　country　because　they　were

determined　based　on　the　observed　ground　motions　during　the　1995　Hyogoken－Nanbu　earthquake．
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CHAPTER　5

DAMAGE　POTENTIAL　OF　GROUND　MOTIONS　lrg　LARGE　AREA

5．1　IMTRODUCTION

　　　　　As　observed　from　the　1995　Hyogoken－Nanbu　earthquake　and　the　1999　Chi－Chi　earthquake，

damage　to　stnlctures　in　a　large　area　is　greatly　affected　by　the　location　of　the　fault，　the　geological

structUre　of　the　site　and　the　fault　ruptUre　mechanism．　The　prediction　of　damage　over　a　large　area

subjected　to　a　1arge　scenario　earthquake　has　become　an　impOrtant　and　valuable　tool　used　by　many

governors　in　their　disaster　mitigation　planning．

　　　　　ln　this　chapter，　a　methodology　for　the　evaluation　of　damage　pOtential　during　a　large

earthquake　in　a　large　area　is　presented．　Then，　an　application　of　the　method　to　Kawasaki　City　located

in　the　southern　part　of　Kanto，　in　Japan，　is　described（Sunasaka，　Toki　and　Kiremidejian，2001）．

5．2METHODOLOGY　FOR　DAMAGE　POTEN皿A］しOF　GROUND　MOTIONS】N　LARGE

AREA

　　　　　To　estimate　the　damage　potential　of　ground　motions　in　a　large　area　is　very　important　fbr

disaster　mitigation　and　preparedness　purposes．　The　ground　motion　potential　in　large　area　can　be

evaluated　using　the　damage　spectra　of　ground　motions　as　defined　in　Chapter　3．　hl　this　chapter，

relatively　easy　but　reasonable　procedure　is　applied　as　follows：

　　（1）divide　the　large　area　into　a　mesh，　fbr　example　500x500（m）square　cells

　　（2）make　soil　profile　model　fbr　each　cell　in　the　mesh

　　（3）classify　su】ぜace　ground　conditions　according　to　the　soil　profile　fbr　each　cel1

　　（4）select　or　simulate　input　ground　motions　at　bedrock

　　（5）obtain　surface　ground　motions　by　response　analysis　of　the　soil　profile　fbr　each　cel1

　　（6）calculate　damage　spectra　fbr　the　ground　motions

　　（7）develop　damage　distribution　maps　for　different　structural　period　ranges

5．3EVALUATION　OF　DAMAGE　POTENTIAL　OF　GROUND　MOTIONS　IN　KAWASAKI

　　　crrY

5．3．1　GROUND　CONDmONS　IN　KAWASAKI　CITY

　　　　As　an　example，　the　methodology　described　above　is　applied　to　the　evaluation　of　ground

motion　potential　in　Kawasaki　located　in　the　southern　part　of　Kanto，　in　Japan（see　Figure　5．1）．
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　　　　　Kawasaki　City　is　divided　into　a　mesh　of　500x500（m）square　cells．　The　topOgraphy　in

Kawasaki　City　was　assessed，　the　surface　ground　conditions　were　obtained，　and　30　soil　profile

models　were　developed　and　applied　to　the　mesh（Kawasaki　City，1988）．　Ishii　et　al．（1999）classified

surface　gro皿d　conditions　into　six　groups　according　to　their　natural　periods，　and　selected　five

representative　soil　profile　models　for　each　group　as　shown　in　Table　5．1．　The　distribution　of　the

predominant　periods　of　the　soils　is　shown　in　Figure　5．2．
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0　　　　　　　　50km

Figure　5．1　Location　of　Kawasaki　City，　and　hypothetical　Kanto　earthquake　fault

Table　5．1　Classified　surface　round　rou　s

Surface　round　rou Natural　eriod　sec Soil　rofile　model　Kawasaki　Cit，1988

A T≦0．2 LM1，　LM10，　DS1，　DS2，　DS3

B 0．2＜T≦0．4 AS3，　AG2，　AG3，　AG5，　AG6

C 0．4＜T≦0．6 AC6，　AC8，　AC9，　AC10，　AC16

D 0．6＜T≦0．8 AS6，　AS　13，　AS　14，　AS15，　AS　17

E 0．8＜T≦1．0 AC17，　AC　18，　AC22，　AC28，　AC35

F 1．0＜T AS27，　AS29，　AS31，AS32，　AS34
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Figure　5．2　Distribution　of　surface　ground　group　in　Kawasaki　City

5．3．2　PmmETRIC　STUDIES　ON　DmaGE　POTIINTIAL

　　　　　In　this　section，　parametric　studies　on　damage　pOtential　of　ground　motions　during　several　types

of　earthquakes　are　conducted．　Table　5．2　shows　the　selected　ground　motion　records　at　bedrock．　The

ground　motion　time　histories　are　shown　in　Figure　5．3．　The　ground　motions　at　lzumi　and　Kobe　JMA

were　recorded　during　near－source　type　earthquakes　that　occurred　at　faults　very　close　to　affected

areas．　The　ground　motions　at　Sutsu　and　Las　Tortolas　were　observed　during　inter－plate　earthquakes

that　o㏄urred　at　boundaries　between　tectonic　plates　far　from　affected　areas．　The　peak　ground

accelerations　of　the　ground　motions　recorded　at　Izumi　and　Kobe　JMA　are　larger　than　those　of　the

ground　motions　recorded　at　Sutsu　and　Las　Tortolas．　On　the　other　hand，　the　durations　of　the　ground

motions　recorded　at　Sutsu　and　Las　Tortolas　are　longer　than　those　of　the　ground　motions　recorded　at

Izumi　and　Kobe　JMA．　The　acceleration　resp（｝nse　spectra　normalized　by　PGA　are　shown　in　Figure

5．4．　The　predominant　periods　of　the　ground　motion　recorded　at　lzumi　are　very　short　and　around　O．1

sec．　On　the　other　hand，　the　predominant　periods　of　the　ground　motion　recorded　at　Kobe　are

relatively　long　and　range　from　O．25　to　1．O　sec．　This　suggests　that　individual　characteristics　of

frequency　components　of　the　ground　motions　are　different　each　other　in　the　case　of　near－source　type
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earthquake．　The　predominant　periods　of　the　ground　motions　recorded　at　Sutsu　and　Las　Tortolas

during　inter－plate　type　earthquakes　range　from　O．15　to　1．O　sec．

　　　　　In　the　case　studies，　the　peak　ground　accelerations　of　the　input　bedrock　motions　for　the

respOnse　analyses　of　grounds　are　modified　to　200　and　500　cm／sec2．　The　gro皿d　response　analysis

program　SHAKE　was　used　to　obtain　surface　ground　motions　for　the　soil　profile　models．

　　　　　Figure　5．5　and　Figure　5．6　show　the　damage　spectra　of　the　calculated　ground　motions　fbr　the

input　motions　with　the　PGA　modified　to　200　and　500　cm／sec2，　respectively．　Three　lines　in　each

figure　are　the　average　and　average土standard　deviation（σ）of　five　damage　spectra　of　ground

motions　at　the　five　soil　profile　models　shown　Table　5．1．　Based　on　FigUre　5．5，　in　the　cases　of　input

motions　with　PGA　of　200　cm／sec2，　the　average　damage　spectra　are　smaller　than　l　for　almost　all

natural　periods　during　near－source　type　earthquakes，　and　the　average　damage　spectra　of　some

surface　ground　groups　are　larger　than　l　fbr　special　natural　periods　during　inter－plate　type

earthquakes．　Also，　in　these　cases　the　deviations　of　the　damage　spectra　on　each　su㎡ace　ground　group

are　relatively　sma1L　On　the　other　hand，　based　on　Figure　5．6，　in　the　cases　of　the　input　motions　with

PGA　of　500　cm／sec2，　the　average　damage　spectra　are　larger　than　l　fbr　natural　periods　shorter　than

the　particular　values　that　depend　on　the　earthquake　type　and　surface　ground　group・Nso，　in　these

cases　the　deviations　of　the　damage　spectra　on　each　surface　ground　group　are　very　large．

　　　　　In　order　to　demonstrate　visually　the　damage　potential　of　the　ground　motions，　the　average

damage　indices　for　the　selected　natural　periods　in　all　meshes　in　Kawasaki　City　are　shown　in　Figure

5．7and　Figure　5．8．　It　is　found　from　Figure　5．7，　in　the　cases　of　input　motions　with　PGA　of　200

cm／sec2，　that　the　damage　indices　in　the　whole　of　Kawasaki　City　are　smaller　than　l　fbr　almost　all

natUral　periods　du血g　near－source　type　earthquakes，　and　that　the　damage　indices　in　the　mountain

side　are　larger　than　l　for　the　natural　period　of　O．25　sec．　during　the　cases　of　inter－plate　type

earthquakes．　On　the　other　hand，　it　is　found　from　Figure　5．8，　in　the　cases　of　input　’motions　with　PGA

of　500　cm／sec2，　that　the　distributions　of　the　damage　indices　in　of　Kawasaki　City　are　very

complicated　and　depend　on　the　earthquake　type　and　natural　periods．　Based　on　these　figures，　the

following　points　on　the　damage　potential　of　ground　motions　in　a　large　area　during　earthquakes　are

emphasized：

　　　　　（1）Damage　pOtential　in　a　large　area　greatly　depends　on　the　type　of　earthquake．　The　gr皿nd

　　　　　　　motions　induced　by　inter－plate　type　earthquakes　might　have　wide　frequency　contents．

　　　　　　　These　kinds　of　ground　motions　would　have　great　damage　pOtentia1　in　a　large　area．

　　　　　（2）Damage　pOtential　of　ground　motions　depends　on　the　ground　conditions．　Distribution　of

　　　　　　　damage　indices　in　a　large　area　would　be　very　complex　according　to　the　distribution　of　the

　　　　　　　ground　conditions．

61



Table　5．2　Selected　ground　motion　records

Type　of

?≠窒狽?@uake

Name　of

?≠窒狽?@uake

Date Magnitude Observation

@　　site

Directi

@on

PGA
モ香^sec2

near－source

@　　type

Kagoshimaken－

@　Hokuseibu

1997．3．26 6．3 Izumi NS 535

H皿oken－Nanbu 1995．1．17 7．2 Kobe　JMA NS 818

inter－plate

@　type

Hokkaido

manseioki

1993．7．12 7．8 Sutsu NS 216

Chile 1985．3．3 7．8 Las　Tortolas N26W 139

IZUMI　N－S MAX　＝　　535．790

1000r

0

一1000：

KOBE　N－S MAX　＝　　－818．023

1000一

0

一1000

SUTTSU　N－S MAX　＝　　－216．000

250「

0

一250

100

LAS　TORTOLAS　N26W MAX　＝　　139．000

250「
　　　1

0

100

一250L

Figure　5．3　Selected　input　ground　motion　records　at　bedrock
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5．3．3　DAMAGE　POTENTIAL　OF　GROUND　MOTIONS　IN　KAWASAKAI　CITY

　　　　　　In　this　section，　damage　potential　of　ground　motions　in　Kawasaki　City　during　a　large　scenario

earthquake　is　evaluated．　The　selected　input　ground　motion　at　bedrock　is　the　hypothetical　Kanto

earthquake　ground　motion　evaluated　by　Ohta，　Shima　et　al．（1991）for　seismic　design　of　buildings　in

Tokyo　bay　area．　The　ground　motion　reflects　the　site　geological　conditions　and　characteristics　of　the

earthquake　by　employing　the　hypothetical　Kanto　earthquake　fault　model　shown　in　Figure　5．1．　The

input　ground　motion　at　bedrock　and　the　response　spectra　of　the　gro皿d　motion　are　shown　in　Figure

5．9．’IThe　peak　ground　acceleration　of　the　ground　motion　is　333　cm／sec2　and　the　duration　is　about　60

sec．　The　a㏄eleration　spectrum　normalized　by　PGA　shows　that　the　predominant　periods　of　the

gro皿d　motion　range　widely　and　that　the　acceleration　respOnses　are　relatively　large　even　at　long

Period　of　2．O　sec．

　　　　　　Ground　motions　at　the　soil　surfaces　are　calculated　by　response　analysis　of　the　soil　profile

models　for　the　selected　input　ground　motion．　Then　damage　spectra　of　the　ground　motions　are

calculated．

　　　　　　In　order　to　demonstrate　visually　the　damage　pOtential　over　Kawasaki　City，　the　damage

indioes　for　different　structural　periods　in　all　cells　are　shown　in　Figure　5．10．　Based　on　the　figure，　the

following　pOints　on　the　damage　potential　of　gro皿d　motions　in　Kawasaki　City　are　emphasized：

（1）1・th・n・曲w・・t・m　p・rt・with・rel・ti・・ly・tiff・9r・u・d　i・K・w・・aki・City，　th・g…nd　m。ti。。、

　　have　high　damage　potential　for　structures　with　natural　period　lower　than　about　O．75　sec．

（2）1・th・・皿thea・t・m　b・y・・ea　with・e1・ti・・1y・・ft・gr・・nd，　th・9r・und　m・ti・n・h・v・high・，

　　damage　potential　for　the　structures　with　natural　period　higher　than　about　O．5　sec．

（3）F・r・th・・tru・t・・e・with・・t・・al画・d　high・・th・n・b・ut・1．O　sec．，9…nd　m・ti。n、　i。　th，

middle　part　of　Kawasaki　City　have　high　damage　potential．

　　　　　　The　method　for　estimating　damage　potential　of　ground　motions　in　a　large　area　presented　in

this　chapter　is　a　very　efficient　and　effective　tool　that　can　be　used　in　design　and　retrofit　decisions，

disaster　mitigation　strategies　and　for　emergency　response　planning　purposes．　It　provides　a　new

quantitative　and　visual　approach　for　measuring　and　displaying　damage　potential　information．　It

combines　key　components　such　as　input　ground　motions，　local　soil　characteristics　and　structural

information　that　can　easily　be　utilized　for　various　governments　and　private　industry　decision　makers．
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5．4CONCLUSIONS

　　　　　In　this　chapter，　a　methodology　for　the　evaluation　of　damage　potential　of　ground　motions

during　large　earthquakes　in　a　large　area　was　presented．　The　method　was　applied　to　Kawasaki　City

located　in　the　southern　part　of　Kanto，　in　Japan．　Some　case　studies　were　conducted，　and　damage

potential　of　the　hypOthetical　Kanto　earthquake　was　described．　The　following　can　be　concluded：

（1）In　the　cases　of　input　motions　with　PGA　of　200　cm／sec2，　the　average　damage　spectra　are　smaller

than　l　for　almost　all　natural　periods　during　near－source　type　earthquakes，　and　the　average　damage

spectra　of　some　surface　ground　groups　are　larger　than　l　fbr　special　natural　periods　during　inter－plate

typ・・earthqu・k・・．0・th・・th・・h・nd，　i・th・・ca・e・・f　th・i・P・t・m・ti・n・with　PGA・f　500・cm／・ec2，　th・

average　damage　spectra　are　larger　than　l　for　natUral　periods　shorter　than　the　particular　values　that

depend　on　the　earthquake　type　and　surface　ground　group・

（2）Damage　potential　in　a　large　area　greatly　depends　on　the　type　of　earthquake．　The　ground　motions

induced　by　earthquakes　that　might　have　wide　frequency　contents　have　great　damage　pOtential　in　a

large　area．　The　damage　potential　of　ground　motions　depends　on　the　ground　conditions，　too．

Therefore，　distribution　of　damage　indices　in　a　large　area　would　be　very　complex　according　to　the

distribution　of　the　ground　conditions．

（3）Damage　potential　of　ground　motions　in　Kawasaki　City　during　a　large　scenario　earthquake　i．e．　the

hypothetical　Kanto　earthquake　was　evaluated．　According　to　the　results，　in　the　northwestern　part　with

relatively　stiff　ground　in　Kawasaki　City，　the　ground　motions　have　very　high　damage　potential　for　the

structures　with　natural　period　lower　than　about　O．75　sec．　In　the　southeastern　bay　area　with　soft

ground，　the　ground　motions　have　relatively　high　damage　potential　for　the　structures　with　natural

period　longer　than　about　O．5　sec．　For　the　structures　with　natural　period　lower　than　about　O．75　sec．，

ground　motions　in　the　northwestern　part　have　higher　damage　potential　than　those　in　the　southern

part．　For　the　structures　with　natural　period　higher　than　1．O　sec．，　ground　motions　in　the　middle　part　of

Kawasaki　City　have　high　damage　potential．

（4）The　method　for　estimation　of　damage　pOtential　of　ground　motions　in　a　large　area　presented　in

this　chapter　is　a　very　efflcient　and　effective　tool　that　can　be　used　in　design　and　retrofit　decisions，

disaster　mitigation　strategies　and　for　emergency　response　planning　purposes．1t　provides　a　new

quantitative　and　visual　approach　for　measu血g　and　displaying　damage　potential　information．　It

combines　key　components　such　as　input　gro皿d　motions，　local　soil　characteristics　and　structural

information　that　can　easily　be　utilized　for　various　governments　and　private　industry　decision　makers．
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CHAPTER　6

STRENGTH　DEmm　SPE（；TRA　WITH　UNIFORM　DmmGE　LEVEL
　　　　　　　　　　　　　　　　　　　　　m臓Tm唖　OF　STRUCTURE

6．1㎜ODU㎝ON

　　　　　　Earthquakes　fbUowed　by　strong　aftershocks　have　caused　extensive　structural　damage，　and

induced　huge　loss　of　l洗and　property．　For　example，　it　was　reported　that　an　aftershock　of　the　1987

Whittier　Narrows　earthquake　increased　tbe　damage　of　the　I－5ほ一605　separator　that　had　been　caused

by　the　mainshock（Priestley，1988）．　The　1990　Philippine　earthquake　that　consisted　of　two　distinct

earthquakes　separated　by　about　a　minutels　interval　caused　the　severest　structural　damage　in　recent

years（EQE　Engineering，1990）．　An　aftershock　of　the　1999　Kocaeli　Earthquake　caused　extensive

damage　to　stmctures　around　Duzce　in　Turkey．　Furthemore，　an　aftershock　of　the　1999　Chi－Chi

Earthquake　caused　extensive　damage　to　st祀ctures　in　Taiwan．　It　is　clear　that　aftershocks　are　crucial

to　structural　safbty　in　the　event　of　earthquakes．

　　　　　ARer　a　strong　ea由quake　has　subsided，也e　nomal　expectation　is　that　the　se亘ous　danger　is

over．　However，　this　is　not　a　scient岨caUy　sound　assumption，　because　it　overlooks　at　least　three

well－recognized　possibilities（Richter，1958）：

1）Astrong　and　damaging　shock　may　be　a　foreshock　of　a　greater　and　more　destructive　earthquake．

2）Aftershocks　of　major　earthquakes　may　be　as　large　as　ordinary　locally　damaging　shocks．　Moreover，

the　epicenters　are　likely　to　be　distributed　over　a　wide　area；a　large　aftershock　may　originate　closer　to

acenter　of　population，　and　cause　more　damage　there，　than　the　main　earthquake，　as　was　the　case　in

the　1952　Bakersfield　earthquake．

3）hl　certain　areas　a　strong　shock　has　historically　been　fbllowed　within　comparatively　few　hours　by

an　eqUal　Or　larger　One．

　　　　　　hl　this　chapter，　damage　spectra　of　ground　motions　during　aftershocks　are　calculated　and　the

damage　potential　is　studied　by　using　recorded　ground　motions．　A　simulation　model　fbr

mainshock－aftershock　sequences　and　a　method　fbr　estimating　damage　spectra　of　site　ground　motions

from　mainshock－aftershock　earthquake　sequences　in　a　desired　design　period　are　presented．　Then，　a

method　for　evaluating　the　strength　demand　spectra　with　uniform　damage　level　in　the　lifetime　of　a

st】ructure　conside亘ng　mainshock－a負ershock　earthquake　sequences　is　proposed．　The　proposed

method　is　applied　to　estimation　of　damage　potential　of　ground　motions　and　strength　demand　spectra

in　a　lifetime　of　a　stmcture　considering　mainshock－aftershock　earthquake　sequences　in　Eureka，

Califbmia．
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6．2DAMAGE　SPECrRA　OF　GROUND　MOTIONS　DUR】NG　AFIrERSHOCKS

　　　　　ln　order　to　study　the　damage　pOtential　of　ground　motions　during　aftershocks，　relatively　large

ground　motion　record　sets　during　both　mainshock　and　aftershock　are　needed．　However，　such　record

sets　are　very　few．　Several　of　these　are　discussed　in　this　section．

　　　　Mainshock　of　the　Coalinga，　California　earthquake　occurred　on　May　2，1983　with　magnitude　6．5．

Then　an　aftershock　with　magnitude　6　occurred　on　July　22，1983．　At　some　stations，　relatively　large

ground　motions　were　recorded　du血g　the　aftershock．　The　observed　ground　motions　during　the

mainshock　and　aftershock　are　shown　in　Figure　6．1．　The　damage　spectra　of　the　ground　motions　are

also　shown　in　Figure　6．2．　Damage　spectra　of　ground　motions　in　a　sequence　of　mainshock－aftershock

are　calculated　considering　cumulative　damage　related　with　both　the　response　defbrmation　and　the

dissipated　hysteretic　energy　of　the　SDOF　during　the　sequence．　In　this　example，　the　damage　indices

of　ground　motions　recorded　at　PVPO45　Basement　and　Switchyard　with　short　natural　periods　due　to

the　mainshock　and　the　aftershock　is　larger　than　that　due　to　the　mainshock　alone．　On　the　other　hand，

the　ground　motions　recorded　at　PVP　135　Basement　and　Switchyard　during　the　aftershock　do　not

enlarge　damage　indices　due　to　the　mainshock．

　　　　The　mainshock　of　the　Whittier　Narrows，　Califbmia　earthquake　occurred　on　October　1，1987．

Then　an　aftershock　o㏄urred　on　October　4，1987．　Relatively　large　ground　motions　were　recorded

during　the　aftershock．　The　observed　ground　motion　during　the　rnainshock　and　aftershock　are　shown

in　Fig町e　6．3．　The　damage　spectra　of　the　ground　motions　during　the　mainshock　and　aftershock　are

also　shown　in　Figure　6．4．　In　this　example，　it　is　found　that　the　damage　index　due　to　the　mainshock

and　the　aftershock　combined　is　larger　than　that　due　to　the　mainshock　alone　in　the　range　of　natUral

periods　roughly　betWeen　O．2　and　O．4　sec．

　　　　An　aftershock　with　a　magnitude　of　70ccurred　at　Bolu　on　November　12，1999．　Large　ground

motions　were　recorded　at　Bolu　and　Duzce．　Unfb血nately，　the　seismograph　at　Bolu　did　not　work

during　the　mainshock．　The　recorded　ground　motions　and　damage　spectra　at　Duzce　during　the

mainshock　and　aftershock　are　shown　in　Figure　6．5　and　Figure　6．6，　respectively．　In　this　example，　the

damage　spectra　of　the　mainshock　and　the　aftershock　ground　motions　are　much　larger　than　those　of

the　mainshock　ground　motions　alone　over　almost　the　entire　spectra．

　　　　Based　on　the　three　examples　presented　herein，　it　can　be　concluded　that　the　combination　of

mainshock－aftershock　ground　motions　can　be　more　damaging　to　structures　than　the　ground　motions

廿om　the　mainshock　alone．　What　is　interesting　to　observe　is　that　structures　which　may　have

experienced　relatively　little　damage　from　the　mainshock　has　much　greater　damage　index　following

the　aftershock．　For　example，　the　damage　index　from　the　mainshock　in　the　period　range　from　O．2　sec．

to　O．4　sec．　in　the　Whittier　Narrows　earthquake　is　about　O．2，　but　it　increases　to　a　maximum　of　O．5

following　the　aftershock．

85



　　PVP

600r

300

0

一300

一600

Basement

Mainsheck

O45 Max　＝　　306．690

600

300

0

一300

一600

　　　　　　　　　　　　Aftershock

PVP　Base匝ent　O45 Ma】【　＝　　430．650

25

600

300

0

一300

一600

PVP　Basement　135

［

聞ax　＝　　267．280

［

600

300

0

PVP　Basenent　l35

「

Max　＝　　－141．380

一300

一600

｝　　一「5

　PVP

600

300

　　o

－… p
－600L

Switchyard　O45 Ma】【　＝　　590．200 　PVP

600一

300

0

一300

一600

Svitchyard　O45 Ma】【　＝　　575．380

》

0 2

r

」

ー

　PVP

600

300

0

一300

一600

Svitchyard　l35 Max　＝　　514．530 　PVP

600

300

0

一300

一600

Svitchyard　l35 Max　＝　　327．420

Figure　6．1　Observed　ground　motions　during　mainshock　and　aftershock　of

　　　　　　　　　　　the　1983　Colinga　earthquake，　Califbmia
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Figure　6．2　Damage　spectra　of　ground　motions　during　mainshock　and　aftershock
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Figure　6．3　Observed　ground　motions　during　mainshock　and　aftershock　of

　　　　　　　　　　　the　1987　Whittier　Narrows　earthquake，　California
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Figure　6．3（continue）
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Figure　6．4　Damage　spectra　of　ground　motions　during　mainshock　and　aftershock

　　　　　　　　　of　the　1987　Whittier　Narrows　earthquake
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Figure　6．5　Observed　ground　motions　during　mainshock　and　aftershock　of

　　　　　　　　　　　the　1999　Turkey　earthquake
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Figure　6．6　Damage　spectra　of　ground　motions　during　mainshock　and　aftershock

　　　　　　　　　of　the　1999　Turkey　earthquake
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6．3　METHODOrOGY　FOR　STRENGTH　DEMAND　SPECTRA　WITH　UNIFORM　DAMAGE

　　　　LEVEL　IN　LIFETIME　OF　STRUCTURE

　　　　Earthquake　events　are　typically　composed　of　fbreshock，　mainshock　and　aftershock　sequences．

The　mainshock　in　most　cases　releases　the　largest　amo皿t　of　energy　and　thus　causes　the　most　damage

and　destruction．　Aftershocks，　however，　have　also　been　known　to　cause　considerable　damage　and　are

particularly　detrimental　to　structures　that　have　been　weakened　by　the　mainshock（Sunasaka　and

Shimizu，1990）．　In　this　section，　a　probabilistic　occurrence　model　of　mainshock－aftershock　sequences

（Sunasaka　and　Kiremidjian，1994a，1994b），　and　a　simulation　methodology　for　damage　spectra

considering　mainshock－aftershock　earthquake　sequen㏄s　in　desired　design　period　of　a　structure　are

presented．　Then，　a　method　for　evaluating　the　strength　demand　spectra　with　unifbm　damage　level　in

the　lifetime　of　a　structure　considering　mainshock－aftershock　earthquake　sequences　is　proposed．　The

proposed　method　is　applied　to　estimation　of　damage　pOtential　of　ground　motions　and　strength

demand　spectra　in　a　lifetime　of　a　structure　considering　mainshock－aftershock　earthquake　sequences

in　Eureka，　Califomia．

6．3．1MODELING　OF　MAINSHOCKS

　　　　F・r　stru・t・・al・af・ty・it　i・imp・rt・nt・t・・e・i・w　the　ch・・act・ri・ti，…f・earthq・・k・・a・・und・th・・it・

and　to　select　a　probabilistic　model　of　the　earthquake　occurrence．　The　characteristics　of　earthquakes

and　modeling　of　earthquakes　in　terms　of　occurrence　times　and　magnitudes　are　presented．

（1）Occurrence　Times

　　　　Because　earthquakes　are　inherently　rare　and　random　in　nature，　they　are　frequently　represented

by　stochastic　models．　The　most　commonly　used　model　fbr　earthquake　occurrence　is　the　Poisson

model．　ln　this　model，　the　interarrival　times　are　independent　and　exponentially　distributed　as

fT（τ）・＝　ソexp（一ソ　τ） （6．1）

where　fT（τ）is　the　probability　density　function　of　the　intera㎡val　time　τ，and　ソ　is　the　average

OCCUrrenCe　rate．

　　　　The　following　Weibul1　model　is　applicable　for　the　interanival　time　distribution　in　some　regions．

fl（τ）＝ソγτγ’1　exp（一ソτγ） （6．2）
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whereソ　andγare　constants．　In　this　model，　the　hazard　rate　depends　on　the　interaπival　time．　In

the　case　ofγ　＝1．0，　equation（6．2）becomes　the　exponential　distribution．

　　　　Shimazaki　and　Nakata（1980）presented　the　time－predictable　and　slip－predictable　models　in

which　fUture　earthquakes　depend　respectively　on　the　magnitude　or　the　time　of　occurrence　of　the　last

earthquake．　Anagnos　and　Kiremi（ljian（1984）and　Kirem両ian　and　Anagnos（1984）used　these

hypotheses　to　develop　the　stochastic　time－and　slip－predictable　models　for　estimating　the　frequency

of　ea由quakes　based　on　occurrence　pattems　and　geophysical　mechanisms．

　　　　The　occurrence　time　distribution　model　of　mainshocks　sh皿ld　be　selected　according　to　the

ea仙quake　data　near　the　site．　If　the　parameterγof　the　Weibull　distribution　is　nearly　equal　to　1．0，

then　the　expOnential　distribution　is　applicable．　Elsewhere，　the　time－or　slip－predictable　model　can　be

applied　to　the　occuπence　time　distribution　of　mainshocks．

　　　　For　one　sequence，　the　occurrence　time　of　the　n－th　mainshock　tn　is　expressed　as：

　　　　　　　　　n

t・－T，・IEI…T，＜t・＜T2（6・3）

where　τiis　the　i－th　interanival　time，　and　Ti　and　T2　are　the　staning　time　and　the　ending　time　of　the

sequence，　respectively．　In　the　design　stage，　T2　一　T1　means　the　desired　design　period　of　a　structure．

（2）Magnitudes

　　　　Gutenberg　and　Richter　obtained　the　following　expression　relating　earthquake　magnitudes　to　the

number　of　earthquakes：

N（M）＝　αexp（一βM） （6．4）

where　N（M）is　the　number　of　earthquakes　with　magnitude　greater　than　or　equal　to　M，　andα，β

are　the　zone－dependent　constants．　The　probability　density　fUnction　of　magnitudes　of　mainshocks　is

derived　from　equation（6．4）：

　　　　　　　　　　　　　　　　　　　　　　　　　f。（m）一，細等。一（6・5）

where　Mmin　is　the　minimum　magnitude　to　be　considered　in　the　analysis，　and　M，max　is　the　maximum

magnitUde　around　the　site．

　　　　Coppersmith　and　SchwartZ（1984）showed　that　for　certain　regions　or　faults，　the　Gutenberg　and

Richter　formula　is　not　apPlicable．　It　has　been　proposed　that　a　fault　has　a　characteristic　ea】rthquake
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with　a　magnitude　corresponding　to　its　length（Wesnousky　et　al．，1983）．　This　is　called　the　maximum

magnitude　model．

　　　　The　choice　of　magnitude　distribution　depends　on　whether　or　not　the　magn汕de　is　to　be

bounded　betWeen　a　minimum　and　maximum　value．　Thus，　if　the　magnitude　is　limited，　then　equation

（6．5）is　the　appropriate　probability　distribution．　In　the　development　of　the　mainshock－aftershock

occurrence　model，　the　minimum　and　maximum　magnitudes　need　to　be　considered．　Therefore，

equation（6．5）will　be　used　to　describe　the　magnitudes　of　mainshocks．

6．3．2MODELING　OF　AFrERSHOCKS

　　　　For　structural　safety　evaluation，　it　is　impo血nt　to　take　large　aftershocks　and　a　dense　series　of

aftershocks　into　consideration。　The　duration　in　which　large　aftershocks　occur　is　relatively　short　in

comparison　with　the　interarrivaいime　of　the　mainshock，　and　has　no　significant　effect　on　the

occ町rence　of　the　mainshock．　Thus，　in　order　to　evaluate　structural　safety　taking　the

mainshock－aftershock　sequences　into　account，　we　need　a　magnitude　dist亘bution　model　of

aftershocks．

　　　　Occurrences　of　aftershocks　in　Japan　were　studied　by　Utsu（1961）．　He　showed　that　the

Gutenberg　and　Richter　formula　can　apply　to　the　distribution　of　magnitudes　of　aftershocks．　The

diffbrence　in　magnitude　between　the　mainshock　and　the　largest　aftershock　is　expressed　by

Mo－M1＝4．7－0．45Mo　（6．6）

where　Mo　is　the　magnitude　of　the　mainshock　and　MI　is　the　magnitude　of　the　largest　aftershock．

However，　the　above　equation　has　huge　dispersion．

　　　　For　aftershock　sequences　in　Greece　f「om　1912　to　1968，　DrakopOulos（1971）expressed　the　total

number　of　aftershocks　with　magnitudes　greater　than　or　equal　to　M　by

　　　N、（M）＝Aexp（一βM）　（6．7）

A＝exp（3．62β＋1．1Mo－3．46）　　（6．8）

where　Na（M）is　the　number　of　aftershocks　with　magnitude　greater　than　or　equal　to　M，　Mo　is　the

magnitude　of　the　mainshock．　Equation（6．7）is　essentially　the　same　as　the　Gutenberg　and　Richter

formula．　The　DrakopOulos　formulas　represent　the　dependence　of　the　number　of　aftershocks　with

magnitudes　greater　than　or　equal　to　M　on　the　magnitude　of　mainshock　and　theβ　－value．

　　　　Characteristics　of　aftershocks　appear　to　depend　on　their　mainshocks．　It　is，　therefore，　appropriate

to　assume　that　the　number　of　aftershocks　and　theβ・value　depend　on　the　magnitude　of　the
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mainshock：

N、（M）＝exp（a＋bMo＋（c－M）β）　（6．9）

　　　　　　β＝exp（de】MO）　（6．10）

where　a，　b，　c，　d，　and　e　are　constants．　Equation（6．9）is　essentially　the　same　as　equations（6．7）and

（6．8）．

　　　　Furthermore，　it　is　assumed　that　magnitudes　of　aftershocks　cannot　exceed　the　magnitude　of　the

mainshock．　Substituting　M．，．　＝　Mo　into　equation（6．5）yields：

fM（m）＝

βe一βm

　　　　　　　　　一βMo一βMmin
　　　　　　－ee

（6．11）

Therefore，　equation（6．11）will　be　used　to　describe　the　magnitudes　of　mainshocks　and　equations

（6．9）and（6．10）will　be　used　to　simulate　the　number　of　aftershocks　for　each　mainshock　of　magnitude

Mo．

6．3．3　ESTIMATION　OF　GROUND　MOTION　TIME　HISTORIES

　　　　The　structural　damage皿der　mainshock－aftershock　sequences　can　be　calculated　by　inelastic

analysis　of　structural　respOnse．　These　analyses　require　that　the　time　history　of　ground　motion　be

available．　Thus，　it　is　necessary　to　generate　ground　acceleration　for　each　event　of　the　simulated

mainshock－aftershock　sequences．

　　　　Anumber　of　stochastic　models　have　been　proposed　for　generating　the　earthquake　ground

accelerations．　Tung　et　aL（1992）propOsed　a　method　that　generates　the　time　histories　of　ground

accelerations　using　the　duration　independent　envelope　fUnction．　This　method　is　very　usefUI　for　the

simulation　of　time　histories　during　the　mainshock－aftershock　sequences，　because　it　requires　that　very

few　parameters　be　defined．　The　parameters　needed　include　the　response　spectra，　the　duration　of

ground　acceleration，　and　the　peak　gro皿d　acceleration．　These　parameters　are　discussed　in　the

fOllOwing　SeCtiOnS．

（1）Response　Spectra　and　Peak　Ground　Acceleration

　　　　The　response　spectra　and　the　peak　gro皿d　acceleration　of　ground　motion　can　be　calculated

using，　for　example，　the　attenuation　equation　propOsed　by　Boore，　Joyner　and　Fumal（1997）．　The

attenuation　will　be　used　for　the　purposes　of　the　ground　motion　simulation．　This　equation　is　given　as
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follows：

lo9（Y）＝b1＋b2（M［－6）＋b3（M［－6）2＋b5109（r）＋bvln（Vs／VA） （6．12）

where

r・（rjb2＋h2）1「z

In　this　equation，　Y　is　the　ground－motion　parameter　（peak　horizontal　acceleration　or

pseudo－acceleration　respOnse　in　g），　M　is　the　moment　magnitude　of　earthquake，　Vs　is　the　average

shear－wave　velocity（m／sec）over　30　m　in　surface　ground，　rjb　is　the　shortest　distance（km）from　the

site　to　the　vertical　projection　of　the　earthquake　fault　rupture，　and　b1，　b2，　b3，　b5，　bv，　VA　and　h　are

constants．

　　　　For　attenuation　equations，　we　need　the　epicentral　distance　as　well　as　the　magnitude　of

earthquake．　It　is　appropriate　to　assume　that　epicenters　of　mainshocks　are　uniforrnly　distributed　along

tle　active　fault，　and　epicenters　of　aftershocks　are　unifomiy　distributed　along　the　ruptUre　length　of

mainshock．　The　rupture　length　of　a　mainshock　can　be　related　to　its　magnitude　using　the　equations　of

Wells　and　Coppersmith（1994）：

logQ）＝－2．57＋0．62M　for　strike－slip　fault　（6．13）

10g（L）＝－2．42＋0．58M　for　reverse　fault　（6．14）

where　L　is　the　subsu㎡face　rupture　length（km）and　M　is　the　moment　magnitude　of　the　mainshock．

Only　the　equations　for　strike－slip　and　reverse　faults　are　given　here．　Formulas　for　other　types　of　fauks

are　also　given　in　the　same　reference．

（2）Duration　of　Ground　Acceleration

　　　　The　duration　of　ground　acceleration　depends　on　the　duration　of　the　rupture　process，　the

magnitude　of　the　earthquake，　the　epicentral　distance　and　the　soil　conditions　of　the　site．　Usually

larger　earthquakes　produce　gro皿d　motions　with　longer　duration．　The　following　relationship　has

been　obtained　f「om　analysis　of　data（Bullen　and　Bolt，1985），

Td＝7．5　tanh（M－6）＋7．5 （6．15）

where　Td　is　the　duration　of　ground　acceleration，　and　M　is　the　magnitude　of　earthquake．　Although

several　other　relations　have　been　propOsed　for　ground　motion　duration，　equation（6．15）will　be　used

in　the　calculation　of　ground　motion　duration　because　of　its　simplicity．
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6．3．4SIMULATION　PROCEDURE

　　　　The　simulation　procedure　fbr　estimating　the　structural　damage　under　mainshock－aftershock

earthquake　sequences　in　desired　design　period　of　a　structure　consists　of　the　following　steps：

At　step（1），　the　interarrival　time　of　a　mainshock　is　simulated　by　equation（6．1）or（6．2）．

At　step（2），　the　occurrence　time　of　the　mainshock　is　calculated　by　equation（6．3）considering　desired

　　　　　　design　period　of　a　structUre．

At　step（3），　the　magnitude　of　the　mainshock　is　simulated　by　equation（6．5）．

At　step（4），　the　number　of　aftershocks　which　belong　to　the　maillshock　is　calculated　by　equations

　　　　　　（6．9）and（6．10）．

At　step（5），　the　magnitudes　of　aftershocks　are　simulated　by　equation（6．11）．

From　step（1）to（5），　a　mainshock－aftershock　sequence　is　obtained．

At　step（6），　the　epicenters　for　the　mainshock－aftershock　sequence　are　simulated　and　the　epicentral

　　　　　　distances　are　calculated．

At　step（7），　the　respOnse　spectra　and　the　peak　ground　accelerations　at　the　site　for　the　sequence　are

　　　　　　calculated　by　equation（6．12）．

At　step（8），　the　d町atioll　times　of　ground　accelerations　fbr　the　sequence　are　calculated　by　equation

　　　　　　（6．15）．

At　step（9），　the　time　histories　of　ground　accelerations　fbr　the　sequence　are　calculated　using　the

　　　　　　duration　independent　envelope　fUnction〔rung　et　al．，1992）．

At　step（10），　the　damage　spectrum　is　calculated　by　equation（3．1）．

Finally，　steps（1）to（10）are　repeated　to　obtain　the　average　and　the　deviation　of　the　damage　spectra．

　　　　It　is　very　usefU1　for　the　design　purpose　to　obtain　a　spectrum　of　the　required　yield　strength　ratio

of　ground　motion　with　the　average　（or　average＋σ）　damage　pOtential　during　the

maillshock－aftershock　earthquake　sequences　so　as　to　satisfy　a　safety　level　with　the　damage

index＝1．O．　The　strength　demand　spectrum　with　uniform　damage　in　the　lifetime　of　a　structure　is

defined　to　be　the　spectmm　of　the　required　yield　strength　ratio　obtained　like　this．　The　strength

demand　spec㎞m　can　rationally　reflect　the　seismic　activities　around　the　site　by　considering

mainshock－aftershock　earthquake　sequences　in　desired　design　period　of　a　structure．

6．4APPLICATION　TO　EUREKA，　CALIFORNLA

　　　　The　propOsed　method　is　applied　to　estimation　of　damage　potential　of　ground　motions　in　Eureka

and　Rio　Dell，　California．　The　parameters　for　the　probabilistic　occurrence　model　of　the

mainshock－aftershock　sequence　are　developed　according　to　the　earthquake　data　near　Eureka．
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　　　The　mainshock－aftershock　sequence　is　modeled　based　on　earthquake　data　near　Eureka　provided

by　the　United　States　Geological　Survey（USGS）．　There　were　1519　earthquakes　that　occurred　from

1940to　1992　with　magnitudes　greater　than　or　equal　to　3．0，　latitudes　from　39．5°N　to　42°N，　longitude

from　125°W　to　1230W．　Epicenters　of　all　earthquakes　are　shown　in　Figure　6．7．

（1）Discrimination　of　Aftershocks

　　　First，　it　is　necessary　to　discriminate　aftershocks　from　the　earthquake　data．　Then，　the　occurrence

model　of　mainshocks　and　aftershockS　can　be　determined．

　　　The　earthquake　clustering　method　developed　by　Veneziano　and　Van　Dyck（1984）is　applied　to

discriminate　aftershocks　from　earthquake　data．　In　this　method，　clusters　that　consist　of　a　mainshock

and　aftershocks　are　statistically　tested　and　discriminated　with　a　specified　significance　level（Shimizu

and　Sunasaka，1989，　Sunasaka　and　ShimiZu，1989）．
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　　　　　　　　　　　　　　　●
　　　　　　　　　　■■■
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　　　　　　　　　　　　　■
　■　　　　　　　●　　●
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　■41．5

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　41

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　・40，5
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Figure　6．7　Distribution　of　earthquake　epicenters　in　the　vicinity　of　Eureka，

　　　　　　　　California　from　1940　to　1992（data　from　USGS）
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Table　6．1Results　of　clusterin　of　the　eanh　uake　data　near　Eureka

MagnitUde

　　　mb

Number　of

earth　uakes

Number　of

aftershocks

　Rate　of

aftershocks

ぴmぴ伽

仇捌瑚皿偽7984貌309

11

S71412151

加“瑚頴臼鵠詰9242・303100⑭ 57

U2

T6

T7

S8

S8

S2

Q8

S0

S4

P8

Q5

S3

O0

V5

O0

O0

O0

T4

　　　　The　results　of　clustering　of　the　earthquake　data　near　Eureka　are　summarized　in　Table　6．1．　The

amount　of　discriminated　aftershocks　is　54％of　all　the　earthquakes　in　the　database．　Figure　6．8　shows

epicenters　of　mainshocks　which　occurred　from　1940　to　1992　with　magnitudes　greater　than　or　equal

to　3．0．　Figure　6．9　shows　sequences　of　mainshocks　which　occurred　from　1940　to　1992　with

magnitUdes　greater　than　or　equa1　to　5．0．
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Figure　6．8　Epicenters　of　mainshocks　from　1940　to　1992　with　magnitudes

　　　　　　greater　than　or　equal　to　3．0
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FigUre　6．　9　Sequence　of　mainshocks　from　1940　to　1992　with　magnitudes

　　　　　greater　than　or　equal　to　5．0
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（2）Occurrenoe　Model　of　Mainshocks

　　　　In　the　fbUowing　development，　it　is　assumed　that　the　interarrival　times　of　mainshocks　are

dist亘buted　according　to　the　Weibull　distribution　expressed　by　equation（6．2）．　The　parametersソ

andγof　the　Weibull　distribution　are　detemined　using　following　relationships：

　mτ

V2＝
　T

　　1

■－
秩i1＋1／Y）

　　v

　r（1＋2／Y）

r2（1＋1／Y）
一1

（6．16）

（6．17）

where　Mτis　the　mean　value　ofτand　Vτis　the　coefficient　of　variation　ofτ．Based　on　the

mainshock　data　near　Eureka　which　occurred丘om　1940　to　1992　with　magnitudes　greater　than　or

equal　to　5．0，　we　have　mτ＝1．197（years），　and　Vτ2＝0．994．　Thus，　the　constantsソandγare

determined　to　be　O．84　and　1．006，　respectively．　Since　the　constantγis　very　close　to　1．0，　it　is

appropriate　to　assume　that　the　interarrival　times　of　mainshocks　is　exponentially　distributed：

fr（τ）＝0．84　exp（－0．84τ） （6．18）

　　　　The　Gutenberg　and　Richter’s　relationship　is　shown　in　Figure　6．10　based　on　the　mainshock　data

near　Eureka　that　occurred　from　1940　to　1992　with　magnitudes　greater　than　or　equal　to　5．0．　The　value

of　the　slopeβ　for　the　mainshocks　is　thus　found　to　be　1．4（or・b＝1／β＝0．61）．　The　probability　density

fUnction　of　magnitudes　of　mainshocks　is　then　expressed　as　follows：

　　　　　　　　　　　　1．4e－1・4m

fM（m）＝
　　　　　　　　e－1・4M・・＿e－1・4M弧

（6．19）

An　example　of　simulated　mainshock　sequence　is　shown　Figure　6．11．
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（3）Occurrence　Model　of　Aftershocks

　　　　Among　the　1519　earthquakes，　there　are　l　l　clusters　which　consist　of　a　mainshock　with

magn血de　greater　than　or　equal　to　5．O　and　more　than　10　aftershocks．　Table　6．2　shows　the　magnitude

of　the　mainshock，　the　number　of　aftershocks　with　magnitudes　greater　than　or　equal　to　3．0，　and　the

b－value　for　aftershocks，　where　b＝　B！2．3．

　　　　Based　on　the　data　of　Table　6．2，　a　relationship　is　developed　between　the　number　of　aftershocks

with　magnitudes　greater　than　or　equal　to　3．0，　Na（3），　and　the　magnitude　of　mainshock，　Mo．　This

relationship　is　shown　in　Figure　6．12．　The　linear　regression　of　the　logarithm　of　Na（3）as　a　function　of

Mo　is　obtained　as　follows：

109（Na（3））＝－0．28＋0．29Mo （6．20）

The　conditional　standard　deviation　of　the　logarithm　of　Na（3）on　Mo　is　O．36　and　the　correlation

coefficient　is　O．50．

Table　6．2　Statistics　of　clusters

Cluster

number

Magnitude　of

mainshock

Number　of

aftershocks

b－value

の

10

P4

T1

R0

P5

ｰ1586223896
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　　　The　relationship　between　the　b－value　and　the　magnitUde　of　mainshock　is　shown　in　Figure　6．13．

The　relationship　between　the　logarithm　of　the　b－value　and　Mb　is　obtained　by　linear　regression　as

fbllows：

　　　　　　　　　　　　　　　　　　　　　　　　　　lo9（b）＝0．12－0．059Mi〕　（6．21）

The　conditional　standard　deviation　of　the　logarithm　of　the　b－value　on　Mo　is　O．19　and　the　coπelation

coefflcient　is　O．21．
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Figure　6．12　Relationship　betWeen　the　number　of　aftershocks　with　magnitudes

　　　　　　　　　greater　than　or　equal　to　3．0，　Na（3），　and　the　magnitude　of　mainshock，　Mo
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　　　　We　can　assume　that　the　Gutenberg　and　Richter　formula（6．4）can　apply　to　the　distribution　of

magnitudes　of　aftershocks：

　　　　　　　　　　　　　　　　　　　　　　　　　　N、（M）＝　αexp（一βM）　（6．22）

In　the　case　of　M＝3，　we　have

　　　　　　　　　　　　　　　　　　　　　　　　　　　N．（3）＝　αexp（－3β）　（6．23）

Comparing　equation（6．20）with（6．22）gives

　　　　　　　　　　　　　　　　　　　　　　　　α＝exp（－0．64＋0．67Mo＋3β）　（6．24）

Substituting　equation（6．24）into（6．22）yields：

　　　　　　　　　　　　　　　　　　　　N、（M）＝exp（－0．64＋0．67Mo＋（3－M）β）　（6。25）

where・theβ一value　is　expressed　as　follows　from　equation（6．21）：

　　　　　　　　　　　　　　　　　　　　　　　　　　β＝exp（1．11’0．136Mo）　（6．26）

Figure　6．14　shows　the　relationship　betWeen　Na（M）and　M　according　to　equations（6．25）and（6．26）．
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（4）Faults　Model

　　　The　generalized　tectonic　map　of　northern　California　by　Kelsey　and　Carver（1988）is　shown　in

Figure　6．15．　Tectonic　faults　in　the　region　are　modeled　according　to　Figure　6．15．　The　faults　and

location　of　Eureka　and　Rio　Dell　is　shown　in　Figure　6．16．　The　geometric　parameters　for　each　of　these

faults　are　shown　in　Table　6．3，　where　the　distance　H　is　the　perpendicular　distance　from　the　site　and

L2－LI　represents　the　fault　length　as　shown　in　Figure　6．17．

Table　6．3　Geometric　arameters　of　modeled　faults　fbr　the　site

Fault Len　h　mDistance（km）

@　　　H L1 口

10 一5 45 For　EurekaF1（Little　Salmon

@　　　Fault 5 一20 30 For　Rio　De11

F2（Russ　Fault） 30 一12．5 12．5 For　E町eka

13 一2．5 22．5 For　Rio　De11

F3 40 2．5 22．5 For　Eureka

18 5 25 For　Rio　De11

50 20 65 For　EurekaF4（Mendocino　Fault

@　　　　Zone 25 30 75 For　Rio　Dell

Site

FigUre　6．17　Geometric　Parameters　of　fault
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（5）DAMAGB　POTE㎜L　AND　STRENGTH　DEMAND　SPE（：TRA

　　　　　　Damage　potential　of　ground　motions　conside血g　mainshock－aftershock　eanhquake　sequence

at　Eureka　and　Rio　Dell，　California　is　estimated　by　applying　the　simulation　procedure　described　in

Section　6．3．　The　parameters　for　the　probabilistic　occurrence　model　of　the　mainshock－aftershock

sequence　described　above　are　used．

　　　　　　Figure　6．18　shows　damage　pOtential　of　ground　motions　of　mainshock－aftershock　earthquake

sequences　in　50　years　at　Eureka　and　Rio　del1．㎞this　figure，　the　upper　two　figures　show　damage

potential　of　ground　motions　of　simulated　50　mainshock－aftershock　earthquake　sequences　in　50　years，

the　middle　two　figures　show　the　average　and　the　average　plus／minus　one　standard　deviation（σ），　the

bottom　figure　shows　the　average　damage　potential　at　Eureka　and　Rio　Dell．　Figure　6．19　shows

damage　pOtential　of　ground　motions　of　only　mainshocks　in　50　years　at　Eureka　and　r　io　Dell．　Figure

6．20shows　comparison　between　average　damage　potential　of　ground　motions　in　50　years　at　Eureka

and　Rio　dell．　Based　on　these　figures，　it　is　found　that　damage　potential　of　ground　motions　at　Rio　Dell

is　significantly　higher　than　damage　potential　at　Eureka，　and　that　the　effect　of　aftershocks　on　damage

pOtential　of　ground　motions　is　negligible　in　this　area．

　　　　　　Figure　6．21　shows　the　strength　demand　spectra　of　ground　motions　with　average　damage

potential　in　50　years　at　Eureka　and　Rio　De1L　The　strength　demalld　spectra　of　the　ground　motions　are

obtained　so　as　to　satisfy　a　safety　level　with　the　damage　index＝1．0．　Figure　6．22　and　Figure　6．23　show

the　strength　demand　spectra　of　ground　motions　with　average　and　average＋σ　damage　spectnlm　in

50years　at　Eureka　alld　Rio　Del，　respectively．　Based　on　these　fig町es，　it　is　fbund　that　the　strength

demand　spectra　at　Rio　Dell　are　significantly　higher　than　those　at　Eureka．　These　strength　demand

spectra　are　very　useful　fbr　design　purp（）se．　Based　on　the　Figures　6．22　and　6．23，　the　required　yield

strength　ratio　O．35　can　be　taken　for　design　of　structures　with　natural　periods　smaller　than　O．6　sec．　at

Eureka　and　O．5　at　Rio　Den．
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6．5CONCLUSIONS

　　　　The　damage　spectra　of　gro皿d　motions　during　large　aftershocks　of　past　earthquakes　including

the　1983　Coalinga　earthquake，　the　1987　Whittier　Narrows　earthquake　in　California，　and　the　1999

Kocaeli　earthquake　in　Turkey　were　studied．　Based　on　the　three　examples，　it　can　be　concluded　that

the　combination　of　mainshock－aftershock　ground　motions　can　be　more　damaging　to　structures　than

the　ground　motions　f『om　the　mainshock　alolle．　What　is　interesting　to　observe　is　that　structures　that

may　have　experienced　relatively　little　damage　from　the　mainshock　have　a　much　greater　damage

index　followillg　the　aftershock．　For　example，　the　damage　index　from　the　mainshock　in　the　period

range　from　O．2　sec．　to　O．4　sec．　in　the　Whittier　Narrows　earthquake　is　about　O．2，　but　it　increases　to　a

maximum　of　O．5　following　the　aftershock．

　　　　As㎞ulatioll　methodology　fbr　damage　spectra　considering　mainshock－aftershock　earthquake

sequellces　ill　desired　desigll　period　of　a　stmcture　were　presented．　The　simulation　procedure　consists

of　the　following　steps：（1）simulation　of　the　interarrival　time　of　a　mainshock，（2）simulation　of　the

magnitude　of　the　mainshock，（3）calculation　of　the　number　of　af【ershocks　which　belong　to　the

mainshock，（4）simulation　of　the　magriitudes　of　aftershocks，（5）simulation　of　the　epicenters　for　the

mainshock・aftershock　sequence，（6）calculation　of　the　response　spectra　and　the　peak　gro皿d

acceleratlons　at　the　site　fbr　the　sequence，（7）calculation　of　the　duration　times　of　ground

accelerations，（8）calculation　of　the　time　histories　of　ground　accelerations，（9）calculation　of　the

damage　spectra　of　the　ground　motions　fbr　the　sequence．　Finally，　steps（1）to（9）are　repeated　to

obtain　the　average　and　the　deviation　of　the　damage　spectra．

　　　　The　strength　demand　spectrum　with　uniform　damage　level　in　the　lifetime　of　a　stmcture　is

defined　to　be　the　spectrum　of　the　required　yield　strength　ratio　of　ground　motions　with　the　average（or

average＋σ）damage　spectmm　during　the　mainshock－aftershock　earthquake　sequences　so　as　to

satisfy　a　safety　level　with　the　damage　index＝1．0．　The　strengtb　demand　spectrum　is　very　usefUI　fbr

the　design　and　can　rationally　reflect　the　seismic　activities　around　the　site　by　considering

mainshock－aftershock　earthquake　sequences　in　desired　design　period　of　a　structure．

　　　　The　proposed　method　was　applied　to　estimation　of　damage　potential　of　ground　motions

considering　mainshock－aftershock　earthquake　sequences　in　Eureka　and　Rio　Del1，　Califbmia．　The

parameters　for　the　probabilistic　occuπence　model　of　the　mainshock－aftershock　sequences　were

modeled　based　on　earthquake　data　near　Eureka　provided　by　the　United　States　Geological　Survey

（USGS）．　Damage　spectra　of　the　simulated　ground　motions　considering　mainshock・aftershock

earthquake　sequence　at　Eureka　and　Rio　Dell　in　50　years　were　calculated．　Based　on　the　results，　it　is

fbund　that　damage　potential　of　gr皿nd　motions　at　Rio　Dell　is　significantly　higher　than　damage

pOtential　at　Eureka，　and　that　the　effect　of　aftershocks　on　damage　potential　of　ground　motions　is

negligible　in　this　area．　Also，　it　is　fbund　that　strength　demand　spectra　at　Rio　Dell　are　significantly

117



higher　those　at　Eureka．　The　required　yield　strength　ratio　O．35　can　be　taken　for　design　of　structures

With　natural　periods　smaller　than　O．6　sec．　at　Eureka　and　O．5　at　Rio　Dell．　The　strength　demand　spectra

obtained　like　this　can　rationaUy　reflect　the　seismic　activities　around　the　site　by　considering

mainshock－aftershock　earthquake　sequences　in　desired　design　period　of　a　stucture．
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CHAPTER　7

CONCLUSIONS

　　　In　this　dissertation，　the　damage　spectmm　of　ground　motion　during　an　earthquake　was　used　to

estimate　the　damage　potential　of　an　earthquake　at　a　site．　The　damage　spectrum　is　defined　as　damage

indioes　of　SDOF　systems　with　natural　period　ranging　O．05　to　5．O　sec．　The　damage　index　D　proposed

by　Park　and　Ang（1985）and　bilinear　load－defbmation　model　are　used　to　calculate　the　damage

spectrum．　D≧1　indicates　total　damage　or　collapse．0＜D＜0．7　indicates　the　slight　damage，　and

O．7＜D＜1．O　indicates　severe　damage（Park　and　Ang，1985）．　Damage　potential　of　recorded　ground

motions　durillg　recent　great　earthquakes　and　earthquake　ground　motions　that　have　been　used　fbr

design　purpose　was　studied．　A　method　of　evaluating　damage　potential　of　gr卯nd　motions　in　large

areas　was　described．　The　damage　potential　of　gro皿d　motions　during　aftershocks　was　studied，　and　a

method　of　evaluating　damage　potential　of　ground　motions　considering　mainshock－aftershock

earthquake　sequences　in　a　design　period　was　proposed．　Then，　a　method　for　evaluating　the　strength

demand　spectra　with皿任om　damage　level　in　the　li允time　of　a　structure　conside亘ng

mainshock－aftershock　earthquake　sequences　is　proposed．　The　proposed　method　is　applied　to

estimation　of　damage　potential　of　ground　motions　and　strength　demand　spectra　in　a　lifetime　of　a

strucmre　considering　mainshock－aftershock　earthquake　sequences　in　Eureka，　Califomia．　Main

conclusions　are　as　fbllows：

（1）Structural　damage　in　Kobe　durillg　the　1995　Hyogoken－Nanbu　earthquake　was　concentrated　in　a

belt　O．7　to　1．2　km　wide　s悟tching丘om　southwest　to　no宜heast　along　the品ot　of　the　Rokko

Mountains．　The　damage　spectrum　of　the　ground　motion　recorded　in　the　heavily　damaged　zone　is　the

largest　of　the　recorded　ground　motions　in　almost　aU　Ilatural　periods．　The　damage　indices　of　the

ground　motion　recorded　in　and　around　the　heavily　damaged　zone　are　larger　than　1．O　at　natural

periods　smaller　than　about　1．O　sec．　However，　the　damage　spectra　of　ground　motions　recorded

outside　of　the　heavny　damaged　zone　are　smaller　than　1．O　fbr　all　natural　periods．

（2）The　damage　spectra　of　the　ground　motions　that　were　simulated　by　Motosaka　and　Nagano（1996）

to　estimate　the　amplification　characteristics　of　ground　motions　in　the　heavily　damaged　zone　in　the

city　of　Kobe　during　the　Hyogoken－Nanmu　earthquake　were　calculated　and　studied．　The　damage

spectra　of　the　simulated　ground　motions　at　ground　surface　points　in　the　heavily　damaged　zone　are

relatively　large．　Among　them，　the　largest　is　the　damage　spectra　of　the　ground　motion　at　a　point

located　between　JR　and　the　Hanshin　Railway　Line．　The　damage　indices　of　the　ground　motions　at　the

point　are　larger　than　1．O　at　natural　periods　smaller　than　about　1．5　sec．　The　intensity　of　the　damage

spectra　of　gro皿d　accelerations　decreases　with　distance　f『om　the　center　of　the　heavily　damaged　zone．

These　results　demonstrate　that　the　damage　spectra　well　coπelate　with　the　structural　damage，　and　that
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the　concentration　of　structural　damage　in　the　shallow　zone　stretching　from　southwesけo　northeast

along　the　foot　of　the　Rokko　Mountains　is　mainly　explained　by　the　geological　deep　gr卯nd　conditions

of　Kobe．

（3）Damage　spectra　of　the　recorded　ground　motions　at　Duzce（DZC），　Gebze（GBZ），　Izmit（IZT）and

Sakarya（SKR）du血g　the　1999　Kocaeli　earthquake　in　Turkey　were　studied．　Damage　indices　of

ground　motions　at　GBZ　and　IZM　are　much　smaller　than　1．O　fbr　aU　pe亘ods．　Damage　indices　of

ground　motions　at　DZC　and　SKR　are　larger　than　1．O　fbr　a　narrow　period　range　around　O．1　sec．　In

spite　of　relatively　smaU　damage　spectra　of　the　observed　ground　motions　during　the　earthquake，

structura1　damage　was　very　severe．　This　is　thought　to　imply　pOor　earthquake－resistant　capacity　of　the

structUres　in　Turkey．

（4）Damage　spectra　of　the　recorded　ground　motions　at　the　stations　very　close　to　the　Chelongpu　Fault

during　the　1999　Chi・Chi　earthquake　in　Taiwan　were　studied．　Station　TCUO68　is　located　in　the

northern　part　and　eastern　side　of　the　fault　where　rupture　arrived．　The　ground　motion　observed　at　that

station　has　relatively　low　PGA，10w　dominant　frequency，　and　then　high　damage　potential　fbr

relatively　long　natural　periods　around　1．O　sec．　Station　CHYO28　is　located　in　the　southern　part　and

westem　side　of　the　fault　where　rupture　arrived．　The　ground　motion　observed　at　the　station　has　a

large　maximum　acceleration　and　very　short　duration，　and　its　damage　potential　is　very　large　for

natural　periods　less　than　O．9　sec．　Station　TCUO65　and　TCU　129　are　located　at　the　middle　of　the　fault．

In　spite　of　the　large　maximum　acceleration　and　long　duration　of　the　ground　motion　observed　at　the

stations，　their　damage　potential　is　high　only　fbr　the　short　natural　periods　less　than　O．6　sec．　The

tendency　that　the　ground　motions　observed　on　eastern　side　of　the　fault　have　larger　damage　spectra，

peak　ground　velocities（PGV），　and　peak　ground　displacements（PGD）than　those　on　western　side　of

the　fault　can　be　observed．

（5）The　damage　pOtential　of　ground　motions　in　Kawasaki　City　located　in　the　southern　part　of　Kanto

in　Japan　dロ血g　the　hypothetical　Kanto　earthquake　was　studied．　In　the　northwestern　part　with

relatively　stiff　ground　in　Kawasaki　City，　the　ground　motions　have　high　damage　potential　for

stmctures　with　natural　period　lower　than　about　O．75　sec．　In　the　southeastern　bay　area　with　relatively

soft　ground，　the　ground　motions　have　higher　damage　potential　fbr　structures　with　natural　period

higher　than　about　O．5　sec．　For　structures　with　natural　period　lower　than　about　O．75　sec．，　gr皿nd

motions　in　the　northwestern　part　have　higher　damage　potential　than　in　the　southeastem　part．　For

structures　with　natural　period　higher　than　about　1．O　sec．，　ground　motions　in　the　middle　part　of

Kawasaki　City　have　high　damage　potentiaL　The　method　fbr　ground　motion　damage　evaluation

presented　in　this　paper　is　a　very　efficient　and　effective　tool　that　can　be　used　in　design　and　retrofit

decisions，　disaster　mitigation　strategies　and　for　emergency　respOnse　planning　purposes．　It　provides　a

new　quantitative　and　visual　approach　for　measuring　and　displaying　damage　pOtential　information．　It

◎ombines　key　components　such　as　input　ground　motions，　local　soil　characteristics　and　stnlctura1
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infomation　that　can　easily　be　uti1屹ed　fbr　various　govemments　and　private　illdustry　decision　makers．

（6）The　damage　spectra　of　gro皿d　motion　during　large　aftershocks　of　past　earthquakes　including　the

1983Coalinga　earthquake，　the　1987　Whittier　Narrows　earthquake　in　California，　and　the　1999

Kocaeli　earthquake　in　Turkey　were　studied．　Based　on　the　three　examples，　it　can　be　concluded　that

the　combination　of　mainshock・a丘ershock　ground　motions　can　be　damaging　to　structures　than　the

ground　motions　from　the　mainshock　alone．

（7）Asimulation　methodology　for　damage　spectra　considering　mainshock－aftershock　earthquake

sequences　in　desired　design　period　of　a　stmcture　were　presented．　The　simulation　procedure　consists

of　the　following　steps：（i）simulation　of　the　interaπival　time　of　a　mainshock，（ii）simulation　of　the

magnitude　of　the　mainshock，（iii）calculation　of　the　number　of　aftershocks　which　belong　to　the

mainshock，（iv）simulation　of　the　magnitudes　of　aftershocks，（v）simulation　of　the　epicenters　fbr　the

mainshock－aftershock　sequen㏄，（vi）calculation　of　the　response　spectra　and　the　peak　ground

accelerations　at　the　site　fOr　the　sequence，（vii）calculation　of　the　duration　times　of　ground

accelerations，（viii）calculation　of　the　time　histories　of　ground　accelerations，（ix）calculation　of　the

damage　spectra　of　the　ground　motions　fbr　the　sequence．　Finally，　steps（i）to（ix）are　repeated　to

obtain　the　average　and　the　deviation　of　the　damage　spectra．　The　strength　demand　spectrum　with

uniform　damage　level　in　the　lifetime　of　a　structure　is　defined　to　be　the　spectrum　of　the　required　yield

strength　ratio　of　ground　motions　with　the　average（or　average＋σ）damage　spectrum　during　the

mainshock－aftershock　earthquake　sequences　so　as　to　satisfソasafety　level　with　the　damage

index＝1．0．　The　strength　demand　spectrum　is　very　useful　for　the　design　and　can　rationally　reflect　the

seismic　activities　around　the　site　by　considering　mainshock－aftershock　earthquake　sequences　in

desired　design　period　of　a　structure．

（8）The　proposed　method　was　applied　to　est㎞ation　of　damage　potential　of　ground　motions

considering　mainshock－aftershock　earthquake　sequences　in　Eureka　and　Rio　Del1，　Califomia．　The

parameters　fbr　the　probabilistic　occurrence　model　of　the　mainshock－aftershock　sequences　were

modeled　based　on　earthquake　data　near　Eureka　provided　by　the　United　States　Geological　S町vey

（IJSGS）．　Damage　spectra　of　the　simulated　ground　motions　considering　mainshock－aftershock

earthquake　sequence　at　Eureka　and　Rio　Dell　in　50　years　were　calculated．　Based　on　the　results，　it　is

fbund　that　damage　potential　of　gro皿d　motions　at　Rio　Dell　is　significantly　higher　than　damage

potential　at　Eureka，　and　that　the　effect　of　aftershocks　on　damage　potelltial　of　ground　motions　is

negligible　in　this　area．　Also，　iパs　found　that　strength　demand　spectra　at　Rio　Dell　are　significantly

higher　than　those　at　Eureka．　The　required　yield　strength　ratio　O．35　can　be　taken　for　design　of

structures　with　natural　periods　smaller　than　O．6　sec．　at　Eureka　and　O．5　at　Rio　DelL　The　strength

demand　spectra　obtained　like　this　can　rationally　reflect　the　seismic　activities　around　the　site　by

considering　mainshock－aftershock　earthquake　sequences　in　desired　design　period　of　a　structure．
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