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PUlACE

The Ninth Joint Keetin, of tbe U.S. - Japar. P~el on Wind and Seia.ic Effecta vaa held

in Tokyo, Japan aD May 24-27, 1977. Thi. panel ia a part of tbe U.S. - Japan Cooperative

Prolr.. in Natural laeourc.. (UJNR). The UJNR waa e.tabllahed in 19b4 by the U.S. - Japan

C..b1net-Iev~l C~itLee on Trade and E,'Oi.OIlic Affain. The purpoae of the UJNR 18 to exchanlle

acientific and technological 1ncoraati~n which vill be .u,ua11y beneficial to the economica

and velfare of both cOUDtriea.

Theae proceedinla include the prOHl", the formal reaolution_, and the technical papers

pr.a.uted at the Joint Heetina. Tb~ text. of the paper., all of which were prepared In

Engliah, have been edited for o~viou. error. and clarity.

It ahould be noted that throughout the proc~edinga certain commercial equipment, in8tru-

..nts or ..terial" are identified in order to .pacify adequately experimental procedure. In

no caa. doea auch identification iaply rec~dation or endor....nt by the National Bureau

of Standarda, nor doea it taply that the ..teria1 or equipment identified i. neceaaarily the

beat for tbt. purpoae.

Publication of the.e proce.dinaa i. partially aupported by the National Science
'oundat;;'ou.

H. S. Lev, Secretary
U.S. Panal on Wind and

Set-ate Effecta

11i



In view of pc.-nt IIClCePted pcactioe in thia technological ar.., U.S. cusu-ary mitB

of _uur_ta hirve been U8ed throughout this report. It IIhould be noted that the U.S.

ia a -i9natory to the General Conference on weighta and Meuurea lIlhkb 9- official status

to the _teie 51 1JY8~ of mitll in 1960. cnnwrston factors for Imitll in thi. report are:

CUstaMry lbit

inch (in)

foot (ft)

~ pound (lbf)

Preuure

kHogr. (kgf)

poum per square

inch (pei)

International Conversion
(SI), tmT Wodmate

_ter (m)· 1 t-O.02~*

_ter (m) 1 ft-O. J04llla*

IWWtOn (NI 1 1bfwt.48N

newton (N) 1 kgt-9.807

~ter2 1 pei.689~

lbit weight

....locity

Acceleration

kip per square

inch (~ei)

inch-p)md (in-lbf)

foot-pomd d't-Ibt,

pculd-f(oOt l1b~-ft)

pound (lb)

pound per cubic toot
(pef)

foot per seoond
(ftllM!Cl

toot per seoond
per eecond (ft/eec2)

MWtorl,/Mter2

joule (J)

joule (J)

newton~ter (N-tll)

IWWton-1Deter (N-1II)

kilogr_ (kgl

kilogr_ pel; cubic
-=ter (k~tr)

_ter per ....~
(11\18)

_terper~

per BeC"Ald (11/8 I

1 ksi-SS9Sa:lOW

1 in-1bfwO.1l30 J

1 ft-1bt-1.3S58 J

1 Ibf-tn-o.11JO NHa

1 1bf-ft-l.3SSB N-tll

1 Ib-O.45J6 kg

1 pet-16.018~

I fpe-0.3048 II/s

....ter MY be ..'UtlCIiv1&d. .. centmeter (a;o) i8 1/100 a and • aillmeter (_) i. 1/1000 a.
t ..



The WiDth JoiDt "'etlac of the u.s. - Japaa Paael an Wiod and 5el.-1c Effecta ve. held

10 Toky", Japaa OIl ltay 24-27, 1977. The procM41ac. of the Jolnt HeetiDf include the prosr..,

the for-.l re.olutlCl118, ... tbe tecbalcal peper.. The .ubjec:ta coverld jo tM papen 1nclude

(1) c:haractarl.t1c. of .troaa w1Dda, (2) w1Dd loadl oa atruc:tura. aad de.11D cr11erl•• ()

••rthquake pradlc:tloa, (4) earthquake .rouad .atloaa aDd .011 lallur•• , (5) ••1..1c: load.

OD .tructurea .ad de.lp crltarla, (6) ..lip tlf .pac:tal etruc:ture., (7) earthquake hazard

reduc:tloa pro.r.., aDd (I) ._UtatlVll IIYaluat10a of d_••• C:lue'" by wind. aDd earthquake••

Key Word.: AecllerOirapb. c:04•• ; d••llD c:r~r.rla; 41,aatar...rrhquaka.; earthquake harara••

• rouad fal1ur••; .~11a1c:l·) ••olld•••tandard•••trurtural 81\110.erlDI. atruc

tura! ....pOIl... ; ...1DIS' loada. aDd vlD4l.

"
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Center foe illUding 'nlchnology, NEL, NlItional Bureau of ~dII

Introduction of {lIited States Panel M!IItlera by U.S. ~irun .w1 Japlln Panel
Nllllbers by ~se 0Iau.-t

Election of ~rIIlIneI\t ~irun

ldoptiOl\ of h)enda

0:. ~i.tribution Ib:Sels of Pressure am Wind over Stationary TyPxxln Fields 
llI'i9-i PUjiwhara, IIld li)'OShi KurUhige

BIltr.e Winda in the U'lited States - '1'.D. Potter

Iler~ic Stability of a~ 9JBpension Bridge at O:lnatruction
~ - ~taJo runihiro, Itlbuyuki .du, and Ioiehi Yokof-a

Di8cussian

Pl'eeent Si tuatian of 8llr~ Prediction RI..cfl in Japen - ItaIUO
8IlIIda, BlrOllhf. Sate, Hiroshi Talulhubl, aIId Akira an.

'!be QlIpl-.ntary DIportance of Bartbquake Prediction n Structural
R!lsponee IlIt_tion in sei~!{" oesi4n and Planning D1ci.si<JrlS - R.l. McQJite

DlIlcussion

RtllUrch n DIlve1os-t'lt of Pe~t OCHfHk,ttal 8et.ogrlph Cbservation
~u. Off tM hcific Oout: of OIntral 1b18hJ, JIpUI - Akira &Ma, Ibrio
Y..-c-, and 'l'atlluto IiNllll
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Yertical Distr ibutiCln of the sei.ic 5-WYe an:! Re~ O!aracteriatica at
the Site of the Iwtauki Deep Bore Hole <bIerv.tory of Crustal Activi-
ties -- Flaio Y_izu, HirOllhi Takahllahi, IUtaka CIlta, lOt1toehi Gotch,
and F.eiji Shiono

Researches of 1tctive Faults in the Metropolitan Area - Hiroehi sato,
.wld 'J\:Ishihiro Kakilai

Discussion

Adjourn

Olaracteristics of Vertical Carplnents of Strong-Hot!on 1tcoeleroqr.. 
Tatsuo u.abe, Setsuo Noda, Eiichi Xurata, and Sltoahi Hayallhi

Dew10paents in Str~tion Data MlInageIIent - A.G. Bl'ady

Q'l a Method for Synthesiz~ the Artifice1 EarthcJ1ake WIIve by UIIing Predic
tion Error Filter - !feild'li Clltani, and Shigeo Kil108hita

Diacll88ion

Statistical Analysis of StrCllJ3-MDtiCln 1tcoe1eratiCln Recorda - ~itsu

Qluhi, 'J\:Ishio lwuaki, 9.Je.UIILI 1faIcabayuhi, and Xenichi 'lOItida

Re_arch on ~.igrI Earthquake - Makoto Natabe

Diacll8llion

R!ceaa (Wnch)

Ptapertiea of SUperficial Layer for Vibration - 1!\IkitHe Shioi, and 'n)lhio
Iwaalti

Studies on SOU Liquefaction Relating to the Earthquake Resistant Dellign of
Structures - .....itsu ~i, 'J\:IBhio lwaaki, and Plaio Tlitauoka

EllrthlloJllke Resistant Design ElUec' on GrCUld Motions at 81U1e-RJck -- Elichi
Xur ibaya8hi, and 1tllzuhiko 1tllWsh_
Di8CU88ion

Basic Earthquake for DIm Design - J.S. J):)dd

study on Rerional Distribution of Maxlllla Parthquake It)tion in Japan 
Maaakuu ozaki, Makoto Natab&, Yoshikuu Kitagawa, and Sadaiku IIIIttori

Diacuasion

~ea~tF on set.ie ft)rce in Designing Earth Structures - lfenkichi Sll-sa

Stll!ies on the ABei.ie: Propertiee of thSergr~ Pipes - J.el1chi Clltani,
Nobuyuki Og_, and Chiklhiro Mimwa

<bIerv.tion of ~c Behavior of KiJluura su.erged 'lmne1 ll.Iring Parth
quakes - Shigeo Naay.a, aa.u liymiya, and Raj_ TlIuchida
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Oi8CUUion

Adjourn

A PrClpClN1 for EartlqJake Rtaiatant Iles~9n Methuds ..- Kiyosbi Nakano,
and Mi_iau ~i

QI the CIlject Postulate for Earchqullke-Resistant Code -- Kiyoshi ~kano,

Yuj i Ishiylllla, and Yoslutsuqu ADki

OillCU88ion

'!be Earthquake Rtsponse of Hysteretic Structures - W.O. Iwan

Earthquake Resistant Design of "'.']I-...Rise aJildings in Japan - Keiichi
Qltani

Racking Strength of ~Fr_ Wll11l -- roger L. TualIi

Oiscuasion

Recess (I.IJrd1)

Expanded .-,le of the National SCience Fomdation Earthquake Qlgineering
Progr_ - J .8. SCalzi

Ex_ination for an !>Ialuation Met:hod of IlIIlIage of Existing WOOden Houses
caused by Earttqlakes - Itaoru Ichihara, EHchi Xur1beyashi, Tedayuki
Tazaki, and 'J:akayuki Hildate

~ifit'd Mercall1 Intensity RelatiON" ..'pEl to ibXI Frc:.me Dwe1iing Earthquake
Inaurance - It.V. Steinbrugge, n S.T. AlterJDiuen

Disct'sslon

Receu

Oi8CU118i<lft of 'DiM a-.ittee

IIIrrenta for Retrofitting Righwey Bridges - J.tJ. Q:loper

criterian on the fNaluatian of gei.uc Clpacity of Existing Reinforced
Cbncrete BuUdings - ltiymhi Nakano, Maaaya Hiroaawa, and Shin ot.Ioto

ftanaferring Wind ~logy to Dew10ping Countriea - N.J. AIlufute

OillCU88ian

• Special Presentation
• ImIHtJ4atian Report of the Earthquake in 1llII!lnia. March ., 1977 - geiji

*Uno. liichi ltUribayuhi. 8rd Ma8ayll Rirauw
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IIl8CU1l'IQiS " mE JODfl' MEB'l'Itli

lJ.S.-JAPM PANEL CIi WDI) NI) SEISMIC £lI'P'IIX:'l'S

U.J .N.R.

May 24 - 27, 1977

'!be following rHOlutiana t.x future u.:tivitietl of thia Joint Pa'oel are hereby resolved:

1. '1be Ninth Joint ...tinr,; 1MB .-I extr_l~ valuable owortla...ty to excNnrJe technical infor
_tion ....1c:h 1MB beneficial to both CXRIltriel. In view ~i. the iIIport:anoe of <:IClq.erative
~ogr_ on the lUbject of wiR:! and .i.uc effecta, thP continuation of Joint Panel
....tinge ia CXlIl8idered euential.

2. '1be acMnge of t.chnical inforaation, especially r .. ised codes and specifications rele
V.-lt to wind 8Ild _i.ic effecta IIhall be encourager:'.

3. '1tIe cooperative r-.r.ch ~ogr_ i.l'lCbding excha'qe of l'eraonnel and equi~nt should be
pt'e-oted.

4. ConIiderable edvarr.menta in various Taak a:...tteea were obeerved. '1tlese activities
.tIould be encourage and continued. CorreaporrJence between '1'Uk a-ittee OIai~ should
be encour-.Jed, ard D:litional Illeetinl)s shouH be held as recp.Jired.

5. Progr.. agenda for future Joint Meetings s'lOuld be developed to encourage a baldnCle<l
IUlber of presentations dealing ",it." wind and seiBllic effects on structures.

6. '1'tIe 'lWlth Joint Panel Meet in;J will be ty~ld in May 1978 in lIl8hington, D. C. 'ftIe specifi c
ctate anti itinerary of the Meeting will be detendnec'l by the u.s. l'mlel with concurrence
by the JIIllI/\ Panel.
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DII'l'RIM1'1'IOIf I«lDBLS or PRlSStJU AJID 1fIR!) OVIR

STA'llOllAltY TYPIIOCIl FIELDS

Shi9'..t Pujlwtlara and J(1yOahi leUra.hi9.

MteoEOl09ic:al "aearch IlUt1tute

Pol' pr...ur. and v1ll4 cU.tdbutiou on the ••• aurface OWl' typhoon and hurr1cane

area. MIlY trial. ha". been pr0p08ecS in orlkl' to ..sept dl.tl'!buUon .acleb tor ob••rva

tional data. The•• -.hla ha_ been utlli8ecS vi4aly in -any .cianUfic an4 tachnical

IIWlicaUona. Pol' axGIPle. theoretical analy.ta••tora IU!'9•• 4i...tel' .v.luation. pro

tecti". _1NJ:_t alJainllt typlloon daN9•• and 10 on,

'I'hII e!love -.sal.. propoH05 ara abpl. ~.la. unfort_tely•. bow_r, the better

adaptation for abe~ cktl l'eqW.re• .are cc.pl1c.t~ ~el.. *-_1', the ad_nt o~

the electronic CCJIIIIuter haa brO\lCJht about th" _thocla which can .borten the CCIIpUtational

tt- tr-*ualy. Ther.for., the lIlO4all flO long.r ha_ to be Ibpl•.

In WI pep.1', ._al _ IIOdela u. introduced and th.il' characteriatic. ar. dil

cua8ecS, Then, ba.ic 41fferewe. ba~n the fonMla. by varioUi -.dal. are pOinted out

clearly, In order to 1ner.... the accuracy of IIOdel a4a,ptaUon, a technique of revi.1n9

the fonula. 11 di.cua8ecS. 'l'aJUnq into account the COIIIputation tt- of the electronic

CCIIpltal'. a new -.s.l fOnlll1a i. pr.Hntec! and -uwd by CCIIII'U'inq it with other foraul...

unK)RDS. DlatrtllUtion IIcdela, Pr•••ur•• , S.. Surf.cI, Stationary Typhoon

I-I



1'1''''-. aft4 wind cl1.uUlutiGlw an tM Me .urt__~ 01' hurrl~ area

_ to be =-pl.. in perfOl'ain9 det&1l84 Malya1a. they ou be _1der84

.aply .. circularly 81-ai.c. '!'henton, MaY I:I'U1a ~ bMIl propoMd in order to

adapt dlal:l'UluUon ~la for ~aUonal data. !tie• .:Idel. Iv.. beeIl uUllHd w1dely

in IIUIY .clentitlc &lid hc:hIa1oal ewlicat1olUl. Pew .....u. theoretleal _lyd., .tora

.\Ir9., 4ba.tar _Illation. ptoUCt.i...~ ..a1Dat. t.JPt- ~e. and 80 on.

'1'h••• arlela wr. int.roc!uce4 by ...., 1'.-&'0_1'. in J~. tM Uftitall ltata. and Philippine••

'l'htI abo". ~la _. propoaed for the~ of .gp1Ulcatlon. unfol'tlln&U1y. th.

betUr ed4tptation for obMrved c5&ta require. IIOr& CCIIIpl10atea ~l••

However. with the recent esev.l~t ot the alec:tzoft1c ~ter, the aborter COlIPUt.a

ti.on tiM hu _ to be rea1ia84. Therefon, the ..,...ity of .gpl1fY1J!9 tM KllJeh 1.

no lonqer a pzWll_.

'1'hia paper at~U to ~va1._te the dbt.rUNtioft .adela t~ the Uove at.uldpoht.

We ha". MVU" bad tM.. aort of 41.oua.1on. Mea_ the. ~b ha... beeIl cou1derec! ...

conventional tomul.. and abo there haWi bHft MAY c!ilficulU•• in ClClIIIPUtln9 the cU.tanc..

bet_ the typhoon Clenter and every c5&t.a po.it,toIl at. each _thel: MIl tiM.

The advent. of the .1e-::tronlc COlIPUter h&a broIafbt~ _ oonc:epta into the••

c!latribuUon .odele. A18O. tM C\lD'aDt prac:t1c=u requ1re vnater ACClIlI'acy of ac!aptaUon

for obMrved data.

AIIon9 typhoon ~l. propoMd tc date. ~al npre_taU.... an .. 'o11owa.

Schl_r (1954) I' • Pc ... t.P ex» (-YolY) (1)

Taltahaabi (19391 P • p. - t.P/11 + (YlYoll (2)

Bj.rkn•• (1921) I' • p. - t.P/U + (YlY
o

)2) (3)

l"Ujita (1952) P • l'. - t.P/U + IylY )2) 112 (4)
0

wher. Y h a cU.taIIe. froa the typ'- center. I' ......... la) at y. • c 1& equal to

P at the typhoon center. •• _ the ...... pc ftl_ a10IIlI the OIlter e4ge ot the

typhoon ar... and t.P • •• - • c' Pc" p. are calO\Jlat.d ftilU.U:l&l1f froa _ther

analyaia.ape. Par..-ter Yo ia detinecl indb1dually in the Uoft fo~. in (1). Yo ia

equal to the 1'841118 Y
it

wher. tba ..u- wind Wlocity 1. oIIeuw4. 1ft (2) u4 (31 Yo

IIMM '( where p. (P + P )/2. a4 in It) y 1& &qlIa1 to y JIf'.
• c 0 ~

Wind veloc:lt1e. w1e:bin typboon ar.. ue apnued in the following aquatian Ithe

grad.ient wind lawl I

lSI
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where f i. CorioU. factor :2 III .in ~, w the rotatinq an9u1ar velocity ot the earth, ~

latitlld1Nll 4evne, p the denaity of the at.oaphare, v the 9ra4ient wind velocity. we ~
••tt-te v fr_ Iq. (5) if _ know the pre.eure dietribution. Tharetore, Sq.. (1) tbroU9b

(4) involve di.tribution for-ul.e of wind t.plicitly.

!beir cb&racteri.tic. are .bown a. follow.:

Iq. (l) 18 very convenient with re.pect to theoretic.l arr~nt a. lar •• the

a4aptation for 4ata 18 concernacS. It ha. a qood r ••pon•• ov.r tha outar r&l!ion. of the

typhoon are., but it ia too nat to tit with o~erved 4ata over the innar r&9i.ona. (5..

Piq. 1)

Bq. (2) hil. al-o • 900cl a4&ptation over the outer r&9iuna, but .t the center, the

pre••ure qra4ient beeoI!Ie. diacrete. Tharetore, the c.lculatlo4 wind velocity at tba c.nt.r

~. to be unr_aonUlle.

Bq. (3) 1& introduced bAaically under the rotating fluid a••lllllption, ao that it 1\&. a

qoocl adaptati.on over the inner regiona and a ,,'d adaptation ov.t the outer reqion••

Bq. (4) is .Wlar to I!:q. (:1) over the .•ter ~ft<Jione ana "lao .1allar to Iq. ())

over tha inner r&9ion., beceus. it wu d••..:.q'ned ~? aa to inclllde u'.c.ll.nt futur•• of

Iq•. (2) and ClI. However, it i. har', to d~al wlU. Eq. (4) practically.

In a44ition to the allove indi'.ldUlll d.flcl.nci••• tmy haV) L~ ~n _alt point••

For exa-pl., a CJeneral typ'->n ha...veraI eta.,•• , the d.v.loring etaqa, tha _tur. atag.,

the decay .taq., and \.he W&rII cyclone .t:aq.. When a typhoon chanq•• ita .taq. fro- one to

anoth.r. the ti.. varillllCe of ita pr...ure diatributiona hila uaually come to be r-.rkable.

But, un'!ortunet.ly • .:h.e .taq. variation va. not taIt.n into account in the above tOnlul••.

If _ introduce the followinq equation .. a 9.n.ral type ot Eq•• (2) and (3).

(6)

(81

where Q 18 4.taralned r<> .. to tit Bq. (6) into the ob••rvad data. It a1iqht be 1JIpoa.ible

tor us to upre.. a typboon involvinq lIlIIly .taq•• by Eq. (61.

Now in order to .lilllinat& the abov. _k pointa. it ia n.ce.aary to MIte the prahl•

.ar. d1atinct. __ly, let ua tr.at Bq•• (1) throUlih (4) in the tollCll':in9 way.

Bq. (1) b conaid.red .. an lnteqral tora ot the foll_inq diff.rential equation.

~ • -Y (P - P ), x .. I/'( (7)
cb 0 0

In the _ ~r. for Eq. (2).

dP .. .J. (P - PI (P - pI, X" 1n (ylY Icbar. C 0

Al.o, for Sq. (3),

dP :I
cb .. Ii (P. - PI (P - Pc)' x .. In (YlYnl

Alao, for Sq. (4).

dP 1di· Ii IP. - P) (P - Pc)' f(xl

l(xl .. 1 + (1 + p:lx)-1/2, x .. In(yly )
o
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~•• (7) tbrOQtJh (10) corn.pond to aq•• (1) throIa9h (4) reapecti-,.ly.

In Pi9. 2, characteriatic. of aq.. (7) t.hrouqh (10) ar••hown .c~tically. Eq. (10)

(Pujlta type) 8I'Pll'oacbe. to Zq. (8) (Takahaahi type) over the outer typhoon reqJ.on. a'S

It aleo app~cba. to Iq. (9) (8j.rluw. type) Oftr tha inn.r: typhoon r&91on.. On thor

contrary, 1Cq. (7) (SCh1_r tYPll) doe. not .how auch a CJOOd approach ovar the inr.•l

reqlan.. Tba_ ch&ractall'iatic. are tha __ tho•••1Iown in riq. 1-

Howe".r, Fi9. 2 91".. ua infox.atlon a1x)ut an advanced foIWula which .boullS be •

hyperbola having two ~tota., Eq. (8) and r.q. (9). r.q. (10) (Fujita type) ia quit•

• Wler to .uch an ac!VaIlCed -.le1, but it ia not • hyperbola. Rather, it 1•• tra..,acalld.nt:41

CUl'ft Mvinq _ re.trictioM. It 1a eSe.iralll. that the advanced ~el .boullS be • "r.

general type of hyperbola with 1••• r ••trictiona. In tni. Figur., the era•• point T of two

.ayIIIltote. &hOWl! the tranaitiona1 point betvean the inner and outer r.gion. of the typhoon.

In the•• foIWul•• .entionelS abo"., ther. ar. two _in re.triction., po.it1on. of T and

gradient of _YIII'tota.. IIOWevar, if _ ....... new -.cI.l in which tho•• r •• triction. are

taltm off and _ fr~ are 91ven eo a. to cSatanline tho.. v.1u•••tati.tically by UIIing

obaarvational data, the above probl_ My be ao1vad. ....ly, an introduction of n_

par_tar. (cSatera1ned by ISaU) cau••• an incr.... of fra~ nU1ltlar and finally a better

acs.ptatian for csata _y be upactad.

A ... DISTlUBU'l'IOli FOIlICILA

A _ foraula ia buieally .iailar to r.q. (10). I_tea.s of f(x), ~ i. introd~.

That 1.

:: - ~ (~) (P. - P) (P - Pe)i x - In (YlYo ) (UI

whIIra y __ a hyperbola, which". W&nt to obt.ain. Tbar.fore. dy/CSJI .howe ita gradi.nt.

Ily integrating aq. Ill),

p. p - 6P/[l + 9(xll

_ 0+1 0-1 {a-l l/2}
9(X) =Y -/(y .y,.-) • up -[(_. In y/y l-e')

2 0 1'_ 2 p
(12)

whllra n_ par_tera 3, Y
p

&Ad C' ara r.ferred to gradiant of &ayIIIltote over the inner

regi0n8 of typhoon, poe1t1On of tIM- tr_itional point and curvatur. of the hyperbola.

napec:tiva1y. A.~inq to the pr_ioua par_tar Yo' the _ oon.tant. Call ~ cSatel'lliMd

atati.t1caUy by obaanaUona! data (the l ...t aquar. _thod). 'I'M. naw technique ia

PEOpoead by ~aahi,. (19711. 'rba _u.od of ~l'IIin1n9 the.. oonatanta 18 .bown in

Appen41a.

". r_la1on of the abaft folWal.. (1) t.hro\aIJb (.), Pujita (1952) an4 Haraquch1 (1976)

have aao pre_ta4 their .:l4a1. (be.i&aa lturaahi.,.). Tberafor., _ 1Ia... to eU.cue. tha

r.1ationahip or difterencaa ~~ th... mchla and lturaahiqe'. 0_. rujite'. ~l,
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Sti. (t), al!' _Uor•.s above. oontained t'tK» incUvidua1 dhtdblltion fOrN for the inner and

outer r8ll~ of the typhoon. Itur••hiq.. •• Sq. (12) alao ~ted the •.- concept. Hovevu,

the poeit1on of T in~. It) i. epr1or1. defined. syOno (1958) pointed out that the aD:)unt

ot negaUve vorticity ovu t.he outer rec;lona in Sq. (t) vaa le.. than actual. 'l'tIe

nlatJ.onahtp~~ the vorticity l;; and wind velocity v i8 explain« .. tollow.,

av vfY + y. C (13)

8<', that srOno' I apeeulation b related to the aec:ond order derivative c,t y 1n the pn..ure

dilltdbution fOrallla. (S.. Sq. (5))

On the othu hand. Hara9UChi' a MOdel 11 or.. whera two indi ~idua1 diatr1bution fOrlllulae

are CCl1neCted IIIPirically. 'J'herefore, the adaptation for data .bolo.. a brltter reault a. well

.. };'Ilaahlqe' a. Bowver, it we vant to obtain charact.riatic Valuel in hie -odel, it ia

.leee.eary too get • UlOOtned 4iatribution curve aefined pr•. ioualy by aCllll< other _thod., and

K>reover the poaition of uxJa.. wind velocity _t be well-detJned. The above condition.

are unau1tabl. for u.. of t~ .le<:tron1·~ c:c.pgter.

Recently, Kitauta and otherl (197t, 1975) eXhained .tatiatically adaptationa between

-.elela 'lIld obae"aUona. '1'tI~ r.eported that, on the .ver..~, each lDOdel had a r.ther 900d

adapUtion and then __ no.> r_kabl. diff.:t"enc. between ~ ahove lllO<!ela. but the deviation

... rather larve in an individual c•••• Howevar, Haraquchi'. and Kur~ahiqe'. model. have

bean propoeed .are recently, .0 that they were not included in Kitluta·. talt.

~ in lCura.biqe'. lDOdel, ~ urlCutain problema .till r_in. One of tba ia

whether the other curve bedd.a byperbob ia cunvenient or not. For eXalllple, tanh x and

irr.t1n~ function _y be taken into con~ideration. but unfort.mataly, they are ao

cc.pllca~ed that their inteqral foraa _y face difficultie.. At pre.ent, the hyperbola

\. the ~It convenien~ one. Another of th_ ia that the qr.dLent of .~tote over the

ouUr ~..giona i.e .priori determined to be Tataha.hi type. If. luff1cient data coveraqe

b .vaJ1~: e, the above gradient ahould ~ obtained by the l ..at aquare method.

All • conc:luaion. r.ur••bigs's fOnl\ll. b epparently COIIIll1c:.ted, but Lt... in point•

.,.. the __ .. tho.. in the previoue .adela, and. ~reover, it hal lacyer fret:dolBa

than pr.evioue onea in orcSer to ,et • ~tter adap~..t10n tor data. Th4rretor..,." tar ••

the u.. of electronic CClIIIlutera 11 concerned, it doe_ no+: take ao _eh _chine ~1N ••

ual¥1.

Alao, a ~inc; typhoon field ia not circularly ar--etr~e. r~Yer, •• it :. po••ible

to d1v1~ tile typhoon Uel?. into 1:vo parte (the 9_r&1 current and • etationarv typhoon

field), _ haw no probl_ about that.

APPBIlDIX

How to detenl1ne "'0 11 .bawn as fo11__ • "~flra~, data poeition y and ob..rved

",alue P ~ 9iven by da.1.A.. If we take an arbitrary conatant Y
l

, we can OOIlPuta ..
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M.x~. VA consider a hyperbola with two aayr~totes (Yl • x + Y. Y2 ~ ax + Bl aa follows,

o x
2

- (0 + 1) xy + y2 + 29X + 2fy + 0-0 (14)

where 2g • ooy + a. 2f· - (y+B), C - yoa + (

and a > 1. Ualng the above x and y. we can determine <:1, 9. f and C statistically by the

le.at square method. The croa. point T is defined aa

2
~ • (2(0 .. 1) f .. 49]/(0 - 1)

2
Yr • (2(a .. 1) 9 .. 40f)/(Q - 1)

Now, the asymptote of outer regions Y
l

is moved according to the parallel transforma

tion so •• to pass through the origin. Then, Eq. (14) beCOlll«B

ax' - (0 + l)x'y' + y,2 - 2f'x' + 2f'y' + C' • a

where x' - x - xo' y' - y,

Xo • ~ - YT • (2f + 2g)/(1 - 0)

2f' • (4 a f .. 2g(0" Il]/(O - 1)

C • _ Q x 2 2o - xo
g .. C

and the cross point of two #.symptctes becomes

xT- Y" • 2f' (0 - l'

If we convert th~m into (Y. PI BYBt~.

y - y exp(x) - y exP (~)o 1 0 1 I-a

and the transitional point Yp between the inner and the outer regions is replaced as,

yp - Yo exp (2f')
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Fi,ur. 1. Comparilon of pre••u ... diaUibution formulaa

The l.'l'i,ill ahowa the center of typhoon.

The addiUc.naI fi.ure in SE corner ia a ma.nification n.ar the

center. The cro•• point between Bjerknea' and

Takahalllhi'. illocated at x"' 1.0. y. 0.5.

Over inner I'e,ion. of typhoon. Schloemer'a formula ahow.

flat lind Tauha.hi '. become. dilcontinuou. at the center.

1-8



Fi.ure 2.

Y=ln(~1R=P

Comparieon of formulae characterietice

Fujita type ehowe a tran.cendental curye with two aeymptotee

of Takahaehi type and Bjerkne. one. T ia the era•• point

between the above hll'O a.ymptotee. Sc:bloemer type .bow. to

;approech to Takaha.hi '. oyer outer re.iona. but to be far from

Bjerkne.' over inner relionl.
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D'rUIm til.. III 'l'D UlIftD ftA'!'BlI

~a D. ~~~ md KichMl Changery

1IIV1ro_tal DIlta SVvic.

..tional oc-nla ...., Ata)Qharic A4aU1btration

Bach ye.ar extr_ wind. in thA U.S. aaun ~a1.,. property ~9' and cecaatonally

t.he 10.. ot Uvea. TIll. paper will firlt r..,i_ the pattaml of ••tr.... vind. in the U.S.

and the ••eociat*l wind ~.. 'J'Iw types of ..al_ wind .peed data currantly availabla

lin then diacuaHd. P1ll&1ly, probl_ a.aociat*l with udnq the•• II&X~ wind .peed data

in O. S. 4••19ft 11:AII4arda are oonddere.s.

unIOJlllh Duip requ1~tI, dea10pt atandardIJ extr_ wincS., hurricane., property

diug••
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A l&rge porUon ot the united Suus t. lIubjec:t to .sa-98 Cll'ua~ by win4-1n.Sut:~

.tre•• on structure.. Many of the earlie.t record. frca explorer. ~early 500 year. a90

reter to the occurrence ot hurricane. alon9 the J,tlant.:....: '-'lId Gl·U coa.t... The 9raat

heartland of the Unit~ Stat.. 18 _11 known for thl't large ..:eq'len-:y of tornadoc. (~

tiM. o".r 1000 per year) which oftc leave t.,"al dt.l\ructJ.on slonq th~ir path. Other

~. of the United State. allO .utter wind dalaqe frOB variQus type. of storms.

Until recently, however, wind haJJ not been considered an 1I(:lorUnt fector in building

de.i9n. The clt.&toloqi.t hal had l1ttl. 1nput into the pr~Dl... ~re.t~ by windl on

.tructural 4edqn. This 1a due partially to a lack of inforlllltion <>n the characterhtici

of the wind and on the interaction bet.en the wind and the structure. It i. due also to

the lack of a 101l9-period hraIo9eneou. .et ot ltandard wind ..&Bur_nt.1 frOla which des1cp1

value. can till obtained. This paper "ill exeain. the pattern. of extre.. wind. and wind

d_qe in the Unitsd State., the type. and V'Ol~ of lIWlimUlll wind .peed data currently

available, and the problema 1n ulinq these "ind data in the current United Stat•• deliqn

.tandardt;.

WIND AND DESIGN REQUIREMENTS

B,,~.ldinq. and Itructur•• are now COIIIDOnly being de.iqned to heiqhts net even con

.idereel ll' or 20 years aqo. One of the lIID.t iJDportant of the loads actinq upon the••

• tructure. b that due to the wind. The level of ••fety built into these structures is

directly related to the accuracy with which the wind and its etfect. can be determined.

In the pest, the hiCJhelt "ind recorded in an erea or location wa. used a. the deaiqn

value. Aalonq the varlou. probl-. apparent with thh approach wa. the fact that aU

MteorolOCJical reClOrds ace eventually broken. Th:1l a station with a longer period of

r~ord ~.d • higher probability of obaerving an extreme wind lpeed - a fact which would

obacur. the true cliaatic .ua11arity among a nu.ber of .tation. in an area. A aecond

prolll_ we.. the poI.. ib18 10.. of data due to instr~nt tailure at hiqh wind lpeedS.

Finally, Il'I wu.-nt with a better re.pon.e tu. wollid re<:ord opeed. high1lr than thoae

r~~r&ed by • acre -.luqqi.h" .yetem. The.e probl... led to the adoption of a statiltical

e.tiaate of d••1gn speed••

Por varloU8 enqinHr1ng and ..t.eo:::oloqical reason., wind load. are beet con.idered in

tec.a of • steady applied force toqether with a factor Ge.cribinCJ qUIlt effects. The

.pec:t.r1a of horizontal velocity ....urecS by Van der HOven (1) .bowed two lIIO.t prOlllinent

peaJta. One peak occurs in the qUIlt r8CJion anc! a .econd pealt occurs at a period reflecting

l&r9_acale ataDapberic fluctuations ot no concern to the engineer. Be~n the two peLk.

i. a 'lap rang~ fm. 5 .inllte. to 5 hour. which 15 useful for obtaininq .table .peed

....~ta. Structuzally, it i. not de.ireble to rely on only ~~ peak quat for de.i9ft

purpo..s becauae thb ignore. the influence of a HqUenC8 of quata which _y be reaonant

with the Itructure.
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In .,Jd1tion to bein9 hi9hly dependent on wtr18ent re8POl\8e, quate alone provllSe 111\

W\Cv·..in e.tt-ate of the wind envu-Ilt .ince • n~r of 8IIIIIIlle. with 81ailar _an.pe.4. IlAY ,,11 have varyin9 peak quat v.l~.. In _ inatanc_, howe.,.r, it h the quat

allparillpoaed Oft the 1cN4 ca~ by a lU.CJh _ apee<1 which c.,.•• extenai.,. ~9& to the

.urface of -.rIy .uuetur... Por tIlElIIIIPl., mat of the ~. fr<a Hurricane C.lia .t

COrputi Chrhti, ft, in 197» .... cauaed by the au_ly hiqh qu.t. nther tN.Jl the pr.v.U

iftCJ .trOll9 wind.. So a tnowledge of both the _ wind and CJUt. (d.tenrl..~d froll _ur.

.nta or theory) i. required tc evallLlte rind la.d. on ••tructur••

WIND P.I!lGIMZS AND WIND DANAGB 1M TIll: UNITED SDTES

In the United Stat•• , wind "-'Ill! r.aulte trca _tr_ winds cauae4 by four _t:eoro

loqic.l ayateaal axtr.trop1c.l cyclon.a, hurricane. and othnr tropical cyclone., torna6oe.,

.nd ••v.re thund.r.toraa. 'l'he atratropic.l cyclone. produce their hiqhe.t .peed. in t.he

winter 80ntha d.rivi"9 Uleir enerqy troll th. larq. thera.l contrut. av.ilabl. in thh

....an. Generally, the _.t COAat, 80Ufttain and inter-80UJltain ar••• of the IIocki•• , _

.r.••• ot the Northern Plaw and tho Great Lak•• racei.,. their h1qh••t winda frca the••

• y.t_. JlaJttan. wind apeeda .n uauall~ 1... than 7S knote but _y r..ch 100 knot. in

v.ry a.vere exu.tropical cyclon... The .r.. alonq and within 200 1111•• ot the Atlantic

.nd Gulf coa.t. r.c.iv•• it. hiqhe.t win4a fJ:C81 hurriclU\e. in vtlich wind .pee4a _U...

r ..ch 200 knot.. TOrnadoe. produc. th••trono;1••t windf o: ...rve<I in the United State.,

pr.ci.. v.l~. of ...iII...peeda are not ..11 e.ltabl1ahe4 bec.~ w1nd in.u-nt. ar.

u.~lly CSe.troyed in tornadoea but ther. 1a evid.nc. to .ha" thet v.l..... aI:lova 300 knota

ar••~tf.- reached. The Great Pl.in. experi.nc•• the hiqha.t: tr.'i1Jancy of to~doe.

but eftry State in the United State. <_capt ~H) baa e~rience4 .t l ...t one tornado.

Occulonally, w1d••prea4 outbreaka of torm.does produce ~xt.n.i.,. atructural 4aMqe and

10.. of lif•••lICh .. in the tornaeSlc .tone of 'Pril 3- .. in 1974 (2). Portiona ot the

United State. not .1rM4y _tiol*! uauall~ re<.".':'ve their .tron9••t wind. fro- ••wn

tl\un4entona. A few notable axe.pUolIa to th1a qan.r.HAtion .xiat .uch •• th. Chinook

wind. in the 1.. of the Rock1.. and the Santa ~\ wincl. ot Southern california. 'l'be.. are

u.~.l1y locali&ed in extent but My ..roduce .,.zy ..tronq w1n4a which ca~. con.lc1erable

~.

WineS 4auqe .taU.tics 1Ia.... been c:ollecta4 foT. uny year.. Current. .tatistic.

indic.te that dauq. frca hurrioane. W other trof'ical .to~, ...,.re thunder.torM, and

.xtr.tropioal .tora. .....r.9. approxiUtaly $750 1111 \10'1 per yelU'. 'l'hi. f1qur. v.rie.. ot

cour•• , troll year to year lind _y be .. hiCJh •• $2 billion in y_n with exceptionally

.ev•• hurricane••uch .. C_Ul. in 1969. Tornado~. a.ollftU to ~th11'158 the Yalue

obtained by lar9&%' ac•.'....to_ - on the o~r ot $4100 to $500 1I1111on per year. ..,.in,
larqe tl\lCtuationa in flJIRu&l 4au4" _y occur in year. with _r. tornado outbreaka.

A'ftraqe "-q. trca 1arq....cal. .torM anolI tornadoea M. been incr"'in9 year to

year. Thia ia .t.tributed to the 9ener&1 population incr.... in the UJUtAId Stat•• and the

correapanclin9 "lncrea.. in area covered by 4wllinq. and other .t:ructur•• , r ••ulUnq in

1IQr. aa-9. _an 1:houCJh the annual nUllber of llto_ r_ine rel.Uvely the _ on • 10"9-
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ter- basis. Although damage statistics may be tempered by building design oonsiderat1o~s.

the annual 10•• likely will continue to increa.e i~ future y~ars. Much of this damage

~c,s occurs along the East Coast with its high population density. Although the We.t

Coast i. heaVily popUlated, the prObability of extreme winds is rather low 80 the wind

damaqe 10•••• are r.latively small. ~inally. even thougn the population density i. low in

thd aid-portions 0: the country, substantial damage occurs from the ~igh incidence of

tornadoes.

WIND MFJl.SUREMENTS AND DATA AITAIlABILITY

The United States currently hap available the following fO'lr basic wind measurements

in the archive.:

(1) Fa.t••t Mile: This type of wind observation has been extracted since 1887 at

approxiaately 200 locations. For these locations sn additionsl 20 years of data co~ld be

obtained trom the original recorda. For abOut 300 additional stations a limited period

lID to 25 year.) could also be extracted. Daily data for nearly 150 sites are on tape for

the period since 1965. Three p.oblems are apparent in using this data set. First - at

nigh wind .peed., the e.timate of the fastest mile becomes very inexact due to the extremely

.mall incr-.nt to be _allured on the chart. Second - most locations experienced a change

in instrUlllent e7.pOsure 30 to 40 years ago when the weather office moved trOlll a city to

airport site. Suitable methods to obtain a homogeneous data set have not be3n developed.

Current design e.timates then are obtained only fr~ the airport data. Finally, any

attempt to refer.ence the city office data to a standard height faces the problem of the

chanqe in urban profile over 4 period of years.

(2) Five-minute lIl&Ximlllll: Daily values of the five-minute maximum have been ~ak.n

since 1872 at the .ame locations mentioned previ~usly. Beginning in 1956, it vas no

longer extracteC' frCllll the original records. A period of 10-25 years ot data can also be

extrac~ed tor an additional 300 locations. None of these data have been placed on mag

"etic tape. The probl-m. of mixing city and airport data mentio~ed for the fastest mile

a;.:p1y alao to this measurement.

(3) Peak quat: The daily peak gust has been extracted from strip charts for approx

i_tely 450-500 stations for the past 20 to 30 years. The majority of the.e data are on

uqneUc tape. Peak 'lust data have not been the basis for desiqn speeda due to the

probl... mentioned previou.ly.

(4) KourlY averaqe: This measurement, taken at approximately 3,000 locationa, is

pre..ntly aveilable on tape tOr 800 of the.e locationL. The hourly average is not a true

value for an hourly period but a aubjective as.es_nt by the obaerver of the vincls for a

f.. ainute. on the hoar and con.idered representative ot the entire hour. This _asure

Mnt has befil diqitized hourly aince the late 1940 's and 3-..""urly ainee 1965.

A tew aeta of data f~ special tall ob.ervatio~ t~lS exi.t for various locationa

throughout the United Stat... some of these data sets contain hiqh frequency ob.ervation.

which permlt calculations of spectral properUes of the turbulent wind .tructure. Panofaky
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(3) .~iu. tba_ .pecia1 data _til which are not qeneraLly available for .,.t locationa

1n the united Stat...

In the united State. the fa.te.t aile 1s u.ed for desi9n purpo.e. becaua~ I.) it

\Jenerally fall. in the q&p in tba enerqy .pectrla and hence 1& representative "f load

illdUC1nq wind. and (b) the par_ter has been _a.ured for. lonq nu.ber of yean. Many

inveatiqaton ...11."e a bettar e.tt.ata can be obtained froll a 15 or 20 ainute average.

OnfortWlAte1y, the co.t of obteininq s\lch .veraqe. frOlll old records i. prohibitive. At

pre.-nt, then, only data already extracted frca the original recor<'.:; can be uaed to obt.in

a dedqn apee4.

THE UNITED STATES DESIGN STANDARDS

The currently accept..s United State. design ac.andard. are the r ..ult of the .~plic.

tion by 1'hla (4) of extr_ velue theory to a roet of annual faate.t mUe v.lue.. The.e

data vere all taken at airport locatio~ for. 15-20 year period endinq in the mid-1960's.

Since then an a4ditionel 10 year. of data have been COllected. Utilizing the earUer _rk

of Davenport (5). Thaa converted the.e data to a .tandard 30 foot height by u.inq an

exponent of 1/7 in the f_lliar power l.w. This value is considered to be repre.entative

of the surf.ce rouqbne•• for an open, \IIIcl\lttered envirolll. t, and range. to 1/3 for a

he.vily urbanized area.

Thi. rouqhnes. is tile draq of the wind on the earth's .urf.ce, veqetation, and lIIlU\

.-de .tructure.. One of the primary diffiCUlties in deve10pinq a standardized .et of city

data is the unknown chanqe in surf.ce rouqhness characterizing the qra4~l urbaniz.tion of

• site over a period of tt.e.

There are • n\aber of probl... '11th the currently accepted dasiqn .tandard aap. u.ed

in the United States. I

(1) The period of data uaed i. generalll Ie•• than 20 yeare. For many ar••••

e.pecially the coa.tlin., the repre.entativene.a of the deaiqn value. has been <sa.tioned.

Greater confidence could be achieved by including the 10 aMitionel year. of data avail

able or devolop1nq .... _tbod of inteeJrating the 40-60 year. of city data witl; the air

port data uaed.

(2) lI&IIy of till! ,irport location. have qrad~lly becc.e urbanized or industrialized

and tha 1/7th power l.w -V no lonqer be accurate. An approach ba.ed on an exponent

varying with the rouqhne•• characterizing the fetch in various directions ..y better

d••cribe the envil~t at a location.

(31 It haa been recoqnized thee under high wind apeed flplaodea in flat tanain, the

1/7th pow.r law 11 sui table for the neutral ataoapbera characterlzlnq larqe-acale _ture

stant ev.e-. ao-v-r I in the strongly unstable and aixinq enviro.-nt of • thuncSeretora,

the exporwnt CAll~ very _11 - perhap. approachin9 z.'ro. For tho•• are.. of the

United Statal receiv1ncJ -.x1.- winds frca thunder.to~, the _a.urad .peed value. ahould

probably be ueed unchanqed.
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~ .~i.., wind daaage in the united State. i. g~e.ter than one billion ~ll.r.

per YMr. With incr..aift9 population, the ~ge .hould cont1Dua Lo incr•••• in the

futlU'e. AltboU9h _ ".I&I'_t oth.r than the f.ate.t aile might be uae4 to derive the

dea19ft wind, the coat. to UUlIet th••f' data are currently prohibitiv.. Better dellign

value. could be obtained by includinq additional y..ara of data at airport locat ;ona,

cl.valop1J\9 _thod. to include the lonq pedod of ci~y office data, or erwurinq that the

power law eapon.nt used r.fl.cta the character of tn. surrounding ter~ain or .tability of

the air _.a. Maaarch 1a Wldeevay to overc:c.e the.. liaitation. in current vinci data to

11" in .trgctural d••1gn. However, for the next few y.ar. the f••t ••t aile wind data will

continue to be U8ed for -e.t deaign plUpa.e••

(1) Van d.r Hoven, t. (1951) I Powr SpectrUIII ot Horizontal Wind Speed in the P'requency

llange fre:. 0.00007 to 900 Cyclea Per Hour. J. Meteorology, Vol. 14, p. 160.

l:l) Fujita, T. T. (1915) I Supel' Outbr.ak ~rnadoe. of April 3-4, 197•• University ot

Chica90.

(3) Panofaky, H. A. (1974): The AtIDoapheric Boundary Lay.r Below 150 Meter.. Allnua1

JWvi_ of P'luid Mechanic., Vol. 6, pp. 147-177.

(4) ~,H. C. S. (1968) I Mew Distributions ot Extr_ winda in the U.S. Jour. Struct.

Div., Proc., ASCB paper 6038, pp. 1183-1801.

IS) Davenport., A. C. (1960). Rationale tor DetulIIininq Design wind v.lociti•• , Jour.

Struct. Div., ASCE Paper :l433, pp. 39-68.
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AERODYtaMIC STUILI'rY OF A LONG-SPl'oN SUSPENSIOH BRIDGE

AT CONSTRUCTION STAGE

T. lCunihiro

N. Narita

K. Yokoy_

Public WOrks Research Institute, Japan

Wind accidents on bridge structures have so far occurre~ at their constructio~ stage,

and this nacesaitates confirming the safety of a structure under construction as well ~s

after ca.pletion. The aerodynamic safety of a auspension bridge at con.truction stage

is especially ~rtant, because the rigidity and the relevant dynamic characteristics of

the structure alter gradually as the construction work proceeds.

The aerodynamic stability of suspension bridges at construction stages for the Sev~n

Bridge (1), the Kanmon Bri~ge (2), the HonshU-Shikoku Bridge (3.4) ar.d ~ne Narrows Bridge

(5) haa already been examined by others. These studies ~emonstrated the importance of

the problell.

However. the erection method of a bridge depends largely on the conditions that, how

much clearance i. necessary for navigation during construction period and what kinds of

erection machines are available. etc. Therefore, the result. of this study can not be

applied directly to other bridges.

Th1B paper describes the design wind speed and the aerodYI\Ulic stll.!:lility of suspend"d

structure of the Hirado Ohashi Bridge.

KEYWORDS: Aerodynamic stability; suspension bridge; construction stages
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1.1 Wind PrObl... on a Suapenlion Bridge During E.ection St4ge

Much con.ideration ehould be given to the wind induced OIr.U· '':io of a free 'tanding

t~r ':>f the _in cabl". not being lpanned, and of a euepended etr\;.::turE. under c:cn.. truction.

A fr.. ltanding tower 11 prone to be put in oeciU"Uon by the effect of el~chronizing

lateral force originated in the wake vortex. This type of oscillation -=alled "eolian

oscillation, often occurs in a hiqh-riae Itructure with low rigidity .,,,1 s_l1 1aalping.

In the wind tunnel inveltiqation for the free ltanding tower of the Hirado Ohashi Bridge, it

was suggested that the oscillation might happ..n at the wind speed of 11.4 II/s and the ..xia..

vibrational UlPlitude at the top of the tower was expected to reach 2.35 _tera. A

-.chanical device ulinq a Iliding concrete block, Which wae connected with the tower top by

wire rope, was inetalled to suppreaa the oscillation. T1,e device was found succeaaful in

s~prelling violent oecillation.

on the other hand, a large deflection and /l catastrophic vibrut,), lik" flutter may

happen when the auapended Itructure ia erected. The deflection can be prevented eaeily by

reinforcing the Itructure or by inltalling a epecial device for cramping the deflection.

Howevar, the cataltrophic oacillation muat be prevented a. it i. fatal to the structure, and

it i. nec....ry to confirm the .afety againet etrong wind through wind tunnel teetl.

1.2 Er.ction Planl of Suapended Structure

The Hirado Ohaahi Bridge, Which i. conetructed over the Hirado Seto Straita and linka

Hirado leland to ~yuahu Illand, i. the .econd largeet .ulpen.ion bridge in Japan. It ha. a

center epan l.ngth of 460 meterl. The lu.panded etrl:cture carrying two-lane traffic and

.idewalk il etiffened by a trule girder six meters high and 14.5 meters apart. ThE clear

ance ia 30 _ter. above the lea level at the center Ipan. The cro.l-eectional ehape of the

.tiffening girder vae .elected through wind tunnel teatl. The location, qeneral view, and

dt.Bn.ion. are lhewn in Fiq.-l, Fig.-2, and Table-I.

The following erection _thad _I propoled atter Itudying the lite condition, _,WIt

of work, conltruction _"hinary, £conolllical efficiency, and iO onl

1) The conltruction of .Uffening girder etartl frOlll both enda near tt.e tower, and it

proceed. gt"adually to the midtJOint of the epan ae .hown in Fig. -3.

2) The unit: of auepended et:ructure in erection work is 40 ....ter. in length and 200

tone in wei9ht except: the etartin'l eta'le.

3) The concrete block. in the bar'le are hollted by a 11ftin'l crane eet on the ..in

cable.. The etata of erect:lon work i. ehewn in Photo-I.

4) The field connection of blockll are fixed ~iately after lifting. But the

ee.porary hin'le. are in.talled at the eixth point to alntaize the erection etreee.

By ueinq thie ereetioa _tOOd, the conet:ructlon period of eu.pended etructure "aa

reduced to three -antha, and the floor deck (I-beam grid deck without concrete elab and

pa_t) was erected together with Itiffeninq tru.e. Three type. of deck ehapa .hown in

Fig.-4 were propoaed for erection .tage. Crane care can be driven on the deck in Plan-III,

end this i. conv.nient for conetruction work. However, plan-III ..y make the aerodynaaic
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20.2 .v.
32.2 .v.
38.6 1Il/.

.tabllity wor.e, eo Plan-I and Plan-II were aleo propo.ed a••uppl_ntary _thod.. The

aajor .ubject of the r ••••rch wa. to .xaain. aerodyn.-ic characterietice of thee~ three deck

plane for erection throU9h wind tunnel teet. Photo-2 .how. the aectional lIOCSel for wind

tunnel teating (61.

The n.tural frequency varie. ae the conetruction work proceede. Fig.-S .howe how the

vertical bending and tor.ional frequenciee vary in accordance with the .tage of conatruction.

The natural frequency in bending lIIOde does not shift eo much, but one in tor.ional lIOCSe

increases a ter the .iddle of eteFe.

DESIGN WIND SPEED FOR EIUlCTION STAGE

Wind load .cting on a .tr~cture under conetruction i. different from one acting on II

cClllpleted etructure. Namely, the ..xptlcted wind epeed for ehort.r periodo aay t>. u.ed to

evaluate the design wind apeed, beclluae th~ con.truction period ia uaually .hort. The

relation between a ret~ period (R in yearel, a probability of tn~ annual ..xtr... wind

speed not exc-eding a design value (q!, and a life time of the etructure ~T in year.) i£

given by the following fonnula;

q • (l _ l/RI T

It ie reasonable that T is defined to be equal tc the ~rection period. The ..r.ction

period of suepended .tructure wall ..etimat..d as three IDnths, end th.. total duration frOlll

eu.rtinq tower conetruction to finishinq the construction of the eusP"'nded structure .e

fifteen IDnth.. AeeUllling that T • 2 yur. and '1 • 0.6, th.. return period R DeCOlllee 4.4 year.

in the ca.e of the Hirada Ohaahi Bridge.

Th• .antl'l1y aaxilr.UI\ wind .P"'ed for the la.t thirty-!1vp. y.ara at the Hirada Meteorolog

ical Ob.ervatory near the br~dge site i. given in Fig 6. It .ugg••ts that there are few

o<:ea.ione of .tr·:mg winr3 in the P"'riod from January to June. Hence thi. period wa•

•~.ed to be the be.t time for erecting the sU.P"'nded etructure. Fig.-7 .hows the relation

bet_en thO! return period and the exptlcted wind .peed. It foll~ t'rOlll the figure that the

expected wind e~led in thi. P"'riod with a r.turn P"'riod of 4.4 year. (R a 4.4) i. very low,

and th..refore. the following wind speed baaed on the return P"'riod of twenty yeare was

uaad in the de.i'rn;

Bade "~ind epee«

o..aign wind Sp@ed

~ritieal wind Sp@ed for cataatrophic oecillation

WIND TUNNEL ~s~

3.1 Wind Tunnel Te.t Method for Suspen.ion Bridge Under Con.tru~tion

Generally speaking, a e.ction.l lIOCSel, which ie a rigid, geoaetric.l copy of a

typical .ection of a full-.cale .trueture, ~e u.ed for the a.rod}~a.ie .tabili~y t ••t in

the case of a ca.pleted bridge, because the ~iformity of longitudinal .... di.tribution

can be a••.-.5. But a eectional -.odel can not be used directly for a auaponeion bridqe

under con.truction, becauae the ".l.IIIIPtion can not be held valid.
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Wine! tunnel te.t _thoda for a au.pen.ion bri4qe W'l4flr coNltrucUon are cl••aified aa

follClWa.

1) Sectional model te.t IlIetho4 ,""ltine; u... of reduced ...aa par_tera.

A typical length of a full etruc'ure 18 lIllx'leled, and it ia riqqed up in the twmel by

helical apr1nqa with required etiffn.~s, and th.. weight of the lIOdel 18 aillulated in accordance

with a reduced _ •• , which repre.ent. -.he ,mole et"ructure.

2) Analytical _thod lIlIllting uae of aerod~'Tlll'll1c coefficients.

the reeponee of whole structure can be obtained by using non-eteady aerodynamic force

coefficients vhich are measured through \. i n twmel tests on a two-dimeneional model.

3) Full-model test method.

The response C'l\n be obtained by the use of a full-lOlOdel with mechanically and 9'eo

metrically simulated characteri.tics.

In the present study, methods 1) an~ 21 ~re used.

3.2 Stability Test

3.2.1 Test Procedure

The following similarity conditions were satiefied in order to replace A full-.calQ

structure to a twt>-c!illlllnaional model.

1) Ma.. parameter

where M

Mc' Mt '

t c' tt'

reduced maes

IllaSS of the pretotn:" structur,>

lIlO<1e func cion

and the subscripts c and t denote cable and suspended structure, respectively. The reduced

IIlllIIM!nt of inertia can ~ calculated in a si,lI1lar -.lner.

2) Vibration mode

Th.. 1IlOd0!l is mourtcd t,y helical spril'l9s and it permits both vertical translatory and

pitching ..:JUan. The r.lltural freque'lci@s in fundUlllntal aSYlllll8tric modes (both bendine; and

torsional) were observt.-'t for lIOdel1inq, and no coupling between s)"II8Il8tric oecillation and

asymmetric one vas coneid..r~ in th.. teet.

The teat conditions are qb In . n "-"1..-2. The vibration of cable :l8 80 dOllinant at

the earlier construction steps, th~t the reduced III&8S b8comes very larg.. and th.. similitude

lr~ can not b.. maintained in the t.et. For thie rea80n the stability teet for the thirteenth

step only can be carried out.

3.~.2 Test Reeults

Fig.-9 shova the relation between ane;le of attack Q (vertical angle betvecr. wind

direction and the reference axis of structure and it is taken as pos1t1v& wb~n wind blows

upward) and the cr1tical w1n1 speed of flutter
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The effect of 4eek Mape on win4 It.abUi\.y 18 clarified throucJh the teet on the

thirt_nth ltep. Model-I, having an opening at the aldeUe of the dec.lt, 18 ltabl. up to

50 .". at the anqle of attack, a - -So - +6°. On other other hand, Ni:lcSel-III, hav1n1i a

lolid deck, lhawed in.tability at a-50
, but the critical wind .peed 11 auch h1;b.r thaI.

the cselign win4 .peed.

Th. variation of .tlbl1ity chnacteri.tlca with conltruction .t-s>. cannot be obUined

by thll teat. The reduced ..ella for 5th to 12th .tep. be~a ao larg. that the atabllitv

in thea. l'....p••.,.a to be gll&ranteed.

Th••ffect of frequency ratio r (the ratio of torsional frequency to ben4in; frequency)

on the at~il1ty wa. examin4d. The t.at w.. carried. out at I' • 1.65 in ':.h. thirt_nth

.~. Th. type of olcillation il a atall flutt.r, and the critical wind apeed V
c

ia pro

portional to reduced wineS .peed (... Fig.-9.3 and 9.4).

j.3 Ilelponl. Anelyaia U.in; .erodynaaic Force.

3.3.1 MeaS.lU"1IUI6lIt of a"rodynudc fore••

The a"ToSv~c force acting 01> a lIlOC1el was __.ured by a forced oacillation _t.'Iod

in order to auppl...nt the atability te.ta. In the caa. of driving the ~.l, gr.at car.

INlt be taken to balance out the in.rtia fore•• of the ~el 10 that only purely aerodynaaic

f"reea are _aured (71.

The aerodynamic force coefficienta mea.ured are Ihown in Fig.-lO. CMTI, ~ginary

part of the coefficient of pitching moment in pure pitching o.cillation, at a - 5' in

Mod.l-III ia poaitive for a1llloat the whole ranga of wind .peed, and, on the other hand,

it 11 negative in Model-I and Model-III except Cl • 5°. When CM'l'I 11 poaitive, the vibration

ayetea with one degree of freedom in tor.ional .->de becc.e. unetabl••

3.3.2 B.tu.ation of Flutter Wind Speed

Flutter wind speed for each atep of erection ataqe are eaU_tao by the uae of aero

~ic force coefficient.. In the ee-puter proqr_, the ~tion of both cable. and aUI

paneled .tructur•• 11 conaidered. The n\llllt.u of lIlOd.a in taraional an4 bending olcUlation

1. five at maxilD~, and the nUllber of aerodynaaic force. along the apen 11 three at ...1

_. It _. found that tlutter -V not occur at whole angle of attack in Model-I and Model

III (.xcept u r .0). Tb. critical flutt.r apea4 at a-50 in Model-III il .a toll~

(torsional tlutur),

5th and 8th atep not pre••:tt

11th atap 73.6 aI.
13th Itap 52.4 _/1

Th...aU_ted wind apeed 11 noted in "i;.-9.2 to CQIIIIllr& with on.1 out of the aection

Al lIldel teat. Both r ...olltl aqr•• fairly ...11 ",lth eaen other, and it 11 found that the

••·_....t·'n _thod uaing aerodynalllic: fore. co.ffici.ntl 18 ral1~le. 1lhan the coupled

flutt.r i. aa~~, the .ltUiated cr1t!cal wind lpeed deer.a••a Ilightly .. lhoWn 1n

TaIlle-3.
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COII::IDSIOIl

A study has been carried out to confbm the aerodyllUlic saf.ty of the Hirade Ohasbi

Bridg. WIeser construction. In conclusion the following can be pointed out.

1) The d.d9ll wind speed tor construction work 18 esti_ted by the uae of wind

r.cord in trA last thirty-five y.ars et the Hirado ..teorological Obeervatory. Aseuminq

the r.turn period of twenty yeare, the expected basic wind speed, the d.sign wind speed,

and the critic.! wind epeed for flutter are calcualted as 20.2, 32.2, and 38.6 II/s,

respectiv.ly.

2) The wind tunnel t.st on s.ctio~l modele ehove that Model-I with openinq in the

me-U" of the d.ck 18 stable for whole angle of ettack and Model-III with solid d.ck 18

un.talll. tor the angle of attack more than four d.gr.... The critical wind epeed at

0·4" is fair.y high, i .•. , over 50 m/s, 80 that Model-III is judgfd to have auffici.nt

aercd~c stab\lity in practical use.

3) The re.pon••s calculated with the aerodynamic force coefficients give good corr.

lati"n with the teet results on sectional mod.h, and this proves that the test methods

are reliable. The instability of bridge can occur in torsional flutter, and the effect of

coupling of bending and torsional vibratior...e ..... to be n.gligible.

4) Th. variation of flutt.r wind speed with the progr.ss of construction work is

derived, and it i. shown that the flutter wind speed is high at the first Btag., and then

it d.er..... gradually ~s t~e stage proceeds. Thie result is different from those of the

seven Bridge and the Kanmon Bridge.

S) As stated above, it 18 concluded that Plan-III, in which the .tiff.ninq truee and

solid d.ck are oonstructed altoq.th.r, has sufficient aerodynaaic stability. In the atlllSy,

only a.r04ynaic stability t.sts are perfOrD*1, and no .tt_pt 1& done about the large

deflection of .uapended .tructure due to wind action in con.truction .tage.
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cooperation.
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Tabl.-2.2 Te.t condition with ••ctlonal -edel

::-~lto4e 5 8 11 13
-

kale 1:37.59 1:37,~9 1:37.59 1:37.59

Maa8 deult,. (q'-edd) 20.867 9.387 7.935 7.586

(AS!) 69.041 659.7 9.916 2.415
Polar .-.aftt of inertia

(51) 5.050 1.979 176.3 2.640

Tabl.-2.J Prequency ratio

~ 5 8 11 13
lto4e

-.(4S1)'-" 1.71 3.28 3.55 2.85

-.(5J)'-" 1.58 1.14 1.90 2.59
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Table-3 Critical Flutter Wind Speed

at ~5· in Model-III (m/a)

~
14 14- 13 11 8

Type
~ ._-

TOrsional Flutter 50.8 49.1 45.8 75.6 Not occur

--------_.- -- - ._-

Coupled Flutter 49.0 47.3 014.2 73.8 Not occur

.witt~ut pavement
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PRESIDl'l' SI'roATION or DIl'nIQUAD PREDICTION RESEARCH IN JAPAN

~auo Hamada, National Re.earch C.nt~r for Disa.ter Prevention

Hiroshi Takahashi, National Research Center tor Dieaster Prevention

Hiroshi Sato, Geographycal survey Institute

Akira suwa, Meteorological Research Institute

An outline of the Japan.s. National Proqraa of Earthquake Prediction is introduced

here. rirst, the progress up to date of the national proqrlllll of earthquake preciHon,

second, the orqaniaations related to the prediction, their main rol•• , and the orqaniaational

structure/ thlrd, the strateqy of earthquake prediction by the coordinatinq Committ.e for

Earthquake Prediction (CCEP) , fourth, the activltie. of the CEEP/ fifth. the present state

of earthquake prediction; sixth, the promotion of the prediction proqrPl. includinq the

author.' pointe of view and finally, the following ite.. of research and observations

are introduced:

1. GEODETIC SURVEY

:2 • TIDAL OBSERVATION

3. CONTINUOUS OBSERVATION OF CRUSTAL MOVEMENT

4. SEISMIC OBSERVATION

S. VELOCITY ClWlGE OF SEISMIC WAVES

6. ACTIVE FAULTS AND FOLDING

7. GEOMAGNETIC AND GEOELBCTRIC OBSEMVATIONS

8. LABORATORY EXPERIMENTS

9. WOJUCS RElATED TO GKmm WATER

10. DATA PIlOC"!SSlNG AND K)NI'rORING ~"STEK

XEYWORDS : Earthquake prfldiction, Japan National ProqrPl, pre.ent sute
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PROGRESS or EAIl'I'HQUAICI: PREDICTION RESEARCH

The pr..ant research of earthquake prediction 908s back to 1962, when the publication

"Earthqua'~ Prediction - Progr.ss to oate and Pl."a for Futur." w.s is.wed by • r ••••rch

group for an earthquake prediction program con.isting of Japanese seitnlOloqists. Thh

planning had drawn much attention in the world, .specially in the Unit.d States. As a

r.sult, the fir.t Japan-United State. conf.rence on Re.earch Related to Earthqu~e Pre

diction was held in Tokyo and Kyoto in 1964, under the auspices of the Japan-United States

Cooperstive Program, which still continue. up to the pres.nt. In Japan, the Science

Council of Japan and Ceode.y Council in the Mini.try of Education established some committee

meeting. and made recommendations and/or authorized proposals to the Prime Minister and

other r.lated Ministers with respect to promot~on of earthquake prediction. Table 1 summa

rize. the main events relate<' t,.., the I'romot;.~" of eal"thquake prediction up to the pr.sent.

A national progr8lll ::>f ear'-hqualte prediction \oas launched in 1965 with the financial

support of the Goverlllft8nt. The funding and Flanning of the progrlUll have been in S-year

incrementa. The program is now in the third 5-year seqment and will be 13 y.ars old by

the end of the fiscal year 1977. As a result of the progress, the number of research

scientists and technicians involved in the national program exceeds four hundred and several

tens, and the total funding in 1977 amounted to 3.7 billion yell (approxi_tely $13 million,

Fig. 1). During thes. years, approximately 130 additional positions for scientists and

t.chnicians were created, and a total of 15 billion yen ~ill have been allocat.d by 1977.

This budget is the largest of all projects in solid-earth science in Japan. Since the

Japanese funding excludes salaries And the costs of construction of observatories, the size

of the Japanese program is not small in comparison with that of the United States whose

funding was $11 million in 1976. including salaries (National Academy of Science, 1976).

O~IZATIOtIS RELATED TO THE PREDICTION PROGRAM

Organizations related to the earthquake prediction proqram and their main rol.s are

shown in FiS' 2. All sorts of information of up-to-date res.arch and observations concern-

ing the e' ruske prediction are gathered into the CCEP for judgments with respect to the

earthquake ,,,;currenca in and around Japan. Main courses of information flow to the CCEP

are illustrated in Fig. 3. There are about 9 organizations of universities which have their

unique programs. Most requirements of budgets and new positions from these organizations

are approved b{ the concerned ministries or ag.ncies (Science and Tec~oloqy Ag.nci,

~inifttr1.a of Education, I't~rnational Trad~ and Industry, Transportation, and Construction)

through ordina..--y administrative procedur.s. There are no revi_ panels made up of s"ientists

assisting a responsible agency in selectinq the r ....rch proj.cts and oth.r requirements

to be supported, unlike the United States. Nor is there a r.sponsible lead agency which is

r.sponsible for the whole program concerning the .arthquake prediction, like the State

Se8imological dureau of China. In Japan, however, deep regard is qiven to the proposals

by the Geodesy Council.

III-2



STl\AftGy or u.RTIfQUAD: PREDICTIOII BY THE CCEP

The CCBP de.iqnated .... area... the -area of .pecitic ob..rvation. area of intenai

fied obeervation. and area of concentrated ob.ervation" a. the tarqet of a Itratecnr of earth

qua!r.e prediction. The de.iqn&t1on of an "ar.a of apecific obaervation" ia given to area.

of hi.torically diaaatrou. earthquakes, active fa~lt•• high .eiamlcity In a It-ited area. and

an iJuportant area fl'Olll .ocial and economic aspect.. like a den.ely populated area. Whenever

llI'lOWlloUl phenc-na••uch a. land uplift. are oblerved by either nationwide observations

11ke geodetic aurvey...iamic observations and tide-aauge ob.ervation. or other observationa

in the "area of apecific oblervation." the reqion of anomaly il deaiqnated .s an "area of

inten.ified ob.ervation.·· If the an~lous phellOlll8na are later auspected precuraory to an

t.pendinq earthquake. the designation will be changed to an "area of concentrated observa

tion." and all types of obaervationa will be concentrated there. And, if the precurllOr i.

later .are poeitively ascertained. all effortl will be concentrated to predict an earth

quake. As illustrated in Fig. 4. the Tokei area and the lOuthetn part of the !Canto area

are "ar... of intensified observation." However, there ia no "area of concentrated ob.lrva

tion" up to the pre.ent.

ACTIVITIES OF THE CCEP

Th. CCEP haa MIt yet iaaued any prediction of an earthquake. in contrast with the

exa.p~. of thl U~ited Stat~s and China. However, after its establi.hment in 1969. the CCEP

released a ..rie. of infollD&tion related to an earthquake to the society in the fOnl of

qenerlll warninlll; uplift in the Iloao and Miura Peninsula., no chance 0' a large earthquake

in the Unto region for the t~ being, possibll i tv of a large earthquake in the Tou!

area, the recent uplift 1n the lower reachel of the Taaaqava river, ICaw.saki city, and IIlOst

recently, the uplift in the Izu Peninsula. Thu., the CCEP a180 plays the role of a mediator

between the scientist and the lOCiety besides the judgment of earthquake predietion.

"lthouqh any prediction of earthquake hal not yet been iasued in Japan. if _ take

"predict.ion" in a vide a.~ IIeneral len••• Buch predictions were issued twice. A coordinat

inq ~tt.. iasued the first one to the local people through JMA (Japan MeteorolO<Jical

Aljancy) when the Matsl.l.hiro Earthquake Swarlll (1965-1967) by judqing fl'Olll ..icroearthquake

activities preceeding the occurrence of lIIIdilDB-size earthquakes. '!'he second prediction in

a wide and general BenSe wa. -.ele by the CCEP before the Oft-NeIIIUrO Earthquake of 1973 by

judging from the sei..ieity gap and the accumulated crustal deformation.

THE STATE a EARTPQU~ PIlEDICTIOH

Predictions of earthquakes should lpacify the tiBe, IIIIlgnitllde, and place with the

probabilitie.. However. neither the pre..nt Itate nor the present distribution of

inatr_ntation pemts u.eful predictions to the aociety on a routine balil. An earth

quake prediction tMory (1.9., R1Jl.itab, 19761 or a foPlUle to predict an earthquake

h not cOlll'l..ted, but ia at the developinq .taqe. Al~, a final network of observation.

tor tM pre4iction on a routine !>a.b i. not aade clen. What~. certain ia: any kind of
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the punnt oMerYationa 1. IIOt .uflicient yet and we have to .mitor not only one or two

bIlt ,."eral k1nda of obnrvation' in order to ,elect a phe~non reall:i precureory to

...-rthcluakn, rejectinq all the di.turbtu1ce. f~ other lOurce.. And. final .yntJletic

juclc)lMnt 11 r-zuir-s froa obIervatlonal. expenMntal. and theoretical a.pect.. AltholJ9h

the pr••_t .tate of prediction i. not at an advanced...ti.factory ltag@. if a precurlOry

phe~n to • larqe .arthquaJuo .ppear. very .tronq in a wid. area. we could r.coqni&e

the precureor. frca the pr••_t network of in.t~ntation. Therefore. eonatruction of an

inteqrate4 .y.t_ of data q.therin9lr.l..... AlUlly.... and judqment. 11 urged e.pecially

for tM Toni .raa.

PRCMOTION OF EAIlTIlQUAJ<E PREDICTION

The Japane.e National Progr.. of Earthquake Prediction, .ince it wa. l.unched in 1965, hal

been gradually .trenqthened by mutual cooper.tion of different organization.. The preaent

organizational .tructure, however, i. no longer adequate for the growing proqram with

incr.a.inqly wide v.riety of ob.ervational d.ta, l.rger continuous monito~inq .y.t....

broadening ~a. of relearch, and .ynthetic judgment. from all kinds of data and r ••earch

at the .... tt.e. Serloua problems in the proqraID are the chance for atuc1ying accial aa~t.

of predict.ion and the ab.ence of a reapen.fble lead agency. Under theae circlllll8tances,

the H.adquarter. for Promotion of Earthquake Prediction vaa eatablished in OCtober. 1976,

with purpo... of intermini.tri.l adjuatment and communic.tion••nd of promotion of oompre

handy. and .y.t_tic planning vith reapect to the national proqr.... '!'hi. Headquarters is

of the higheat level of its kind in J.pan and ia expected to influence the .tate of earth

quake. very lIIUCh.

ITEKS OF OBSERVATIOI1S AND RESEAJlCH

It_ of r ....reh and ob.ervaticn. for the prediction proqru are outlined aa follow.:

1. GEODETIC SURVEY. A nationwide trianqulation (recently. tirl.tar.tion) network

conai.t. ot 6000 firat-order and .econd-ordar triangUlation point. which are aurveyed by GSI

(Geoqr.phycal survey In.titute) by meana of geodiMter••t 5-year intervals (Pig. 5). Aiao.

nationwiele levelling. of tir.t Order, 20.000 ka in total length, .re conducted by GSI every

S year. (Fig_ 6). In ••pecial reqion lilt. the C-pital are•• CSI hall a planning of

.ccurate geodetic ..aur...nt••t the r ••urvey intervals of 2.5 year. and oth.r taBPOr.ry

geodetic .....ur_nt.l on accaaion. Gravity .urvey. are conducted by CSI and univ.raitlea

occ.aionally.

2. TIDAL OBSERVATION. There are aJlout 100 tide-q.lJge .tation. alonq the =-at ,t

approxillately lOO-a intervale. nwn .tation. belong to JMA. CSI. and lID (Hydrogr.phic

Depue-nt) pr1-.z:ily (l'i9. 7). but their obnrvat.ional data are '1athere4 into the eoa.tal

Mo_nt Data Center of GSl and r.l•••.s frca thia center.

3. COM'l'IMUOUS OBSERVATION 01' CItUS'l'AL MOYEMI!IIT. There are v.rioue typea of .tr.in .nd

tilt _tera for continuoua obaervation of crun.l -.-nt•• but they are atill at the

dev.loping .taqa. They .re .llica-ber .train ..tera. wire .er.in ..ter•• vol~tric .er.in
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_tere of buried type, tilt _tera of borahole type and of tunnel type. aM water-tube

tilt _ten. Moat of thea beloll9 to Wliverdtiee, JMA, and Ct>P (National !!enarch Center

for D1..ater Prevention) and are dietributed at about 30 lite5 illuatra~ tn riq. 8.

!lac_tiy, .-phade b placed on the continuoWl ~nitorill9 ot cnqul _v_nta in the Toui

area aa leen in the fiqure.

... SEISMIC OBSERIfATIOIl. JMA baa a :utt10nwide netllorlt, con.bting of about 120

.taUon., fur larqe, moderate, and _11 earthq\l&ke. of ":~) (Fig. 9), and reqularly pub

li.he•• bulletin of the earthquake. Furthermore, JMA i. now conatructing a~itlonal 20

h1gh-sen.itive etation.. Micro- and ultra- microearthquakes are obeerved at about one

hundred and .everal ten••tat1.ona which belong to approximately 20 ob..rvatorie. ot aeveral

univer.itie., COP, and JMA (Fig. 10). Seven un1ver.itie. have their mobil. partie. for

temporary ob.ervation. of micro- and ultra-.icroearthquak•••

Ct>P in.talled deep-borehole ••1.-oaetere and tilt ..tersin a 3500-. well at the Iwat.uki

city about 30 lao north frc. the center of Tokyo, .0 a. to overcaa. artificial noie•• in the

Tokyo ar.a. And other two deep-·borehole observatoriee will be COlIPlet8d in a f_ yean

A ho in the Tokyc. area.

There are throe type. of ocean bottolll .ei__ter. (085), an anchored buoy type, a

free-fall pop-up type by the Univwra1ty of ~kyo. and a em-rine cable type by JMA. JMA

int.8nd. to Ht ..veral O85e of eubMrine cable type off the .hore. of Tou1 area for

continuoue obeervation on a routine ba.i••

5. VELOCITY CHANGE OF SEISMIC WAVES. In cooperation wit.h universitie. and COP, GS

(Geological Survey) hal repeatedly conducted the eJqllosion ex:peru.nt at II:u-Oehima leland

.ince 1968 at intervale of approximately one year, with the ai. of _nitorinq the velocity

chanCJ. of .ei_ic P wavee pro~qating beneath SaqaU Bay, which waa the epicenual area of

the qre.t bnto earthquake of 1923. No vwlocity chaflge exceedinCj 0.1\ hal been ob.erved

up to the pre.ent (Fiq. 11).

6. ACTIVE FAULTS AND POLDINGS. By autua1 cooperation of univenitiee, GS, and CDP

the ree..reh of active faultl and folding. over the countrJ vere • ..-rized and published

(e.C)., !la.aarch Group for ~ternary Tectonic Map, 19731. Matlucla'. wrt (1972) is a

cla..lficatian of .ct.ivw faults ba.ed on an averaqe dillocatian (Tabla 2), and it inclll4e.

hie .~udie. with re.pect to a recurrent interval of earthquake. along the fault. ~c.ntly,

a reeearch qroup cf ){Ai.uk. and hi. cell_que. inveat1C)at8d the distribution of active

fault., their activitie., and .ei~c ri.k allover the country •

.,. ~IC MID GEOELI!lCTIUc OBSEltYATIONS. Much .-ph&... are placed on g_qnet!c

secular variation. There l.S • nationwide array of accurate proton-prece,.ion _gnetClllllter.

a. abown in rig. 12. The natural nois.e contallinate the ob.erwd value. of the total

intensity of the CJee.agnet1c field _xpectedly 10 -.K:h that it II1ght not be ..ay to detect

significant CMI\98' .alOCiatM vith an earthquake. Pirlt-order ~qnetic aurveye are

conducted ewry 5 yean by GSJ at about 300 lite. all over the country. Continuoue _i

tor1nq of the .arth'e re.istivity chanqe. has bean carried out at NNrat,ubo about 60 lao

aouth of Tokyo. ~ precuraor. and ce.ei.-J.c chanqe. have been reported Ce.g., Y-.aki,

1975).
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8. LAIIOM'l'ORY BXP&1U1lEN'rS. App&ratua for the .~ri_nt. of rock failure, which .1aI

ulate. the circu..tance. prevailinq within the e&rth's crust, ware installed at five univer

.iti•• and GS. This kind of invw.tigation i. repr••ented by Mogi' •••ri•• of expert.8nt••

9. woaxs ItEl.ATED TO GIlOUND WATER. Re.earch on qroWld-water level. c~cal analyah,

and radon content a. well a. other water-related research from the viewpoint If .arthquake

prediction belong to the .cienUf~.c field. where Japan wu behind other countrie•.

Recently, the univenity of Tokyo and GS, however, inve.tigated such water-related prob1elll8

(e.g., wakita, 1976). Abo, COP is goinq to atart on .uch works with e n_ly created

r ....reh gl"Oup.

10. DATA PROCESSING AND MONI'l'OIUNG SYSTEM. Various center. for specific activiti••

were e.tabli.hed, the Cru.tal Activity Monitoring Center in GSII the Sei_icity Monitorinq

Center in JMAI the Earthquake Prediction Ob.ervation C.nter in ERI (Earthquak. Rea.arch

Institute), and the Local Center of Earthquake Prediction Ob.ervation in ,ach of five main

univer.itie.. Thea. c.ntera are qathering enc proce.sing the widely growing variety of

obeuvation data. Mo.t of the data ar. qath.red and .ent by a tf·l_t.erinq n<>twork to theae

center.. rurtherwlre. at pres.nt, a coordinat.d sy.te.. of .ynthetic and rapld judgment.,
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Y. M.

1961 4

1962 1

1963 6

10

1964 6

1965 J

4

6

1966 6

1968 5

7

1969 4

1973 7

1974 11

1916 10

1917

T~l. 1. PrOCire.. to Date of Earthquake Pr~iction

Th. Ur.t _.tinq of the r ••earch Cjroup for .artbqualt. prediction pr09r_.

"Earthquake Prediction---Progre.. to ~t. and Plan. for Putur." w.. i ••ued from

the above r....rch group.

Th. section.l lIe.tinq of Earthquake Prediction wa. e.tablhhed in the Geod..y

Council in the Mini.try of Education.

The Science Council of Japan r.c~nded the Gov.rnaent to prc.ote .arthquake

prediction r ••••rch.

Th. ~e.y Council propo.ed to tl~ Miniatri•• of Educ.tion. In~.rnational Tr.d.

and Indu.try. Tranaportation. and COnatruction on planninq of .arthqualte pr.

diction r••••rch.

Th. S~tt......ting tor Earthquake P~·.diction _ ...tabl1ahed in the

Coordinating ee-ittee tor GftOphyaic.l ll......rch in the Sci.nce Council of Japan.

Beginning of financi.l .upport to the prOCiraa of earthquake prediction re••arch.

Yearly achedul•• of e.rthquake prediction re.earch vera Nde by the Sub-C~tt_

Meetinq for Earthquak. Prediction.

Th. yearly .chedule. were modified. conail1.ring the experi.nc. of the Mat.u.hiro
.arthquake _~.

Acknowledg...nt .t the Cabinet Council on application of e.rthquake predictton

re.earch. in con.eid.r.tion of daIIlag•• caused by the 1968 Off-Touchi Earthquak••

The Geed••y COuncil propo.ed to the r.lat.d Mini.ter. on .pplic.tion of earthquak.

prediction r••••rch.

The Coor,Unatinq C~1tt<? l for Earthquake J>redic~ion w••••tabU.hed in the ceo

qraphical Survey Inatitu'A. for .xcnanqing information and over.ll judqment.

concerning .arthquak. occurrence•.

Aqr....nt to p~t. .arthquak. predictior. .t the C.ntral COnference for Di•••t.r

Prevention in the Pr~ Mini.t.r'. Offic••

The Coordinating ee-itt.. to Pr~t. Earthquak. Prediction Re..arch w••••tab

li.bed fer a4aini.trative adju.~nt aaonq the Mini.tri•• and Aq.ncie•.

The Headquartera for P~t1on of Earthquake Prediction _. ..tabU.hed in the

Cabinet and th8 above coordinating ~ttH to prC*lt•••rthquake prediction

r••earch va. diapl.ced by thb he.cSqQarter•.

A Jud~nt ee-J.ttee of the Toni Area will be ••tabU.bed to PrC*lte .lIort-tam

prediction in the Tokai are••
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Table 2
Hain active faults in Japan(Hatsuda. 1972)

Ai the mean r~te of movement· 1-10 m/lOOOyears
B; 0.1-1 "
C; " less than 0.1

-------_._._--
Loc.Liun Name of raull. Typo u ..~Lh CI...

(~m)

------------ ---------
Akit. Pr.r. Rikuu revC'n.e faull GO B

Iwale- 'reor. Muriokil rever.e r..ult 40 B

FI.I~\llhima Pr.r. FukuAhim:\ basin rewcrse fault &0 n
Fl.Il.:ushima Pr.r. Aizu b...in rever.c rauIL 40 B

Nii~at:J I'rf:r. N•••ob pl.in N'ver.c fault 30 B

N'II:Ano PrlPr. Zenkoji ba..in reveue r"'\l1t. ~O B

Hac.no Pret. IluiC'.1\Va-Stli~uoka lert-Iateral 80 A
Shi7.uok. Prll!f. ~orth Jau l~rU.ter.' 30 A
Toy.ml .nd Gil.. rrrr. Alollug~w:\ richl·'aler.' 60 A
Gilul'rtf. All"ra l.rt·t.. LlPr:t1 70 A
Giru Pr.r. N..,valley Iorll.I...l 70 A
Ai~hi Pr.r. F\lLo~u ..even. fault ]0 C
Kyulo Pr.C. Tln,o l.n·III.,.r 20 C

"yueo P,.I. Rokko r•• !pflo.«" rault M B

HyDen Pr.r. Vamazaki 1.lt·Jat...1 50 A

'rolla,i Pr.r. ToUoyi rif:ht·la~~-.al H C

South ...11 J,p',n Median teeLonic line riehl·'"l.'" 800 A
-----------~~-------
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36.5 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - • - - - r--

30

20

10 --
-

r--

196~ 1970 1977

rig. 1. Yearly budget related to the prediction proqraa
in billion yen (Science and Technoloqy Aqency,
1976)
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0'
<:)

01)

EAST PART OF
SHIHANE

.0

OF

NORTH PART OF NAGANO
AND SOUTH-WEST PART OF
NIlGA':.A

SOUTH PART OF KANTO

1:::::::>::::::) AREA OF INTENSIFIED OBSERVATION

c::::J AREA OF SPECIFIC OBSERVATION
(April, 1977)

r!g. 4. oeaiqnatior. ot area by the Coordinatinq Committee tor Earthquake Prediction
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Fig. 5. Natio~wide network ~f a firat-order triangulation.
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o 100 20~ Km
• .--0

TOKYO

~

Fig. 6. Nationwide firat-order levelling routes

20,000 km in r.otal length.
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Fig. 7. Tide--gauge stations
Coastal H registered atovement D theata Center.
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7he Complementary Importance of ~arthquake Predictlon

and Structural Response Estimation in Sel~ic

Design and Planning Decisions

ROBIN K. MCGUIRE

U.S. Geological Survey, Denver, Colorado, U.S.A.

Abstract

The present uncertainty in estimating the responses of manmade and natural structures

to earthquake threats is translated into cost penalties reflactin~ costs associated with

poasible failure of the structure due to underestimated response, and costs associated with

overdeaign of the structure (or over-conservative reaction to a hazard) due to overeati

aated levels of motion. The important uncertainties for seismic design and planning deci

sions are those associated with the size, location, and time of future earthquakes, and

tboae associated with estimating ground motion and structural response during these events.

It is shown that reducing the uncertainties in one part of the problem has o~ly a minor

effect on reducing the (social and economic) cost of earthquakes unless significant and

coaple-entary advanc~~ are also made in reducing the uncertainties of the other part.

KEYWORDS: Seismic risk; Design decisions; Minimum cost.

Introduction

Long-term earthquake design and planning decisions are made daily and will continue

to be aade £a earthquake prediction capabilities develop and as new theories are tested

to eatlmate ground motiona and respon~es of structures (natural and manmade). Theae

decisions include choosing seismic design levels, zOT,ing land for different types of

dw¥elo~Dt depending on the earthquake hazard, and condemning existing low-strength

buildings. The uncertainties aasociated with earthquake occurrence aod ~ith the ground

aotion and structural response generated by the event leAd to cost penalties associated

with these decisions. The purpose of this paper is to examine staple, typical cost

penalty functions and to eatlmate the penalties associated with present uncertainty and

with various advancea in earthquake prediction capability and in ground motion and struc

tural reaponse eatt.atioD.
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Coat peaalt1e. can be aaaociated with the two possible outcomes of a deaisn Dr plan

nina deciaion recardiua earthquake hazard.: failure of the structure or ayatea of inter

eat, Dr aurviva! of the atructure or .yatee becauae of over-de.ign. The rare 1netences

in which a att.octur. experiencea exactly the design reaponse during ita lifett.e can be

racardad a. a trivial caae of the aecond type of outco.e. Por the purpoeea of thia brief

atudy, the "earthquake d_nd" .a well .a the "structural capacity" will hI> _aaured by

randoa-var1able Y, which ..y (aa in the example to follow) be peak ground acceleration

or ao.. other ground 8Ot1on meaeure, or it ..y be a etructural response .esaure (inter

atory d1aplac..ent, percent liquefaction of an earth-fill da., etc.),

The f.ilure coat penalty CP(yd,Y) ia a function of the design capacity Yd and the

d...nd on the etructure Y (thia demand may, in the general case, be the reault of one

earthquake, the .ax1aum of • ser1es of earthquakes, or the cumulative effect of a aeriea

of earthquakea). Let Y be a specific obaervation of Y; then failure ia defineo .s Y>Y
d

,

A poaaibla fUDCtion for Cp is shown in Figure 1. For Y~Yd there is no failura; a. y in

crueall abQve yd' C, incr..a•• fro. z.ro to a maxi...,. value CR which ..y represent the

replace-ent coet of the structure or the maximum life ~oss possible.

The cnat of over-des lin Cs is equal to the coat of earthquake desigu provided in the

atruccure CD (Yd), ainue the cost of earthquake deslgn which would have just _t the

earthquake d...nd y, Cn(y). A typical increasa 1n coat of earthquake reliatanca aa a

function of capacity Yd ia IhOWD in Figure 2. The ovar-deaign penalty cost Cs ia thua

the ".xtra" capacity which ia d.'lIned into the Itructura and which, in retroapact aftar

havina obaerved a ae1aa1c demand value Y, 11 aot uII<!. Cs is obvioualy deftnl<! only

when tbe obeervatioD Y of Y il ~Yd'

The penalty colt fUIICtiou prelented here .y ..aUy be hterpreted as dollar eoat.

aa.oclatl<! with npa1riua and deallnina a specific atructure. The failure pell&lty fuac

tion ..y alao be interpreted aa the COlt of life lOla or loaa of aervica of SOle facility;

tbe avardedgn penalty function _Y be conaidered the coat of oon-develoPllent of aa.e

area of potential a01l failure, or the coat of needle.a c'.nde.natiOD Ind ra.ina of build

inaa. Capacity Yd aight be choaen by optimization to .ini-uza a total coat faoction

(not the penalty fUDCtlona). The opt1awl dee1gn could UIply 110_ atructural repair or

1II-21



c••ualty coat evan wMD y auc:tly equah "d (for iUlance, DOn-atructur.l parUtlou

aiaht b••llowed to er.ek in • buildiaa durinl the deaian earthquake d...nd); 1n chi.

ca.a the penalty fuactlou rapre.ent lacr..... In co.t. for c•••• in which 1>Y4 or Y<Yd •

The expected p~lty for a liven de.ian capacity Yd c.n b. calculated a' the ov.r

de'lID C:Oat (a function of y) ti... the 41.tribut10n function of Y Itven y~Yd' tntaarated

over all value•• plua the failure co.t (al.o a funct10n of y) tt.e. the di.tribution

function of Y aiven Y>Yd' intearated ov.r all value.. Mathematically.

EXPECTED ........ J"'Cs",y,,'y,y,/,y'Ydld'

f
~ (1)

+ Cy(y'Yd)fy(y)/(l-FY(Yd»dy

Yd

where t y 1. the den.ity function and yy the cumulativ. di.tribution function for Y.

rbi. expected penalty ~an be interpreted a. the average penalty for a group of .truc-

tur•• (with the • .-e co.t penalty functiona) Bubjected to What i. o.tensibly the Bame

earthquake r1ak. or a. the .xpected penalty for. Bingle .tructure. The advantaae with

vorkiaa with p.ulty functlona (over exp.cted coat functions) is that they derive

entirely fro. our lack of perfect kDovledge of the procellel governing earthqu.ke

occurrenc., ground .ation generation and tr.namia.ion, .nd struc:tural reaponae. If

there wer. no uncert.intie. in any of thea. proce••••• v. would .imply predict the

de'1In earthquake, c.lculate y, design the .tructure (pre.umably for ainimua co.t).

and incur DO peDIlty. Since there.!!.! uncertainUe•• we can calculat. (through equa

tion (1» the a'lOciated COlts, and can e.timet. how thea. coete dlcrea•• with reduced

uncertainty (bettar theori~.) .bout phy.ic.l pheDOGeDa.

Siaple Exa-.ple

A .t.ple hypoth.tical probl.. hal been cbo.en to illu.tr.te eever.l point.. A

buildlaa .ite 1. threateDed by an earthquake .ource located 25 ka .way; the .ource

producaa _rthquakea in the ",nttude renae 5-7.5, with a Richter b value of 0.88. at

an avera.e rate of one p.r year. Ground aceeler.tion y ~. c:he.an a. the intensity

....ure of intere.t (it i. a••uaed for .lap11c1ty that y is • good ••tt.8tor of
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butldtna d...se aDd i. I aood ...aura to e.tt.ate de.igo co.t.). The attenuation equa-

tion u.ed ia In y-6.l6+.6SK-1. 3 In(l.+n), where K 18 _gnitud. all4 1l i • .clUrce-to-I1t.

di.tance (2S km in thi. exa.pI.). Thi. Ittenuation equation' il typical of .a.t for

the ranRe in which th.re i. plentiful data; di.perlion of ob••rved value. about the

regre••ion ••tt.Ate. indicate. that the ltandard deviation of In y i. 0.51, which il •

typical di.per.ion for California accel.r.tion deta. A lognorwal di.tribution of y i.

uled, corre.ponding to cOlIClulionl reach.d by _ny r ••••rcher••

The f.ilure co.t penalty function cho.en 1.

(2)

whlch corr••pondl to the 11mpl. 11tuation that the COlt of replaceaent il illCurrei if

the d.lian int.nlity i8 .xceeded. (No incr•••e in repl.c~nt COlt ~ith .eisaie delign

level il allumed in thi. 11mple .nalysi•• ) For the over-de.ign penalty, the following

function il used:

(3)

Thia eorre.pond. to • linear iocr...e in de.lgn COlt vith Yd' The total expected

penalty il calculeted ulioa equation (1).

The penalty ellOcilteel with current technology (no earthquake predictlou metboda

available, typical diaperaion in ground motion lnt.naity e.t~tlon) viII be c.lculated

.nd will be ca-pared with the (reduced) p.nalti.s as.ociated with various adv.nces in

prediction t.chnology and in grouad .ation elt~tion. It is al.umed that, with pr.-

lent t.chnology, d••ignioa the buildioa und.r consideration to lurviv. earthqu.k.

lIlotiona durinl it. lifetLse with 9O-perc.nt reliability, i.e., Fy (Yd)-O.9, r ••ults in

.inlaa total COlt. The choic. of oJe.ign W)t1on •••uainl .dvance. in prediction tecb-

0010&1 .Dd/or grouad aotlon ••tt.Ation la .110 -.de ulloa. alnu.u. colt crlterlon. A

rilk of Ia-e aile i. inherent In any choic. of de.tsn lntenaity, eitber explicitly or

i~licit1y••ad will r ...in until .11 uDCerta~nti•• in earthquake prediction, grouad

_Uon estiaation, .nd building r ••ponae e.t1aatioD .re .11mlnated Qr .t least bounded.

Ill.. K. McGuire. "5eiaa1c Structural Re.ponle Ri.k Analy.h, Incorporatina Pe.t bsponae
Balre••iona ou !arthquaka Magnitude .nd Dbtance," H.LT. Dept. of Civil Eng., Rlla_reh
llap:>rt Jl74-51, 371 (Aulue~ ~.974).
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DistributioDA of Ground Motion

Fiaure 3 shows the distribution of intensity y during the structure's lifetime

usins the assumptions and prop@rties presented above. and usina a typical state-of-the-

art riak analysis2 • From the Poisaon diatribution there ia a probability of 0.37 that

no earthquake occurs at all, resulting in the spike of height 0.37 at y-O. According

to the lo-percent risk deaign rule asaumed, the value choaen for Yd is 22-percent g.

The penalty associated with this procedure can straight-forwardly be calculsted

via equation (I), using Figure 3 lor fy(Y). Performing this calculation gives a penalty

of l3.8a+O.l CR, the first term due to over-design (becauhe no earthquake occurs or

because the earthquake(s) which occ~rs produces an intensity y~Yd) and the second term

due to poasible failure. The assumption that this a minimum cost design meana that

u-O.0125 CR, and thiS relationship is used for subsequ~nt cases.

Let us hypothesize first that a perfect positive earthquake prediction capability

is available, i.e., that pr 'ursors have been identified which are sufficient to pre-

dict all earthquakes during a structure's lifetime, but which are not known to be neces-

sary, so that the absence of earthquakes csnnot be predicted. This is an ~ptimistic

goal for an earthquake prediction program to achieve in 5 to 10 years; we would be

happy if precursors can be identified which will allow reliable predictiona of the size,

location. and time of the~ event on a section of fault. Those faults which do !£!

exhibit the precursory behavior would be auspected of beina aseismic (during the life-

time of a structure) but, until more detailed investigations and dsta gathering. no

apecific aaeismic prediction would be made. The distribution of ground motion frcm the

predicted event depend. upon its .ize; di.triu~!lona of y for three eventa (magnitude 5.

6. aDd 7) are ahown in Figure 4. The minimum COlt crit.rion ia used. and it ia a.sumed

also that only one event 11 predicted durins the structure's lll.time. The expected

penalty for each design depends on the magnitude of the predicted event (it increasea

with aagnitude) and this penalty can be calculated with equation (1). To deterwdne an

expected penalty for a aingle atructure before the earthquake ia predicted (or equi-

valently to calculate the averaae p.nalty for a larae number of structures to be affected

2•• K. lte:Cuire. "Fortran Coaputer Proar.. for Seismic Risk Analysi.," U. S. Geological
Survey Open-File Report 76-67, 90 (1976).
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by a raq. of predicted _,utudu) _ '18' th. upollential -aDitud. d1atrlbution .nd

int.,r.t. over .11 v.lu.. between ~S a~ M-7. S. Perfonir\& tbb c.lculation aivI••n

.xpected over-d"1&11 peulty, for c.... 1u which earthquake. c.a be predicted, of 11.1

Cl. Th. expected failure peDalty, c.lcll1ated by _i,,"Una .ccordiq to the exponlntial

MIIlitudl d1ltributioa, 11 0.017 C
il

• U81q thl rlutioDllhip bee-ell Q aad e. dalcribed

abovl, the total xpacted peaalty 18 80 percallt of that for the r18lr. ••ly.i. c.... It

auat be CODCluded that the exp.cted coat peu.ltil. lI.ocuted with loq-t.ra urtbqualr.l

da.illl and pIa_ina dacbiou will DOt be reduced vutly hy • paddve earthquake pre-

dictioll c.pability.

If • perflct po.itiva !!! nlaativl prediction capability il avail.bla (i .•.• we

can predict _rthqualr.el alld DO urthqualr.er.), the exp.cted P_Iltie. are reduced beca·.H

th.r. ar. no ,aDlltile (Ind DO COlt.) for .tructur•• which viII DOt ba .hatea. Aa.u.-

ina (frca the Poiaaoa diatributiou d••cribed above' that thi. happena 37 parc.nt of the

tt.e, the paaalti•• aaaociated with a po~itiv. predictioa capability ar. reduced 37

plrclat, to 50 parcent of the peaal ty calculated for riat IDllyail. WI are thu. faced

with thl intlrlatina coaclu.lon that, livall pr.a.nt uuc.rtainti•• in around action

e.tt...tion, mre baaeUu In lona-tlra pl••lna daclalona will be rulbed tn an earth-

quaka predictioa proar.. by idlntifylna f.ultM .ad .r..a whlra earthquakl. will~

occur, rathlr than whara th.y~ occur.

To dltll'1l1ll1 thl Iffect on coat p••ltiaa of adv.nc:.a in Iround _tiOIl latiution,

the thr.. c•••• abovI (ao earthquake prediction capability, podtlv. c.pability. poai-

tlvi .Dd nlptlvi clp.bUlty) _re rltluted ••aua1na firat that uuc.rtainty ia ,round

aotion 11 reduced by one-half (a of In ,..0.25) ••ad aecolld that it 1. reduced to .Iro.

Tha co.t paDlltiaa _ra calculoated in a UDDer iclalltical to that delcribed above.

Tabla 1 a_rh•• tbe expected ~'.lti.a under varloua hypotba.iaed actvaacu in pre

cllc:tiou tacbDOlau aad/"r Irouad actioa uU_tu, .. parceatal_ of the axpectad pea-

alty uDder pr.a.nt tecbDOloU (flnt row, lirat col_). T.bla 2 :ladieat... dan.I'

ca.parilOn for the total upac:tad coat for each CU., calculated a. tb....lp coat

plua th. f.ilure coat t1Jlaa the proba1l1lity uf f.ilur•• 1•••• a"di<:.(1-1y ("d»' lut...

aratad over the verioua pa••ibl11ti•• vbare applicabl••

It call be alea h ....' ~;,.. ant col_ of T.ble I (or 2) that C.I clt.CUI.ad atacne)

the raduction in upacted pa_Iey 11 .all ¥ban ao1q frOll prl..nt tachnoloU to •
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po.itive predictioa capability, priaarily b.eaue. of the larae uncertainty in around

.otion aiv~ the prediction. Si.tlarly, raadiaa acros. the first row of Table 1 (or

2) tbe reduction in expected paaaity due to reducina uncertainty in ground -otion is

..-11, prt.arily beeau.. of the lar•• uncertainty in earthquake .ize, locatioa, and

tiae of occurrence. It 18 only when advance. in both earthquake prediction and ground

aotion eatiaatlon are -.de, I.:hat subataatial reductions ia expected penaltiee and tocal

coata are achieved.

Conclusions

It il lhown by thla abpl. atud" that advancea _at b. _de in both earthquake

prediction capability, end ia ground .ation and structural responae estimation tech

nolo,y, for the coat. a.sociated vith long-ter- de.ign and planning deci.ions to be

siaDifieantly reduced. Larae reduct10ne in thea. costs viII not be achieved oy an

earthquake prediction capabiUty alone, ,IUC will they be achieve<! aolely by 1IlOre ad

vanced theoriee to e.Umate groun.! eotlon and structural re.p""".. This i. the ea.e

vhether one exaa1ne. the expected co.t peaalt1e. due to uncertainties in .stimating

struetu~al re.ponse. during future earthquake., or whether total eKPec~ed de.ign and

failure co.ta are ua.~ as tbe criter10n for co~ari.on. Deaign and planning coata

viII be reduced .mMn~at by a perfect po.itlve pr.oicclon capability (meaning that

earthquake preeurtors have been identified which are .ufflcient but not nece.sary for

predict10n purpoaes); eore coet reduct1o~ viII occur when a perfect po.itiv. and nega

tive prediction capability ia available (..anina that faulte can be identified which

can be aaa~ to be ae.l~ie in the future, for planning and de.isn purpose.).
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Table I

Expected Cost Penalties as Percent of Present
Penalty due to Uncertainties in Earthquake

Occurrence and in Ground Hotion

Ground Motion Uncertainty
Pr~sent 1/2 of Present No Uncertainty

None 100% 60% 56%

Earthquake Fositive*

prediction capab1lity !!O% 33% 0%

capability Positive and
negative
c&pability 50% 21% 0%

*Analysis only for sit~s where ev.nt~ are predic ted.

Table II

Total Expected Costs as Percent of Prcsent
Cost of Earthquake Design ~nd Failure

Ground Motion Uncertainty
Present 1/2 of Present No Uncertainty

None 100% 82% 76%

Earthquake Positive*

prediction capability 94% 66% 38%

capability Positive and
negative
capability 60% 42% 24%

*AilalyBis only for sites where events are preHcted.
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FAILURE
COST CR
PENALTY
CF

CAPACITY Yd
EARTHQUAKE DEMAND Y

. FIG. 1- FAILURE COST PENAL':"Y AS FUNCTIOI( CF EARTI:QUAKE DEI1AND.

EARTHQUAKE
~N CD(Y d) +-----..----t-----7I'

CDCD(y)+----&--_r

Y Yd

CAPACITY Yd AND DEMAND Y

FIG. 2- DESIGN LOST AS FUNCTIO~ OF CAPACITY.
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FIG. 3- DISTRIBUTION OF ACCEL~RATION. RISK ANALYSIS .
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RBSZMCH AND DBVELOPMENT OF PPIIANEHT

OCEAN-BOTTOM SEISMOGRAPH OBSERVATION SYSTUt

OFF THE PACIFIC COJ.ST TO C!N'l'JlAL HONSHU, JAPAN

Ak1ra Suwa, Head, Se1.-oloqy , Volcanoloqy 01vi.1on

Norio Yaaakawa, Chief, l.t Laboratory of the Div1.ion

Tat.uto Iinuma, Chief, 3rd Laboratory of the Div1.ion

Meteoroloqical b.earch lnatitute

Japan Meteoroloqical "qeney

M1STRACT

Eiqhty to ninety perc.nt of all the earthquake. in the world occur in the eea area.

HoweVer, there 1e no": a .inqle permanent ocean-bottoal seil1llOqraph yetI thi. 1. the weakest

point in eei.uc ar.t1vity InOnitori.nCJ and earthquake prediction. The Sei.-:>loqy and

Volcanoloqy Divi.ion of the Meteoroloqical R@aearch Inetitute hea been engaqed in the devel

o~nt of a permanent ocean-bottom eeismoqraph ot.ervation system off the Pacific coaat of

'!'oka!. Oi.trict, central Hon.hu, which ie Olle of the major itelllll included in the 3rd Five-Year

PlUl of the National Proqrllm of Earthquake Prediction Research in Japan (1974-1978).

The ob.ervation .yet.. beinq developed consiste of the combination of submarine and

land equi~nt. The .w-..rine equipment consht. of one t~ :..inal apperatus and several

intenlediate apparatus, i.e•• pre••ure veeseb containinq seil1llOqraph and tsunami_ter

.ensor., and .1CJnal tran_ittere, which are ronnected in lIeries by a subllloluine co-lUlial

cable. Thi. equipment is laid one hundred and t_nty kllOlMtere off C1Iaellaki, Shizuoka

Prefecture, st the ocean-bottom down to 3,COOlll below ••a level. On the other hand, the

land equipment conai.te of receiving and repeatinq apparatus in the .hare .tation (C1Iae&aki

....U.ar Station], and receivinq and data proce.sinq apparatus at the Earthquake and T.WIUli

Center (Japan Meteoroloqical "qeney in TOkyo).

Thh development project hee been proqre.a1vely iJIlplemented. Trial layinCJa of the

.w.arine equia-nt heve betdl carried out already and actual layinge are planned in 1978.

JCEY1«)RI)S, Cable., develo~nt of eubmarine equiPlll8ntl earthquake prediction: ocean-bottom

.ei.-oqraph.
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MAJOR AIMS or .'HIS OBSERVATION SYSTEM DEVELOPMENT

Two-third. of the globe' ••urface i. covered with .ea water, and accordingly, 80 to 90'

of all the earthquake. take place in the ••a area.

Ten to fifteen percent of the world'. earthquake. occur in and near the Japan Archipel

a9O. And the .Japan "'.eteorological Agency ie re.ponaible for pel"lllAnent IIIOnitoring of large,

~erate, and _11 earthquake. (M ~ 3) which occur in thb area. It i. e.ti_ted that the

nu.ber of th••e e.rthquak•• i. approxlmately 10,000 per year. Moreover, it i. alao e.tlmated

that tba nuaber of micro- and ultra micro-earthquake. (M < 3) in this area i. more than

iO,ooO,OOO per year. Th. observation of the.e earthquake. i. significant for realizing

earthquake prediction, though they have no direct influence on our daily life.

Mo.t of U••e m_rou••arthquakes have their hypocentu. under the .ea bottom near the

Japan Archipelago. Reaarkably, all the recorded great earthquakes vith a magnitude of

M ~ 8, which cauead huge damage., occurred in the sea bottom off the Pacific coa.t bet_en the

coa.tline and the Japan Trench, Nanltai Trouqh and 10 on, vith the lingle exception of the NObi

Earthquake in 1891.

Whil the Japan Meteorological Agency i. alvay. carrying out pel'1llAllent ob.ervation. at

130 location. or more toqether vith a number of university laboratories conducting their

local observation., the concerned .ei.lIlO9raphs are all land baaed ones and not a single

piece of peraanent ob.ervation equipment is located at the .ea bottom.

con.equently it has not been determined exactly hov many and in which area. minor earth

quake. occur in the .ea bottom. Moreover, even for major earthquake occurrencea, concrete and

precise data on the location of the epicenter, the depth of the hypocenter and the _qnitude

have not been availllble.

Thi...ana a lack of monitoring devic•• for .ei••ic activities in the aea bottom,

pr':lducinq .erious ob.tacles in proce..ing t.unami vaminq. and earthquake informationa,

a. veIl aa realizing earthquaKe prediction and foreca.t. The IIIOnitoring device. are io4i.

pen.lIble for di.a.ter prevention.

Under .uch circ_tance., ~e Japan Meteorological Agency i. going to 1IIIpl_nt a pro

graa for the ~iate application of land ob.ervation data combined with peraanent ••a

bottom ob••rvation data which are obtained by .eismoqraph. connected in .erie. at the .ea

bottom down to thoueand. of _ter., U. deepeat part, under the .ea level, off SAnriku

Oi.trict-, SaqUli Bay to the Boao Penin.ula, Tokai Oietrict, and Shikoku, all of which are

the lo<:ationa vith frequent earthquake occurrence••

The develo~nt of the on-line and real-time ay.t_ of peX1llanent ocean-bottom

a.i.-oqraph oheervation off the Pacific coa.t of central Bon.hu, Japan, i. prea.ntly

beir.g 1IIpl_nted by the Meteoroloqical M.earch In.titut... one of th. _)01' it_

included in the 3rd Five-Year Plan of the National Pro<p"_ of Earthquake Prediction

Re••arcll in Japan (1974-1978). The ay.t_ 11 tran.ferred to routine ob.ervation by the

Japan Meteoroloq1cal Agency aft~r completion of tbI Plan.

The a.a ar•• , off the Pacific coa.t of central Ronahu, va••elected becauae it v..

around this area where qreat earthquake. of the Me.5 cl... occurred at l •••t (our tJ...
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in hi.tory with intervab of 145 to 402 yean. 123 yeare have already pa••ed eince the

lut oc:currence of euch a qreat ellrthquake and thare 18 a _18micity gap, ae ahown in

Fi9Qre 1, even when ~l earthquake. &:e Uken into conaideration. Such bainq the ca..,

the COOrdinating oo.aittee for Ear~e Prediction of Japan aleo .pecifically deeignated

'!'bkai Dietrict of cantral Honahu, u an -Area of Ir.tenaified Ob..rvations.-

Studyinq the data f~ a larqe earthquake that oc:curred in 1854, the laet caee obeerved

in the past 1n this ar.. , it 18 _11 anticipated that., if euch a large-ecale _rthqualte takea

plac:a again, not only '!'bkai D18trict will suffer very aerioua ~qes but aho '!'bkyo,

ICan&a&wa, Kcbe, etc. will be .ubjected to CS-gee ae _11.

Altbouqh tha exietance of a ..iaadcity gap doee not in iteelf reflect the imainent eign

of a lArge acale earthquake, _ cannot deny the exiatence of Ole c.J.nous sUence usually

observed before a atona. In thia reapect, further change in e81_ic activity within thia

a.. area requirea a apecial attent~n.

Furthermore, a larq~ budget ie required for the development of thil eyetem, and even

with auch a budget and the .aet up-to-date eophieticated tec:hnoloqy, there atill remaine

varioua rieka. Fortunately, the depth of the water in ,thh area ia not .0 deep .. the other

thr_ areae.

The authora toqether with Hideteru Mate.->to, eenior reeearcher, and other etaff

_-.ban, Yaauo Maqay_, Allio TakayanAqi, Michio Takabe.hi and Toahillliteu Teuk&ltoshi, have

been aaking every effort to carry out the reaearch and development. of this syatem at the

Ra.earc:h Division. However, rea_rch and develoPBent activitiea are not beinq carried out

aolely by the Mateoroloqical Agency. Nippon Teleqraph and Telephone Public Corporation, the

Faculty of Science and the Earthquake Ra...rch Institute of Tokyo Univenity, and the

Hydroqraphy oepartllent of the Maritillle Safety Aqency have extended .pecial cooperation.

Ae to the production of equipment the Nippon Electric COlIIP&fty, Ltd., and related ~ie.

have been enqaged in th18 project.

COIISTI'l'UTION CJI' A SUBMARINE SYSTEM

The observation of ocean-bott08l earthquaket ueinq the submarine cable .y.t_ hae only

been attellpted on~ in the pa.t by the U.S.A., and this ey.t_ wa. l ••a COIIIpl1cated than

that which is DCI'! baing developed by the authors, et al. In 1965, the Luont-Doherty

Geoloq1cal Ob_rvatory of Col~ia University in.bolled a cable in the Pecif1c Ocean

approxt.8tely 180t. (100 nautical ailea) off Point Arena, Californie, to a depth of nearly

4,Ocoa and equ1~t .uch a••ei.-oqraph. vere attached only at the tip of the cabl••

Staff aeaber. 1nclud1ncJ the authora _re aucceasively dlapatched to the above obaarva

tory in order to acquire ~ledqe of their v.luabl. technique. and exPerience••

However, the LamI&-Doharty GeOloqical Obaervatory wae forced to give up thelr retearch

after only aeveral yeara of atUllly _inly due to frequent trouble, which reaulted l!rolIl

wire breek. in the cable and diqht water leakaqe in the pre.aure ve••el, cau.ed by qeoqraph

1cal And qeoloqical featurea.

The ••riea type Iy.t.. now baing deYeloped by the Mateoroloqical .....rch Inatitute

of the JMA i • .ere intricat., therefore, preci.e ttudie. on the 9809raph1cal and qeoloqical
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featur.1 of the I'" bottoa are required in or·j.r to lelect the belt route for the cabl.

laying. Tha laying work auat be carried out with extra caution becau.. .c>diticationl atter

the ca.pletion and replac...nt ot broken coaponentl are a~lt tmpollLble with thil kind of

1}'IIte..

Tha Iyltea 11 ~ed of a lullm&rina IYlt_ which 11 inatal:.ed at a dapth ot nearly

3,000a in the I" approxiaately one hundred and twenty kil~terl off the coalt of

OlIaa&&ki, Tokai Di.t.cict, and a land Iyltea. The .w.arine ~.t_ cond.ta ot one terainal

appar.tu~ and aevaral intermediate apparatua of high reliability, i.e., pre.lure v••••l.

containinq lei.-oqr~h and tlunaai__tec .enlOrl, and liqnal tran_ittorl, which are connected

in lar ie. by the co-axial lut.arine cable. The land Iylt':!. conli.tl of the receiving and

repeatin.. epparatu. in the lhore ltation (OIIaexalti lleathor Station), and ot the receiving

and data procelling apparatul at the Earthquake anw Tlur.mai ~.nter (~apan Meteoroloqical

Agency in Tokyo).

Figure 2 indicatel the above mentioned Iyltem. The lubmarine tranamitting Iyate. ia an

application at the tranamitting technique. of the oc~an-bottom co-axial cable u.ed tor the

.alt rec.ntly developed long-range aubmarine telephone and telegram linel. In other wordl,

of the two typea of real-time and on-line tran8Bdtting aystema, on. is .u~ti-cable ayltema in

which COIIponentl are divided ir..:o ••v.r'll channeh and ele.:tric power is tranl.itted through

a dieter.nt chann.l, and the other i. the co-axial cable system in which all component.

are cc.bined in one channel through which electric power i. allO tran8Bdtted. Th.. co-axial

cable Iy.tea hal been employed lor our observation sy.t.... All component. of the oblerva

tion equipment inatalled at th.. tip of the cab1.. and at jnturmediate points trans.it signala

uai09 the oc.an-bottom co-axial cable by way of an FM-FIlM .y.t8ll\. An electric current

i. fed by way of a con.tant curr~nt f.eding .y.t~ in which .lectric current. run through the

c.nt.r conductor ot the co-axial cable, and are released into the aea water fraa the termjnal

equipment attached to the ocean-bottom earth and then sent back to the coastal station

throuqh shore earth.

We have developed larqe li.e predlure-resiltance containerl tor the terainel equipaent

(inner di_ter 30011I/ hiler length 82011I), al a large vari.ty of .enlOrl n.eds to be incor

porated. However, the l ..rq'lt of th'! preaaure-r••iatent containera (inner di_ter 204m,

loner length 7~~) currently being uaed for oc..n-bott~ r.laying equipment viII be

.-played for intermediate apparatua. Thia will enable cabl. ahipi available in Japan to

carry out the laying ~rk. The preasure ves.ela are incorporated with 3 directional

short-period (a.i.-oqraph) s.nlors on gilllbal. (natural frequency 4. 5Hz). an equalizinq

U1plifier. aiqnal tr&nliilllitt.r, etc. The terminal equi~nt will allo be equipped with a

aedi~pe~iod leiaaoqraph and ptnqer which is used tor ..aauring the actual laying position of

the equis-ent at the ocean-bottea.

A tsunea1-meter La installed in order to ~ntribute directly to the L.provement of

tsunami warning activiti.1 Which are el.ential for the pr.vention of natural disasters.

SenIOrs will be installed at the ~ea bottom to ...a.ur~ the chanqe in hydraUlic prel.ure

and thereby detect tsunami. A quartz pressure transducer of the senaor which is uaed for

thia syat.. (manufactured by the Hewl.tt-Packard Co., the U.S.A.) recorda change. in
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frequency when there ia a pr.aaure change. Thia taunaai__ter aensor 1a covered with oil

filled rubber to insulate it f~ brine.

Ttl. advantage of uainq this taunaai-_ter has been confil'1lled throuqh evaluation of its

characteristica in a preaaure cna.ber. ther-ostatic chamber. etc •• and Mlao by continuous

te.t obaervationa in the a.a for five -entha at the .arine obaervatory tower of the

MeteorolO9ical Research Inatitute ott the coaat of Ito cay. Shizuoka Prefecture. Althouqh

thia tsunaai-..ter ia a total preaaure type which detecta the overall pre.aure froe the aea

aurface to the bottoa, it. resolvability is approxtBately 1 em even at • depth of 3.000.,

and haa the comprehensive characteristic of being able to release sufficiftntly strong siqnala,

COIIPAred to other surroundinq noiae. wh..n a lOClll chang.. in ter1llR of water d..pth occura.

Further.-ore, obs..rvation errors of a lCllll high taunllllli are 10= or less.

~ prerequisitee for the apparatus to be used for this submarine system, both ...nsors

and transmitt..rs, are that they be highly efficient. reliable. and Rafe, and in addition,

extr....ly ca.pact.

RESEARCH AND DEVELOPMENT PROGRESS

The research and development of this permanent obaervation system for submarine seismic

observation have been lII&lting steady pr09ress In accordance with the annual pr09rlUll as shown

in Table 1. In 1974, the initial y..ar of the pr09rlllll, the syatem design of the total system

including the land part was conducted, and as an integral part of this. various tests using

a breadboard model were also carried out. Then, hardware vas developed on the basis ot the

syatem d..sign. and variouR tests have been conducted on the characteristics of these

developed products and evaluated.

No d"'ge should be incurred on any of the submarine system equipment while loading it

on the cable ship or durinq the construction work. A route which meets the geographical

and geolO9~cal requir..-nt. mu.t be carefUlly determined prior to the construction work.

Geographical and g80109ic&1 onnditions must have little possibility of Rea-bottom land

sUdea and wire breaks. and a _11 gradient, and also they must be as flat as possible to

avoid a cable bridge. It i. esepcially lmpOrtant that th~ intermediate apparatus are not

left hanging in the water as a result of the geoqraphical and geological features of the

_-botto.. Also. one end of the cabh of this sullalarine system is placed a few thousand

.eters at the deep aea-bottom. whereas in the case of a aubmarine cable for telephone

and teleqr_, both ends are at the tva coaatal autions.

Ttle above__ntior.ed points lI&Ite it nece••ary to first conduct elaborate studies on the

geographical and geological features of the Rea area to be used. Since the work a180 involves

conatruction of heavy te~nal equipaent (the weight in water i. appsoximately 1 ton includ

ing the caqe) ••pecial methods will have to be .-played in order to accoapliah the work

succea.fully, and trial layings of th<l terminal equi~r.t are indispensable.

In view of the above-mentioned conditions, a bath~aetric chart and a submarine

structural chart of the sea bottom to be used, which are the resultR of a detailed survey

conducted in 1974 by the Hydrography Department of the Maritime Safety Aq.ncy. _re _de

available by the sa.e Depare.ent to the Meteorological Research Institute. and four proposed
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route. for ew-.rine cabl. 1naUllation ..r. 4etenU.ned on the bade of euch charte and

the b.th~tric record of the ..- eurvey, and aleo by takin9 into conei4eration the

opihion. of the expert. in the lI1'drography Departelellt and t.he Nippon Teleqraph and Tele

phone Public Corporation,

rurther-ore, in 1975 and 1976, the Meteorological ....arch Institute cc.a1seionec the

Corporation to carry out r ....rch on 9809raphical and 98OlO9ical feature. concernin9 .~.

bOttea of the proposees rout.e, and bed a private land eurvey COIIIpaDy perfor1ll .urv.y. of

the e_ oottola alonq the coastal are. eouth of th'" c.ae&aki WeIlther Station. TIle Corpora'don

wae aleo ~seioned to ~l..-nt trial operations at.inq at establishin9 a layinq system

of the Ha betteD terainal equi~t.

~Ie Corporation carried out betteD ~lin9 and uounding alcnq all the propoaed

routes on board th4. Kuroshio-Maru (],344.9 tona), the n_at cable ship, elllPloyinq a

lIIUlti-be_ bath~ter (which 18 capable of silaultaneoue eoundinq and inclination llleasur_nt

in a tranever•• direction to the cow:..), the JlNSS (U.S. Navy Naviqation Satellite Syst_),

and a oaaputeri&ed aueo.&tic control system. Ae a r.sult, among the four proposed rout.s

which run frc81 NIlE to SSW along the melle between the Suruqa TrollCJh to the Nankal Trou9h

and the sul:lllarine canyon off the T.nryu River, the cantral route was determined to _at

the nece.sary 9110qraphical and 98OlO9ical conditione, whU. oth.rs did not.

The Corporation. in 1976, carried out a trial layinq and refloatin9 of the terminal

and intermediate equipalellt by UH of a d-V syste on board the Kuroshio-Maru. The

laying of the saa-bottom eyet_, is planned to ltart from the terainel. The terainal will

be lowered to the lea-botu. frcB the bow of the cabl. Ihip, and then the laying of the

intel"W*11ate equi~nt will e.k. place from the stern by operations in the ehip. The

loverir,q of the terminal will be perfonlOld by 8dopting the so-called ain9le wirehan9inq

proce.. which ties the heavy t.rminal equ1~t and the ocean-botu. earth with l,OOOla

10n9 cable ( approx. 50Qa in the trial) to the ai9nel tran_itting co-axial cable. However,

lincp the conventional type non-ax-ored co-axial cable has a 7-ton tensile strenqth and

therefore presented large riske, a high tension non-areored co-axial cable (IS-ton tenelle

Itrength) was newly developed and used. Thi. new cable endured well at the III&X~ tenlUe

iJtrenqth. Le., 9 tone, at the tt..e of refloatin;.

In thb <-'O-axial cabls of the a.a bettoal IYlt_, a Hction of approxUlatel;t 40kll

whi.ch was to be laid in the .hallow .ea-bettc:a (down to appJ'Ox1Jlately 500!D) aoopts a

.ingle or double &rlSQred co-axial cable in ord.r t.:l avoid any trouble in relation to the

operation of draqnet rtshln9. !n the very shallow s.a-botu. (down to SOla) alon9 the se•

• horE>. various kinds of trouble tend to occur due to wave aeti,on and tidal currente. There

fore, the double arlKlred co-axial cabl. quarded by a steel protector is a~l)pt~d and further

.-ore, the calilf' 11 buried in the e.a-botoo. 1IUd. The sole .-nufacturer of the ew-.r1ne

co-axial cable in Japan i. the Oc.an Cable COIIP&'IY.

The research and d~Yelopaent project of this pe~ent sea-bo~tan earthquake observa

tion syetem has been steadily pxoqr.~.inq with the support of the ear~elt people concerned.

lihUe nUllerou. d1 fficul tie. have been encountered and overee-e, th,,,· ~till l"._i~ • lot of

probl... to be analyzed and sol\'e4 1n the cc.1n9 day.. ':'he practice,: :ayinq of the eumar.i.n.

ayl~ is planned to be ~l~ted in e_" "r fall of 1978, an.. pre~ations are now beinq

lllade.



Fi,ure 1. Diatribution of Epicente n of Shallow Earthquake. off
the Toltal Di.trict (1926- 72) and the Permanent
Ocean-Bottom Seianlo,raph Obaervation Syatem
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Figure 4.

Lead

L.-

Oscillator

Figure 5-1. Tsunami-meter Sensor

QP1': Q"r ..t.E Pressure trasdllt-er

T C: Therm&l compen.ator

Fiaure 5-2. Tsunami-meter Block Diaaram
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Figure 6. Short-Period Seismometer Sensor

Figure 7. Tranaitter of the Terminal Apparatus
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Figure 8 OVerall Teat of a Breadboard Model of the Submarine System

riqure 9 Te.t of T.unami-meter in the Sea (20m deep)
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Flqure 10 Trial Layinqs of the Terminal Apparatus
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VER'l'ICIoL DISl'lUBUTIOIl f:I T1'E SEISMIC

S-DVE VELOCITIES AT TIll SIn: f:I THE IlGTSUU DEEP

BOdIIOlJ!: OBSBRVA'l'ORY or CRUSTAL l\C'l'IVITIES

ruaio Y...-iau and Hiro.hi Takaha.hi

National lW.earch Cenur tor DiMat.ar Pr.vention

Norito.hi Gotoh, Yuuka OhU and ~iji Shiono

HO~i40 univeraity

ABSTR1£'l'

rre:a tt.t\ earthqua)tfl enqi_r1ng point. of vi...·, in-aitu v.l.ocity __ur_nt of thtt

a.i_1c S-va_ vu carded out doom to a d.pth of 3500 _ten at. th. ait. of the Iw.tawti

Deep Borehole Ob.ervatory conatrueted by the National Re••arch Center for Di....tu Pr.

vention.

S-vave. ~. produced _inly by ordinary _11 ch.-1cal explo.ion. in a .hallow bore

hole and .uppl_ntarily by an 58-wave qenerator (an S qun) tiraly pr•••ed on the 9roWld

.urtac.. A ••t of thre.-~ent ••i ....ur. of IIIC)vinq-coil type vith natural frequenc::,'

of 4.5 Hr. was inatdled in a capaul. ·.ilich could be t1x.d at any depth in the borehole.

Rapeated .a.ur_ta '"u lII&de at 16 diffarent deptha freel the .urtaee to the bottea.

Th. S-vav. by the S qun wa. clearly recorded down to the depth ot 1500 II. Identification

of the 5-,"ve on••t on the record of the explo.ion va. un.xpectedly •••y, .".n for depth.

d_per than 1500 ., beealae very good pha.e corr.~fondenee be~en the S pha•• from the S

'lur. and the S pha•• frca the _plcaion wa• .mtained. Therefore, the readin9 of the S-wave

onset va. mo.t r.Uable.

Th••atJ..atad s-wave velocity .tructure 'I•• 0.44, 0.76, 1.3, 1.6 and 2.6 1aI/~ vith

the boundary deptha ot 300. 1000, 2000 and 2800., re.pectiv.ly, frc. the aurt.ce to the

bottoll ot the borehole. The bol.lndary at 2000-11 depth _a uncertain unlike the other l::.r..

boundariea. Thia bourdary _y not .xiat, or the velocity ..y chanqe qredually with depth.

The P-vave velocity atructure waa e.tiaated at the _ tu-, and the velocity value.

vere 1.8, 2.1. 2.9 and 4.7 IaD/Hc with the boWlder i •• v.ry clo•• to thO.. of S-va_

-....locity. But the 2000-m depth boWldary .aa not found.

XEYMORDS: Deep borebol.: earthquake, in-.itu velocity ....ur_nt' S-Vave, vertical di.

tribution of a.i..ie _ve.
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INT'IlODUCTIOH

With the recent 1ncr.... of large .i•••tructur•• , it !wI beco_ ••••nti.l that the

ro.ponae characteri.tic. rel.ted to the .ub-.urface .tructur••t c:'.epth, probably .everal

).Uc.et8n deep, .hould be evaluated. in oth.r ,"~1d., the exilt.'ace of • thick .edi-.·ntery

l.v.r i. indi.pen.able for the earthquAk. re.i.tance of high and/or long .tructur.. 15ei••

Exp1. Group of Japan, :'976).

A~ • fir.t .t.p to und.ratend the r ••pon.. chAr.ct.rir.tic. of a thick, d••p ••~i

Bentery layer, the velocity of S-wav•• _. directly _Pllred in-.itu down to the depth of

3500 _tar., .t ~tae lwat.uki Deep Borehol. Oba.rv.tor~ of Cru.tel Activities constructed

by the N.tJonal R.Gearch Center for Disaster Preve~cion. Sine. there hal been no direct

S-".ve _a.ur-=nt lllade f""r the depth. over .evel·al hundred meters, the present meaaur_nt

ov.r 3500 L1 d.pth vali th~ firat trial in Jap=, probably even in the world. Firstly, the

detection and ijentification at S-..vea are emphasiZed and then the general trend o! their

velocitiea ia properly ev.luated.

To produce 5··w.ve., v. u.ed small chemical explosiona in a ahallow borehole and we

also uaed a specil.lly deaigned 5H-..ve generator, called an 5 gun. The &H-wave predomi

nantly generated by the 5 gun (Jolly 1956, ~i 1959, S~ima and Ohta 1967) waa recorded

clearly down to the depth of 1500 m. Through the comparison of recorda from the explosion

And the S gun, it waa poa.ibl£ to extract S-wave characteriatics contained in the record

from the explosion. Therefore, the S-wave identificatio~ at depth by simple detonations

haa become une><pectedly ..ay and. t.he r"!ading of the S-vave onaet is reliable.

OBSERVATION

The Iwatauki Deep Borehole Obaerv.tory of Cruetal Activitiea fronts on the Moto

~rakava River, Ivat.uki-city, 5.itama-ken, Japan. Four shot holea were drilled on this

riverbed about 100 _ters southe.st frCllll the obs.rvation well, and the S gun v•• firlllly

pre6Bed on the surface of the same bod about 50 II e••t from the _11.

A s.t of instruments vas well designed vith the pu~~s~ ~f efficient task of the

observ.tion and e.sy operution not to mi•• recording_. The block diagram of the observa

tion syst_ 1& shown in Fig. 2. The .pparent dynalliC" l'ange of this recording system 1&

over 70 db, incl'lding the effect of the analoq volta"e divider. All sei~t.rs l18ed

were of the lIOVing-coil type, vith natur.l frequency of 4.5 Hz for the underground use,

and 1.0 Hz for the surface u... A set of sei_tera on the aurtace was also operated in

order to deterllline the attenuation ot S-_ve energy by COIIIpllring the records at varying

depth. and at the surface.

The _asur_nt _ ••equentiaUy carried out at the following 16 deptha, lOa, 200,

300, 500, 750, 1000, 1500, 2000, 2500, 3000, 3482, 3249, 274S.!, 2245, 1750 and 1250

lIeters.

1I1-45



ANALYSIS

'I'h. analysis proceeded alonq a line in which the priori ty was given tu detection and

identification of S-waves. and then the general trend of S-wave velocit~.e.: were evaluated.

Thia was also inevitably required because the inte~"Val between depths of ftlf!asur..-nt was

rather rough. namely 100 or 250 m.

In the cletermination of the S-wave velocity structure on the basis of the obtained

travel-tt.e diagram. any other data concerning the observation well (for example. the

8Onic. the density logging) were not t&lten into account. All efforts were concentrated on

detexwdning the objective S-wave structure from the travel-time only. After that, all the

data were COIIlPAred with ea..,h other, and the harmon} between them was examined.

PRIJCESSING OF RECORDS

Along the line stated above. at first, the r&cord from the S gun which pred~minantly

produced the SH-wave was plocessed (F ig. 3). Traces shown in Fig. 3 were resynt:l.les hed by

the analog signal converter shown in Fig. 4. Since the horizontal direction of che

sei~ters in the borl'!hole was not known. this converter was used. so that t'", expected

SH-wave could be _f'hasized. The result was very clear especially for the traC'<, of 1500m

i.epth. This converter was also applied to records of the explosion, but the re·.·.'.lt was

not idllroved. Probabl}', t:le reason was that the explosion produced both SH- and SV-waves.

AccorcHngly. th(! SIN r~.tio was improved primarily by various digital filtering. Filtered

traces are shown in Fig. 5.

Comparing Fig. 3 with Fig. 5, relatively long-period wave groups a~e clearly recognized

on the record of the explosion at the time of appearance of the 5H-wave on the record of S

gun. The records in Fig. 5 vere made by various filterings. so that this relatively 10n9

perio-i wave group could be emphas:l.zed. because thE'5e wave groups are taken as 5-waves.

The solid circle in the figure shows the S-wave onset. Only the onset at 3250 m is less

objective.

Next. the trace of the vertical s ••illlllOllleter is drawn up (Fig. 6) so as to determine

the P-wave velocity structure. There are almost three wave groups: the first wa"e group

is the precursor with small amplitudes, appearing at the depths as deep as 2500 m. the

".,.,000 is the t".rue P-wYe gr\)up. and the third group following the P waves has large

llIIIplitudes. Judg:tnc;; frOlll a rough estimation of their velocities, they correspond to the

dilatational wave propagating through the c_nted zt,'e around the observation well

protected by the wall and through the water filled in tJle well. Especially. from the fact

that in the large-ampliLude wave group those reflected by the well bottom are recognized,

it is obvious that the third wave group ha" propagated in the well water.

'I'FlAVEL-TIME DIAGRAM AND VELOCITY STRUCTURE

The onsets of S and P waves were read with the preclsion of 1/100 sec. ~fter that,

the travel-time wae correc·~ed. as if the source were ju"t above the well at the surface.

In the correction. detailed velocities of S and P waves near the surface were used and
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thi..e we..:e the n.ul" of the P, S velocity 109'11119••• deep a. the depth of 120 _tera,

which were carried out at an u_ clo.. to the ohaervatory.

In Fig. 7, the corr4cte<l travel-tt... were plotted and .tr.iqht line. were dr.wn

tbrouqh the plota. I'll the peine. except one or two ue on the line., and furthenoore,

even tho.e exceptional pointa are ._y f~ the linea by only 3/100 aec. Therefore,

.traight line.~ to be very r_lOnable.

"r_ thi. er.' ..l-t1lH di.gr.., _ can directly c!etenaine the .....leeity .tructure. I)f S

.nd P v.ve.. Jt b .~i~ in Fig. 8 togethor v.th the .tructure near the .urtace.

Thc. S-vave velocity .tructure conaiata of rom' l.yel:'., &lid the velocity structure conaiata

of three layer. to the deep ba._t, excepting the vicinity of the surface. 'nw boundarie.

at the d41pth of 300, 1000 and 2900 III COincide vith e.ch other in both the S- and P-vave

structures. The only di.crepr.ncy occur. in the boundary .t 2000 III. Since the ratio of S

velocity at thil boun4ary b 1.3/1.6-0.8, it ia not .ignUicant. On the other h<.nd, the

tr.vel-time of th.t inter....l ..... to be 1ncrea.ing '1radually vitt. incre••e in the depth,

·.ld .0 it ia .110 poa.ible thet the two layera are taken aa one !Ilirage layer. Accordingly,

both the structure. of S and P 'lave. are in gooJ .qr_nt with each other.

CCllPARlSON WITH OTIIER MTA

Other data conc<!rntnq the Iw.e.ulti Deep Borehole, that i., the .JOr.ic wave (P wave),

the den.ity and the electrical logging. and the geologic columnar .eetion, etc. had been

exaainad (TakahA.hi and Haaada, 1975). The IOnic logging was ba.ic.lly a continuoua

....ur_nt. Although the variation of velocity va. very COIIIplex and .c.ttering. the

general tendency of the IOnic logging and the ablOlute value. are in C]OOd a'1re_nt with

the pre.ent e.tiJllate<l .tructure. Two dJlcontinuitie••t depths of 1000 and 28"0 11\ Are

Clearly .Mn in the IOnic le-qginq, and allO obvioua in the colUlllnAr .ection, corresponding

to the boundary of Pleistocene-Miocene and Miocene-pretertiary, re.pectively. In tM

ionic lcqgin'1, velocities are a~.t conatant or .lig~t1y increa.ing between 1000 and

2800 • depth. except _11 .c.ttering. near a depth of 1200 II. They allO agree with the

re.ult. shown in Fig. 8. Such general tendency ia a1ao .bo¥n in the density and electric.l

logging••

Accordingly, the reaultant S- and P-wave velocity atructure are re.lOnable and in

hanony with .11 the other data of the oblerv.t1o 1 well.

COIICWSIOtl

Mea.ur_t.a of velocitie. of S and P _vel were carried out cSown to • depth of 350<l11

.t the lw.t.uIti Deep Borehole Ob..rvatory. The re.ult. are a~i..ed in "ig. 8. And

they .re in good hL%1lIOny with all other data of ob.erv.tion _11. Except at the ground

Burface, the S-_v. velocity .t::ucture cond.t. of four layer., and the velocity atructure

of P v."., three l.yer.. If we reqard the 1nt.:oE1Mdlate 4epth layer. as a airage layer, the

boundarie. for S and P wave. are conaiatent with each other.

The S gun pl.y••n iIIportant role for detection of an S "..,. containR in the aiJlple

detonation. and ao the reading of S-_'" oNlet hea~ _re reliable and accurate.
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Thi. i. one of the qood harve.t. of the pr...nt _a.ur_nt, ....ld alae .uqqe.t. a technical

Mthod of the dMp S ..ave in-aitu velocity _.ur_nt for the future res.arch.

In conclusion, the expert.ant ... carried out under the cooperation of five qroup.,

N.:DP, IIokkaido Univ., Teilcoku Oil Co., JJcaahi Seiaaku.ho Co. and AUaround Consultant of

Geoloqical survey Co. We want to expr••• our qratitude tr:> the scientiat and technicians

who participated in thb expert.ent, e.pecially to Mr. Suzuki at NRCOP whc partly conducted

the experiJlent. Also _ would like to expre•• our sincere thanks to Dr. llalllada who was a

.-ber of the plaminq t ... at the early staq. of this experu.nt and kindly read the

-anuacript ..king valuable .u9qeLtio~ and ~ncouraq_nts.
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Pig. I Arrangement of the observation ~ell. shot-holes

°D
SHOT HOLES
and the 58-wave

o
I

OBSERVATION
WEll

$Om

5o

N

t
SH-WAVE

GENERATOR

( 5' GUN)

•o
OA

generator.

AMP DIVIDER

L P F

LPF
DATA REC.
(A-70A)

Pill. 2 Block dlagraa of the observation ayse-.
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SH-W~VE GENERATOR

...... f-.....,---~ I \ rvv'\"~I\I'">J_-.J\.,.........-,",_-",,,----..l
210 1-----.1"

DI""
I .. )

•
101 1----,/1/\'"

100 t--------.J I

o
Ta ...u "MI lee. I

Fiq. 3 Re.~the.ized records of the SH-wave qenerator.
Solid circles show the onset of S waves.

Input
Co-ordinat. Conv.rlion

Circuit

Output
(rot&t.d

by 8 )

Fig. 4 Block di.qr.... of an analoq siqnal converter.
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EXPLOSION
Horizontal compon.nt,

....

In.

INlI\/II\IIH~II'1r\J~'JlIO

_.

noo --_,..,--V"\Mf\I'III/\AfI11A.

2100 '-------"""1 IV 11 ,II\A/\".J\~l\r"'-'\,..."I.II#J'II\!I\....(.\

Fig. 5 Record. of t.he horizontal component seismometer vith
the suitable filterinq. Solid circles show the detected
onset of S vave.
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EXPlOSION

V.rllcal compon.r'll. no fil!.ring.

o (••c)
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100 _fit...... ..
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IIOG ------.,.......--.........M\IIIV~~
Fiq. E Rftcord. of the vertical 8ei.come~er without tilterinq.

Solid cucl_ ellOW the true P ".~e.

J ;1-52



S - wave
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Fig. 7 Tr.vel-ti~ diagram of S and P ~ave8
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Velocity [km/sec]
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Fig. B Velocity etructure of S aI'll1 P wavee.
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JWlEAllCll Otl AC'l'IVI: FAULTS III TIll: M!TIlOPOLITAJl AREA

Hiro.hi sate, Geo9r.phlc.l Survey lnatitute

To.hihil'o ltakiJIi, GeolQ9ical Survey of J.pan

Th. pre••nt .t&t. of r....reh on .ctive f.ult. in the _tropolitan .r•• 18 d18cu••e4.

Th. paper lSeacritlee the diecovery of two active faulta, the Tachikava Fault and tha Arakawa

F.ult, in the ~te pl.in. The paper .lao point. out that .t pr••ent there i. no d.finitive

_thodle) to d.tect active fault. covered by thick .e4tm.nt. The qeophyeie.l _thOds

caa.only emFloyed in underqround r ••••rch work px~..nt probl... when the .-thod. are used

for r••earch on active fault. in urban ar.... GeoeheDic.l _thod••hould be con.idere4.

nn.:>JU)S. Detection of activ. f.ulta, urtnqua)te prediction, re._rch on active fault
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It i ...11 known that ••ud4.n ~~nt of a fault r ••ult. in an earthquak.. F.ult

which bad .aved in 9eolO9ic:.11y r~nt time, n.tIIlIly Quartenary, ia con.id.ered to IIlOve in

the future. Such. fault is called an active fault and it 18 po..1hl. to e.U_t. the

N9I\itud. and the ..an recurrence time by knowin9 ita lenqth and diaplac_nt. ..•••rch

on active f.ult are iIIportant for earthquake pr.cUct!on and. earthqualte hazard .itigatio.n.

aow.ver, active f.ult. in urban ar... have not k_n _11 under.tood yet bec.u•• of the lIIUly

difficultie. in perfo~ing r •••arch on active fault.. Rae.ntly, importanc. of count.r

....ur. for earthquaU haaard. in urban area. h elIIPhe.il:ed, an4 r ••••rch on .ctiv. faulta

under ..tropolitan ar... have been UZ'9e4. Ttli. paper d....ribe. the pr...nt .tat. ot the

r ••-.rch on active fault. in the ..tropolitan ar••.

Sinc. 1603 when the Sh09unat. wa. ,..tAbU.hed 11> E·Jo, the _tropol1. ot Japan he.

been attacked by d••tructiv••arthquake. lDOre than thirty t1llle., and tho•• of int.n.ity 6

or -ere in JIG &cal. have been r.corded eiqht time••

The earthquake. that c.uaed ••ver. d....9•• to the _tropoli. can be cla..1fied into

two cate<Jorl•• , that b, _jor earthquake. in the 5aqa..rl Bay and destructive .ar;:hqualte.

under the urban area. Mor. than half of tll... earthquake. that sttacked Edo are con.id..red

to be the l.tt.r type. Nowaday., the po••1bility of the occurrence of • _10r .arthquake

in the 5a9.-1 Bay in the near future h con.:.dered _11 and that of 1 de.tructive earth

qlJllke in the inland ill con.idererl not eo _11, a' _ have -ot had l&.rge euthquake. in

the _tropol1tan area .ince the NJlh1eaitame earthquake occurred in 1931. The _an time

interval of de.tructive earthquake. in thb area i. nearly 30 year., eo the occurrence of

• de.tructive eartbquake under Tokyo is very apprehandve today.

Earthquak•• that cauae4 demaq•• to !do or Tokyo ar. divided into t.vo qroup. fre.

their focal depth. The Anaei Edo ear~uake of 1854 i. ut~ted (frOD' the di.tr1hution

of daNqe.) to be a .hallow .arthquake who.. foc.l Ii.pth ..... 30 JQIl o-e Ie.., and ';he Tokyo

earthquake of 1894 ia conaiderecl to be a relativ"ly deep one. In the aouthern x.tnto

di.trict, th.re ia an activ. aei_ic zone in the depth of 40 - 60 JQIl and th.4 Tokyo e.rth

quake ot 1894 i. e.t~ted to be in thi. zone. Thouqh the likelihood of occurrence of

a relatively d_p earthquake ia larg.r than that of a .hallow earthquak., the latter uy

give ~re ••ver. da.-qea to the Tokyo ar.a.

'!'he distribution of de.tructive earthquallea in tc.nto appear. to be clo.ely related

with the tectonic line .xtendinq f~ the nor~"tern part of the tc.nto plain to the

lIOutheast.rn part. so, the atudie. of the tector.ic atructure are iIIportant for the .v.lua

tion of ae1.-1c haaard. in the _tropoU. of Japan. (Fiq. 1).

Gl!DLOGICAL S"1'RllC'l'URE AND AC'I'IVE FAUL'l'S IN THE IWiTO PLAIN

The geoloqical .tructur. of aouth ICanto is charact.rized by thick at'diMent of Ileoqen

and QuarUnar'y and abo by active ..1.-1city zone of 50 - 60 b 1n depth. In .uch thick
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.ediMnt aru., it lliqht be pos.ible to e.t~te a linear structun of base rocks, ~ly

fault, frca the diacontinuity in the thickness of aediment. but it is difficult to know

vhether the fault had aoYed or not in q80109ically recent tt... (Fi9. 2)

The known or e.t~ted active faults at pre..nt in the eouthern ~to district are

shown in riq. 3. As seen in the fiqure, the faults are located _inly in the .,.stern part

of the pla1n, and their strio. are prOlllinent in the direction fro- northwest to aouthea.t.

~ active folding. are estiaated to be in the central and eastern part of the

plain. These foldings tiqht be conaidered a faultinq in deep layer, re.ulting foldinq. in

the upper layer. AIIlong the active fault. in the _tropo1itan area the lIO.t important one.

on the haaard llitiqation are the Tachikava fault and the Arakava fault.

Tachikava~

Thia h the active fault runninq frolB 0C8le city to Taehikawa city <_.t of Tokyo) and

it. lenvth is e.tiaated to be 20 bl or -.ore. It va. very recently that the exiatence of

this fault bee... definitive fre- the interpretation of air photoqraphs and field investi

qationa, and this po••" a probl_ for land u.. in this are.. The fault pass under the

'l'achilta". airclz'aae of the U. S. air force and the airdraae vill be turned over to the

Japane.. qover~nt in the near future. Its mean vertical displacement rate is e.tiaated

to be 0.2 ";year. re.ultinq in the pr••ent totel displ.c.-.nt of about 4 • to the Tachi

ltava plain which vas forMd nearly 20,000 years a90.

Any historical earthquake oriqinated fre- the Tachiltawa fault is not Itnovn, but at

l_st one Itarthqualte resulted from the fault vithin the last 10,000 years, when it dis

placed a sedt.ental layer fonled nearly 10.000 years a9::1. If _ a.s~ that the dhplace

ment of the fault ls about 1 • durinq one earthquake. the _an recurrence time of the

eartbqualtas originated frca the fault is estiaated to be about 5,000 year•.

~~

Thi. fault i. estiaat:ed fraa inve.tiqation. of tectonic lIlO_nt. of late Quartenary

in the JCAnto plain. A claar boundary of tectonic blocks has bean found along the Arakava

River, and an active faUlt should be con.idered to be there to explain the discontinuity

in the ~ts. AlthoU9h ita existence i. not confinled yet by fleld investiqation••

the fault is estt.ated to be _.t down revene fault of 8 cla.s, thet h. ~ dhplac'l!l

_nt rate in the order of 0.1 - 0.2 -tyear.

Recently a claar qap of about 400 • in the depth of be.e rock va. fouftd at the north

of Tokyo by the artificial explo.ion at Y~nosht.a in '1'Okyo Bay. &.e reeearcher. suppose

that this 'lap h a part of the Arakawa fault. eoneiderinq the estt.ated strike of the

fault and tha diatrihution of the hbtorical earthquake, the Araka_ fault Iliqht be con

sidered ae a part of the Mdiua line in the IC&nto dbtr1ct.

Exact l<>eation and l_9th of the Arakava fault are not known, but it .I.e the neare.t

fault to the central part of the _tropolia of J,I)&ft, th,.-refore. re.earch ot the Araka_

fault 18 qrutly needed.
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RESEI\JlCH OF ACTIVE FAULTS IN TIIJ! ME'l'JlOPOLITAN AREA

The firat .ynthe.i. r ••earch of active fault. in the ..tropolitan area have been

conducted by th" C~ittee for Diea.ter Prevention of Tokyo. The COlIIllltt•• -.pha.ized the

t.portance of actlve fault. on the hazard mitigation, and ee-piled a aap of active tault.

and foldinq.. aow.v.r, pre.ent inforaation about active fault. in the eouthern Xanto

plain i. not .ufticient becau.e ot .any difficulties encountered in the r.search.

Recently, a r •••arch project on active fault. under .ed1mental layer has been initiated

under the ~~tion by the Science and Technoloqy "geney of Japan. The project ia at.ed

to explore a new way ot L.v.stigating active faults covered by thick sedi.lllent by using

lIllDy kind. of geophysical _thods. Althouqh these geophysical methods are ca.lOnly used

for geophysical prospectings of underground structure 8OIIl8 probl8lllll reIMin when they are

used for the re••arch on active faults under young sediment. It is important to know the

amount of displace.ent in the young sedi.lllent due to faUlting, but physical property of the

yoWlg seesi.lllent ie much affected by the aJIlOunt of included water, then it is difficult to

detect the displacement from the difference of the physical property of the sediment. The

present project is to search effective ways to apply these geophysical methods for the

studies of active faults under thick sediments with the cooperation by goverllMntal

institutes r.lated to the research for earthquake prediction.

The following is a short summary of the present research.

Gravity Survey

Areal distribution of gravity &nOIIlaries reflacts the geological structure of the

underground, so it is possible to know the depth of base rock and its fall-off by sur

veying the gravity values minutely. Therefore, the Geographical Survey Institute is now

doinq gravity surveys with the alloting of one point at every 1 ICIl in the _tropol1tan

area. Fig. 4, is the prelillli.nary result of the survey. The figure is _de by filtering

out long wave coaponant in the bouquer anomary. As seen in the figure, • linear structure

of the bouquer ano.ary extending in the _st-east direction is r_rkahle in the northern

part of the Jtanto plain.

"s -.Deioned previously, the strikes of the active fault known in the southern Xanto

district are .-SE direc:tion, eo the line like~ found by the gravity survey is

noteworthy.

!!!£!2 Earthquakes

In _.tern Japan where the depth of base rock is very shallow, the activity of aicro

earthquake. has a clo.e relation with active faults, thet is, .any aicro earthquake. along

active fault. are observed. Such p~na, however. have not yet baen known in eastern

Japan. Recently. a linear distribution of micro earthquakes of shallow depth was found by

the ~ervations of very high .ensitivity at I_tuki in the area wher.. _. active folding

is estiaated, and the distribution of the aicro earthquake. is _11 accordant with this

active foldi09'
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At pr_t, any mcro urthqwak. activity b not known .10"'1 the Techika_ f.ult and

1:he Araka_ fault, but there ia a po••1bility that aicrc earthqualtea aiqht be ob••rved

there When the ob.erv.tion n.t b well ••tabU.hed.

~ !!!!. Pro!R!£t1n9
tl..tic ..ve. are effective ..an. to pro.pect ~.rqround structur•• , bu~ there .re

probl... When it i. ~lied for the r....rch on active fault. in the urban area, th.t i.,

it 18 difficult to u.. qunpowl!er a. a aource of ela.tic wav., SO it 18 nece••ary to search

for another aource usable in the urban area. Anot.her probl_. 18 tl1&t phy.ical property of

.hallow llediMntal layer 18 aueh .ffected by the qround wat.r and also contrasts bet_en

the .ed~ta are very _11. It i., th.refore, neee••ary to d.velop a new rec.ivinq

.Y.~ of hiqh reaolvinq ~r and the way of data 'U1&ly.ts. The Geoloqical Survey of

Japan i. nov davelopinq a new .y.t.. of el••tic wave GOundinq for .ctive fault under

lledt.ental l.y.r.

Electrical~

Thia 18 an effective _y to r ....rch active faults from the difference of electric

property au~h .. re.i.tivity 1n the .ediaental l.yer., but there are .any artificial

diaturbaDce. in the ....ur_ta of the re.i.tivity in urban area., eo it ill nec••••ry to

elimnata artificial noia•• in the _a.ur_nt. The ~qnetic Ob.ervatory of xaltioka ill

DOW .tudyinq a ..thad to ...rch an activ. fault by the ....urement of qround re.i.tivity

and other electric propertie. of the ground.

Concluaiw !!!!!2!.
At pr••ent, there ia no definitive _thocl to detect active f.ults covered by thick

.ediMnt. The geophy.ic.l _t.hOd. are useful way. to .earch qround .tructure throuqh the

aedJaclt, bYt tlwy have d1tficult probl_ to solve when they are .pplied for the re.erach

on .ctive faulta, and 9eoc~c:al _thoda .hould be considered. Aside frOID the•• q8O

phyd<:&l and c~cal _thoda, 9eolO9:1.<:&1 drillinq me! topographical r ....rch have to be

conducted by • new approach for the research. We expect aueh proqre.. in the r ...arch on

active fault., •• well •• in earthq\lAlte hazard titiqation in the _tropolitan ar•• , by

aynthe.i81nq t~ .tudt.. fro- the pra.ent projaat.
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Fig.4 rachikawa fault

Fi., 5 Diatribution' of ,ravit, ano..an, in the metrolitan area
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CHAIUlCTERISTICS or VERTICAL COMPONENTS

or STRONG-J«)'I'ION ACCELEROGRAMS

Tatsuo Uwabe

Setsuo Noda

Eiichi Kurata

and

Satoshi Hayashi

Port and Harbour Research Institute

ABSTRACT

Characteristics of vertical components of the 574 strong-.ation accelerograms vere

studied in order to determine the effects of vertical ground motions on dynamic stability

of structures. The following _re made clear.

1) Accordinq to accelerogrllllUl vith the maxiJIIUIII acceleration of over 50 gals the

ratio of the -.xiJllum acceleration on the vertical component to that on the horizontal

c~nent vas les. than 1/2.

21 The occurrence tillle of the maxilllWll acceleration on the horizontal component va.

different from tnat on the vertical component. At the time vhen the safety factor.

against sliding and overturning _re the ._llest, the ratio of the vertical acceleration

to the horizontal accelerat.on was less than 1/3.

31 The stability anal:s1s of the gravity type quaywalls based on a current design

method of port facilities was performed considering the vertical seismic coefficient.

Consequently, the vertical seismic coeffLcient vas fCQ~ to have little influence on the

safety factor for gravity type quaywalls.

KEYWORDS: Design: hori~ontal acceleration: seismic coefficients: stability: strong-motion

accelerogr.., structures: vertical ac:eleration.
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A ground BDtion during an earthquake con.i.t. of a Yertical cc.ponent be.ide. hori

&ental ooaponent.. It i. generally reC09fti&ed that Yertical acceleration. uaually have

...ller .-plitude and higher frequency ca.ponent. aa ~red with boriaontal .cceleration.,

hence the Yertical .cceleration. have little influence on atability of civil engineering

atructure. and buildinga. ~ver. it h pointed out frcBl the ca.e atOOie. of daalage

record. that the vertical eotion aiqht have aevere influence on the atability of atructure.

in_ c.....

According to the pre.ent _thod. of earthquake re.i.tant de.ign, the vertical motion

i. conaidered aa a vertical ..i_ic coefficient in ~ ca.e., and in other caaes it ia

not clearly provided but indirectly included in de.ign conditions. Because of insufficient

data on the vertical motion. during earthquakea, the effecta of the vertical motion in the

dedqn procedure. are not be.ed on enough infol'lll&tion on UlPl1tucte and frequency charac

teriatic. of the -ation but .re decided from a sort of .-pirical knowledge on dynamic

characteri.tica and atability of structurea a' a whole.

In order to collect DDre reliable deta for a aeiaaic deaiqn, auch en9ineering features

of vertical .otions a. a.plitude, predominant frequency, ratio of vertical acceleration to

horiaontal one. are inYeatigated by using atrong-.otion acceleroqrama. Furthermore, for

the purpo.. of clarifying the effecta of vertical .otion on atability of structure.,

gravity type quaywalla Which are typical type aDOng harbour .tructure. are analyzed by

present d..ign procedures be.ed on a aeilllli.c coefficient _thod (1).

Strong.....ction accelerograma uaed in thia paper are drawn trolll "Annual Report on

Stronq-MDtion Earthquake Records in Japanese Port.- (2) pulllhhec! annually by the Port and

Harbour Re...rch lnatitute, Mini.try of \'ransport and also frt:lll ·Strong-Motion Earthquake

llecord. fro. Pulll1c Works in Japan" (3) by the Public Work lIe.earch Inatitute, Miniatry of

Construction. Maxt-u. a.plitude of acceleroqrame U8ed herein La over 10 gala in either of

the two horizontal COIIPOnente. The 294 recorda during May 1963 to December 1974 are

aelected fro. the publication. by PHRI anc:I the 280 recorda during January 1968 to December

1973, frca the publicationa by PWRI. Table 1 showll the m'lllber of records in each ••ud..~

acceleration range. Additionally, .c.t of the.. vere recorded by SMAC-B
2

accelerograph,

of lIbich specifications are listed in Table 2. Becau•• of lUlited tillle for anel)·st., only

25 recorda publiahed already by PIIRI are used in the study ba.ed on the digitized vertical

ca.ponents. The di9itized accelerogr... are liated in Table 3.

INVESTIGATION 011 CHARACTERISTICS Of' VER'l'ICAL ACCELERATION

~~~ Vertical Acceleration .!:!!.~ Hari&ontal Acceleration

As shown in Fig. I aaxt.ull vertical acceleration (A~) i. COBP&red to the aaxt.ua

hari&Ontal accelerations (~) for all 574 recorda. In thia figure ratioa of the fOrller

to the latter l".,../~) are alao indicated by .traight line.. Fig. 2 ahowe a frequency
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dbu1!lut1on of the ratio.A~~ tor all r.cora and alao .han the frequency in

Mch aceeleration r&nlJ.. In the.e r.cord. the 3 r.cora .how particularly larg. ratio.,

that i., 1.30, 1.60 and 1.67. According to Pig. 1 the ratio. A~~ are 1••• than

1/2 for -o.t raoord. of 1Ibich aax~ hOriaontal ace.larationa are over 50 9ala. In thia

c..e the aaxw. hor~tal acceleration _ana the larg.r on. in the two hori&Ontal cc.pon

ent.. But the real horiaontal acceleration in each in.tant _.t be the re.ultant of th....

c~nt., and the aaxtaua r..ultant acceleration in the horiaontal direction i. alway.

la['9ar than the -a'Una horiaontal ace.l.ration and be~. 2 tt.e. in the large.t ca•••

Tharefore, the ratio A~/~~....1leI' , if the aaxiaum re.ultant acc.l.ration i.

ueed inataad of the .altUna horlllontal acceleration.

~ !!!!!!i. Influence~ II&tio of ~". VarUcal Acealaratjof. ~ !!!!!!!!!! Horiaontal

kedaratlon

Aa abown in Pi9. 1 the ratio. A~.v/Al~~ ~re widely aeatter~d. If it ia ..de clear

1Ibat factor. have influence upon the r~~io, it may give llIeflll lnfo~tion for the .arth

quake re.latant de.lgn. SilK. pheno.~ of groWld .otion during earthquakea ar. -ry

ea.plicated, ..th...tieal and .tatiatical atueSie. ar. d••irabl. for ••t1mat1~g the factor.

correctly. Prior to all:;h approach, the influence of veriolll factora in"ludlng aaxi_

IIoriaontal ace.l.ration, epicentral di.taIlce, aaqnitude of earthqu4k., aubaoil eol\dition

and other. on the ratio Av.ax/~ are prelilDinarUly inveaUgated :.ereinafter.

(1) JIaz.u.u. Hori.ontal Acceleration

In Pi9. I t~ ratio. A,~~ are fairly .eatterad in ca.e of ...11 DaXUftua hori

aontal acc.larationa and d."r.... to aI-e>ot 1••• than 1/2 in ea•• of lllrq. maxi_ hori

&ontal acceleration.

(2) ~icentral Diatanee

Pi9. 3 .hova the diauibll',';'on. of the ratio. Av..u/~x in relation to the epicentral

di.taIlce tor all record., and Fig. 4 alao .howe the ratioa for the record. ~ith the ...tau.

horiaontal acc.l.ration of over SO gala. Both in Pig. 3 and Pig. • the raUoa t.nd to

.catter and ahow no definite correlation with the epieantral di.tane.. But, for .xtr...ly

.lIort cUatance the ratio.~ over 1, and thia fact My be worthy of .ttention fOl'

cona!daring the near .picantral ar.a.

(3) *9Jlitude of Earthquake

In Pig. 5 the ratio.A~~ which are obtained. froe record. with the -.xi.

horiSOlltal aeeeleation of ov.r 50 gale are againat the ..qnitud. of _rthqllalte.. It ia

.hewn in Pig. 5 that there i. no particular f.atur. in the r.lation.hip between the ratio

and the JIIl9I\ituda of eacthqlaMe.

(4) Subeoll Condition

Aecal.roqr", 1Ib1eh war. collectad by the Port and Harbour Rea.arch In.titute are

uaed for 1.mr••ti9ation Oh .Ilbeoil conditione. Aa.hewn in Tabl. 4 the aite. of ~e ob••r

vation .tationa ar. claaeified intc three gl'OllPr which war. already r.ported in the atudy

on the avera9. reeporw. 8p8Ctra of the horizontal ee-pon.nt. of the accelaroqr_ at the

dta. (4). Th. ralationehip between "VIUX and~ in each 'jJ'OIlP h .hown in Pig•. 6 to
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8, and the ratios A~~x are aUailarly plott~ ~~ the epicentral distance But there

is no siqnificant difference in characteristics .-eng these groups.

(51 The Othen

wallay_ &i-5 station in the observation r,etwork "'f the PHRI and K, "\01......£.-(, ....hi

station (Station No. 112) of tl>e PWIU observation network are only 1.4 10" ..way froe

each other and .ucceeded to record the qround .,tions dur inq the s_ eaI"th"Wlke,· . '.:' i'1. 9

showa the o~rvat1on results from th.s. station.. In th~ fiqure the result. ar. resper-

tively n~red in sequence of date of earthquake events for each Btation but ~he ....

n~rs 8&e used for record. by the s~ events. In the case of the epicentral distance

of 5.2 ka the ratios ~~/~ which are obtainen from earthqUAke magnitude of 3.6 to

5.0 sre fairly well scattered. Comparin'1 the resul~~ at both .tations from the s~

ear~., the ratios are .i.il~rly over 1.0 fo~ the event No. 5 and '.s. than O.S for

the event No.9. Fiq. 10 shows the observation results at several stut.i.ons durinq a '1reat

earthquake (1968 Tokachi-oki earthqua~e. Maqnitude: 7.9). In the fig~e the ratios

A-'~ tend to scatter. even though they were re::orded at .tations of similar epi

cantral distance.

PhaBa Differance~~ Vertical Acceleration and~ Horizontal Accel~ration

Accordinq to the stronq-tllOtion acceler~raJll8. i\: .1ppears that the occurrence t1JDe of

the .aximua horizontal acceleration does BOt usually coincide with that of the maximum

vertical acceleration. Therefore. dislu~.ion b&sed ~n the maxi~ acceleratione of bOth

cc.ponent. i. to be pre.ented toWard th£ "C~S\. extleJlle case in whir.h both of the II\Ilxial:lll

accelerations occur at the same tt.e. This as.~ticn is on the .afe side from the view

point at desiqn. But, far ratJ.onal earthquake resilltant designs it is desirable to _ke

cl_r by the ob.erved data vhether both the IIl&xi_ accelerations occur at the .... tiJlw>

or not. The followinq inve.tigation i. ~rforme~ on the ratio of the vertical acceleration

to the horizont.al acceleration (Av/~l when the structure becomes the most unstable.

In order to aake the prahl.. simpler, a stability of II. rigid block on a solid plane

iB analyZed by the seismic coefficiant ..thod. ,.. resultant force due to 'lravity and

eeisaic force. and it. direction are expres.ed by the follrywing equations.

~X-tane--l+k-v

where R - re.ultant force acting on the block.-_.s of the block

'1 acceleration of gravity

k - .aisaic coefficient in the vertical direction
v
~ - .aiaadc coefficient in the horieontal direction

K - re.ultant .ei..ic coefficient

e - anqle between directiona of re.ultant force and gravity
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The block becCIIlIea .-ore \&I\atable with incr..ae of the reaultant .eiamic coeff1cient. Froa

the diqitbed record. U.ted in Table 3 the re.ultan~ acceleratiol.s of the two COIIIpOnanta

;n the horizontal direction are calculated and the .eaultant seimnic ca.fficient. at each

inatent ace obtained fro. the equation 121, in vhich the reaultant acceleration in the

horizontal direction and the vertical acceler~tion are introduced. When the re.ultant

seismic coefficient becomes ~imUD, the block is in the -o.t unatable condition aqain.t

sliding and overturning. Fi.;J. 11 shova the vartical acceleration lAy) and the horizontal

acceleration (~I for this "xim~ condition. Usually maxt.um resultant aeiamie coefficient

c~cura when the horizontal acceleration is almost maximum but the c~rr.apondinq vertical

a~celeration is not 80 large. If the difterence of the occurrence time between A
vmax

and

"hmax ia taken into consideration, the ratios AvmaJ/~ beCOllle allllC,at Ie•• than 1/3.

FreqUe~Gr ~h~~~cteriatics£! Verti~al ~cel!!~

Fow'iec spectra and reaponse apectra of the diqitized recorda ace calculated. In

thh· case the lIIinimlllll epicenual distance ia 14 !all, and then the record. frOlll the near

e1'1central area are not included. Judginq from Fourier spectra of 20 recorda out of total

25 recorda, it vas not found that the vertical motion lIllly contain highe'" frequency COIIIPO

nents in COIIIpariaon with the horizontal motion. Aa an example of the r.aulta the apectra

or tbe three colllpOnenta having simUar ahape are shown in Fig. 12. Reapon.e apectra for

relative dJaplacoaent, relative yelocity and ab80lute acceleration are al80 calculated.

Accordinq to the calculation the spectre of the vertical component and the horizontal

c~'nents are aLDost simila~ in .hape exept 6 records out of 25. Fig. 13 ahewa a typical

exa-ple of the absolute acceleration apectra silll11ar in ahape and Fig. 14, an example of

the spectra different in sMpe. OWing t:> the lil\lited nlllllber of records Jo,vailable, it is

not recognized that there were any particular influences by .ubaoil conditions and earth

quake. on spectra.

Acceler09rUls !.!:. Wakayama~ on March lQ, 1968

Strong-motton acceleroqraas shown in Fig. 15 were recorded at Wakayama port (epicentral

diatance, ".2 kill, Sub80i~ '::onditton: grouP B) in Wakayama city during a local earthquake

l_gnitude: 5, focal depth: a Ian) on March 30, 1968. The _x1llna acceleration of N-S

component wa. 176 qala, 253 qal. in E-W component and 405 qala in '.ertical component.

Notable feature of the record _a very large vertical acceleration in C(l8IflBri80n with the

horizontal acceleration. lIlthouqh the principal part of the vertical ca.ponent did not

ca.e out clearly in Fiq. 15, it conaiated of fairly high frequency ~nent. of about 20

Hz. The lII&Xim_ acce1eratiolUl both in the vertical and the horizontal directiona occurred

at different inatanta, tha~ i., the horizontal acceleratron vaa abou~ 25 qala when the

maxil\lum vertical acceleration occurred and the vertieal acceleration va. about 40 gala

when the maxiaum horiJlOntal acceleration occurred.

What ia apecially notewortny ia the fact that none of the faetHti•• at lfakayama port

vere damaqed by the earthquake in apite of the fairly l,trqe acceleration on the vertical

compollent and the relatively 1arqe acceleration on the horizontal cc.pcmenta. It ia con

sequently recoqn1&ed that the earthquake -.otion with fairly high frequency QOIIlPOnenta and
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the d1fferent occurrence t~ on the -.xiaa .cceleraUoM both 1n the horizontal and in

the vertical direction do not haw .c1 aach influence on the .tability of the .truet1U'e••

INrWBHCE ~ VBR'1'ICAL ACCE' PATION ON STABILITY ~ GRAVITY TYPE STlII.C'l'UllES

Influence !!!l safety~ Aqawt Sliding !2!. Rigid~

lIhen both the horillOnul and the vertic.l acceleration. exi.t, a .afety factor .gain.t

.liding for wch a ric;id block •• concrete cai.son on a fim qrolmd is .xpu••ed by the

followinc; equation,

(l-It )
SP. __v_

~
(3)

where SF • saf.ty factor aqain.t .liding

• coefficient of friction between block and qround

~ and ltv ••ei..1c coefficients in horizontal and in wrtical direction, re.pectively.

Thr.. kind. of situation. are considered for the calculation of .af.ty factor. aqainst

.Udi·1lIlJ for block. In the tint .ituation, only the horizontal .eiaic coefficient

corre.pondinq to."..ax is taken into con.i.......tion. Ttw _cone! .ituation 1& when the

.afety factor 18 the ainiaua value by the equation (3) in which the .ei_ic coefficient.

an equivalent to the re.ultant horillOntal acceleration and the vertical acceleration in

each instant. In the third 81tlWtion, the .afety factor 1& calculated by the equation (3)

1n terM of the .ei..ic coefficien~. corre.ponding to~ and A
vux

' For the ccapariaon.

of .afety factor. in three .ituation.,~ 1. noraalize4 a. 250 q.l. and the coefficient

of friction i. a ••uaad to be 0.6 ~or .11 ca••••

If the safety factor in the .econd ca.e i. a••uaad to be rational for the .tability

analy.is of .truct1U'e. d1U'inq earthquake, the safety fac1:Or in the tir.t ca.e is over

e.tiaated about 4' and i. undere.tiaated about 5' in the third c.... Th••• r ••ult.,

tboU9h obtained in the particular concUtion. "ill provide _ inforaation on the influence

of the ve~tic.l anceler.tion on the atability of .tructure••

Influence ~~ Stability of Gravity~ 0uaYV811

Referrlng to the inV••Ui.tiOn aentione4 above, the influence of the vertical acceler

ation on the atability of 9ravity type .tructure. will be di.cus.ed with the .id of the

present deai9l\ prooad1U'e.. The gravity type quaywalla are .elected for di.cuasion. In

the preaent dea191\ procedure. of port facilities (5) the aeiaa1c coefficient in the

vertical direction ia not conaidered. This conception is not baaed on the inveatigation

of the aar~e recorda but on the tJIllPir1cal ~ud~t thet the effacta of the verUcal

acceler.tion on the atability of .tructure. w111 be OOIIIP&Jlsated by apply11l1lJ e proper value

of ..1aa1c coefficients in the horizontal direction. Therefore, safety factors coMiderinq

the vutical ~1.uc coefticient "ill he axaained usinq the preaent de.i9l\ procedure••

Model ~~.. yw.1h are at- in Piga. 16 and 17. one ia • ~n ain of wall with a

••t:er depth of -5.5 a, the other 1& • relatively large _11 with • _tar 4apth of -12 a.

In the atabi11ty analysi. the horisontal aeiaaic coefficient are chanqad a. 0.15, 0.10 and
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0.05, and the vertical sehmic coefficients are fixed as one half of the horizontal one in

both the upward and downward directions. such desiqn conditions as crown heiqht, sea

water level. angle of friction of backfill .oil, surcharqe. ratio of width to heiqht of

caisson BId residual water level are also changed in sev.ral w.ys. S.fety factors aqai.'1at

slidinq and overturning, and boteom reaction are calculated, and their changes due to t~.

vertic.1 ..iamic coeffici.nt are a1.0 .xamined.

According to the analysis, the vertical seis~ic coefficient .ctinq in the upward

direction reduc.s the .af.ty factor. and the rate of reduction of the safety f.ctors

incr••••• proportionally with incr.ase in the horizontal saismic coeffici.nt. For e~~l.,

••fety factor. in Which the vertic.l seismic coefficient are considered decrease 1.5' iiI

the caee of the horizontal seismic coefficient of 0.05 and lO~ in the case of 0.20 in

cc.parison with the c.ses in which the vertical seismic coefficient is not considered.

These rate. of the reduction of 5afety factors remain unchanged. even if the design

parameters except the horizontal s.ismic coefficient are changed. It i. indicated that

bottom reaction. vary complicatedly with the direction of the vertical seismic coefficient

and othar de.i9n par_ter.. The rate of change of the safety factors is coanonly within

several percent., but in special cases it changes up to 20' for the structure with a

.afety factor of 1.0 ag.inst sliding.

This discussion is limited to the particular condition in which the vertical .eismic

coefficient is one-half of the horizontal one. But the influence of the vertical motion

on safety factor. and bottom reaction will certainly decrease in the case when the differ

ence of occurrence time bet_en '!.ax and A
vmax

is taken into consideration. Prom the

analysis above, it will be concluded that the vertical component of earthquake motion may

give only a ...11 variation, less than several percents, in safety factors for gravity

type structures, and in the practical design it is possible to compensate this degree of

saall variation by applying a proper value of horizontal seismic coefficients.

CONCLUSIONS

1) Accordinq to the acceler09raIIUI of the maxiaum horizontal IIccelearation of more

than 50 qal., the ratio of the maximum acceleration on the vertical component to that on

the horizontal component (greater acceleration on the resultant of two horizontal eoepo

nent.) is le.s than 1/2.

2) Any eiqnificant relationship can not be found bet_en the ratio of the maximum

vertical acceleration to the maximum horizontal acceleration and the factors such as

max1Jlua horizontal acceleration, epicentral distance, _qnitude of earthquake and subsoil

conditiona at the .ite••

3) The ratios vf the -.ximua vertical acceleration to the _xim_ horizontal acceler

.tion are tair1y scattered in the acceleroqrama which are recorded at .tations duriny

earthquake. with almost the _ epicentral distance and the •__qnitude.

4) The occurrence time of the maxt.um accelera~ion on the horizontal ca.ponent i.

ditterent from that on the vertical ea-ponent. At the time when the .afety factors again.t
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sliding and overturninq for gravity type structures are the smallest, the ratio of the

vertical acceleration to the horizontal Icceleration is le.s than 1/3.

5) Fourier spectra and response spectra o~ the vertical component and the horizontal

components of the earthquake motions in which epicentral distances are more than 14 km

show almost sialilar frequency characteristics.

61 During a local earthquake near Wakay..a city on March 3D, 1968, the accelerogram

with the vertical component of 405 gals was recorded at Wakayama port with the epicentral

distance of 5.2 km. Inspite of the fairly large vertical acceleration, none of the

facilities at the port were damaqed.

7) Using the pres~nt design method for harbour structures, the stability analysis

for gravity type quaywalls was performed in order to examine the effect of the seismic

coefficient in the vertical direction. SO far as the quaywalls investigat~d herein are

concerned, the vertical seis.ic coefficient has not so considerable influence on the

stability.
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Tabl .. N~ber of Accclerograms

lIb---t--
I ~74

63

280Total

20 - 50

10 - 20

over 50

Hax. acceleration L N_~m_b!~~_L8_.;cel-e~0~-----T------
nn e in ali I PHil 'I PWRI I Total

• g (Mar. 1963 - Dec. ,974) (Jan. 1968· Dec. 1973)
• -1-------

, 13 S i 103 : 238

106 i 114 220
I

+ 53 i
t--------- -----------. --- ---

294 "

Table 2 Specifications of SHAC-B2 accelerograph

! Natural I Damping : Sensitivity I Max.
Number of elements: period of I constant I (al/l1111) ! recording

I pe~:~~~m ~ ~I g i ~;~~~~ration
2 in"hor1Eontal~.~ ! critical --1-2-~5---+-1---'::--5-0-0----i
1 in vertical I i damping i I

Ilecording , Recording !lleCOrding ITiming Dimension
sya tern ,speed time I of

I (IIIllI aeel I (min) ~trumentI (COl)

Scratch in,; I

!

I I

stylu. 10 3 I 1 i :>4 II 54 It 37I I
paper I

! I
Table 4 Stations classified by subsoil condition

Croup Subsoil condition Station
-----

A lock, very den.e granular Miyako-S, Ka.hima-S, Ku.hiro-S, Koken-S,
layer with N value of Ofunado-bochi-S, Akita-S
over 50 ----
Sandy, .ilty and clayey Muroran-S. Hachinohe-S, Shiosa_-S,

I layer with mediUlll density Tomakolll8i-S, Shiosamakojo-S. Onahama-S,
except group A and C Chiba-S, Kelhinji-S, Shinasawa-S I

Vamaahitahen-S. tasonoura-S. Shillilul<ojo-S.

I
Kinuura-S. Nagoyalokan-S, VokkaiehiJi-S,
Yokaichlchitoae-S. KobeJl-S. Hiroahiml-S,
Koehi-S , Hoao.hima-S. lanalava-S, Sakau-S.
Wekayemaji-S, Taurusa-S, Ofunedo-S,
Kaahinaji-S, Okitau-S

C iLooae aandy layer with N Aomori-S, Kagoahime-S
value of leaa th8n 5.
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Developments in Strong-Motion Data Manag~nent

A. GERALD BRADY
U.S. Geological Survey, Menlo Park, California

ABSTRACT

Sole recent developments In the procedures for digitization and

subsequent analysis of strong-motion earthquake Iccelerograph records are

described. The standard d1gltizlng and analys1s procedures of the Cal1forn1a

Institute of Technology's Earthquake Eng1neerlng Research Laboratory have been

~ll documented for several years now and apply well to the long-duration,

h1gh-a.plitude record1ngs that were the main content of the project. Th1s

paper prov1des further descriptive material dealing with the care needed in

using standard analysis procedures on records which cannot be described as

standard. In particular, short duration records, where except for a few

peaks the amplitudes are low. have noise problems that can only be reduced

by considerable reduction of the frequency range containing valid data.

The SeiSMic Engineering Branch of the U.S. Geological Survey, in continuing

the dlgitlzatlon and Inalysls of significant records, has modified the

standard procedures' where experience has shown such adjustments are necessary,

and plans to ..k. further modif1cation where appropriate.

mTRODUCTlON

Strong-.ation earthquake accelerogrlph records hive been digitized with various

technfques sfnc. sig11ffclnt ones were first reCOrded. Adetailed description of the

..thods used over the years up to the present day would show the gradual Improvement In

dtgltiztng durtng this tlllll!, Indicative of the concern amongst users of thts data for the

extraction of the maxl~ amount of information. Thts quest continues. and indeed it is

obvious that any r~~rt describing "current" techniques under such circumstances ,.,st be

expected to appear llIIlIediately out of date to some readers. The dtgitizlng of records

hiS been carried out, In the main. In order to analyse them more thoroughly then can be

KEYWORDS: Accelerogra-s, Digtttzation, High Frequencies. Low Frequencies

IV-20



done by visual study. Of interest hIS been the ti. history of ground velocity and

dhplac""t, the frequency content of the different bursts of energy in the record, and

the effects o~ simple idealized structures assUled to be exctted by the ground MOtion.

and portrlYed tn response spectra.

By the early 1960's it was realtZed that the results of most analyses of digitized

records depended to an appreciable eKtent on the tndivtdual technique of the people doing

the digitizing and planning the subsequent computer analys1s. A COMPArative digitizing

effort, carried out by research staff at Cal tech , U.C. Berkeley, the University of

Michigan and the University of Illinois, clarified a number of points pertaining to the

dlgit1zations and analyses. l At that time parabolic corrections were ..de to the

accelerations. and calculations of displacement showed up the dependence of these

displacements on the details of the computing techniques. Response spectra calculations

were also shown to depend on such parameters as the Integration step length and the

record duration, as well as the obVious basic dependence on the digitizer of the original

record.

In 1968 Caltech's Eart~uake Ellgineering Research Laboratory embarked on a

dtgtthation and analysis project wt,ose IllItn goal was to provtde data in dtgital fom

by standard procedures developed over the early stages. Reports2 and magnetic tapes

contatning the data from 381 digit1zed records were d1str1buted throughout the country

and to some overseas destinations. and their use attest to their acceptance. Procedures

are fully described tn the reports for dtgitization of the various types of records

IllIklng up the total. and for routtne analyses. These standard analysts procedures

include the following:

I. Preparation of uncorrected scaled data by making use of time marks and fixed

traces ~ere available.

lA. G. Brady, "Studies of Response to Earthquake Ground Motion," EERl Report.
Calif. Inst. of Tech., Pasadena, Caltf. (1966)

211Strong Motion Earthquake Accelerograms," Vol. 1. Part A (Report No. EERl 70-20),
Vol. II, Part A (Report No. EERl 71-50). Vol. Ill, Part A (Report No. EERl 72-80),
Vol. IV, Part A (Report No. EERl 72-100), Calif. In~t. of Tech •• Pasadena, talif.
(1970-1972)
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2. Preparation of correct"" data by IIIking use of the instrumental constants in

an instru-ent correctio~. and by f'8DOVll of high frequ.n~ Ind low frequency

nolse in I bind pass filtering operltlon.

3. Calculation of re5ponse $pectra for flve dlfferent values of d.-ping and over

a frequency range equal to that of the pass bind used In the correctlon stage.

4. talcul~tion of the Fourier .-pI 1tude spectru~ of the record by use of Fast

Fourier Transfonn technlques.

Many countries In seis.lc IrllS of the world hive slMlllrly embIrked on the pllnnlng and

lnstlllition of lnstr~ntltion networks Ind hive SUbsequently developed Inllysis

tethniq~ for use on those significant records thlt th~ hive recovered and digitlzed.

The talteth project has f~uently been used as a standard guide for these ende~vors and

has served well tn thts capact~ when care has been exerctsed ln trlnsferrlng the

procedures to the users particular circumstances.

DIGITIZATION

An appreciable emour,t of infol"llllltton can be obtained frOll1 the record before any

dtgltlzatton attempt. Peak values of acceleration can be scaled off. uslng the

sensttivity of an lndlvidual transducer's mechanical and optlcal propertie~. The total

duration of the inst".ntal record can be detemined frOll1 the time lUrks. The duration

of various levels of strong-motion can be determined. such IS the length of time between

the first and last aMP'itUdeS of 100 cm/sec2 (or 0.19). In some cases where the

lnstru-ent hiS been triggered by the first vertiCil acceleratlons reaching It. (P wlyes).

and the horizontal ca.ponents show 5 wave arrlYals clelrly. then 5-T times can be reid

off for use in epicenter detenninatlons and other travel time cllculltions.

Engineering uses of Iccelerogram records prior to digitiZing is li~ited to the

investlgation of upper story records where IQdaI vibrations of a structure become

applrent. plrtlcullrly after the first transient motions haye dissiplted. Some

prellminary estimates of mode shapes. lili:::'Inding on the number of records throughout the

he;\illt of th. ~t!"~ct:::"::. ilOU ur ~i1elr nltural frequencles. can be IIlIde. Thls allows

calculation of blse shears Ind overturning MORtnts during normal mode vibrations as they

occur during earthquake excitation.
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For computer analysis of the dynamic behavior of buildings during base input motion,

ground motion records must first be digitized. The records from upper levels of

structures must be digitized if a detailed computer investigation is required of building

motions, stiffnesses and mode shapes. Also, frr investigations that require the

integration of carefully prepared accelerations, for velocity and displacement time

histories, the original accelerations need digitization.

High Frequency Considerations of Hand Digitizing

Hand digitizing refers for the time being to moving a cross-hair by hand, following

a trace, and selecting individual points whose coordinates are recorded automatically

when signalled by the operator. Subsequent computer programs. which assume that the

traces are straight lines between elected points, demand that among the points chosen are

all the local peaks and all changes of slope. In order that the same control on high

frequency noise can be maintained throughout the duration of the digitized record the

average density of selected points must be kept up in the weak-motion portions to the

level maintained In the strong-motion portlons. 3

The following line of reasoning can now be applied to the further analysis of this

raw data. Suppose for the sake of an example that the average digitizing rate of a

particular trace corres~onded to 50 points per second of record time. chosen because

25 Hz content was seen to be present and capable of digitizing. Portions of the record

that contained 20-25 Hz signals would be digi~ized just at the peaks, i.e., two points

per cycle, while signals at the 10 Hz frequency level would be identified with approx

imately 5 points per cycle. Lower frequency content, appearing smoother in the record,

would be well-defined with many points per cycle. For analyses that required the highest

accuracy, I.e •• maintaining the accuracy already present, equal-step interpolation must

be performed at a ~~ equal to the least count of the digitizing machine. Otherwise,

peaks will be missed during Interpolation. However, a compromise must be reached because

data of this densitJ' is ,00 large in volume to handle. The compromise must consider the

fact that the final data. in order to portray accurately the 25 Hz content originally

3J. B. Berrill and 1. C. Hanks. "High Frequency Amplitude Errors in DigitiZed Strong
Moti on Accelerograms," in "Ana lyses of Strong Moti on Earthquake Accel erograms", Vol.
IV, Parts Q. R, and S, Report No. EERL 74-104, Calif. lnst. of Tech., Pasadena.
Calif. \1974)
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seen. lUSt be at a density thlt Dffers approxiMately 6 points per cycle, and therefore

150 points per second. The 25 Hz content could be satisfactorily represented .nth SO

points per second only if each t1l11e the 25 Hz ",aves appeared they liIIl!re al",ays in phase

.nth .ach other and their peaks occurred at multiples of 0.02 sec. This of course is

never the case.

If 25 Hz is the highest frequency that can be seen and digitized. the d1g1tlzatlon

at In average density of 50 pofnts per second ",111 contafn unacceptable digitization

noise at frequencies above 25 Hz and 10"l-pass filtering at 25 Hz is called for. Main

tenance of a final data density of 150 points per second is still required.

The COMPromise betlilll!en data density and the accuracy of peak values leads to sane

confusion when cDmparisons are made4 between the maximum acceleration of a record when

scaled off the original (or off the raw digitized data) and the maximum acceleration

after correction. If the correction procedures have required interpolation at a density

",ith ~~ greater than the least count of the machine. then it is probable that this

scaled peak will be lost, and a 10"ler peak value will result. As an example. with

records containing 12-16 Hz components, whose peak acceleration~ occur in this frequency

range. corrected data "'ith ~t. 0.02 sec ha,e had peak values in the range of 0.75 to

0.3 of the uncorrected peak values.

High Frequency Considerations for Machine Digitizing

Various other possibilities of selecting points are available and in use on some

digitizing systems. Although the cross-hair is moved by hand along the trace in question.

th[ autQBIt1c relaying of points into some storage device can take the form of a set

numer of points transferred each an in the X-direction (i.e., A-.. • or At kept constant)

Or a set number of points transferred each second of real time (in which case ~~ or ~~

depends on the speed of the operator follO"l1ng the trace).

Totally automatic digitizing can be of two principle types. The first consists of

autOMatically scanning the entire recoraed film and measuring the greyness at each matrix

el.-.nt locati~~, followed by cOMputer analysis to recover the traces. The second consists

4·Strong Motion Earthquake AccelerOgram5
l
" Index Vollllle, Report No. EERL 76-02,

Calff. [n~t. of Tech., Pasadena. Cllif. 1976)
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of autoMatically following a particular trace having been given a starting position, and

recording X and Ycoordinates according to some fixed procedure.

In all of these cases, the procedure can be compared with the description in the

previous section on hand digitizing and appropriate measures taken to insure that the

quality of the high frequency content remaining in a record is accurately kn~.

LONG PERIOD ANALYSIS

The baseline correction procedure of the Cal tech standard data processin~ project

removes from the accelerogram all Fourier components with periods longer than an upper

period limit chosen on the basis of careful tests. For the particular equipmant used at

Cal tech, and for the typical records used in the project. namely with sensitivities of 7

to 14 cmlg and with record speeds of the order of 1 cm/sec. this upper limit was about

14 seconds. A filter was developed with a cut-off period of 14 sec and roll-off term

ination at 20 sec - the :;orr'espondinq frequencies are 0.07 and 0.05 Hz. Subsequent

investigations conflnued that fc'r this typiul Caltech data the errors In the 14 or 16

second components could be up to 4 cm of displacement, while errors In the B second

components were of the order of 1 em of displacement. S Shorter periods had correspon-

dingly smaller errors, These displacement errors were apparent irrespective of the

acceleration amplitudes, which for most of the records 1n the project were relatively

high - the selection of t;i1e l'ecords had been originally made on the basis of peak

accelerations being greater than O.lg. It has recently become clear that for records of

low acceleration amplitudes, or of accelerations of large amplitudes but corresponding

to small displacement pulses as in records close in to small shocks. or in short records,

sone further adjustment of the long period limit is required.

Short Records

Recent experience with records shorter than approximately 60 sec has shown that the

upper limit for long periods must be selected with due consideration to record length.

It is not advisable to assume that a satisfactory quantitative measure of the Fourier

ST. C. Hanks, MStrong Ground Notion of the Sin Fernando, California, Earthquake:
Ground Displacements," Bull. ~is. Soc. America, 65,1. p. 193 (1975)



cOllpOflents with pertods longer thin 1/4 or 1/3 of the totAl record lenllth can be obtAtned

fro- Iny record. Consequently, for record$ shorter than 60 sec, revts!d cut-off and

roll-off tenminatton periods must be used. A suttable chotce has been found to be the

restrtctton of pertods retatned in the corrected data to 15 seconds or 1/4 of the record

length, whichever ts smaller.

Records With Small Displacements

Treatment of the long period limits in thts case ts rather obvious, after a few

trials arp. run on any parttcular record. The long period limtt must be chosen so that

the errors In the dtsplacement at this long period are negligtble when compared to th

Ictull displacements expected when the accelerogram is integrated twice. For an 8 cm/J

sensttivtty, use can be made of a table such as the following in order to estimate the

longest period to retain:

longest pertod retained (sec) 16 8 4 2

Expected errors in displacement (em) 4 .25 .06 .015

The required ground dtsplacements from a filtered accelerogram should be, say, 10 times

toese expected errors in order that the displacements retain an acceptable signal to

noise ratio. Adjustments to these figures can be made for instruments with different

sensitivtties, and recorder speeds different from 1 em/sec, and further adjustments of

the long period ltmit can subsequently be made if destred tn order that resulttng

dtsplacements compare favorably, in amplttude and frequency content wtth actual

displacements predtcted on the basis of seismologtcal studies.

CONCLUSIONS

This paper has discussed the areas tn which it is appropriate to make some changes

tn the standard data processing of strong-motion earthquake records. Included have been

the fol1owtng conclusions:

Hind digtttzatton of records, (trace following by hand, and points selected indtvtd

ually), tn whtch the htghest frequency capable of being examined and digitized is 25 Hz,

should be accompanied by computer Inllyses whtch treat the data at a denstty of 150
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points per second. Clreful considerations Ilong similar lines must ~~ given to any

d1g1ttzati0'l thlt is lllre lutOllllted.

The long period 11111t for corrected data must. in general. be reduced for accelero

gr-.s that Ire shorter thin 60 sec, for IccelerogrllllS tnat hive short duration. high

.~11tude pulses, corresponding to SMell displacement pulses. and for accelerograms with

generilly low I~litudes.
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ow A IIBTIIOD ~ SY1ITIIESIZIRG 'l1IE ARTIFICIAL UJmIQUAICI!: WAVES

BY USING 'l'ID!: PRmICTIOli ERROR FILTER

Keiichi Obt&ni and Shi9eo Kinoshita

"'tional ...-rch Center for Di..ster Prevention, Science , TechnolO<JY Agency

Several ~. for synthe.izinq the artificial earthquake waves have been reported

for the purpose of d~c analysis and earthquake-resistant desi9n of structures. In the

present report, the authors discu•• a _thod by using "the prediction error filter," in

which there are less nuabers of the required parameters than those in other methods and

a1110 the•• par_ters are IIlOre e.sily estimated. This _thad is based un the linear

prediction lIOdel for tile earthquake wave in the t.uae domain. Therefore, parameters by

which the prediction error filter is constructed are computed from the sequence of co

variance ..trices that represent the characteristics of earthquake waves in the time

dauin.

"s COlllPUed with the methods _in9 the finite Pourier expansion by harmonic functions,

thh _thad uses the finite Pourier expansion by uncorrelated random variables, a~ the

fUter 18 d.aiqned in the time domain. 1.1110, the n1.lllber of terlllll of this expansion is

.utoaatica11y determined by using "An Information Criterion" (AIC) proposed by Akaike.

The relationship introduced by the authors for synthesizing correlated multi-dt.ensional

vaves show an eJtaIIP1s of synthe.is by using an observed stronq-lIlOtion acceleroqrUl.

KEYWORDS. Acceleroqraa/ artificial e.rthquake/ covariance/ filter/ finite Pourier expansion/

prediction error, r~ variables, synthesis/ wave
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IN'l'RODUCTION

Math...tical proce•••• of the simulation of variou. random phenomena have growing

applic&tione. In the field of earthquake engineering, the simulation for strong-motion

earthquake waves provid.. a valid starting point for the dynamic a~&ly.is and the eerth

quake-re.i.tant d.sign of structures in seismic regions, and also in playing an lmportant

role in the shaking table test.. Accor~ingly, several methods for .ynthesizing artificial

wave. have been already reported (1). The present report discusses a simple method for

.ynth•• izing artificial waves by u.ing the prediction error filter, in which required

par_ters are f_r than those in other IIlethods and also they are easily estimated. The

luggestion that the application of prediction error filter to earthq~e wave would be

efficient wei ~e ln two references (2,3).

In the authors' method by uling the predlction error filter, a filtered white nolse

model i. used for generating the artificial eartllquake waves as shown in Fig. 1. The

procedure ls to use the digital compute£ for generating a random number, to multiply this

by a gain function (i •••• a function of the covariance matrix of final prediction error),

and then to pass the re.ultant sequence through a linear filter li.e., the prediction

error filter with the sequence of covariance matrices of a given earthq~ke wave). Matrices

F(n,n), B(n,l), in which n-l, ••.• P, are referred to as the filter parameters, and are

required in order to design this fllt~r and to describe the characteristics of the filter.

Also, the covariance matrix ~(p) of final prediction error is required in order to describe

the characteristics of input for the filter. The induction of those matrices and the

conetruction of the prediction error filter are diSCUSSed in sections 2 and 3, respectively.

Generally, there are two difficulties as.ociated with the simulation of earthquake

wave.. One ls that the two horizontal e<».ponents and the vertical COIlIpOnent of observed

earthquake waves are not statistically independent. However, this diffiCUlty is probably

out of the question in this IIlethod, becaupe correlations between thes. COIIlPOnents are

taken into account by designing the filter from the sequence of covariance ..trices. The

other difficulty is the nonstationarity of ob.erved earthquake waves, e.pecially because

this ..tbod is ba.ed on a theory of stationary stochastic process. AssUlllinq the frequency

stationarity, the amplitude nonstationarity is induced by passing the input randOlll nUlllber

through the time-dependent function of covariance matrix of prediction error, i.e., a

shape function in Illatrix form. On the other hand, the simulation of the frequency nonsta

tionarity i. difficult. Putting the filter parameters as tt.e-dependent _trice., the

nonstationarity representation of frequency characteristics i. theoretically possible.

But, qenerally, the the t1Jlle constant of prediction error fHter COIIlPOsed fl"Olll obHrv.d

earthqualte waves is 80 large that the staulated waves can not run after the variation of

the original waves. However, a sillulation of one dt.ensional nonstationary process by

uaing the pr.~iction error filter and the Kalman filtering technique was reported in

reference 2. In the pr.sent report, the object of the author'. study, i ••• , the staulation

of multl-dt.en.lonal artificial eartbq~e wave, IB bound within the stationary case.
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IRDUCTION ar FILTER pJUWlB'l'ERS AlII) COVARLUICE JIA'l'IUX OF PREDICTION I:IUlIJR

When a 11ft..1: .~ce M(q) ia 9ivwn, the forward pUdiction of XCk) can be clafine4

a. the projection of X(k) on !:hi••ubepace. 'l'ben. tM forward pradiction of X(k),

- q
XCk/q) - ! p(q.n)X(k-n)

n-l

i •••t1lla~ by .alvinq the eo-called fo:cvard Yule-Walker equation••

'I
E[{XCk)- r l'(q••)X(k-m)}X·(It-nll

_1

'I
- R(n) - t F(q.m)R(n-m)

_1

- O. n-l ••••• q

(2.1)

(2.2)

Prediction ..trice. I'(q.n). where n-1 •••• ,q. in Eq. (2.1) are the ao1udon of the above

.imultanaou. equation.. A1ao, the forward prediction eI:~r ia.

Similarly, the backward prediction of X(k-(q+1».

- q
X(k-(Q+1)/ql- t B(q.n)X(k-n)

n-l

the backward Yul_Walker equatione,

q
E[{X(k-(q+l)- E Blq,.)X(k-.)}X· (it-nIl

_1

q
- R(n-Cq+l») - E B(g.DllRCn-IIl)

_1

.0, n-l, .•• ,q

and the backward prediction error

!Ck-(q+l),ql-X(k-(q+1»-X(k-Cq+1)IQ)

(2.3)

C2.4)

(2.51

C2.6)

are obtained a. corre.pond1n9 to (2.1), (2.2) and (2.3) in tM forward prlOdicUon .ch_,
r ••pectively.

Purt!»%W)re. the forverd Yule-Walker equation. with r89ard to the .ub.pace M(q+l) are

partitioned into the following relation••
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q+l
Rln) - E F(q+l,.)R(n-a)

_1

q
- R(n) - E F(q+l,m)R(n-a)·'F(q+l.q+l)R(n-(q+l))

_1

- 0, n.l, •• ~,q.l

FrOlll (2.2). (2.51 and (2.7), _ have

(2.7)

q
{ I:
Ill-I

q
FI~,.)R(n-m)}-{ I:

_1

'1
F(q+l.a)R(n-m)}-F(Q+l.q+l){ I:

...1
Beq.m)R(n-Ill)}

i .•.•

- 0, n.l ••.. ,q+l

F('1+1 •.,)·F('1••)-,(q+l.q+l)8('1,.). _1 •...• '1

(2.8)

(2.9)

Analogou.ly, followinq r.lations are obtained in the backward .cheme,

Bl'1+l,m+l)-B(q••)-B(Q+l,l)F(q.Ill), _1 ••..• '1 (2.10)

nS shown in the next section, the prediction error filter i. constructed by using ~trice.

{F(q~l,q+1). B(q+1,l). q-O••••• p-l} which appeared in relations (2.9) and (2.10). That

is, these matrices are required to construct the filter and are referred to as the filter

paraDetera. The filter parameters are computed by using the recursive formulae ~ich are

due to Whittle (4).

The atochastic characteristics of input for this filter is governed by the covariance

matrix ~(p) of the final prediction error !(k,p). Although the final prediction error

does not nec••••rily becOllle • white noise, in general the .pectral structure of this error

is so flat that the White noise approximation for this error is po•• ible fram .ngineering

viewpoints. Therefore. the stocha.tic characteristic. of input for the filter is governed

by ~(p),

p
• RIO)- r P('I.n)R(-n)

n-l
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Actually, the square root of diagonal component of matrix ~(p) 1s used as a gain function

in the direction corresponding to the diagonal component. Analogously, the covariance

matrix of bacKground prediction error is computed. Especially, the covariance of forward

prediction error and that of backward one are equivalent in one dimensional case.

CONSTRUCTION OF PREDICTION ERROR FILTER

In this section, we will consider the construction of the prediction error filter.

As the prediction error filter is based on the wave matching ln the time domain. the

filter is constructed by using the filter parameters induced in the foregoing section and

the delay operator D.

First. the following notations are def1np.d as follows:

F(n.O)--I, 8(n,n+l)--I. n·l ••••• p

By using these notations and the delay operator D. (2.11 and (2.4) become (3.1) and (3.2)

respectively.

~

~(k/ql-- ~ F(q.nlOnX(kl
n-O

q+l
X(k-(q+l)/ql-- L B(q.nlDnXlk)

~l

(J .11

(3.2l

From (2.9l, (2.10). (3.1l and (3.2l. we have the following two relations.

q+l
!(K/q+1)-- L F(q+1,nlOnX(kl

~O

q
--F(q+l,O)+ L (F(q.nJ-F(q+1,Q+1)B(q,nl lOn+F(q+l,q+lloq+l]X(k)

n-1

-!(K/q)-F(q+l,q+ll!lk-(q+l)/q)
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and

q+2
!lk-lq+2),q+l)-- I Blq+l,n)OnX(k)

n-l

q
--OIB(q+l,l)- I {Blq,n)-Blq+l,lIFCq,n)}on+oq+lIXCk)

n-l

-O[!(k-(q+l),q)-B(q+l,l)!(k,qlJ

where !lk,O)-X(k) and ~(k-lIO)-OXlk)-Xlk-l).

(3.4)

Employing Eqs. (3.3) ~.ld (3.4) recursively from q-O to q-p-l, three-dimensional prediction

error filter is constructed as shown in Fig. 2. In this fi9ure, the diagonal component of

filter parameters represents the characteristics of the corresponding direction and the

off-diagonal one represents the degree of correlation between the two coresponding di,ections.

FREQUENCY CHARACTERISTICS OF PREDICTION ERROR FILTER

The more the filter's order increase., the more the spectrsl structure of the original

..ave is absorbed into the filter. In the final order p, the filter has the spe~tral

envelope of the original wave as the characteristics of the filter. The re"Jlin~.ng ..pectral

fine structure is the frequency characteristics of the final prediction error !(k,P, .

Namely, if the final order p is deter1llined as such, the final prediction eo',ror beca.es a

white noise, and then a white nohe with the covariancE. _trix §,Ipi could be used as tho.'!

input of the filter in this stochastic model.

The autoregressive spectr\Dll estimation procedure is used in order to represent the

frequency characterbtics of the filter. Forward prediction ...trices, i.e., regression

matrices Ylp,n), where n-l •... ,p. are obtained from the filter parameters by using 12.9)

and 12.l0). Proa these _trices and the covariance _nix of the final prediction error.

the spectral envelope of the original wave, i.e., the spectral density ..trix P(g), is

estimated in the following fo~ IS)

1 -1 -1 I IPIg) - 2ii A IE) §,Ip) [A· (z) J , CJ 5..'IT

where

14.1)

Ala) - I -
p
r

n-l

-nP(p.n:z ,z-explig) (4.2)

Th. reaonanc. freqJency and the damping coefficient of each vibration .cd. appeared

in every direction ~'~"'ts are ''''''I'uted by solving the algebraic equation Alz)-O in

one-dimensional. case. In th~, ee-plelC s plain, the frequency response function of the

second order systea has
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1

By the tranlforution z-exp(sT)-exp(ig), (4.3) becomes (6)

H ( ) J( (-h w T)' ,""",=z'-;-_=-
n Z - n OXP n n (z-z) (I-Z.)

n n

where

T2
I -exp{(-h w +iw (l-h-)T}

n n n n n

and

dn(w ~T)
It n;;.-_..:n::...._

n w 11_h2
n n

Accordinq1y, the transfer function of this system has

2 I I
-It -1 -1

n (1-1 ) (z-z. ) (z-ZO) (z- (ZO). )
n n n 1'1

(4.3)

(4.4)

(4.6)

(4.7)

In the actual ground motion, each of the direction components of recorded wave has the

spectral density function having the product of this type of transfer function. There

fore, taking out the factor of fourth order such as (4.7) from the power spectrum density

function. the resonance frequency and the damping coefficient of each vibration mode are

computed. In one dimensional case, the roots of the characteristic equation A(z)-O are

denoted with zn' n-l, ••• ,p. Then, (4.1) becomes

PIg) -

2'11

2'11

§.(p)

P -1 2n Il-z z I
n-l n
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Therefore, if the roots of 1.(&)-0 are & and z*, the factor of fourth order luch as (4.i)
n n

is extracted. a-ly, when A(z) 11 decoqlOsed with the factor of .econd order and that of

first order, the resonance frequency and the damping coefficient of each vibration mode

are COIII'uted by usinq the relation (4.5) and the root of the factor of second order.

Solvinq the characteristic equation A(z)-O, the Bairstow'. method is convenient in the

nuaeric c~tation. In thi. method, the resonance frequency i. exactly estimated, but

the stability a1k' the est1aation of the dampinq coefficient are not expected to be al

accurate as t~A eatiaation of the resonance fr~ncyo

.MATH~;.:rICAi. i·'L.ANIliGS OF PREDICTION ERROR FILTER

By repeated application of (3.3/, _ have

p
r r(q,q)!(k-q,q-l)+!(k,p)

q-l
(5.1)

This i. a basic equation of the prediction srror filter. In thiB section, a mathematical

...ning of this equation is discussed.

By applyinq the Gram-Schmidt orthonormalization process to. sequence of X(k-n),

n-l,. o.,p and finally X (k), an orthonor1llll1 sequence is obtained. The firBt p orthonormal

random variables are

!(k-n,n-ll
V(n) - 2' n-l, ••• ,p,

I I!(k-nlfl-l) II

where

and

n-l
i(k-n,n-I)- r (X(k-n),V(m»v(m)

_1

(5.2)

(5.3)

(5.4)

Before the final .tep of the Gr__Schlaidt orthonormalizatl'bn proce•• ill applied, it is

necesaery to find the follow1nq relations. ~ly, as i(k,n-l) il the projection of X(k)

on the n-l dt.enaional subspace M(n-l) .panned by the sequence of X(k-al, _l",oln-l and

!(k,n-ll 11 the ortboqonal CCllIIPOnent of X(k) to thiB Bubspace, _ have the follow1nq

relationll.
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n-1
X(k/n-1)- r (X(k),V(a»V(.),

_1

i. a.,

(5.5)

and

i .•. ,

!(k/n-1).V(a»-O, ..l •••• ,n-l (5.6)

ApplyinCJ the final .tep of the Gram-Schlllidt orthonorlllillization proce.. to X (k), a relation

18 obtained,

p
• I (X(k) ,V(nl)V(n)+!(k/p)

n-l

By u.inq (5.6), thi. relation i. expanded a. foll0W8:

P
X(k) - r: «X(k)-~(k/n-l»,V(n»V(n)+!(kJP)

n-l

(5.71

(!(k/n-1) ,!(k-n/n-l»

11!(k-n/n-l) 11 2 (5.8)

':"1>.. 'Jx;lre••ion i. ths finite .ourier ~aion of X(k) by an Wlcorrelatad .equence of

vector v.l~ rarxt- varLable. !(k-nln-l), n-l •••• ,p and !(k,P).

In one-dt.enaional ca.., the nora of !(k-n/n-l) and that of !(k/n-l) are equal, i.e ••

the covarisnce of ~(k-n,n-l) and that of !(k,n-l) are equal. Then, Pourier coefficient.

are equivalent to partial correlation coeff1c1ent., 1 ••• ,

r(n) -
(!(k/n-l) .!(k-n,n-l»

11!(kJn-l) II!(J..-n,n-ll II
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That is, r(n)-P(n,n) is the partial corr.lation of X(k) and X(k-n) af~er the .ffect of

X(k-al, _1, ••• ,n-1 bas been r~ed by reqr.sdon. Al~, froll (5.9) and Sclwartz

i~lity. the abeolute value of r(nl is les. than one and this is the stability condition

of the prediction .rror filter in one-diJlena1onal c ....

we firat consider how to determine the final order p of the prediction error filte::c.

In order to d.termine the order p, the "An Information Criterion" (AIC) proposed by Akaike

ia uaed (7). The Ale ia • crit.rio~ for obtaining the maximum information about the dis

tribution of future value obtained from the lIK)del. The degrees of freedOlll for the lIK)del'.

par_tex is deunlined by usinq the Ale. In th1l case, a second order process with zero

_ ia treated. Therefore, an identical GalUlsian proceas is considered. Then, the AIC

11

wllere M 11 the m..ber of dt-naion (81. The order p is the value of n for which the

AIC(nl is ainiaized.

AI an oriqinal record for simulation, _ used the stronq-JIIDtion acceleroqrUl at the

Golden Gate Park aite of San Francisco earthquake (1957.3.221. A numerical computation

wa. done in two-diJlensional case. i.e., Xl (k) and X3(k) which represent the N-S coaponent

and the U-D one, reapectively. We employed 300 (-MI slllllP1ea with 20 1IIII8C (-TI frOlll the _in

put of ecceleroqraa.

Gra.pinq the characteristics of this part, the sample spectral density ..trix l(q)

wa. estt-ted by the followinq relation (51

I(g) - ~ Z(g)Z' (g), Igl~w

where Z (91 11 the BUlPle Fourier tranefonll

11
z(g)· t x (nT) exp (-ign)

n-l

(6.21

(6.31

AI the spectral density ..t-ru i. a Henlitian JDatrix, the content. are repre.ented by two

diagonal OMIPOft8Ilts. and U.e real part and the illlaqinary one of the off-diaqonal =-PODent.

Th.,y are shown in Piga. 3-6. In tn.:.. Pigs., tile transverse axis 1a expressed 1n g/(21I'T)

Hz. ~nq these four Pig•• , Fi9. 3 (H-S c:oomponent) , Fig. 5 (eo-spectrla) and Pig. 6

(quadratur. apectrla) ahow the di.tinguished spectral peaks. aut. Pig. 4 (U-D CClIIPOI\ent)

abows amoat flat apectral structur. so that the difficulty of siaulat10n for this COlIIpOnent

is expected.

A t.lIO-d~1o...l prediction error filt.er is shown in Pig. 7. The final order p

which .a CClBIpUted frca (6.11 •• 12 within 0-14. TUlle 1 is the lilt of the filter
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par_ters ~U* by usir19 the recursive foraul. which are due to Whittle. The rala

tiona fl,l(n)~l,l(nl, f3,3(n)~b3,3(nl. n-l, .•• ,p are found from thia table. In ons

d~sional ca.., thia ralationahip ia rCnl-fl,lCnl-bl.ICnl. n-l •.•.•p. Introduc1nq a

ut~tical 80dsl of _lti-reflection typll, the.. par_tera r Cn), (,-l, .•. ,p play the

role of rsflection coefficienta. The off-dia90nal components of utrices FCn.n), B(n.ll,

n-l, .•• ,p ere eo ...11 compared with unity that the degree of correlation between two

d1rf'Ction ~n.nts is not conspicuous.

Corre.pondinq to the CCIIIpOnents of the _trill: 1(9), those of the estimated spectral

denslty aatrix P(g) which repreaents the characteristics of the prediction error filter,

are shown in Fiqs. 3 to 6. As a whole. the aatrix PCg) envelopes the matrix 1('1). But.

the final order p-12 i. aD ...11 that the aeparation of spectral peaks is not sufficient

in the hiqh frequency region.

The input for this filter ill synthesized by usinq .. sequence of randolll nUlllbers between

zero and one, i.e., e(n), _1,.... By using this sequence. two-d~nsional independent

Gau.sian white noise with zero mean and one variance is obtained by the following relation.

(9) ,

u(n) - {21nCeCn») sin(2We(n+l).

v(n) --'21nCeCn») cos(2We(n+l»)

(6.4)

(6.S)

'1'akinq the covariance matrix !(l2) into consideration. the input for thb filter is

(6.6)

(6.7)

riq. 8 showa a 8Ulple of synthesized two-diJlensional wavs durinq the first four seconds.

In the following four fi~es, the ca.ponents of the a-.ple spectral density matrix of tha

syntheaiaed wave between the five ..cond and the ten second. are shown. As a whole, theae

cc.pcmenta envelope the characteriatics of the correapondinq COIIIPOnents of the estiuted

lpeetral d_aity ..trix p (9) •

CONCWSIOtl

In the pre..nt report we developed a _thod fur ayntheaidn9 the artificial eartb

qualt6 _v.a. The Mthod uses a finite Pourier expansion by uncorrelated randela variables,

whils the other _thoda use the finite rourier expansion by hanIonic functions. Aa an

advanUge of this _thDd, the characteristica of the atronqlOtion earthquaJte wave. are

rapra_ted by a _11. nu.ber of par_tere. 'dwrefore, this _thad would be conveniant

to file • 1arq. n.-bar of .troaqlOtion recorda.
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GIDSSAR.Y or SYMBOLS

T, Sulpl1ng time

N I N~r of 'UlPle pointa

x (n·T). 1'1-1 ••••• H, sequence of observed acceleration V1Ictor. Which ar.. sUlplized with

the S4llP1ing t1llc. T

X (1'1). 1'1-1 •••• ,NI Sequence of vector value4 Gau.aian randaD variable. with zero Man

M(q)' q-d~.ional linear sub.pace spanned by the sequence of X(k-n). n-l •.•••q

X(k,q)I Projecticn of X(k) on MlqJ

!(k,qJ-X(kJ-X(k,q), Prediction error of X(k) Which i. orthogonal to M(q)

E ( I' Ex1'eetation operator

X' I Tranapo"e of X

p: Final order of the prediction error filter

D: Delay operator; DnX(k)-XCk-n)

I I unit ..trix

Rlnl·EIXlkJX' (k-nn. n-O.l •••. , Sequence of covariance _tricea

!(q) I Covariance ..trix of tile prediction error !(k,ql

F lp·.n). nal •••• p: Forward prediction _trlce.

B(p.n). _1••..•p: Backward prediction ..trice.

F(n.n). B(n.1) n.l ••••• pl Prediction error filter par...tera

fj.k(nJ. bj.k(n): (j.k) ea-ponent. of F(n.n) and 8(1'1.1). re.pectively

l.ll, Clrcular frequency
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g...rr, IIoraaUHCl circular frequency, 191~1I

PIg) I Spectral dendty _tria

•• , CoIIplex c:onjUIJate of •

A·, Adjoint _trb of A

(X,f)-UX'Y], Inner product of X and Y

Ilxll-'/(x.x), Nona of X

V(n). n-l •••.• p: Sequence of orthonoraal vector valued r~ v-sriable.

rln). n-l, •••• pl sequence of partial correlation coefficient.

Ale( ) I An infonaat1on criter10n

11g) I SUple .pectral density _trb

z (9) I Sulple Penal.r tranafoDi

(u(n). v(n)}, n-l, .•• I Sequence of two dt.enaion Gau.dan weton with I:~ro _-1.'
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'11(1,. tufa. IJJ 1ft' 'UfA ) llil1'") b. 1"1 b h , •• "JlI••

o.,tG 0.12" -G.OGe 0.\. 0, ,t, -0."1 0.011' o.sn

-o.7Ot -0.100 -0.010 ·0.'" -o.n, O.OJI ..0.010 ·a.tHo

0."1 O.OU 0._ O.lm 0.'" -0.001 0 .... 0 .•41

"O.WO 0.11) 0.0" -0.264 _0._1 0.120 O.O'J ..(J.MS

· _A_' A A"
A _. .A A _A _ A ..,

A __

• -0._ ·0.'. .o.0iI9 -0.01' -0.010' -G.UI ·0.12' ·0.006

-o.ow ·O.n9 0._ 0.0" -O.loe Cl.016 -0.0'72 0.0.

-O.U' ·0.101 0.012 0.... -0.167 0.111 ·0.0114 0.0'0

• -O.\M!t 0.14' -o.oU ~o.112 -0.019 -G.on 0.071 -0.11.

10 0.011 -0.11" -0._ -o.aH 0.01. ... n.OK -0.'" -(i.Ol'7

II ..0.021 0.11' 0.011 -0.071 -0.021 O.OJJ O.M! -D. oeD

U 0.1.) o. )0] -0,011 -0.1'1 o. U1J -0.0" o,UI -D .•ll

!'U~-'~~~ 1~:1

Table 1 Par_tere ot two di_nsioDAl prediction error filter

White
noise J(kIP) X(k)

1
gain

I ~ filter I •
t t

s(p) F(n.n}. Ben, 1),
n=1,._.•p

Piq. 1 Pilt.red White NOi•• Nodal
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STATISTICAL AMALYSIS or STIlONG-II7l'IOtI ACCELERATIOtI MCORDS

Ma...itsu Ohashi, H&ad, Earthquake oi.aster Prevention Divi.ion

~.hio Iwa.ak~, Chief, Ground V1brat~n section, Earthquake Oi...ter Preventio, Divi.ion

Suauau Wakabaya.:-ai, Re.e',-:-ch I!ngin_r

!ten-icb! Takida, Research Engin..r

All of the P\lblic Works Research lnatitute, M1niatry of Constrllction

This paper briefly discuases the pre.ent .tatus of etrong-motion ob.ervation for

englneering .tructure. in Japan. Next, it present. the re.ults of the multiple regre.eion

analyeie of 301 ..trong-.otion acceleration recorde to evaluate the effecte of earthquake

magnitude, epicentral di.tance and eubeoil condition on characteristic variable. of ground

acceleration••uch e. maxt.ua horizontal acceleration, tt.e duration of major motion,

ratio of vertical to horizontal acceleratione, etc. The paper also showe the resulte of a

quantification analysie of average re.pon.e Acceleratione obtained from 277-component

horizontal acceler.tion recorde to clarify the effects of sellllic and subsoil conditions

on average re.ponae .pactra.

Froa the analyeis performed, .-piriCAl tormula. which can .tatistically eetimate

maxillua horizontal acceleration, duration 01 _jor -:ltion, and nUlllber of zero-crossing in

ter-. of earthqualte ugnitude, epicentral diatance, and subsoil condition, are proposed.

Frequency characterietice of horizontal IIOUons and ratio. ot vertical to horizontal

accelerations ara evaluated and ..veraged depending on eubsoil conditions. Furthe1'lllOre,

varioUi averAge re~nae spec:trua curves for a linear s1ngle-degree-of-freedom syet_ are

proposed in tenaa of earthquake -.gnitude, epicenual distance, and aubllOil condition.

KEYWORDS: o.sign, earthquake magnitude, epieantral distance, statistical AnalYsis,

stroD9-.otion acceleration records.
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IN't'RODOCTION

In e.tabli.hing rea~nable procedure. tor earthquake resistant design of structures,

it ..... e••ential to properly evaluate characteristics of ground motions and structural

behavior during strong earthquakes. A number of strong motion acceleroqraphs are installed

at various engineering structures and on their neighboring grounds in Japan to understand

dynaa1c properties of ground motions and structural responses. The strong-motion observa

tion network for engineerIng structures in this country has progressed significantly

atter experiencing the Niigata Earthquake of 1964 and the Tokachi-oki Earthquake of 1968.

At the present tiae more than 1,000 .ets of strong-motion acceleroqraphs are equipped at

structure. and on grounds naar the structures, and many meaningful acceleration record.

are already available. Although the records triggered include those of structural re.ponses,

only the records on ground surfaces are employed in the present analysis.

Characteristic variables of acceleration records and response spectral accelerations

of a linear .ingle-deqree-of-freedom system computed from ground accelerations are statisti

c..lly investigated. Records used are classified into four groups, depending on the subsoil

conditions at the observation stations, from rocky ground to 80ft alluvial ground.

Although there will be A number of factors which affect characteristics of ground

IIOtions, three princi~l factors might De: earthquake magnitude, geographical situation

of the focal area of a concerned earthquake related to the structural site, and subsoil

condition at the site. Accordingly, in this study, characteristic variables of ground

accelerationa are statistically analyzed in terms of these three factors. It is expected

that the re.ults of the analysis will qJve the designer invaluable information when per

fo~nq .eismic desi9n of structures.

The stlldy shown in this paper va. perforllled as one of comprehensive work done in the

A.eismic Technology Dev~lopment committee established at the Technology Center for National

Land Development with a oaaaission trom the Public Works ~search Inatitute. The r.sult.

from the stlldy are utiliZed .s basic _terials in standard design seismic forces and

s.1..ic load. of "New Criteria of Earthquake Reaistant Desiqn (Draft),' 11,2) propo.ed by

the Ministry ot Construction in March, 1977.

OBSbVATION or ST'RONG-PIn'ION EARTIfQUAJCBS AT ENGINEERING STIWC'1'URES IN JAPAN

In Japan the observation of stron'1-lIlOtion earthquake. for enqineerinq structure. was

initiated when SMAC-type acceleroqraph. were developed ir. 1953. The observation network

ha. gradually advanced sinc. the experiences of severe structural daaag.s due to th"

N!igata Earthquake of 1964 and the ~kachi-olti Earthquake of 1968. A8 of March, 1976, the

total n~r of SMC acceleroqraphll installed on various structures and neighboring grounds

is 1048, as .hown ~n Fig. 1 and Table 1. I'e is believed, however, thAt additional accelero

qraphs are needed in order to obtain reHab:'e r-=rds tor _jor earthqualte. which might

talte place in any area. of ~1a country.

At the present U- about one third of the installed acceleroqraph. lre on the ground

surface•• &nd the re.t 01••tructure.. Fig. 1 illustrate. the pre.ent network of stronq-
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~tion em..rvation for varioua etruetures. '1'tIe.. instr...nta are generally installed by

individual orvaniaations aucb .s gov.~ntal .geneies and private CCIIIIp&J\ies wbieb are in

e!larqe of c:onatruetion and _intenanee of the Itruetures.

In addition to the stations with stronq-.ation aceeleroqraphs, there are a nuaber of

stations Where electr<aB9_Uc-type ..i.-cqrapbs are equipped. Moreover, dyrwaic behavior

of subeDils during earthquakes is also being .tudied usinq downhole sei~ters at several

points (_ at 4eptha gr.ather than 100.) as _11 as using st4ndard set_ter and SMAC

acceleroqraph _8Ur_ntB on the surtaee. 11\ese studies will provide pertinent intonlation

for establishinq sei..ie de.ign ..thodology of engineering structures.

Record. obtained f~ the.. field .tudy proqr... have been published periodicelly by

institutions concerned (3). Records obtained at port and herbor structures are digitised.

analyzed. and published at the Port and Harbour Research Institute. Records triggered at

highway bridge., t~ls, daaB, and e.bankDent. are proce••ed mainly at the Public Wbrks

Re..arch In.titute. Furthermore, records at building .tructures are treated lIIO.tly at the

Building Research In.titute.

Incidentally, in order to prc.ate the .trong-lllOtion observation proqrllJll in Japan, the

Strong-Motion Observation Council is established at the National Re..arch Center for

Di...ter Pr~ention, Science and Technology Agency, with the cooperation of universities,

gover_tal organiution., pu1;)lic corporations, and private c:aapaneia. The council ha.

been preparing a nationwide stronq~tion observation program, and aleo has been publi.hing

t.portant aeeeleration record. collected t~ all field studi~s covering the above-mentioned

structure. and other•.

AJO,LYSIS OF "CCELEMTIOtl iIECOllDS

A statistical analysis of ....urad aeceleration records was attempted to quantitatively

expres. characteristic variables of ground motion. a. function. of .ei8llic condition. and

.ubeeil properties at the obaervation point. Record. analYled were extracted from the

publication. issued by the Earthqlwlke Research Institute of the University of Tokyo, the

National Research Center tor Di...t.er Prevention of Science and Technoloqy Agency, Port

and Harbour Re.earch In.titute of the Ministry of Tran.port, the Public Iforb Research

In.titute of the Ministry of construction, and the Railway Technical Research In.titute of

the Japane.e National Rail"ays.

the pre.ent analysis employed tho.. record. whicb were obtained during earthquake.

'lith the Richter magnitude of 5.0 or higber and the hypocentral depth of 60 ~ or .hallower,

and also tho.. recorda which include at l ..st one record with the 1I&Xt- acceleration of

50 gal. or biqher for an earthquake. R8OOrd. with the maxtau. acceleration Ie•• than 10

'lab were excluded. The total n.-ber of the recorda used i. 301 (the nllllber of CClIPOnenta

treated is 3 x 301 • 903) for 51 earthquake••

Factor. conaidered in the _ly.is are a. follows.

(1) Sei~c propertie., Richter magnitude M, epicentral di.tance 6 (Ila)

(2) Subsoil condition., Observation station. are cla..ified into the following four

CJroups dependin<; on s.m.oU condition., with reference to the stipulation in ·specifica

tions for B&r1:bqu&Jte Ree1.tant Design of Highway Bridge.,· Japan Road Association (5,6).
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bt Groupl Rock

2nd Group 1 Diluvl~

31:11 Croup. Al1uvi~ (Except the 4th GrouP)

Uh Group, Soft Alluvi~

The dafinition of thi. cl...lfication i. da.cr1bed in Tabl. 2.

(3) Characteriatic variabla. of accelar.tion record.,

(a) Abaoluu aaxtaa horiaontal accelaration (lar'1ar value of two perpendicular

horiaonta1 8lOtiona). H
aax

(9&1.,

(b) PerLod of vibration about the tt.e when acceler.tion beco.e. "..x' '1'1 (.ec)

(e) Duration of _jor mUonl Td(..e)

(d) Ratto of vertlc:al to horisontal acceler.tion.. V-V..,/H-.x

(a) "'-bar of aero-ero.a1nli durin'J the tt.e interv.l of Td ' Hz

(f) Mean period of vibr.tion durlnq the tt.e interval of 'I'd' '1'.-2T
d

IN..

The datendnation of the above ehar.cteriatie variable••re illuatrated in "iq. 2.

Each of the charactari.tic:a value. (expre••ed a. X below) wa••••u.ed to be repr••ented

by the follow1n9 two type. of expre..ion. 1

Type-l. (1)

(2)

H , and '1' )
z •where X • characteri.tic value (Nmaly, "-.x' '1'1' Td ,

It • earthqlalte .-qnitu4e on the IUchter .cale

bo • epicentral diatance (Ila)

a l , b1 , Cl' .2' b 2, c 2 - con.tanta for each chara.teriatic velue

The analy.i. waa conductll4 for five different c•••• , na.ely four qroup. of .ubaoil

COIl4itton. plua the aVUAge auhMl1l conditione inch 11n'1 the entire data. In detentininq

the axprea.iona for H
aax

, only eq. (l) va. inve.t1q.tll4 and the ten bo in eq. (1) wa.

aQbatltutll4 by (A+boo)' Where Ao w.a taken a. 0, 10, 20, 30 and 40 ka.

Table 3 indicatea the diatributlon of 301 recorda uaed in the analyda. Table 4

ahowe forsUatll4 raqrea.ion equationa and correl.tion C04Ift1cienta. The.. are obtained

f~ the analv.i. baaed on the 'aultiple re9re.aion ana1yai.. The table .how. the re.ulta

for thr.. char.oteri.tic value. H
ux

' Td and N
z

' and it ia .een t:II&t 1IU1tiple correlAtion

coeff1ci_ta are qreatar t:II&n 0.5. Since correlation C04Itt1cienta for expre••iona of

Type-1 wra 'i_rally lireater thaft tboae for 'l'ype-2, the r ••ulta for only Type-l were

9_&11y qr..tar than tho.. tor Type-2, the re.ult. for only Type-l are .hown 10 the

tabla. Altho~h the corralation C04Ifficient _a the lar<Ja.t in the c.... of boo.10 Ial

_nq the five _. analyucl (Tabla 3), H
IIIlX

equation. in Tabla" were for the c•••• of

boo·O for ••11c1ty. Pili8. 3(A) to un illuatrate the expr...lon. for H
ux

in the c....

of AO·O .. functlona of It and A for the four groupe of .uhMlll conditione and the aver.qe

.ubaoU••



Aa for tha o~r thr.. characterietic values T
l

, v and T., the -ultiple correlation

coefficient. are fOUlll4 to be 1••• than O.S. Thi. _an. that there 18 no distinct relation

.-mq the.. value. and M and 6. For the.. variabl•• the _an values and the .tandard

deviations are evaluated, and are listed in Table S.

The resulte ot the analyde de.cr1be4 above -V be s~ri.-c1 .. follows:

III The MXUna horizontal acc.leration IH..)I the duration of _jor sootion (T
d
), and the

nuftbar of ..ro-cros.!n9 (Hz) can be approximately .xpre••ed a. function. of ..rthquake

aaqnitude and epicentral di.tanc., a. shown in Table 4.

la) The MXiDua horizontal acceleration (H
max

) becoaes larger as the .arthquake ..gnieude

(M) incr..... and the apicantral di.tance (6) d.crea.... The average value. of H
max

for M-8 and ll-SO b are estimated to be 130, 270, 200 and 400 gal. for rock. diluviUIII,

alluvi_. and 80ft al1uvila. respectively. The corresponding value. of H
max

for M-8

and tJ.-loo ka sre est1mated to be 8S, 150. 110 and 200 gal.. The d.crea.e in H_
x

value. with increase in the epic.ntral di.tance ls not considerable for rock compared

with the other three subsoil••

(3) The duration ot _jor _tions (T
d

) defined in Fig. 2 beeOClles qnat.r a. the earthquake

_9nitud. 1M) incr..... and a. the eplcentral di.tanc. (ll) increase.. Fig. 4 (A) and

(8) .hOw the relation between II and T
d

for M-8, and the relation between M and T
d

for

6-100 b. re.pectively. It is .een frOlll tho.e re.ults that the duration of _jor

sootion. 111 between 10 and 30 .econd. for ground motion. of earthquake. with the

Richter ..qnitude between 7 and 8 at the epicentral distance of 100 kill.

(4) The relation between the nUBber of zero-cros.ing <Hzl and the epieentral di.tance Ill)

1e considerably affected by .ubeail condition.. The value of Hz increases with

incr.... in 6 for hard.r ground••uch a. rocky and diluvial eoil.. For softer soil.,

it ._ thet Hz 18 affected by M, but not by 6. The nUlllber of repetition. of ..jor

sootione (II), which can be approxillllltely 11/2, 1a 30 to 100 for various • .mean condition•.

(5) The ~r1od of vibration about the tt.8 of H
max

occurrence, Tl,the ratio of vertical

to horizontel acceleration, v, and the _an period of vibration during the ..jor

-ation, T., are not clearly related with M and 6. The following two point., hovever,

can be ...n froa Tables 4 and S.

(a) The Man value. of T
l

and T
d

becoae larqer al the .ublOil condition beca.e.

lotter. Thia tendency 1& oI)viou. for soft alluvial soil.. Th. ratio of T1 to

T. varie. frca 1.20 to 1.26, and the•• ratio. are nearly con.tent irre.pective

ot the subaoil conditione.

(bl The aean value. of v beinq 0.32 to 0.34 are not .trongly atr.cted by the .ub.oil

conditiona. Since the .tand&rd deviation 18 in the ranqe of 0.15 to 0.21, it

..y be reaaonable to ••~ that the vertical acceleration il equal to on.-half

of the horbontal acceleration for de.ign purpolle.. P1q. 5 111u.trate. an

example of the relationahip be~n 6 and v. In the figure the _an value of v

1& equal to 0.32.
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AllALYSIS Of' BAJmIgUAJCE USP<JIISI SPI!lC'l'M

The I'ort &lid Harbour " •.arch lna~i~Il~., the Kinbtry of Tranaport and the Public

Woru lW_ch In.~itute, the Kinbtry of Conatruction have been conducting reapon.e

apectrml analy.i. for _jor grolllld _tiona obtained at varioua ground condition. «Sur1D9

aoderate to atronq earthquakea (7,81. The pr~sent analyai. diacus... the resulta of the

re.ponae spectra analysia perfo~ at the ~ Institutes for 277 horilOntal ·ea-pQnents of

ground _tiona, which wm-e triggered 4ur1nq 68 earthquakes with tha Richter -.qnitudP

be~ 4. 5 and 7.9 ;and the hypocentr&1 df.l'th of 60 kII or ahall~r.

ractor. considered in tha analy.i••ce a. foll~.

(1) Sei_ic propertie.: Earthquake _gn..tUlle on the IUchter acale M, and epicentral

dbUnce /:; kII.

(2) SlIMoil conditional ObMIrvationa are cl&s.itied into four, in the ._ -'1' a.

they -.re in the previous section. (5.. Table 2 for tha definition of tha clasaifica

tion of .~ils.)

(31 Characteri.tic variable. of acceleration recorde L~ their re.ponae .peetral value••

(a' Maxiawo horiaontal acceleration (two perpendicular CCIIlpOnenh for one recordl.

A.ax (gala)

(b) Ab~lute re.ponse acceleration. SA (gala), Which is coaputed frca digitized

vslues of triggered recorde by ••auming a line.r ViBcously damped aingle-deqre.-of

freedoM Byst.. with the nat~al perieds T of 0.1, 0.15, 0.2, 0.25, 0.3, 0.35. 0.4,

0.5, 0.6, 0.7, 0.8, 0.9, 1, 1.5, 2, 2.5, 3, and 4 seconds and the deapinq ratio h

of 5' of critical.

In estimating SA and Amax the analyai. assumes the following.

Ii) A quantification analyaia can be applied to the e.timation of SA in teras

of earthquake IIllqnitu4e M, epicentral 4istance b., and aub~l1 conditiona S,

by a ••_ill9' an expression as

10910 SA • e(M) + c (d) + CIS)

SA • eatiaate4 value of SA (gala)

C(M), C(lI), and CIS) • _i'1htinq functiona depending on N, lI, and S,

Teapectively.

(11) " quantification analy.is can be al~ applied to the e.timation of ".ax in

tenia of the thr.. factors used~ by ..swUng an expre.a1on,

lOCJIOi-.x • C' (M) + C' (t.) + C' (5)
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where

A.......t1aated value of A... (gala)

C· (MI. C· (t.I. C· (5) • _ighting function. depending on M, t., ~d 5.

r ...pectively.

Cla••ification of }77-ca.ponent record. -.played in tha analy.ia i. .hewn in Tabl.. 6

and 7. IIagnitladu II in the tabl•• ere irregularly divided into five group. with con.idera

tion of the acatter in the data uaed and alao convenience of practical application of the

r ••ulta.

Table 8 .howe the re.ult. uf the quantification analysi. for SA' and li.t_ the ran98.

of the ....iqhtinq functione C(M), C(f», and C(S) in Eq. (3). The table aleo giv.. the

aulUple corralatior. coeffici.nt. of the.. three function.. Purtber-ore, rig•• 6 to 9

illuatra" the r_pon_ .pactral curve. (T and SA rel.tion) which are obtained f~ Table

8. In the•• figur•• , the aaxt- value. of I1round .cceleration A~ which are al80

••t1aated f~ the quantification analyai. are tabulated. Proll the.. b«> type. of info~

tion. the acceleration _qnification factor B (. S,/A.u;) can be avall1llted, The value. of

A.. ahown hare. howver. may not be ueed for the e.tiMtion of the abeolute max1Jllull

hor1eontal accelerations (Nux). but for the estimation of S. the_ value. may be u.ed.

ror ••tt.Ating H.., the r ••ults d••cribed in the previoua section may be .-played.

Deqr..s of the effact. of the thre. factor. (N, 6. and S) on SA .re ahown in rig. 10,

by indicatiA9 the variation of the range. of C(M). C(f», and CIS) with T. On the oth.r

hand. rig. 11 ahaws an esulple of frequency distribution for 277 values of SA/S" (the

ratio of r ••ponee apec:tral acceler.tion. ca.puted directly fra- the ....ured record. to

tho....tiaated by the r ••ulta of the quantific.tion an.lyais) for the natural per~od of

T-O.6 .econda. Shape. of frequency d1etribution of SAlSA for the other natur.l periodtl

are found to be a1a1lar to thet of Pig. 11.

Frc:. the analy.is ehown above, the followinq aignit1cant pointe can be aade:

(1) V.lu•• of SA at the __ epicantral distanc. incr.a•• with iner.... in the ••rthquaJr..

aaqnitude.

(2) Value. of SA for the _ earthquake Mqnitud. dacre.ae aa tM epicentral dietance

~. _ller.

(3) Aa for the effacta of sw.ol1 condition. on SA' the effect on rock qround i. conaiderably

different f~ tho.. on the other thr_ .ubaail condition.. Value. of SA for rock

are _ller tban tho.. for the other .ubacU•• escept for the aubaoils with the

natural period••horter then 0.3 seconds. Por the rV\qe of ~ativ.ly longer

perioc18. the valuea o~ SA tend to~ l&r9Ar for eott.r .lIbacUa.

( .. ) 'l'he shape. of T v •• SA curve. do not change IlUCh with the variationa of Mandl::.. It

i. auppoaed f~ Piga. 6 to 9 thet for the range of longer natural period. the valuea

of Swill 1ncr.... aa M~. lIre.tar, and .a I::. bee:e-e. longer.

(5) r.onv the effecte ot the thr.e factora. earthquake Mqnitude (...... 5 to 7.91. epicentral

d1atance (1::.-6 to 405 Ila), and eub.ail condition (rock to eoft al1uviu.), the effact.

of .. are found to be the 9reate.t fc>r the entire ran9_ of natural period.. Th.
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effKta ot /:; are clo.. to those ot M for the .horter period range, ani becc.e -.11

for the longer period range. The effects of .ubsoil condition are ..11 in COIIIP&riaon

with tho•• of M and /:; for the entire period rang.. Thi. may be reaeonable froe the

fact that the ranqe. of M and 6 are both con.iderably larg.. It i. noted, however,

that for the rang. of the period. betw.en 0.5 and 2 .econd. the effacts of subaoU.

beco.e rather gr.at.

(6) Multiple correlation coefficient. in the quantification analy.i. of SA vary between

0.53 and 0.72. The coefficien~. generally become larger a. the natural period.

becoee longer. Multiple correlation coefficient in the analy.i. Amax i. approximately

0.6.

(7) Prequency di.tribution of SA/SA doe. not vary IllUch with the change in natural period••

In View of this, it may be po••ible to stochastically a.se.s de.ign .eismic force. in

conaider.~ion of the ~rtance of .tructure•.

The r ••ults described so far are for the case of the damping ratio of h-'.05 only.

Valuea of SA for damping ratio other than 0.05 can be approximately e.timated by mUltiplying

the value. of SA for h-O.05 by C
h

.hown in Fig. 12, which are derived froa the previou~

inve.tigation (9,10).

Aa an example of use of the results shown above, le~ us estimate the average response

a! a .tructure with the natural period of T - 0.3S .econds and the damping ratio of h 

0.1, whun subjected to an earthquake with the Richter magnitude of M-7.5 to 7.9 and the

epicentral distance of 6-60 to 120 km. From Fig. 9(C) and Fig. 12,

• (200 - 308) x 0.78 - (156 - 240) gal.

The value of SA varies dependinq on the .ubsoil conditions at the site of the structure,

being 156 gal. for ~ock, 211 qals for dilluvium, 240 gals for alluvium, and 234 4a15 for

soft alluvi~. Rsspon.. acceleration. of .tructure. with different dynaaic properties can

be e.timated in the .tailar way, depending on the earthquake magnitude, the epicentral

di.tance, and the subaoil condition.

It should be noted that in the above analYsis the structure. are ...~ as linear

sy.teas with vincous aa.ping.. A .tailar analy.i. for nonlinear .tructure. aay be nece••i

tated in the .ucc.eding .teps.

COHCWSIONS

The foll_ing r~k. _y be made a. the concluaion. of the .tatistical analy.e. of

stronq IlOtion record. _surad in Japan.

(1) The absolute -axt.u. horiaontal acceleration, the duration of aajor IlOtions, and the

n~r of Hro-cros.inq. can be approximately evaluated a. functions of the _rth

quake _gnitlJde and the epicentral distance, and the subsoil condition••

(2) The __ vallM of the ratio of vertical to horizontal acceleration. 18 foun/l to be

around 1/3. The ratio aay be conservatively taken a. 1/2, for design purpo••••
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(3) Reapen.. apectral curves, by which atructural respenae accelerations can be estt-Ated

in terwll of earthquake ...gnitude, epicentral distance, and subaoil conditions, ar..

propeaed.

(4) ~nq the th=_ factors. the earthquake aagnitud.. M. the epicentral distance A. and

the subsoil condition 5, which affect the response acceleration of a structure during

an earthqualt•• the .ffects of M are found to be the greatest. Th....ffecta of A ar.

clos. to those of M for the range of shorter natural P'!rioda. and beCOM _ller for

the ranqe of lonqer natural periods. Th" effects of subsoil conditions ar.. compara

tively .-ll, b\lt becoIIle COIl\P&raUvely large for the range of natural periods between

0.5 and 2 seconda. It 1a remarkable that response accelerations for the range of the

natural periods between 0.5 and 2 seconds become larger as the s\!baoils beCOlll8

softer.

is] The results presented in this paper would be useful in evaluating the characteristics

of a.i.mic forc.s and seismic loads for the earthquake resistant design of structures.
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Table 1 ~ber of Strona-Motion Accelerolrapha(SMAC-Type)

.
~M At Strue cut•• On Cro"ndl Total

1l1&tan. at

"Udh,.. 42" 48 472

"1I-y Ifl'..a .9 79 1"
laU_y. )1 ~7 "
Porta ~ ~1 S6

rlleFhone Offlc•• 94 0 94

Pover , lant. 27 11 38

Nucl••r 'over Planu 21 20 41

0.1 9 10 19

ltver , eoa.Ul Dyke. B 28 U

StDr••• rank. ) 4 7

Other. (Tunnell. Subvay., S 10 IS
Pipel1n••• ate. ~

L,...tal 730 us 1,008

Table 2 Definition. of Cla•• ification of Subaoil Condition.

taulory Def lnft 10n. Abbreviation

(1) Ground of the rertiary Ir. or 014.. 'IHn'"

.. b"'rock hlreaftlr In thi. t.bl.
I Rock

(2) 011""101 la,or vl'~ depth 1••• than 10 ••ter.

above bedrock.

0) D11""lal 1.Ylr vlth 'epth Ir.-tel "han 10

••terl .bov. bedrock

II DUllY I..
(2) AlluYial lay.r vlth c1.ptll 1••• tMn 10 ••tlro (DU.)

abav. blIdrock

All""ial layer ,,1Ch deplh 1... t"'n 25 .IUn,
111 vlllell .... 80ft 1.,.. vUh '.pth le.. tMn S ••t ...

AllwlI.
(All.)

Soft.......n .he aMvI
loft

IV
(~~~':"~.)
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Table 3. C1a••if1c.tion of 301 aecorda Analyzed

1'talnltude Sub.oU Epicentr.l Di.tance 6 (w.)

" Condition
Total

20<6 2~6<60 6~<120 12~A<200 20~A

Rock 2 3 5

DU. .3 12 3 18 !
5.0'M<6.0

29 l
65

All. 4 16 5 2 2

Soft All. 2 5 7 1 15~
--f--

Rock 3 6 3 1 13 I

DU. 7 8 2 1 18 i 816.0~H<6.5

All. 12 13 8 1 34 !

Soft All. 3 6 6 1 16 I
Rock 1 2 1 4 I
DU. 1 6 6 13

6. 5Ql<7.0 62
All. 1 5 10 10 1 27 I
Soft All. 1 4 9 4 18 1
Rock 1 3 4 !
DU. 2 12 14

7.06M<7.5 40
All. 2 14 16

Soft All. 1 1 5 7

Rock 1 2 3

D11. 3 8 tl
7.561467.9 50

All. 2 6 16 24

Soft All. 1 11 12

Total 12 69 74 64 82 301

Bote. 1) Bu.ber. of recorda for four .ubaoi1 condition. are 29 for rock, 74 for

dlluvlla. 130 for a11uv1_. and 68 for 80ft aUuviua.
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Table 4 l ..r •••ton Equation. for H..x. Td and Hz

t

-~-

O.l~

O.lJ

0.41 0.22

----------t-----. -----.....----'-
lock

To~1

All.

- ---
Soft All.

OIl.

lock

c:::Iraaraclu
i.ttc
V.l...

011. M•• 4.21. 10- 1 • 10°. 0914"" to.~'1 0.11 0_15
._------ - .._--~---~- ----+--_.- --~-

•• AU. ". 1.2•• 10-1 • 100.272M, to.Olll O.l'l 0.02

Solt A~l._~. :~~~~~~;o191lk,~~:-~~._1~~0~,~+_~:~
Total N•• 4.68 • 10-1 • 100' 24l>l. to. 195 I 0.10 0.12

Table 5. AveraRes and Standard Deviations

of Tl. v, and Sub.oil Tm

~-------......,...------------

0.22 o.n

TIlT. J.ll
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Tab1. 6. Cla•• ificatlon of 277-Component R.cord. fo~ the
R.apona. Spectr~ Analyais

lIalnltude !Subaoil Epicentra1 Dl~t.nc. 0 (km)

" Conditlon Total
6< 20 2~O<60 60'6<120 120~O<2(\O 200~ll

Rock 6 4 10

Oil. 4 10

~4.~""5. 4 1>0
All. 12 8 8 2 30 I

---
Soft All. 6 6

Rock 4 2 6
I

Oil. 4 4 4 12 l
5.4'""6.1

I
48

All. 2 12 6 20

Sof. All. It 2 4 10 i

-
Rock 4 6 10

--i
Dil. 4 4 2 10

6.1'1'\<6.8 ~lO2

All. 4 32 22 B 2 68

Soft All. 6 4 2 2 14 :

Rock 4 3 2 9
- .-

011. 2 4 2 8
I 296. ~,"<7. 5

All. 4 4 8 1-
soft AU. 4 4 !

Rock 2 2 4 I

Dil. 6 2 8
7.5,,,,7.9 ~ 38

All. 2 6 4 2 14 i
I

Soft '11. 2 10 12 i
Total 42 92 72 39 32 277

Note: 1) Nuaber. of co~ponent. for four aubsoll conditions are 39 for rock,

52 for diluvlum, 140 for eluvium, and 46 for 80ft alluvlum.
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T.ble 7 CI••• lficatlon of 277-Co-ponent Recorde and
Mean Value. in Each Calelory

I: ",,0 ,.10.N....ber .--_. _.- --_._-
factor Cata,ory of Puk !'4a 1 d Eplcentra1

Co8lponenle Cround Acc.1 '",.tu e IDistance

I I loG (,.h) I i L (""')

~~~.5~~5'4 60 I 66.0 ; 5.0 I 31
I.........---------+---. -

II I 5. 4~~6.1 i 48 ! 61.5 I 5.8 43

tlalnHud. , m i 6. 1~Kl.6.8
I I

(M) 102 63.6 i 6.3 76
I I I I

IV I 6.8~~7.5 i 29 58.1 7.1 194
I II ._- , '-
I V : 7.5~!'lli7.9 38 112.4 7.7 197

I
I

1 6~<20k. 42 I 110.6 5.3 12
, , ~ -

11 20~<601a11 92 68.2 5.8 38
Epicentra1 I

DUcance m' 60:A<120klll 72
,

59.1 6.2 83
(ll) I

, IV' 120~<200k.. 39 56.:' 7.0 159
'------ , I

_.
V 200:;AI405k.. 32

,
71.3 7.3 271I I- i

1 llock , 39 59.9 6.2 87

SubeoU II DUuvi... 52 i 69.4 6.2 8~: i iConditione

I m~ ;(5) Alluvi~ 140 73.2 6.1 74

! I

!1V I Sof t Alluvl .... I 46 I 75.1 6.4 143
I

Total I - 277 I 7r.9 6.2 90
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Not.:. lIlcIicotl$ 0 stotiOll ...tolled SMAC ocetItt'OCJrophs

11.048 ace.ltro.,oplls lololly I

• »~ ,.*- )/.
-- f ~

)
ffI!-----

..

)
S2

.\ ,. ·n
\. 0 (J
110" IJZO

.2"

lI:f' --

------ ..

Pia· 1 Strona-ltot1oft ObaervaUolI ••tvork ill Japan aa of March, 1976
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........,..

Kaxt.u. acceleration

Period near tb. ti••
when ~ occura

Duration of ..jor DOtion
(. Tl.e interval between
the i'I1t1al tia. and tbe
la.t tim. wben A ia
equal to the half of
~x)

Mz Number of zero-cro.alng
within tb. ti.e of Td
(n-12 for the caa• •hown)
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JU:SElUCH ON Dl!.S!l'N EA:1TI': _" __

Maltoto Watabe

Bui:ding Rea.arch lnatltute

Mjniatry of Construction

QSTRACT

The uximum valu.s of acc"llorationu, velocities and di.placeJIlent. of the ground

motion~ due to e.rthquake••re :ir.t discus.ed utilizing the historical data •• well a •

.aee theoretical approaches. Then, duration time and the dete.~ini.tic inten.ity function

of the accelerCXIrlllll. are introduced. The predominant periods and .pectral ahaP6. of the

etronq motion .ccelerograma are al.o reported. Hiatorical e.rthquake data were util.zed

to •••••• the earthquake risk. in J.pan. Finally the explanation of proposed "deaign

earthqu.ke" concludes this report.

XEYWORl)S: De.ign earthquake; deterministic intensity function; historical d~I.,., .. lXiJnl.Wl

value.; random characteristics, sei.mic zoning, spectral .ha~a; theoretical

analy.is.
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INTllODUCTlON

Cr.. of the ••••ntial factor a for a••ismic d••igna of structures i. to estt.&t. the

intenaity and ctaracteriatics of ground motiona. Numerous research on this matter has

been carri.d out _ld the reaulta are .\~rized here. Reco~nizing that aeismic wavea are

initiated by irreqular slippage along fault. followed by numerous random reflections.

refractions. and attenuations within the complex ground formations through which they

pas., the stochastic modelling of strong ground motions ia a realiatic form which can be

applied in practice. Noting the above fact, stochastic quantities are induced aa much as

possible in this report.

MAXIMA OF fARTllQUAXE GROUND MOTIONS

(1) Evaluation by overturning of the tolllbstor.ea:

Fig. 1 illustrat•• the relation between the epicentral distance (km) and the maximum

acceleration estimated by overturned tQBbston.s, based On the earthquake data vith the

magnitudes great.r than 7 sinc. 1927 in Japan. According to this figure, the maximwn

acc.leration may exceed the value of 0.4g and the up~r bound of the ma~imum acceleration

at qround surface appears to be around 0.6g.

(2) Evaluation by the records of the strong motion seismographs:

The maximum a~celerations measured by the strong motion accelerographs on the hard

subsoil layera are tabulated in T~~l. 1. In Fig. 2, th: relation between the epicentral

distanc•• and the maximum velocity values meas~red by the strong motion seismoqraphs are

indicated with the par_ter of the magnitude (1). It may be noticed that the I\Illximum

velocity .ver recorded by the seismographs is approxt.&t.ly 35 kines as s.en in Fig. 2.

(3) X-tt.&tion of UPl~~ bound from the critical strain level of the rocks (2):

Aasuming the critical maxis.- strai'l of the fracture of the rocke 1£ ) as £ _10-4
cr or

and shear wave 7.1ocity value in the rock (Vs) as Vs-3km/sec., the maximum VRlocity value

is ectimated as 30 kin.s toy the foHewing equation,

z
ulz,t)-f(t - Vs) E:.I~~I _,ll-l.1 _..3.. < £

'Oz max CIt v. max Vs - ",r

vhere II - lUIPlitud. of sei•.ic 'fave in t.rms of time,

z - coordinate along the wave propagation,

t • time.

v. - shear wave velocity,

IS • atr"in

From the above estimAtion, it is .ugg.sted that there is little chaftge for the zaxfmum

v.locity to .xceed the value of 30 kines.

(4) Propoaal by Professor K. J(apa1:

With hI, vast experi.nce on earthquake engine.ring, Professor lanai propo.ed the

following equation for the r.lation.hip betvee, the hypocentral distance (x) and the
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maximum vcl=ity (V
max

) witt. the parameter of the magnitude of the earthquake (3),

v • 100.61M - (1.66 + 3~6) log x - (0.631 + 1.:,)
max

where V
max

the maximum velocity on the surface of the bed-rock (kine)

M • the magnitud~ of the earthquake

x tho hypocentral distance (kill)

Also, the radius (D kill) of the spherical volume witc,in which hypocenters of after-snocks

of the earthquake exist Cgn be expressed in terms of the magnitude (M) followingly (~);

O(kml = 10C.353M - 1.134

Assuming that the above value 0 is the depth of the hypocenter and using I(ilnai's

equations of maximum velocity, the relationship between the maximum velocity and the

epicentral distance can be expressed as illustrated in Fig. 3 with the parameter of the

magnitude. The intersection of the relevant magnitude line and the dotted line indicat(

the radiu~ (0 ~) in the above equation or, let us say, the depth of the hypocenter. F:';.

_ suggest!: that the maximum probable velocity value will never exceed the value of 60

kines.

(5) The rati~ uf the maximum acceleration to the maximum velocity:

From the 75 sets of the strong motion accelerograms and the corresponding velocity

records obtained in both Japan and the United States, the mean value of these ratios is

9.95 in horizontal components and t~e standard deviation of tho~e ratios is 1.7, while in

the vertical component, the above accelerograms and the corresponding velocity records do

not coincide in the time domain. However, these maxima will be regarded as closely

correlated if the above time difference of the peaks is limited withJn one second. Select

ing such records, the mean value of the ratios of the maximum acceleration to the maximum

v·,loc '.ty i,; .1.0 in horizontal components and the standard deviation c f those ratios is

1.8. In vertical component, the mean value and the standard deviation of those ratios are

13.8 and 1.7, respectively. Incidenta:ly, for the horizontal components, the n~an value

of the ratios of the maximum acceleration to the correspondir.g maximum displacement is

20.6 and the standard deviation of those :atios is 3.3. In the case of vertical component,

the mean value and the s~~ndard deviation of those ratios are 18.0 and 1.9, respectively.

using the same materials including vertical componrnts as well, a stochastic analysis is

also made on thl'! cress-correlations between the maximum values of acceleration, velocity,

displ4c~ent and Hous~er s spectral intensity with zero and 0.2 dampings. The results are

indicated in Table 2 from which it may he suggested t"'at "measures" to represent intensity

of ground IIIOtions such ss values mentioned above are extremely cross-correlated. Therefore,

tne ·:"cJ.ce of these ·L~easures" can be rather arbitrary. This analysis also provides

linear relations between these maxima. The results are indicated in Table 3, and suggest

reasonable ratios bet_an two values of maxima such as horizontal an,,! vertical acceleration.
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velocity. displac-.ent and spectral intensity. The ratios indicated in Table 3 give

closer values which are proposed by M.D. TrifunAc and A. G. Brady (5) a8 follows.

"H • 5. B'NHI. 2

A 9.91V 1.07
v v

A
V

• O·&4A
H

Vv • O. 4VH1. 2

where A and v represent maximum acceleration and velocity. re.pectively, and the suffixes

H and v represent horizontal and vertical ~nents. respertively.

RELATIONS BE'nIEEN HORlZON'J'AL AND VERTICAL COI-PONENTS OF EAR'nIQUAKE GROUND MOTIONS

(1) The ra~io of the _xi.Jllum acceleration in vert.l.cal component to thoSE in the correspor.d

i09 two horizontal c~nents:

From the same seta of the strong motion accelerugrams mentioned ~reviously (5),

ratios bet~en horizontal and vertical components are obtained. It might be reasonable to

associate the epicentral distance with these ratios of the vertical mAximum accelerations

to the horizontal accelerationa. The result••u9ge.t that the shorter the epicentra]

distance is. the larger this ratio becames. 'rbis ratio of the maximum acceleration in

vertical component to those in the corresponding two horizontal components, R(d), can be

approxiaated aa follows,

x
R(d) ••-0.0022(;- + 300)

o

where x is the e?icentral distance in kilometer. and Xo is the enit distance of the kilometers.

(2) Random characteristics of the accelerations ratios (horizontal and vertic~l components).

In apite of the above results, this ratio of the maximum acceleration in vertical

,",,:menta to thon ill the corresponding two horizontal components follows the comple~.e

characteristics of Gaussian random process as mAy be observed in Fig. 4. in which the proba

bility distribution of variables as loqarithma of the above ratio are plotted with solid

linea and the reterence plOts (in dotted line) of true Gaussian distribution. As previously

introduced. Table 3 suqqests stochastically reallOnabie ratios between horizontal and

vertical coeponents (diagonal elements in Table ). It lhould be noted that the ratio of

intensity between horizontal and vertical components is rather stable, whatever intensity

scale ..y be chosen such as acceleration, velocity, displacement or spectral intenaity.

DUMTION TIME AND DETERPIINISTIC INTENSITY FUNCTION

Fraa 7& acceleroqr... obtained by S6 strong motion earthquakes during the years

betwen 1968 and 1971 in Japan, the duration tillla (t) ot acceleroqrlUNl detemined by the

engineering judqment can be exprelaed in teClllB of the IIIIICJIlitucSe 0'. ".he earthquake (PO.
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!'I·2.~

t • 10 3.23 (s~c.)

According to research work on length (L,km) and displacement (O,m) of the active faults,

the following relationships are known (6),

log 0-0.60 M-l.9l log L~O.6 M-2.9l R-O/S

where S - avera~~ displacement velocity (m/year)

M - m~gn~tu~e of caused earthquak~

R ~ perio~ of earthquake oc. ~rence (year).

With the rupture velo~ity of 3 km/sec. along the fault, total rupture duration of the

earthquakf' CAn be calculated using the above relation. The results are also indicated in

Fig. ~.

Figs. 6(a) and 6(b) are tl~ deterministic intensity functions determined from the

a~tual accelerograms by smoothing the oscillatory irregular waves. If art) is the accelero

gr~~, ~(t) is the deterministic intensity function and a' (t) is the stationary random

process of the ~ccelerogram, a(t) is expressed as,

aCt) ~ ~It) a'lt) a'lt) - alt)/(It)

If r~al f,lt) is tc be obtained, a' (t) must satisfy the condition of the stationary random

p.ocess such as the Gaussian distribution of probability and run's test. Thus true f,(t)

can be obtained by step-by-step smoothing techniques through checking the 9tationary

random process of a' (~). Figs. 6(a) and 61b) suggest the d~terministic intensity function

of ideal model (7), and the generalization of this pattern is somewhat controversial, but

desirable from an engineering P0int of view. It also should be noted that ~he determinist~c

intensity functions for the vertical components are not identical to those for the hori

zontal components as seen in Fig, 6. Another approach to obtain the pattern of deterministic

intensity function was shown by J. Penzien and T. ,:ubo (8).

SPECTRAL CHARACTERISTICS

Spectral shape of the accelerograms on the surface of the bed-rock;

The transfer function to transmit the seismic wave around the bed-rock layers might

be regarded uniform in frequency dOlllllin, Le .• the spectral shape of the transfer function

is -White," The spectral shape 0: the accelerograms on the surface of the bed-rock may be

subject.ed to the influence of the spectral shape of source mechanisms and the surroundings

of the hypocenters. The velocity response spectrum sv(T,hl at free t~eld bed-rock is

assumed to be the function of magnitude M and hypocentral distance x in addition to period

T and damping ratio h,

Sv(~,h) _ IOaoM-b logx-c
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Usi~ 27 acceleroqrams obtained at free field bed-rock, coefficients a, band c for every

period oI spectrUlll are determined by least square !.UlI! techniques. 'rhe r< sults at c ..hown

in Fig. 71a) and Fig. I(b) as examplell. It can be clearly seer. in Fig. 71a) that higher

frequency component~ are predominant in respon,e spectrum for smaller maqnitJ~~ while

lower frequency components are predOll\inant in re"ponse spectrum for larger magnit'lde. By

these figures. Fig. 7(a) and Fig. 7(b), any response spectra at free field bed-rock can be

obtained.

CONCEPT OF PRIN:"l~AL AXES OF THE ACCELEROGRAMS

11 this paper, 0nly the outline of the 'oncept of principal axes of ground motions is

in·~rO'1'_ced. Details "r" ey.plained in reference 9. First, 3 components of accelerograms

ale,"g -,hree c.rthoqonal coor<Jinate axes are defined through the relations,

i;(t) b (t)
z

where b
x

It), by (tl and b
z

(t) are statiOJ:ary r"b...:>m processes and t; Itl is the deterministic

intenllity f'mction giving appropriate ,,~n-stationarity to the ground motion process. If

ax(t), 'y(tl and az(t) are considered to be zero-mean non-stationary random processes, the

covariance functions

i,j • x,y,z

where E denotes e'.semble average. it ca" ~. ased to characterize the ground motion process.

Since randolll procellses bx (t). by (t) mel b
z

(t) are stationary, all ensemble aversges on the

right side of the above equation are independ~nt of tim~ c, ther~f~re, showing dependence

only upon the time difference T. Since real earthquake aCL~leroqr~,~ demon~trat~ a very

rapid loss in correlat~on with increasing values of 1.1, the influtifice of coordinate

dire"tions on the covariance funrtioLs can be investigated by con£idering the relations,

i,j - x,Yrz

Defining covariance ~dtrix ~ as

flxx flxy flxz

§,- flyx fl flyZyy

llzx llzy flzz I
..J

where Bij-E[b
i
Itlbjlt»), the total covariance matrix can be written in the form u(t)-t;(tJ

2 §,.

By coordinate transformation ofaxltl. ay(t) and a,.(tl along new three orthogonal coordinate

axes. the covariance matrix can be transformed into diagonal elements only, that is,
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8ij-O, i~j. Such r.ew axe. which satisfy the above conditions are defined as principal

axe. where no cro••-t~rm ot .~varianc~ ex_s~. and J variance. ot diagonal el...nt. beca.e

the maxim.... DlinimUIII and into•.--di. ce. Using the defined orthogonal tran.toraation.

principal axes at ground IIOt':'''!'", bo. Je been located f"~ six different earthquake.. Variance.

and covariance. of the recorded accele.~aLoils ax(tl. ay(tl and a.,(tl along the three

acceler~Jraph LXe. x, y and ., respectively. vere nbtained. By selecting Bucce.sive

intervals over the entire duration of motion. the ~hang,es in direction ot principal axes

with time' 1n be checked. Fig. e shows the hori.~rta; d'rec~ionR of ene principal axis

for the above _ntioned six earthquakes using a\ "'.·.::iently 10n9 tillle lntervals to reasonably

stabilize t~e principal coordinate directions. The or)rrespondlrg varianc~~ are indicated

by arrow length. applied to the radial scale. In ~st c~eeD the principal axis €how~ in

Fl9. 8 is the _jor principal axis; however. in some caaes, usually for interval. ne,\r thn

ends of the motions when int~nsities have decreased considerably. the major principal axi~

is at right angles to the directions shown. The minor.>rincipal J.x:.'l is in each case

nearly vertical. When averaging over the entire dw:ati;m of IIICtion and averaging for the

six earthquakes. the resulting ratios of intermediate and minor principal variancea to the

..jar principal variance are approxUaately 3/4 and 1/2, respectively, i.e .• (U
ll

/U
22

'avg

~ 3/4 and (~~3/Ull' 1r 1/2. Uaing these numerical values to obtain prinri~l':' covaliances.

the principal cro.s-correlation coefficients become

Finally it is suggested that ~~e potential use of the concept of principal aXLS to explore

physical phenomena. such as tracing the center of energy release. should be investigated.

SEISMIC ZONING IN JAPAN

In Japan. history of eartl>quaK•• frOlll the 7th century up to the presen': tiae extending

over 1300 yean can be available. The total nlllllbt!r of destructive earthquakes with _g

nitudes more than 6 amount to 600. Fig. 9 soc .. s epicenter.s and _qnitudes t)f earthquakes

in and around Japan during these l30v years. For instance, applying Profep~:= ~nai's

equation. introduced in the previous section. to all historical earthquat••• frequency

di.tribution at a .pecific site. f(V
max

" can be ev~luated. which repre.ents the n~r of

earthquakes in the past with the maximum velocity. V
DlAX

• at thiR apecific site. ~.e proba

bility density function for the maxtmum velocity. P(Vmax" can ~ obtained a. follows,

where T is the length of historicsl years of earthquake.
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By integration,

P(V ,a) - /" p(V) d(V )
IIUlJt V max max

JIVU( ,0

probabllity distributi~n function P(Vmax,o) can be obtained, which represents th~ probability

~f such an earthquake whose maxilnUID velocity, at this specHic site, is larger tr.a!1 (VIl\&X,o)

in a ysar. Inverse of such probability, l/P(Vmax,O) is termed as "return period (Tr)"

of (Vmax,O)' If some specific return Tr is chosen, say 200 years (P(V
ma7

,o)-0.005), then

the corresponding (Vmax,o) can be evaluated. According to Poisson's distribution, the

probability PIt) of experiencing the ground motions, the maximum velocity of which exceeds

(Vmax , 0) the corresponding return period Tr during the lifetime of a b\:llding t, can be

evaluated,

P (t) _ l-e-t/Tr

Taking t/Tr-O.l, pet) equals 0.095. AssUlDing the chance of experiencinq more than (Vmax,o)

earthquake during the Jl'etime or building t is 0.3, then t/Tr becomes 0.36. Various

researchers proposed seismicity maps in Japan app~ying similar analyses introciuced here.

The entire map of Japan is divided into rectangles, the dimensions of which are 20' in

both longitude and latitude. Then seven different seism~city maps of Japan (10,11,12,13)

of return period 100 years are normalized te assign unity (1.0) for the rectangular division

of the maximum value in each map. Using these normalized maps, the mean value of these

seven different maps, the mean value plus two standard deviations of these maps and the

maximum value of these maps in each rectangular division are obtained. The results are

shown in Fig. 10(a), Fig. lath) and Fig. 10(c), wnich are considered to be the appropriate

seismic zoning coefficients for aseismic design of structur.s.

DESIGN EARTHQUAKE

Now let the deviation of estimating i~ten~;cy of ground motions in terms of magnitude

and hypocentral distance be considered. Applying the best fit method to estimate intensities

(for instance, maximum velocities) in terms of magnitudes and hypocentral distances of ~5

earthquakes, coefficients of deviation for intensity of ground motions are obtained. 0.8

is the smallest possUble value for the coefficients of deviation to 4ssess the intensity

of ground motions in terms of given magnitude and hypocentrll1 distance. SOllIe other re.earch

paper on the coPtficient of deviation also suggests the stmilar value (14).

SUMMARY

(i) A. for the £aXimum veloc~ty value, Fig. 3 might be regarded reasonable, considering

the results ot critical maxta~ strain. Also, the maximum velocity ever recorded i. 35

kin.s as aeen i.: Fig. 2 and the upper bound area in Fig. 3 is obtained by extrapolating

the value. actually recorded. It is quite controversial to defin~ the maximum acceleration
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valua. lIowever. ir. a .tocha.tic .en..e, thi. value can repre.ent a reasonable _a.ure fo": the

inten.ity par...t~r. Thi...y mean to exclude a single peak ~aluc of the acceleration

with frequency higher ~ 20 HZ for the .tochastically significant value. The value.

indicated in Table 4 can be reqarded as the "mean value of lhe maximum," tderefore, in

actual ca•••• aany of the lIlllJtiJftura v....ue. may exceed the valueL in the table, which indicate

the value. for vertical ca.ponent., a. well, by aF~lying linear coefficients shown in

Table] .

(ii) Total duration of design earthquake may be calculated by the equation introduced

in Chapter 4, in Lerms of magnitude o~ earthquake. As for the duration of the stationary

part of ground DIOtion. the following equation was derived from fault length of rupture,

with assumption of rupture velocity of ] km/gec.,

where M i. the magnitude of assu~~ eart~quake And t is the duration i~ second of stationary

part which C,1I\ be applied to the deterministic intensity function.

(i11) ~he deterministic intensity function for design earthquak. n'ay be det" '"lIIined by

applying an ideal model proposed in reference 7. This ideal model assum~8 d~Lcrministic

inten.ity tun~tion. Which increase linearly or Parabolically for the stationary part and

then decay exponentially.

(iv) Fig. 7(a) and Fig. 7(b) may be recort'lllended as response spectn of desIgn earth

quake on bed-rock.

!~, The concept of principal axes may be quite us~fuJ for multi-dimensional ground

IlOtions

(vi) It must be fully considered that ea~thquake ground motions are so random natured

that they are not to be peI"lll'tted to give tny explicit values but to give values with mean

and deviation.

Proposed prC'Cedures to obtain design earthquake are <'iscussed below.

(1) Tim..l hi.to~·y of design earthquake:

al Assume ..gnitude and hypocentral disu..nce and th·.';) c .. '..culate t.he maxilllum velocity

using Kanai's equation and the equation for radius (DI of spherical volume.

b) Us. Table 3 to obtain -.xi.rnulll acc.·leration and spectral intensity (SII, both in

horizontal ~nd vertical directions.

cl Calculate total and stationary duration of the assumed earthquake by equations

introduced in .~y (ii). Then, assume an ideal model of deterministic intensity

it n.c....ry.

dl Det.rmin••pectral c}~ract.ristics using Fig. 71al or Fig. 7(bl if necessary.

e) ~rnduce acceleroqrams either t~ouqh .i~lated earthquake or modification of

r ..,..l accel.rogr-. and then establish multi-dimensional time histOl'y grow j

motions if nec.saary.

f) Principal axes acc~leroqr... are strongly recommended for design earth~ke.
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g) !'tultiply 1.8 (Han plus I standard ~evhticn) to accelerogrAlllS derived allov.!

for important structure and 2.6 (mean plus 2 standard deviation) for very important

structures or very dangerous structures.

h) If ths time histories of design earthquake on the ground surface is necessary,

apply conventional or nofi-linear wave propagation techniques.

(2) Response spectnal for design earthquake,

a) Assume a maximum possible earthquake ground motion, for in8t~nce magnitude 8 and

hypocentral distance 50 km and then by Fig. 7\a) or Fig. 7(b) establish respons..

spttetrlllll for the maximUlll possible ground motions.

b) According to the ~rtance factor of structure. choose Fig. lOla) for less

important structures, Fig. 10(b) fur general structures or, Fig. 10(c) for

important structures For the response spectrum in any districts, multiply

seismic zoning coefficients of relevant districts to the respo~se spectrum

derived in (i) as ~he maximum possible one.

c) Apply liuear coefficients indicated in Table 3 to obtain response spectrum fer

vertJcal component if necessary.

d) Mul~iply 1.8 (mF,an pll'~ 1 standard deviation) to the spectral values in (ii) and (iii)

for important structures.

e) Amplification spectrUlf of subsoil layers Il\lly be multiplied for tho> design response

spectrum on the ground surface.
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Table 1 Max. Acceleration by Strong Motion
Acca1eroqrapha on HArd Subaoil

-~

~ ..... .. l.oeaitlQ1'a &P1ceaU•• I_U lie. Accal...atlGft
DO__

1..11

"~.uahl", 1tH.4.5 6.1 _iJY ,. '.0 no
I.... 5.38 4.' ..t..~i.1'O • J.' no
1.... 1.1

_1M
I --

_c'\1...1 lMl. '.16 1.' llIy_ 115 ..... 111_I .
"

........1- I .... 1.1 6.4 1l1b1r·...... so Gl'a...l 31
_Uuy...

..111-.1 J2 .... 15

-.1_ .. . n-.
81dAU- 1.10. 1.11 1.1 110_1\1 aD -.. 112

-'1

Table 2 Coherence ~n9 Mea8ure. to Repraaent
the Intenaity of Ground Motion.

A V D 5~0.O .s~0.2

II Qn<, 0.841 0.587 0.830 0.902
V 0.892 .7QIl 0.876 0.957 0.986
!l 0.739 0.888 o 702 0.826 0.770

SI" " 0.815 0.923 0.786 .914 0.970
SIn ? 0.911 0.960 I 0.791 0.960 .IIQ7

~ half above the diagonal
~ half belo~ the diagonal
D14gon<.l matrix
A ftaximum acceleration V
D , Maximum displacement SI

(~

Horizontal and horizontal
Vertical and vertical
Horizontal and vertical
Maxi.~ velocity
Housner's intenSity
Damping ratio)

Table 3 Linear Relationa Between Maxima

~ A V D S1 0 •0 510 • 2

II
1.669 0.0961 0.0389 0.579 0.227

(0.532) (8.701) (15.98l (1. 429) (3.945

V
!I.<jZl 1.753 0.440 5.921 2.242

(0.0880) (0.448) (2.000) (0.164:) (C.431

D
7.67 1.839 1. 555 11.81 4.290

(0.0406) 0.476) (0.468) (o.onO) (0.181

51 0 .(
1.551 0.157 0.074: 1.887 0.371

(0.511) 5.821) (10.63) ,0.489) (2.610

5I
4.tlJ.'J 0.469 0.216 2.855 2.038

0•• (0.186) 2.Ll35) 13.614} (0.334) (0.435

Horizontal and hor1zont.l
Vertical and vertical
Horizontal and Vertical

H I Horiaonta1 C~nenta

V I Vertical C~nent
II half above the diaqor.al
II half below the diagonal
Diagonal _trix

Xlrow) - _f. Y(col~)

Inaide par.nth••i. I Ylcol~) - coef.
ellallllle I IIH - 1.669' Av - 8.701 VB

lIy -.0.532 - AH - 9.921 Vv

X(row)
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Table • 'lbe Mean Maxi_ V.lue.

Vertical
~orJ.zon~.lCeplcentral distancE

within 20km)
Max. acceleratlon

(qals) 573 356.8
Max. velocity

(kine,) 55 31.4
Max. displacement

(em) 24.2 17.1
Spectral intensit

(CllI) h-O.2 123.3 67.0
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OETERMIMATIOII CI WAVE PROPAGATION VELOCITIES IN

SUBSURPACE SOIL LAYERS

Yukitake Shioi, Chief, Civil Engineering Section

International Institute of SeiSDOloqy and Earthquake Engineering

Buildino Research Institute, Ministry of Construction

~.hio Ivasaki, Chiaf, Ground Vibration Section

Earthquake Disaster Prevention Division

Public Works Research Institute, Ministry ,:of COnstruction

ABSTRACT

Activiti.s of the Comaittee on Earthquake Observation on SOil-Structure Interaction

have been d.scribed. One of the committee's research activities i8 the research involving

the construction of a model structure. soil inve.tigations. dynamic tests and analysis of

dynamic soil-structure interaction.

This paper discus..s the results of forced vibrrtion tests conducted on a model

structure with a vibrator which q_nerated harmonic vaves. These waves were then compared

with the Rayleigh and LOve waves.

ICEYWORDS: Ha1'1llOnic vavel Love waves; mod.,l structure, Rayleiqh vaves; soil-structure

interaction; vibrator.
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INT~UC'l'ION

It ia empirically and theorptically well known that the vibration of structures on the

gk"ound by such energy as Ai, earthquake principally depends on the }'ro}>erties of the Ruper

ficial layer. In other words it is possible to presume the ~in ground motions to the

structures if We can relate the physiCAl properties of layers to the variables of the

vibratory characteristics. Substituting the superficial waves with the Rayleigh and Love

waves, we have attempted to obtain the values of coeffLcients relevant to the ground

Vibration with the observed records of the harmonic wave propagation generated artificially

on a small surface base. Also, the characteristics of these data were examined. As a

matter of fact, we took measures to study these characteristics on the propagation waves

by means of a high frequency vibrator based on the surface.

This test was & part of the forced vibration tests conducted under the direction of

the Committee on Earthquake Observation on Soil-Structure Interaction presided by ProfeSsor

Yutaka Osawa at the Tokyo University in a comprehensive research project f0r the Establish

ment of ~ew AseiSllli', Design MethOd. This testing method is somewhat similar to the methods

employed by Jeukelon, Foster and Fry at the Waterways Experiment Station (ll.

We expect that the accumulated results from these vibratory tests may serve as an

exploratory calculation method on the ground movement under various conditions of aseismic

design of underground structures and. of countermeasures against the vibration by circula

tions, etc.

ACTIVITIES OF THE COMMITTEE ON EARTHQUAKE OBSERVATION ON SOIL-STRUCTURE INTERACTION (4)

The research theJlle commenced sinc.! t~", fif"cal year of 1974. During the pAst second

year the Technology Center for National Land Development established A committee on earth

quake observation on Foil-structure int,raction (Chairman: Professor Yuta1<a Osawal, under

the authority of the Bulld~nq Research Institute, Ministry of Construction. The committee

attempted to make a research plan covering all the necessary stages for the future.

In the fiscal year of 1975. construction of an upper structure, dynamic tests on a

soil-structure model, and observation of earthquake motions on and around the foundation

structure have been accomplished. In addition, theoretical and experimental procedures to

analyze dynamic behavior of soils and structures have been investigated.

The research includes construction of a model structure, soil investigations, instru

mer-tation. measurement of seismic motions, dynamic tests and analysis of dynamic 5Oi1

structure interaction. 'Mle research is expected to be cOlllPleted in three years. The

work accomplished or to be accomplished ~n the middle of the year is as follows: (See

Fig. 1)

a) Forced vibration test: The forced vibration test using a vibrator was made to study

the dynamic characteristics of the model structure. of the neighboring building, and

of the wave propagation.

bl Construction of upper model structure: An upper structure having four steel columns

(4-~ 267.4 x 6.) and one reinforced concrete slab, 4m long, 4m wide and 1m high, was

constructed in Fuchinobe, SaglllllihAra City, Kanaqawa Prel.
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c) Earthqll&ke ob..rvation: P'our transducer. were in.tallec: in the lrlOdel foundation

atructure and aix tranaduc.r. _r. placed around the lIIOdel. Six ob.ervational data

wera obtained to determine the dynamic behavior of the subsoil foundation system.

d) An&lysia of dyNllllic soil-atructur. interaction: Analytical evaluation of dynamic

behavior of tha aimply .haped .tructure may be don.. Por a detailed and complicated

sy.tem, howev.r, it ..... that quantitative investigation. and experimental procedures

are -ere siqnificant.

Thi. report dilcu••es the work li.ted in a) above.

PROPERTIES OP SURFACE WAVE

The vibration of the superficial layers becomes maximum at the .urface "'ave during

earthquall. frQID the Viewpoint of enerqy. .\IDonq the surface waves, the Rayleigh and Love

"'avea are typical. Their formulas are shown as follows (), (Fig. 2):

Rayleigh Wave (See Fig. 3)

u-"'n(exp(-y'z) sin (wt - nx) - (2 Y/n·./n) 1 (1 + s21n2) exp (- sz)1

ain (wt - nx)

wa" l~YI (1 + s2/n2)'aXPC_sz)_yexp (-Yz» cos (wt - nx)

Love Wave

v- (8 co. ( qz) + C sin (qzl) oos (pt - tV)

v· .. 0 exp (-q'z) cos (pt - fy)

where,

u .. displac~t in x direction

v .. displac_t iny direction (at upper layer)

v· .. diaplac_nt in y direction (at lover layer)

w .. dhplac_t in z direction

A, B, C, 0 - arbitrary constant

W .. circular frequency on x - z plane

p .. circular frequency on x - y plane

n .. wave number

t .. frequency

y
2

.. n2 w2/v2

2 2 2 ~
s n - w IV

H
Vv .. velocity of p wave

v
H

.. velocity ot S wa".

q2 .. (p~Vv)2 ; f2
2ql2 _ f - (~/v' )
H

(pru.e -.ria of lover layer)
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The pha.. velocities of each surface wa"-es are shown as follows.

v • k Vv • ~/2lTR

K
6

- B K
4 + (24 _ l6C12 ) K2 + 16 (a2 - 1) • 0

a 2 • (1 - 2\.1) / (2 - 2\.1) • G / (2G + Al

p If· v
H

tl + q2L2 / 4IT2)l/2 _ pLL / 2IT
v

L
.

L

whare.

v
R

• velocity of Rayleigh wave

v
L

• velocity of Love wave

LR • wave length of Rayleigh wave

LL • wave lenqth of LOve wave

\.! • Poieson's ratio of subsoil

G • shear modulus of subsoil

A • ~. S constant

CXJTLI HE Of' THE TEST

The vibration tests vere performed to research the above mentioned subjects in

Deceaber. 1975 at which ttae we installed a high frequency vibrator on & model of rein

forced concrete footing (4
m

x .m x 1m). The layout of the model. the fixed observatory

inBtruments and so on, are shown in Fig. 1, but the superstructure of the model was not

yet cnnstructed at that time.

The site is on the complex of Saqaminara Engineering Center of Nippon Steel co./LTD

at ruchinobe. sagUlihara City. 'Kanagawa prefecture (See Fig. 4). The geological structure

consists of Nakatsu layer in the tertiary period, Sagami layers in the dilluvial epoch.

Sag&a1no gravel layer. Musashine and Tachikawa loams and subsoil from the bottom, and the

upper layers are shown in Fig. 5. The results from the standard penetration tests,

seilllllic prospectinqs. and lID on at the site are given in Fig. 6. The IDOst important layer

in this test is the loam extending 14m down. Its physical constants from Fig. 6 and from

other existinq reports are .ss\lL8d to be 0.5 to 1.11 laa/eec. for the velocity of the P wave.

0.15 to 0.30 ka/sec. for the velocity ot the S wave. and 0.33 to 0.45 for Poisson's

ratio. The predominant frequencies of micro-tre~r at this site are recognized at 0.7,

2.1 and 5 Hz. The specifications of the vibrator are shown on Table l and it is pouible

to cbanqe continuously the vertical and horizontal frequencies. The frequency range in

the te.t is diatributed at 8 to 30 HI for the vertical. axial. and transverse directions.

To ....ur. the ground vibrations, ·pickup.· _re placed to observe the types of

velocity and di.placemants at constant intervals on the axial direction and we used a

..ster control 8Y.t.. for operation and recording at the station (See Fig. 11. The measure

aent in velocity type wa. adopted for ground vibration and _asur_t in diaplac_nt

type was adopted for soil-structur. interaction and vibration of neighborinq buildings.

The latter result. _y be intrOosuced again for further studle. in the future.
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~SULTS

The wave lenqth~ and shear moduli given by substituting the measured frequencies and

phA_ velocities into the eq..uations in article 3 are shown in Table 2 an~ 3. The vibration

test waS ..inly carried out at the range of frequency around 20 HZ. belng relatively

.table. because higher frequency was liJnited in ol'der to protect the vibrator itself and

lower frequency could not give clear waves owing to insuft;cient existing force.

The phase velocities on the horizontal and vertical dire~~ions were measure~ ~ith

various pickups. ~ a result. these differences do not affect the observed values of

phase velocity. On the other hand, the dynamic behavior of the ground as seen in FlgS. 7

and 8, shows such aspect as the Rayleigh wave at the plopagation of the vertical wave but

it esces not look as clearly as the Love waVe at U.e propagation of the horizontal waves

(51.

Ass~i'1g that the velocihes and shear moduli in Table 2 and 3 represent dyDllloic

properties of the layer in depth of a half wave length. it is possible to express tnis

relation 11. Figs. 9 and 10. Although it LS difficult to indicate the corresponding layer,

it seems reasonable from Figs. 3 and 7 that the layer in depth of 0.4 to 0,5 wa'/~ length

shares the ~st severe deformation.

The above mention~d results have good corredpondence with SOlI test results and

seismic prospecting results. This fact makes us believe that this method of deL~rmining

dynAlllic properties of the ground from phase velocit~ with a vibp·- _ .,' practical and

useful. Now _ ca.. point out the meri.s of this rn.!thod.

(ll availability of any type of pickups and of any component of waves.

(2) continuous measurment of properties of layers downward, depending on different

frequencies.

()l detailed meAsurement for shallow layers.

(4) simPle ~ ~ economic measureDent with a vibrator. pickups and recorders.

The disadvantages of this method are:

(1) requirement to improve the accuracy of the measured phase velocity.

(2) necessity of electric power.

(3) difficulty to apl'ly it to the ground unjer sODle obstacles, up alld down surface.

deep layers and 80 on.

On account of the deformation level in this telt, approximately 2 x 10-
4

• the resulting

values are not directly applicable to such a big vibration as an earthquake but useful to

the vibrations caused by circulationa. construction works, factories. and 80 on.

COIlCWSIONS AND ACKNOWLEDGMENT

It is found that it we _nt to know the dyn&lllic properties of the ground. we can

a••ily obtain coaparatively accurate values frOlll shake tests on the ground with a vibrator.

Now there still remain~ prabl..s to pursue such as expansion of frequency range,

.inu.iution of the ba... IIlOre ccapari80ns with other metllOds, device for simpler operation.

anJ so on.
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Pig. 2 Modea of Rayleigh and Love waves
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Fig.7 (0) Amp. distribution
(Rayleigh wa"e; Ver. comp.)
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Fig. 8 Amp. distribution
(Love wave)
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STUDIES ON SOIL LIQUEFACTION RELATED '1'0

EARTHQUAICE RESISTANT DESIGN OF STRUCTURES

Masamitsu Ohashi, Chief, Earthquake Di.aster Prevention Divi.ion

rashio Iwasaki, Chief, Ground Vibration Section

rumio Tatsuoka, Research Engineer, Ground Vibr.tion Section

All from the Public Works kes.arch Institute, Hinistry of Construction, Japan

ABSTRACT

In order to evaluate dynamic beh~vior of structural foundations and embedded structures

d~ing earthquake., it is essential to estimate the effects of the surrounding soils on

these s"':.ructures. The authora have conducted a literature survey on the effects of lique

fi(,d so11s on bridqe foundations and a.l.80 conducted lsboratory exper1lllents usinq models of

?ile fo~dations includinq surrounding 8Oils.

t'urtherllOre, ... ailDplified method to evaluate liquefaction potential of sand deposits

vas investigated on the hasis of numbers of blows (ao called N-values) by the standard

penetration teat. Proposed herein are the critical N-values which can be used in determin

ing liquefaction potential. Thi. method can estimate whether the sand Qe~osit may likely

liq~efy or not during future severe earthquakes by means of comparing N-values measured at

the site of interest with the crltical values proposed. These critical values were

determined on the ba81~ of dynamic triaxial tests on undisturbed sand samples and N-values

measured at the points where the undisturbed samples were obtained.

Thes. 3tudies are to clarify the effects of liquefied soils on pile foundations and

to eatabliah design methodology 0: pile foundations considering the effects of soil lique

faction.

KEYWORDS, Bridge fuundationsl dynlUllic triaxial testsl liquefaction I model tests, pile

foundations, sand, standard penetration test, shake table.
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INTRODUCTION

In order to appropriately evaluate dynamic behavior of pile foundations or embedded

structures during earthquakes, it is essential to estimate the pffects of the behavior of

the surrounding soils on these structures. It can be supposed that the surrounding soils

do not move severely in normal cases and normally resist movements of the stru~tures. but

.00000tiJlle. the surrounding soils cause larg.. movements of the strllctures when the soils

v:~rate severely as a result of resonant state of the soils and furthermore in special

cases the surrourding soils do not support these structure~ at all "hen soil liquefaction

takes place.

Te provide a proper solution to this problem, it seemb necessary to precisely analy~e

tne ber.vior ot the structures considering the effects of Foil-structure interactions.

When the surrounding soils liquefy during earthq~~kes, the problem becomes more complicated.

In this case, the effects of liquefied soils on the structures will be much more severe.

The authors have conducted a literature surv",·· on the effects of liqLlefied soils on

bridge foundations and alBa conducted laboratory experiments LlsinCj models of structures

includin? surrQunding Boils. This attempt was to clarify the effects of liquefied SGilF

on pile foundations, and to establish design methodology of pile foundations considerinq

the effecta of soil liquefaction.

Another problem to be considered in the aseismic design of bridges witn pile founda

tions in sand deposits with high lique~action potential is the evaluation of liquefaction

potential of sand deposits. In the simplified procedures for evaluating liquefaction

potential generally used in Japan, the N-value obtained from the standard penetration

tests are used in evaluating the liquefaction potential of the sand deposit.

If the N-value cf the sand deposit of interest is lower than a critical value, say

N-IO, it is judged th~t this sand deposit will liquefy during severe earthquake motions.

In this study dynamic triaxial tests on undisturbed sand samp~es were conducted and at the

same time N-valu•• were ....ured at the points from where undisturbed samples were secured.

Then the appropriate critical N-value. were detp.rmined on the basis of the relationship

among dynamic shear strength, N-value and insitu effective overburden pressure. It was

found that even in the case where the dynamic shear strengths are identical, the N-values

may vary according to the variation of soil properties which can be represented by the

content of fine soils and the _an diameter of soil particles.

The results ot this study are summarized as follows:

1) The supporting capacities of surrounding soils may become considerably SMAller

when liquefaction takes pllce.

In ~ cases. dynamic forces of soils acting on piles may become considerably larger

in the , )Ur.. of liqaefaction. When the complete liquefaction takes place, both the

supporting capacities and the dynamic torces can bf! approximat.ely estimated by assuming

that a l1quefie<: sand layer is heavy water.

2) In 'te course of liquefaction, soil-pile foundation systeIIUI may resonate to the

input motiona, and may vibrate severely.

1V-1l6



3) Critical N-values for evaluating the liquefaction potential should be determined

by taking into account the facti that the N-values deer•••• with increaue in the content

of fine lOil. in sand deposit.. AI.o, the dyMlllic shear stren<Jth does not dscreas. lIluch

as COlIlp&red with the deereas. in tho> ~-value ••

~E TO BRIDGE FOUNDATIONS DUE TO LlQUEl"AC1'IOH

It has been recoqnized that one of the _in caus.a of d_q. to bridges which were

constructed in alluvial deposits and reclaimed lands ia an unstable performance of ground

aoils, It is allO well known that liquefaction of sandy soils induce catastrophic moVelll8nts

of ground and 10.8 of bearin~ capacities of ground. A number of damages to bridge structures

with pile foundations were ob~~rved during the Niigata Earthquakes of 1964 in Japan (Iwasaki

(1973l) and during the Alaska Earthquake of 1964 in the United States (Kachadoorian (1968»).

Similar damages were also reported for other earthquakes in Japan (Iwasaki (1973) and for

the San Francisco Ear~quake of 1906 (Youd and Hoose (1976). Liquefactions have been

observed in al1uvia~ dftposits and reclaimed landz during major earthquakes including the

above earthquakes. In Japan, 44 earthquakes induced liquefaction phenomena during the

'period frOlll 1872 to 1.9f.8 CKuribayashi and Tatsuoka (1974»).

In viewing drmages to engineering structures caused by Boil liquefaction, numerous

..t~dies on evaluation of liquefaction potential of sandy deposits ha·.·e been condllcted by

using dynamic soil testing equipmpnt such as dvna-ic triaxial apparatus and a dynlllllic

simple shear appazatus. Furthermore, studies have also been conducted with shaking table

tests to deter~ine the effects of the loss of bearing capacities caused by liquefaction on

the behavior of heavy structures (Yosh~1 et al. (1975), Ishihara, et al. (1975). However,

little effort has been made on the study of the effects of soil liquefaction on the dynlllllic

behavior of pile foundations (Shikamor1, Sate and Hakuno (1973), Yoshida and Uematau

(1975). Iwasaki, Tatsuoka an1 sa!taba (1976). Accordingly methodology of aseismic design

of pile foundptions considering the effecta of liquef.ction is still in the process of

formation.

Intending to establish a r4t~onal aseismic design ·:ritarion of pile foundations which

are constructed in soil deposits with high liquefaction potential. a aeriea of shaking

table t ••t. of pile foundations placed in liquefying sand deposits vas perforllled.

EXPERIMENT ON DYNAMIC BEllAVIOR OF PILE FOUNDATION MODELS

Test Arrangements - In this experiment ...11 models of pile foundations were prefabri

cated on a shAJting table. Five different tests lined in Table 1 _re <.-onducted. Typical.

test a~t"lll1IJ_nts tor Teat 1 and Test 2 are illusuated in Figs. I and 2, rep.ecti"•• ly. A

satursted loose sand layer including a ...11 model of e pile foundation vas placed in a

container on a shAJt1ng table. TO actuate the shaking table an electro-magnetic actuator

vas used for Test 1. A displac_nt controlled hydraulic actuator va. used for Tests 2 to

5. Sand layer. were prepared by pouring air-dried sand into vater. Initial relative

densitite. of the And layers ranged frca 24 to 40 percent. The _ter level coincided
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with the &and .urface at the beginning of .halting. As shown in Fig•. 1 and 2, acclerometers

and su.in g.uges vere installed to mealure IIOvementa of the shaking table, land layer.

and pile foundation model.. Earth pre.lure cells and pore preslure celli were aleo equipped

to ....ure earth pre••urel acting on piles and excessive pore water pressures. Sinusoidal

table IaOtions vere applied in all testa (Tests 1 to 5). Wave form of acceleration measured

at the table was of triangular form in the cas. of Test 1, as shown in Fig. 3 where the

table acceleration il denoted as AI. However, in the other tests (Test 2 to Test 5)

where a hyraulic actuator was u.ed, the ..a.ured table acceleration was cloee to sinusoidal

motion, al lhown in FilJs. 4 and 5. Several motions with different frequencies were employed

as input motion.. Frequencie. were selected on the balis of the nature1 frequencies of

pile fOundation models submerged in water. The ba.e acceleration was deterMined in view

of outbreak of cradual incr~ase in excessive pore water prellure in sand layers. Actuators

used in the experiments vere not sufficient enough to keep an accurately constant base

acceleration during a test run. This il due to a great changs in rigidity of sand layers,

which are cauled by lOil liquefaction. Actually, the base acceleration changed somewhat

in the courle of liquefaction of sUDd layers, as shown in Figs. 3 through 5.

Four different pile foundation models were examined (eee Table 1). Their natural

frequenciee When submerged 1n water are 3.8, 4.0, 10 and 14 Hz, respectively. Their

natural frequenciee in air are slightly higher than those in water. Each of these models

conshts of several solid alUlllinUIII bars with 2 CIIl in diameter snd a top mass. The values

of the natural frequencies of 1IIOde1s were adjusted by choosing the number of bare llnd the

weight of the top mass. These modelll vere fixed at the bottom. as shown in Figs. 1 and 2

to facilita~ the boundary cond.iti"n. The degree of fiXity would be considered to be

larger than that in actual cases.

Principles of Stmilarity - Frequencies of input motion and natural frequencies of

pile fOundation models submerged in water were determined in the following manner. Model

tests in the field of soil ..chanics can be classified into two groups by their objectivc=.

The f !rst group il to find fund_ntal par_ten required to be talcen into account when

analyzing the behavior of the prototype by an analytical lllethod. This analytical method

can be, of cour.. , applied to the lIIOdel test. In thie case, the rigorous aatisfaction of

principles of Similarity 1s not of first ~rtance. The second group is to quantitatively

estt.ate the behavior of the prototype from the relults of model tests. In this caee the

principles of stailarity should be determined and satisfied. At present, it is of first

illlpOrtance to find the controlling factors in the behavior of structures in liquefying

soils. Therefore, reported here1n i. the result of tests of the first category. Accordingly,

the st.i1itude between the prototype and the model was latisfied in terms of the following

(but others such as the pe~ability of sand layers could not satisfy the principles of

siJailarity) :

(1) Lenqth (L). Scale ratio considered for length was on the order of 1.10 to 1.30.

Therefore, ~el sand layers with the height of 70 CIIl corre.pond to actual sand. deposit.

of 7 to 21 II in depth.
-2(11) Density of sand layer (MLT ), Since actual lIAIIds _re used, the ratio of

density of 8011. was on the order of 1:1.
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(iii) Acceleration (LT-
2
): Since body force induced by gravity is the same between

models and prototypes, the ratio for body force induced by horizontal motions should be on

the order of 1:1. And the ratio for horizontal acceleration was also on the ,ord~r of 1:1.

(iv) Time (T): n'om (i) and (iii) the ratio for time is detertllined as

1 , II: - 1 , 110 to 1 : 130 - 1:3.2 to 1:5.5.

(v) Natural frequencies of model pile foundations submerged in water (f
p
)' frequencies

of input motion (f i ), and fundamental natural frequencies of sand layers with the excessive

porewater pressure of zero and the shear strain level of T - 10-
4

or less (f 1. (T- l ):
, 1 1 1 9

These scale ratios are determined from (1vl as l'T· l,~ to 1'5:5 - 1;0.32 to 1,0.18.

Estimated frequencies [g for model sand layers were around 18 and 24 Hz as shown in

Table 1. These values correspond to the natural frequencies of the prototype sand 13yers,

3.2 to 7.7 Hz. On the other hand, the fundamental natural frequency of a soil deposit f
l

(Hz) can be approximately estimated by:

(1)

in which V
s

denotes the average shear wave velocity (m/secl and H means the depth (m) of

soil deposit of interest. Since the usual values of V
s

for shallow alluvial sand deposits

range from 150 to 250 m/sec, the fundamental frequency of sand deposit with the depth of 7

to 21 m ranges from 150/ (4x2l) - 1.8 Hz to 2501 (4x71 s 8.9 Hz. These values carresand

well to the values derived from scale ratios and the fundamental frequencies of model sand

layers (-3.2 to 7.7 HZ).

Since predominant frequencies of strong earthquake motion observed on the actual sand

deposits are estimated to be less than the abOve values, the frequency of input motion in

model tests f i should be less than the natural frequencies of model sand layers f q (18

and 24 Hz). Therefore, as the values of f, in the model tests, 12 Hz for Iruma sand and,
10 Hz and 20 Hz for Toyoura sands were selected.

Furthermore. it can be estimated that the fundamental natural frequencies of ordinary

bridges with pile foundations, f
p

' are less than the predominant frequency of strong

earthquake motion observed on shallow sand deposits when the value of f are determined on
m p

the assumption that liquefied sand layer wit~ the depth of 7 to 21 are removed. Therefore,

three of the five model tests conducted were cases where the natural frequencies of model

pile foundations submerged in water, f
p

' are less than the frequency of input motion, f
i

,

which correspond to actual ordinary cases. In addition to these cases where f
p

< f
i

,

other tve cases where f
p

- f
i

and f
p

> f
i

were examined in order to evaluate the importance

of the relationship between these t·~ values, f
p

and £i in assessing the dynamic behavior

of pile foundations in liquefying sand layers.

Test Records - For Test l,acceleration records at the table at three positions in

the sand layer and at three positions of the model pile foundation are shown in Fig. 3.

Excessive porewater pressure in the sand layer and earth pressure acting on the pile

foundation are also illustrated in the figure during the elapsed time of 8 to 14 seconds
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(2)

countinq frc:. the be9inning of sha',inc). Similar records in the cases of Test 2 and Test 4

are shown in Figs•• and 5, resp'ctively. One of the most peculiar performances observed

in the.e tests is non-stationary behavior of the sand layer and the pile foundation, and

non-stationary dynamic interaction between them, while the table move~nt is almost stationary.

Furthermore, it can be noted that the responses of different pile foundation models are

not similar to each other. Especially, the variation of the response of the pile foundation

in Test 4 is quite different from those in Test 1 and Test 2.

In order to clarify the dY~lic behavior of the sand laynr and the pile foundation,

envelopes of dynamic amplitudes recorded were illustrated in Fig, 6 for Test 1. Since in

the case of Test 1 excessive porewater pressures reached their maximum stationary values

~t the elapeed time between 11 and 12 seconds and the acceleration in the entire sand

layer decreased to almost zero at the same time, it could be estimated that liquefaction

in the entire sand layer initiated at the elapsed time between 11 and 12 seconds in the

case of Test 1. It should be noted in the case of Test 1 that the maximum response of the

pile foundation occurred at the plapsed time of about 10 seconds when excessive porepressure

did not reach the maximum value yet and the sand layer was vibrated in ordinary fashion.

And at t-IO seconds, dynamic earth pressure acting on the pile foundation and strains in

the pile also had their maximum values. In addition to this, it is also noted in the case

of Test 1 that the response (acceleration) of the pile foundation decreased to the small

value after the entire sand layer had liquefied. Corresponding to this decrease in acceleration

of the pile foundation, earth pressure acting on the piles and strains in the ) ile also

decreased to the small values. Following this, recovery from liquefaction st r~_~ at the

elapeed time of about 30 seconds, and after this moment the response of pile foundation

increa..d again. ~lthough this recovery phenomenon is also very interesting, this will

not be discussed herein because such a phenomenon is unlikely to take place in the prototype

during severe ground shaking in an actual earthquake. In this test, the ratio of time in

the model and that in the prototype is considered on the order of 1:3.2 to 1:5.5. There

fore, the elapsed time of 30 seconds in the ~Ddel corresponds to 96 to 165 seconds in the

prototype. This duration time seems long~r than the duration of major ground motion

during a strong earthquake. Furthemore, it is ~ecognized that recovery from liquefaction

began after the cease of earthquake motion in the actual earthquakes experienced. From

these reasons, only phenomena observed before the recovery from liquefaction will be

discussed in this report.

Variations of Responses of Pile Foundation Models in the Course of Liquefaction - In

Fig. 7 shown is ths variation of response ratio B
p

of the pile foundation with respect to

frequencies of input motion in the case of Test 1. The response rat.io B
p

is defined as

_ laMI
B
p laAll

where laA11 represents the amplitude of the acceleration at the base and laA61 represents

the amplitude of the acceleration at the bottom of the top mass of the pile foundation.

The eolid curve in Fig. 7 represents the response curve of the pile foundation model
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measured wher submerged in water and the black solid circles denote the respons~ ratio of

the pile foundation model measured in liquef"ing sand layer at several increments of elapsed

time. Numbers near the black solid circles repre'ent the elapsed time in seconds from the

beginning of shaking. It is seen from this flgure that the response ratio of the pile found

ation model, Sp' once increased before t~lO seconds and then decreased abruptly to a smaller

value of 0.2 at t-12 seconds. Also illustrated in Fig. 7 are the response ratio of sand

layer Bg·I~I/I~All, excessive pore water pressure ratio u/umax and the amplitude of dynamic

earth pressure acting on the pile foundation 1Pdl. These values are 11lustrated ln relatIon

with B
p

• It is clearly seen from this fiyurt: that dt lhe IrOment at the flld-..;.imurn response of

the pile foundat~on model, sand layer had not liquefied yet and the dynamic earth pressure

had the maximum value and also that after the occurrence of liquefaction in the entire sand

layer the response of pile foundation and the dynamic earth pressure also decreased to

smaller values.

Similarly Figs. 7, 8, 9 and 10 represent the variation of responses of pile foundation

models in the cases of Test 2, Test 4 and Test 5, rcspcctively. In these fiqures, squares

denote responses of pile foundation models at the moment when l'quefaction is not initiated

in any part of the sand layer, tri~ngles show responses at the moment when liquefaction lS

taking place in the upper part of the sand layer, and circles represent responses when

liquefaction is taking place in the entire sand layer. It can be noted from these figures

~hat while the variation of the response of the pile foundation model in the case of Test

2 is quite similar to that in the case of Test 1. those in the case oE Test 4 and in the

case of Test 5 are considerably different from that in the case of Test 1 or that in the

case of Test 2. The cause for these differences among these tests will be discussed later.

Fig. 11 illustrates instantaneous positions of the sand layer and the pile foundation

model at several instants of time (t~8.0 to 12 seconds) in the case of Test 1. In this

figure, each stage (a) through ldl i~ each column represents the variation of positions of

the sand layer and the pile found~cion model with a short interval during the half of the

vibration period (~1/24 second). In each figure, circles represent the value of -a/la
Al

'

in which Q d@not@s the instantaneou~ value nf ~ccelpratiQn recorded by the accelerometers

A2 through A4 equipped in the sand layer, and la
Al

I represents the amplitude of the base

acceleration. In an ideal sinusoidal mnvement, -a!la
Al

I can be an index representing the

displacement modes. And solid circles represent those for the pile foundation model.

Arrows represent the instantaneous directions ot the movements at each point and the short

vertical straight lines represent the maximum values of -a/1aAl' at each point dUl'ing the

half n~ ~r9 vibration period. Triangles denote the instantaneous values of earth pressures

acting on the pile. The positive sign corresponds to the increase of earth pressures

sensed by the earth pressure cell wh1ch faced to the right in these figures. At the bottom

of Fig. 11 shown are the exce~sive pore pressure ratio u/u
max

. It is seen from this

figure that at the elapsed time of 8 s'~conds when excessive pore water pressures were

very small, movements of thE sand layer and those of the pile foundat10n model are close

to each other nuring the half of the vibration perlod. Then, as time goes on and excessive

pore pressures increase, the difference between the movement of the sand layer and that of
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the pile foundation model increases gradually. This would mean that the capability of the

sand layer to support the pile foundation model is decreasing with decrease in the effective

stress in sand layer (which corresponds to increases in excessive pore water pressure).

As seen in Fig8. 3 through 11, liquefied parts in the sand layer expand from the surface

toward the bottom. Therefore, the free length of the pile foundation model which are not

supported by the surrounding sand layer increased with increase in excessive pore pressure

in the sand layer. Thi8 means that the natural frequency of the pile foundation in the

sand layer, which is defined as f p ' decreased with increase in the free length of pile

foundation.

Then, it would be beneficial to examine the response of the pile foundation model

from the viewpoint of structural dynamics. First, let's suppose a sinqle-degree-of

freedom Vibrating Eystem which corresponds to the pile foundation model in the sand layer.

The maximum value of the response ratio 6p - 3.6 of the pile foundation model. which took

place at the elapsed time of 10 seconds, could be regarded as that of the v1brating system

which reaonates to the sinusoidal input motion With the frequency of f
i

• 12 Hz. Then,

the apparent damping ratio (h) of the vibrating system could be derived as.

h -;;- __1__ 'lr 14
2x3.6 O. (3)

In Fig. 12 shown are the response curve of the equivalent single degree-ot-freedom

vibrating system with the ddmping of 0.14 and are the phase relation between the input

force and the motion of the system. Using this response curve, the apparent natural

frequency of the pile foundation model embedded in the sand layer fp • in the case of Test

I was obtained as follows. It could be supposed that the natural frequency of the pile

foundation embedded in non-liquefied sand layer at the strain of around 10-
4

is similar to

the natural frequency of the sand layer, that is, f g - 18 HZ in the case of Test 1.

Therefore, just after the beginning of shaking the natural frequency of the pile foundation

embedded in the sand layer, f p• would be around 18 Hz. This means then fi/fp. (-12/18)<1.0.

Therefore, the approximate value of fi/f p• at the elapsed time of t-S.O seconds can be

obtained from the intersection point bet_en Bp - 2.1 (B
p

at t - 8.0 seconds ) and the

responae curve tor fi/fp • < 1.0. By the same procedure, the values of fi/fp. were obtained

for the following elapsed time t - 10.0, 10.B, 11.3, 12.2 seconds as shown in Fig. 12. It

is seen from this figure that the ratio of the frequency of input motion to the natural

frequency of the pile foundation model embedded in the sand layer, fi/fp.' increased with

time and eventually approached the value in the case of the pile foundation model submerged

in vater, fi/fp - 12/3.8 - 3.2.

th~ increase of fi/fp• means the

relation ~ between the motion at

Since the value of f
i

was kept constant as l.2 HZ,

decrease of f p·' Also shown in Fig. 12 is the phase

the bottom of the top mass and the motion at the base.

In this figure, the values of ~ were obtained from Fig. 11 and the values of fi/fp. were

obtained from the procedure described above. The general coincidence of the measured

phase relation with that of the sinqle-degree-of-freedom vibrating system with damping

ratio h • 0.14 means that the variation of the response of the pile foundation, 6 , in
p
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liqu_fy:-nq sand layer was caused by the variation of the apparent natural frequ.,.,-::y of the

pile foundation \"Odel in the sand layer, f p*.
Aa • next step, the effects of the response of the sand layer on the response of the

pUB foundation lIIOdel should be tali:en Into account, because the response of sand layer

varied in the cou.se of liquefaction a. shown in Figs. 3 thorugh 11. In the case of the

pile fcundation with. very small rigidity, the response of this pile foundation would be

completely affected by the response of the sand layer before effective stress in the sand

reduce. to zero. On the other hand, this effect would be rather small in the case of the

pile foundation with a relatively large r.qidity. This would be the cases of these tests

(Tests 1 u, 5). For example, in the case of Test 1, the maximum response ratio of the

pile foundation S . is about 3.6 at t - 10 seconds and at this moment the response ratio
p

of the sand layer near the surface was about 1. 9 which is less than 3.6 (-BpI. This lIlE'ans

that the large response of the pile foundation model at t • 10 seconds was caused mainly

by the re~nance of the pile fourdacion model embedded in the sand, as illustrated in Fig.

12.

A Su!!!!y of Model T~.t. of Pile Foundation Tests

A s~y of the whole test results in Fig. 13 shows the relationship between the

re.pon._ ratio. (BpI of the pile foundation models and the ratios (fi/fpl of frequencies

of input ~tion. to the natural frequencies of the pile foundation models submerged in

water. This fiqure indicates clearly that a comparative relation among the frequencies of

input ~tions f
i

, the natural frequen~ies of the pile foundation models submerged in water

(fpl and the initial natural frequencies of the sand layer (fg ) is fundamental in determining

the dynamic behavior of the pile foundation models in liquefyin9 sand layer. Since all of

the t ••ts shown in Fig. 13 arJ the cases where f g is larger than f
i

or f;" these tests can

be divided into the following three graul's:

(al f
g

> f
i

> t p (Tests 1 to 3): In these tests, the response ratios of the pile

foundation models, B
p

' are small at the begi~inq of shaking as indicated by hollow squares

in Fig. 13, and as the sand layer begins to liquefy, Bp starts to increase, reaching its

maxiaum value as indicated by black triangles. At this moment, the sand layer has not

liquefied completely. And following this moment. Sp begins to decrease and eventually Sp

becomes a small value as indicated by hollow circles in F~g. 13. These small values of Sp

corre.pon~ well to those of the re3ponse ratios of the pile foundation models submerged in

water. The phellClllenon described above could tali:e place in the prototype as one of the

worst ca.... Therefore, the maximUM value of B
p

in the course of liquefaction in sand

deposit. should be estimated acc~rately in the case of the prototype so that this phenomenon

can be tali:en into account in aseismic design of pile foundations.

(b) f
g

> f
i

• f
p

(Test 41: In this test, B
p

simply increases from the beginning of

shalting to the .tat.. of tlle liquefaction in the entire sand layer. The eventual response

ratio in the ~ompletely liquefi~ sand layer is as large as the value at the resonance of

the pile foundAtion model s~rged in water. If there could be such a case where f
i

- f
p

in the prototype, severe damages could take place, because the response might become quite

large.
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(c) f > f > f
i

(Test 5). In this te.t, the tendency of the variation of 6 18
q P P

.laUar to that of Te.t 4. Hovever, unlike in Te.t 4, the eventual value of 6 in the
p

c~letely liquefied sand layer i. r.ther small, because the response ratio of the pile

foundation model .ubmerged in vater i. small due to the f.ct that the value of fi/f
p

is

llue:h le.s than 1. O. In this cas., the damaqe to the pUe foundation would be minor.

However, thi. ca.. would be unlikely to exist in the prototype, because the value of fp
would be ..-ller than f

i
in most cases in the prototype.

SlMPLlPIED PROCEDURES IN EVALUATING LIQUEFACTION POTENTIAL

Pr~ent Stetus

In the specifications for Earthquake Resistant Design of Highway Bridges (Japan ROad

Association - 1971). a .pecial attention i. given to the design of highway bridges con

strue:ted in sandy layer. vulnerable to liquefaction during earthquakes and in very soft

cohe.ive layer.. The bearing capacities of these layers are neglected in the design. in

order to a••ure high earthquake resi.tance of structures built in these l.yers. An .rticle

"S-ndy Soil Layer. Vulnerable to Liquefaction" st.tes: saturated sandy soil layers which

are within 10 meter. below the actual qround surface. have a standard penetration test N

v.l.... Ie•• than 10. have a coefficient of uniformity less than 6, and also have a D
20

-value

of the grain .iae accumulation curve between 0.04 mm and 0.5 mm. shall have a high potential

for liquefaction during earthquake.. Bearing capa.::ities of these layers sh.ll be neglected

in ded'ln.

Saturated ..ndy ~1l byers which have a D
20

-value between 0.004 and 0.04 nil or

between 0.5 and 1.2 .. may liquefy during earthquake•• and shall be given an attention.

E.timation ~ the ca.e .hall be made in accordance with the available information on

liquefaction probl....

When a .pqcial investigation is performed, the above article may not be required to

":>Ply.

~ .• the other han4. lt i. well known that .tandard penetration N-values may vary

consid.rably due to the ••riation of the qrain size of 3and deposits. For example. it is

a 'leneral tendency that in so-called alluvial .andy deposits, N-values are considerably

large fo~ qr.v.lly .and depo.its and are qu1te ....11 for silty sand deposits. Therefore.

1t can be e.s1ly .uppo.ed that N-value. do not hold a constant value even for the caser

where the dynamic .hear .trength. are constant. The diffecence of N-values 1n the two

c•••• would be cau.ed by the other soil properties such as the grain size rather t~ the

drna-ic shear strenqth.. Accordingly. if an identical critical N-value, say 10. i. applied

to all type. of sand deposit. in .valuting liquefaction potential. this critical N-value

may be too ...11 for gravelly sand depo.its and may be too large for .ilty .and deposits.

For th••• reason•• it is .pecified in the above-mentioned .pecification. that the uniformity

coefficient U
c

and D
20

-value .hould be taken into account in the evaluation of liquefaction

potential in addition to the N-value. However. it has become clear recently that there is

no evidence that the uc-values of sand. have a definite relation to liquefaction potential.

Furthermore. it .e@m. that the D20-value specified in the above-.entioned specifications
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are not always proper as an index representing grain size for the evaluation of liquefaction

potential.

For the•• reasons. the present study discusses the relationship among standard pene

tration N-valu•• , grain .ize di.tribution characteristics and dynami~ shear strengths

which were obtained from dynamic triaxial t.sts on undisturbed sandy SamPles. It was

found from the r.lationship that the critical N-value in the evaluation of liquefaction

potential could be small.r for sand d.posits with small gra~n sizes.

Dynamic Triaxial Tests on Undisturbed Sandy S~

Sampling of undi.trubed sand samples and standard penetrati~n tests were performed at

two sit.s, il Ak.bono - Tatsumi Site and ii) Haneda Site. Both sites are along the Bay of

Tokyo. "typical boring 109 at l'lkebono-TatsUllli Site is shown in Fig. 32. Undistrubed

samples were secured by a reformed Bishop sampler in which the inner diameter of the

.&mFler is 5.4 em and the length of the sampler is 65.0 em. Sand samples with low contents

of fin. soil. were froz.n at site by dry ic. to .void disturbances which may be caused

during the tran.portation frOlll the site to the laboratory for testing. Silt samples were

not frozen to avoid the disturbance due to volume expansion caused by freezing. Figs. 15

through 18 show typical grain size analysis curves. Almost all sand samples s~cured are

fine sands with D
SO

le.s than n.3 mm and with high contents of fine soils less than 0.074_.
Dynamic triaxial tests were conducted on samples with the diameter of 5.0 em and the

height of 10.0 em. "pplied isotropical effective confining pressures were equal to insitu

effective ov.rburden pressur.s and enough back pressures were applied to malte the Sltelllpton's

B-value larger than 0.96 (Fig. 191. Figs. 20 and 21 show typical test results which

de.cribs the r.lationship between the applied stress ratio &nd the number of repetitions

in both c•••• of Imdi.turbed samples and disturbed samples. Disturbed samples were made

by pouring complet.ly disturbed d.-aired .aturated soils which were made frOlll undisturbed

sample. into a mold. It is seen from this figure that the strength of disturbed samples

is smaller than tho.e of undi.turbed SamPles for the same density. In thi. study, the

dynamic shear strength in dynamic triaxial tests wao def1nea a~

[
°d

°d
the stress ratio (~l when the silllple _li'_ ]

RR, - (~l~ of llXial strain tJ.E (S'" becomes 3\. at the nUlllber (+)
a

c of repetitions.

The value of R. .ere read off from the relationship between 0d I (2C') lU1d the nUlllbeO' of
.. p c

r.petition~. Fig. 22 indicates a relation.hip betwe.n d~ic shear strength of undi.turbed

sampl•• and that of di.turbed samples (obtained from Figs. 20 and 211.

Dynaaic Shear Str.ngth ('/O~'l Comparabl. With Dynamic Shear Stress Ratio (T/Ovle

DynAmic .hear .tre•• ratio (,/0v.l e which are induc.d in grounds by earthquake IIlOtion.

were defined a. the maxilllum shear .er... ratio in the computed tt.e history of .h.ar

.ere.s ratio T/o
v

' at the depth of inter••t. Earthquake response analysis of grounds were

perforDed by the wave propaq.tion theory with the equivalent lin.arization method with

lV-125



re.pect to detormation properti•• of .oil.. In this .tudy, underground acceleration recorda

vere used a. input base -etiona. The maxiaua acceleration in the computation. wa. tak~ as

150 gals at the ba.. (a.s~d at the CSepth of 127 m).

In evaluatinq liquefaction potential, the dynamic shear strength should be compared

with the CSynamic .hear stre.. ratio due to earthquake motions (See Fig. 14). In thb pro

cedure, to obtain the CSynamic shear strenqth (T/av"! which is c:ompareCS with the cOlllputed

dynamic atres. (T/Ov')e' some corrections should be made on the dynamic shear strength R!,

which are obtained trom CSynamic triaxial tests. These corrections are ~xpressed as,

(i) Cl , Thi~ is the correction factor for confining pressure. In this study, the insitu

earth press~re at rest, ~o' was estimated to be around 0.5 In this ca.e, the effective

mean principal stress in the insitu stress condition becomes (1 + 2 1(0) • av ,/3 where av '

is the effective overburden pressure. On the other hand, !he effective mean principal

1 + 21<0 2
Cl • --3---"3

stress in dynamic triaxial teats is 0v' as abown in Fig. 19. As ~ ... was shown by Ishihara

and Li (1972) that dynamic shear strength of 5amp1es under stress conditions with different

1<0 val~e8 should be evaluated for the same effective mean principal stress, the correction

factor C1 becomes,

(ii) C2 , This is the correction factor for wave form of load~ng. While actual ecrthquake

motions are random with res~t to time, the loading wave forms used in dynamic triaxial

tests were 8inueoidal with constant amplitudes. According to Ishihara and Yasuda (1972).

the value of C
2

ranges from 1/0.55 to 1/0.7, ~n which C
2

has a larger value for a shock-

type earthquake motion and has a .maller value for a vibration type C' In this study, a

moderate value equal to 1. 5 was adopted.

(iii) C
3

' This is the correction factor for the effect of disturbance which ar~ inevit

able in the processes of sampling, freezing, transportation and testing procedures in

dynamic triaxial tests. It can be supposed that the dynamic shear strength of soils may

decrea.. due to these disturbances. Fig. 22 shows the relationship between the values of

Rt of undllturbed aamples defined by Eq. (4) and those of coJll>letely disturbed slllllpl... It

is clearly seen from this figure that the difference between two values is too large to be

neglected. Therefore, it Beems that the value of C3 should be larger than 1.0. Hovever,

at present, the precise value of C3 can not be evaluated.

(iv) C
4

, This is the correction factor for the effect of the densitication, which are

also inevitable durinq the above-mentioned operations. In fact, same densificationa vere

obaerved in aaJIIPles. As denser sand s.-ples have larger dynamic shear strength., C4 can

be, in gener·!, le.s than 1.0. Considering tl.~t denaificationa of samples are caused by

di.turbances during operations, it wa. e.timated in this study that C3 • C4 - l.r.

(v) cs' Thi. is the correction factor for cOlllpenaatinq the effect. of <!~:·.ction. ofaxci

tation. AlthougH the precise value of C
5

can not be evaluated, Mre it i. a.a~d that

Cs - 1.0.
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Eventually, the peoduct of all the correction factoe. bee.. about 1.0. Theretoee,

in thie .tudy the dy~ic .hellr .trenqth _re obtained a.

(1)

To e4ItUlete the value of 11/ov') 1 at the point wi.l.'re only the N-value. or both the N

value. and other .oil properties .uch a. mean grain .ize and content. of fine aoil. were

obtained but no undiaturbed .ampl.a vere .vailabl~, the r.lationahip among (1/0v')t-value.,

N-valu•• and 8Oi1 property par...ter. ahould be e.tahli.hed. In thia st~~y, it vaE auppo.ed

that It/Ov') t-values can be repre..nted a.

(8)

in which N mean. the .tandard penetration test N-value, S denotes the content of fine soils

« 74~) in percentage and 050 denotes the mean grain .ize in mm. As a great deal of dynamic

triaxial te.t. on clean a.nda have been conducted at various laboratories, it i. neces.ary

to ••tablbh the method of .valuation of clean sand depositll all the fir.t step. For this

purpo4Ie, insitu relative density shOuld be evaluated. Aa.,. indirect method, Meyerhof (1957)

proposed the folla.ing equation:

D • 21
r

1__"_
° , + 0.7v

(9)

where ° i. relative den.ity in percentage, N ia the .tandard penetra .iol1 N-value aJKI a
v

' is
r 2

the effective overburden ser.s. in ~g/cm This equation vas proposed on the ~sis of the

t ••t re.ults on clean ..nd. by Gibbs and Holtz (1957). Fig•• 23 and 24 nor.""sent the COIIl

parisen bet_n the relative dandty obtained from eq. (9) and that obtainlic' directly by

Dr • (e.ax-e)1t-.JC-ellin )where the values of void ratio e were obtained trOlll ·.andiaturbed .and

• .-ple. by a reto~ Bi.hOp .-.pler. Theae • .-plings wero pertoc.ed at ~wagiahi-cho,

NUgau Cit)' by the Japane•• SOCiety of So11 Mechanics and Foundation Engineerinq (1976).

'1'he values of e.ax and a
llin

were obtained on OOIIlPletely di.turbed dr-dry s4lllple.. These

figure. indicate thet the value of the relative denaity Dr obtained by eq. (91 1. at.oet

identical with that obtained directly by Dr • (eaax-e)/(e.ax-eain)' Fig. 25 .howe the rele

tion.hip bee-en the d~ic shear .trel\9th fraa d~c triaxial t ••ta on clean eanda with

no tine eoila le.s than 0.074 .. and the relative densitie. Dr· (emax-a)/le.ax-ea1n)' These

tasts ware conducted at various laboratories a. l18ted in Table 2. The averaqel relation

ship a-l1\9 data plota in Fig. 25 can be represented by

R... 0.0042 Dr (10)

where Dr danote. le.ax-e) I (e.ex-eain) in percentage. If there is not a larg8 difterence

between the .trength of en undisturbed clean .and and that of • COIIFletely di.turbed clean

sand, the 4~c .hear .trenqth (T/O'V')" can be e.tiaated bY the following procedure,
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(N.Oy ') -+ Dr • 21 ;;:=+o~ (eq. (9) -+ Rt • 0.0042 Dr (eq. 10))
y

ill)

Fig. 26 shows the relationship between (T/O .,)~ obtainted by dynamic triaxial tests on

undisturbed samples which were conducted in this'studY and the value of 0 • 21"~-: + 0.1).r v
It can be clearly seen that the (1/0,.)~-Or relationship of silty find sands .which were

~eated in this atudy is quite different from the aver~ge (T/Ov.)~-Dr relationship of clean

sands. Therefore. it seems that the direct appli~ut~~n of eq. (11) to this case gives con

siderably under-estimated values of ('/Ov')g'

EstiJDation of (./llv.J t - Values at Akebono-TatsUll\i Site

The values of (T/Ov')t at the site of Akebono-Tatsumi ~re estiD~ted by the followinry

procedure. because it was found that eq. (11) could not :Je applied directly to this case.

(a) (T/Ov')t-values were obtained as (T/ov"t - ~t at the points where undisturbed samples

were obtained and the values of R
t

were obtalned by dynamic triaxial teRts.

(b) (TlOv')t-values at the points where only N-values were measured and no other information

1s available were estimated as fol1aws:

I N
° . +v

0.1 (eq. (9»

Rt • 0.21 + 0.0021 • Dr (13)

Eq. (13) represents the average relationship of the test data from this study and the

average relationship is shown in Fig. 26.

Ie) (t/ov')t-va1ues at the ~ints where N-va1ues and grain size analy.is ~ur~. of the

sa.ples were obtained were estimated as follows. First, it was supposed that the rea~n

why the (T/Ov.)t-valuea of sand. tested in this study are larger thAn those of clean sand.

for the same value of 0 • 21~/(O • + 0.1) is that sands tested in this study are finer v
~. and include fine soil. le.s than 0.014 .. to some extent. Therefore. DRt waa defined

a. th,· difference in the dyrlUlic ahear strength (t/ov ') t • Rtfor the same value of Dr

betveon the value of the data obtained in this study and the average value of clean .anda.

This definition is illustrated in Fig. 21. ~s almolt all of the samples tested in thia

study were fine BandS where the Man grain aize 0
50

were les. thAn 0.3 .., only the

correlation between the DRt-value and the content of fine soil. were e~ined aa shoWn

in Fig. 28. While there i. a vide scattering in the plots. it may be aeen from this fiqure

that DRt-v.lues increa.e with increaa. in the content of fine soU. (5). This relationship

_y be expre.sed as.

D(t/Ov')t • DRt • 0.00225 ~ 0.00155 ~ 0.175
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Therefore, the (T/ov ') t-values in this case were estimated as follaw,.

(T/Ov') t - {(T/ov ') t ':>y eq. (11)} + {D(r!llv') t by eq. (14)} (l5)

Comparison Between (T/llv')e and (T/llv')t at Akebono-Tatsumi Site

Firstly, the criti~al N-value • 10 specified in the specifications for the Earthquake

Resistant Design of Highway Bridges were evaluated as foliows. In Fig. 30 shown is the

value of (T/Ov,l
e

which was calculated for a point at Akebo~o-Tatsumi site. In this calcula

tion, the maximum acceleration at the base was taken as 150 gals ar~ four different earth

quake motions recorded at the depth of 127 m near this site were utilized. Also shown in

tnis figure are the values of (T/Ov ')! Which were obtained from eq. (11) on the assumption

that the N-values at this site were 10 irrespective of depth and the sands in this point were

cl~an. Therefore, the dynamic shear strp.ngth Rt of these sands can be obtained from eq. (10).

It can be seen from Fig. 30 that the value of IT/Ov')t obtained as above are almost

identical to the value of (T/Ov')e for the entire depth of interest. Therefore, it was

evaluated that the critical N-value of 10 is a proper value for clean sand deposits with the

v,lue of (T/av')e which were estimated in this study.

~econdly, the values of (T/Ov')t obtained by eq. (11) using the measured N-values and

0v' were compared with the calculated values of (T/av')e as shown in Fig. 31. It can be

seen from this figure that the overa~l values of (T/OV')t are less than those of (T/Ov')e'

This means that this deposit may liquefy during severe earthquake motions. However, as eq.

(11) is based on the test results on clean sands, this conclusion may not be proper.

Therefore, (T/av')t-val~~s were estimated by the three methods (a), (b) and (e) pre

sented earlier. In Fig. 32, black squares represent; the (T/ov')t-values obtained by the

method (a), hollow circles and triangle circles represent the (T/Ov')t-values obtained by the

method (b) and horizontal lines represent the ranges of (T/ov,)t-val~e obtained by the

IIlethod (c). And the hatched zone shows the elitimated range of ('/Ov')t' It can be seen

from this figure that the estimated values of (T/Ov')t are, in general, larger than the

estllllllted values of (t/O ,) . This conclusion is rather different from that which can be
v e

derived frrym Fig. 31. This means that when the liquefaction potential of sand deposits are

evaluated on the b4sis of dynamic t%iaxial tests, these tests snculd be conducted on undis

turbed s~les if these samples include much fine soils.

An additional survey was performed at the Haneda site. The data obtained from this

survey were added to those of the Akebono-Tatsumi site as shown in Figs. 33 and 34. In these

figures, data with letters A mean~ those of the Akebono-Tatsumi site. It is seen from

these figures that the general t,end is almost similarfor both sites.

The Critical N-values Based on PYrLmic Triaxial ~sts on Undisturbed Sand S!!fles

Fig. 33 shows the relationsM.1

Rt and the relative density Dr - 21

effective overburden pressures 0v"

were determined for fine sands with

between the dynamic shear strength of undisturbed samples

/ N/Ov ' + 0.7 obtained by using N-values and inllitu

On the basis of this relationship, the critical N-valu••

~ifferent content of tine soils as follows. It should

be noted that the almost mean grain di_t,er Dr;o of sands tested are less than 0.3 _.
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Therefore, the following discussions can be applied only for sands with D50 les8 than 0.3mm.

While there is a large s~atter in the data shown in Fiq. 34, the average relationship of

these pl~ts can be reprp.8ented conservatively as:

DRR. • 0.00355 (6)

where 5 denotes tl'd content of fine soils in percentage. The value of R
l

is repres~nted

as:

Rl - 0.0042 x 21 I 0 , : 0.7 + 0.0035 S
v

• 0.0882 !=N
O

-
7

+ 0.0035 5
(lv' + .

(17)

To obtain the relationship in fine sands with D50 less than 0.3 mm between the critical

N-value for the evaluation of liquefaction potential and the content of fine soils, the

critical N-value of 10 was selected as the value for clean sand deposits with crv ' - 0.5

k9/cm2 . This value was evaLuated from the above-mentioned specifications. In the specifi

cations, it is specified that saturated sandy soil layers within 10 m of the actual ground

surface and with a standard penetration test N-value less than 10 may be vulnerable to

liquefaction. Therefore, as the mean value of crv ' for this sandy soil layer, 0.5 kg/cm
2

was selected. If this critical N-value of 10 can be applied to clean sand deposits like

those at Niigata City, the standard value of R.I.' Rto , can be obtained by substituting

N-lO, crv ' - 0.5 and 5-0 into eq. (17) as

Rio • 0.255 (18)

Next, by substituting R.I.- 0.255 and 0v' - 0.5 into eq. (17), the relationship between

the critical N-value for sands includJ.ng fine soils and the content of fine soils Scan

be expressed as:

N • 0.00189 (72.9 _ 5)2 (19)

From eq. (19), the critical N-values for various values of S can be obtained as,

N 10 for S - 0\,

N - 7.5

N - 5.3

N • 3.5

N - 2.0

for

for

for

for

5 • 10',

s - 20',
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From these values, the design critical N-values for sand deposits vhose DSO-values are less

than 0.3 .. can be tentatively proposed as,

N • 10

N· 7

N • S

N • 3

f01'

for

for

for

s
S

5

10 - 20".

20 - 40\ and

40 - 60'.

Since these values vere obtained frnm the small number of field data. more research

is necessary. Therefore, the critical N-values recommended for design purposes should be

determined after more field data are accumulated.

CONCLUSIONS

Dynamic behavior of pile foundations in liquefying soil deposits is considered to be

one of soil-structure interaction problems during earthquakes. As this problem is very

c~licated. only qualitative results can be derivet. from the experimental tests conducted

in til ~s study. The fo11""ing remarks can be made.

(ll Since liquefaction phenomena progress with respect to time and vith respect to

space, the effects of liquefied sands on the piles vary as functions of time and sapce .

• t can be normally recognized that the response of a pile foundation with a normal rigidity

is _11 during earthquakes before liqud'3ction initiates. The response increases abruptly

after liquefaction begins, and decreases vhen complete liquefaction takes place. During

the complete liquefaction, soils behave as heavy liquid, and piles are subjected to hydro

dynamic pressures due to the liquefied soils.

(2) The relationship among the natural frequency of th, pile foundation supported by

the surrounding soil deposits before liquefaction initiates. the natural frequency of the

pile foundation submerged in completely liqu@fied soils and the predominant frequency of

input motion is th. most tmportant factor. Dynamic behavior of pile foundations in the

course of liquefaction of sand layers vill be considerably affected by this relationship.

(3) Whi.e the complete liquefaction continues, the soil-pile foundation system behave

as a subMerged structur@. Since it& natural frequency becomes smaller. it may resonate

when subjected to seismic motion with longer periods. Accordingly it vill be important to

•••ess the components of longer periods involved in induced seismic motions.

For simplified procedure in evaluatin? liquefaction potential, critical N-values are

proposed on the basis of dynamic triaxial tests on undisturbed samples and the standard

penetration t.sts.

While additional research works are necessary. the tentatively proposed critical

N-values for sands whoae DSO-values are less than 0.3 ., are.

N· 10 for the content of fine soils 5 • 0 to 10\,

N • 7 for S 10 - 20'.

N • S for S • 20 - 40\.

N • 3 for S • 40 - 60'.

IV-131



The studies described in this paper were greatly assisted by Messrs. Susumu Yasuda,

Makoto Hirose. Seilchi Yoshida, MAsahide Ikemoto, Yoshio Sakaba and Hironobu Noma. Their

experimental works are especially appreciated.

The field 11011 surveys at the Akebono-Tataumi Bite and Haneda site _re conducted by

KAwasaki lIational Road Construction Office, Kanto Regional Bureau, Ministry of Construction,

with a cooperation of the Public Works Research Institute. Mr. Koji Miyata, Director of

Kavasaxi lIational Road Construction Office gave the authors an invaluable opportunity to

investigate insitu dyanmic soil properties with emphasis on liquefaction potential. The

authors express their cordial appreciation to him and the staff members at the above office.

~RENCES

Gibbs, H. J., and Holtz, W. G., (1957), "Research on Determini~g the Density of Sands by

Spoon Penetration Tests, .. Proc. of 4th lCSMFE. London, Vol. 1.

Ishihara, K., and Li, 5., (1972), "Liquefaction of Saturated S~d in Triaxial Torsion Test,"

Soils and Foundations, Vol. 12, No.2, June.

Ishihara, K., and Yasuda, S., (1972), "Sand Liquefaction Due to Irregular Excitation,"

Soils and Foundations, Vol. 12, No.4., Dec.

Ishihara, K., and Matsumoto, K. (1975), "Bearing capacity of Saturated Sand Deposits

During Vibration," Proc. of the 4th Japan Earthquake Engineering Symposium. 1975.

Iwasaki, T. (1973). "Earthquake-Resistant Design of Bridges in Japan," Bulletin of Public

Works Research Institute, No. 29.

Ivasaki, T., Tatsuoka, r., and Y. Sakabe (1976), "A Shaking Table Test on Dynamic Behaviors

of Model Pile Foundat~ons Embedded in Sand Layers," Proc. of 14th Annual Meeting of

Earthquake Engineering. JSCE (in Japanese) •

Japan Road Association (1971), "The Specifications for Earthquake Resistant Design

of highway Bridges."

Kachadoorian, R. (19681. "Effects of the Earthquake of March 27, 1964, on the Alaska

Highway System," ~ical Survey Professional Paper 545-C, U.S. Department of

the Inter ior •

Kuribayashi, E., and Tatsuoka. F. (1975), "Brief Review of Liquefaction During Earthqualtes

in Japan," Soils and Foundations, Vol. 15, No.4., Dec.

Meyerhof, G. G., (1957), "Discussion of Gibbs and Holtz Ppaer," Proe. of 4th ICSMFE,

London, Vol. III.

Shikamori, M., Sate, Y., and Hakuno, M. (1973), "Effects of Noncomp1ete Liquefaction of

Soils on I!IIIbedded Structures," Proc. of Annual Meetinq of JSCE (in Japanese).

Yoshida, T., and Uematsu, M. (1973), "A Model Test of Piles in Liquefying Sand," Proc. of

Annual Meetine; of JSCE (in .Japanese).

Yoshimi, Y. and Toki.lllatsu, T. (1975), "Liquefaction of Sand Deposits during Earthquakes Near

Structures," Pro". 0;: 4th Japan Earthquake Engineerinq SyIIlpOsiUIII, 1975 (in Japanese).

Youd, T. L., and Hoose, S. N. (1975), "Liquefaction During 1906 San Franciaco Earthquake,"

Journal of the Geotechnical Division, ASCE, Vol. 102, No. GTS.

IV-132



I) lrum. S.nd (G s ·2.68. rlso·a.52mi'ltt l'e·I. S). e max -O.9J, l"T"ln-O.bf>,'

!) l(\\'ol.ril Sand (('5·).64. n~O·O.l6rftl. t'(·1.4~, e".,tlX-O.96. e.mln-O.f'I"J

3) Rt."lat lV. O.nSlty

4) Each Pll. is madf' of aluminum bare; .... 1th 7(krn in l .. n~,th .lnd :1.'11\ in dia",.. tpr

':I) ~.tur,al fr.queT'c ..... -.,1 ri)(· FClund.at ion lr I.attr

b I FU'qUl"llCy or Input Hnr ion

1) Alnpl1tude of I!!iIst' Accpl"I'C1t ion ht-f"'rf' Pf>rfen littufifanlC1!"l

8) [~\.imat~d f',;alural Frt>qut"nc\, 01 ~;()n"'liquf'flf'rl Sall~ LdVt'T (,"10- 4
,1

Table 1. List of Test Cases

S~

r
...

AI.,
I

52
~

t
~

~

~
I'

I ~

16[""_

21 ef" 4 4-. l.!~
___ ~ ~O"·~

16 cm

A7

•
~

I

! 10{: mon

~ '-P'~~~~-T---!-Ato~"''''''--~''::~ ~~~-.-_~-_=:~-L _
~ !
o Iil

J., OJ -+

os

r

Il,O£ farlllprU),jlf (fl')

.0. P Por,pfnl~'e ttll..,

o

~ ., ~
I ~ ~oSoodl
~ b-__....Ll:.''-'':::I---1_-''--.......I-__....L -6"..

126 (n'

Fig. I Test Arrangements {or Test 1

lV-B3



,'......., II, r#rl ,,~-
_ " -

,- .~~\~' ::::~~:
_ L.rt.,. Il •

.. "
l? J;

"
:;;

'1<

'.'.' {E]~,:; o 0

.!..i.i...i,;

Fig. Z Te It Ar rangement s fo r Te st Z

acC(Ll1t111Qlll..
s.a1llO LI'11

(I(U.. :wl.....
"IU~_

I
&(Lh.(Ul"::' \ XJO..

•~~ ~~WfoNNl."NI.JIWNWN"''''~------''''

i .....

"

i ' '''.....
11111";0- II "'lllll llftIWNWNW#MMMN-------...,"'1 _.... IrtNYWoNvl'f'lJVYrn,,,

• .. ----Ill-~--------- --.- ---,.~

Fig. 3
lL""SED '. I Kr I

Typical Teat Records (Telt 1) (See Fig. 1)

IV-134



---l-----~------------ _
".or '1".,,',a.~:M

I .. l'''' , !'or.. ',,,,,r. '~'.",J .• ,.

" 'C

Fig. 4 TypictJ Te.t Record. (Te.t 2) (See Fill.. 2.\

,.... ,_,,11"'•••1 5"1"'11'

I i
,', 1'1 .."1.( ....."' to ...." " lo.. ow••

'He... " "" "","" ....... ; 0--....-......---1t-,-
i ~~~----r- - -, - --+ ~.----+---

lH .... I,Wf' "", .. r' ........ ,~ ...r.d ~.,.,=+==I=. ----+1--1--
, i _-' (I I -+. =+ ----+-- t I .

~"'r r~t' ••urt l~ ..,.r>4 I.> •• "\ I i I

......

==t==--4 .- --4--4=
....._*--.Ir-7';;;-....,.~--=-! ......-~--;;'r-~.---:..-----!.-----··---.:.-·_-; ....=-:--;..oh.,.-~

Fig. S Typical Te.t Record. (Te.t 4) (See Fig. Zl

1"-135



.. .'

DD);--"'~~--IIl~--Jl)=--"'--;:;----t.

lDl�l,r--------------,

- S ...

..

Fig. 6 Amplitudes of Recorded Quantities (Test 1)

lV-US



i
10

I~.II SAl
ft/er'

.......... II ,." .... '

lD 0 O~ ID 01.0o

10 •

\
I

to
!

// '
~ .

E......
tttNjMCI

11•..- CO",
" ,... '0"""'"......

G fJ. & 11I1/1aal
O.II~---:2~---=---"":'O~--:20J:,----f50'---....,J,OO

0.2

0.

I,' 12MI.~.., ., ••", IHI_

fll~Qij(ll'Y • I IMI I

Fig. 7 Variation of Response of Pile Foundation i:1 the
course of Liquefaction of Sand Layer (Test I)

IV-137



0.1 ~1--~2------=---"""""IO:------"2""'0---'""'~~--IOO

1,0 20
Iolll"'si

"#g

o to 20 0
Pd(SA)19.trn I

o
UI U,.O.

A1

o

]
entire liquefaction,
partial liquefaction

®-- ---

Response at

Response at

Response before liquefactlon

I
Re,pon,e curve of pile foundation in air

~
n

"\.-11
II

II
I I
, I
, I

: I,,,,
I,

1

Test

Response
curve
of pi Ie
foundation
in ,,'ater

10

Q2

Estimated resDon~e
curve of sand' I
layer befoTe I

0.5 I iquefact ion \
I,
I,,
1
I
I,

]

o

"or.

"o
=-
'"'"'"

Frequency, f (Hz)

Fig. 8 Variation of Response of Pile FoundatiOn in the
course of Liquefaction of Sand Layer lTest Z)

:""-138



50 I

20
,--

10

c:o.o.... 5
PI

J ,-

0.5 10 ,~

rig: ICJ 1no 81

24 HI,"---- ---

j

/~

Response curve of
pile fo~ndation in

,e": ",ater f.,,
.\

\~A2
\,
f
A3~,,

...

10 HI

r

, 0 D')
utUmQI

2

o....
<II:

lJ
III

~
III..

<II:

05
Estimated response
curve of sand layer
before liquefaction

Response at entir
liquefact ion

Res~onse at partia
11 que fact ion

~~;;>onse before
I iquefact ion

0.2

Test 4

0, 1L.l--~2-----:-5----'IO':-----'2:-':0'----~5~O---I..JOO

Frequency f (Hz)

Fig. 9 Variation of Response of Pile Founti,tion in the
course of Liquefaction of Sand Layer (Telt 4)

IV-139



50,-----------------------,

20 14 HI

r-

10
Response curve of pile
foundation in water

1\3 -A~
\{ .:

....... I
J

o.~ :.0
;6'lf I0.1/ la .'

Response at entire liquefaction

Response at partial liquefaction

Response before liquefaction{~

[J [ :-r-----
PI ", El I

f3 \ \
). E2~ \ I

~U-o 0 to 0 2 4

U/Urnol !Pd I (g/cm1)

Estimated response curve
of sand layer before liquefaction

2

0.5

02

Test S

o1~1------;-2----t5-----:1J..;:0---::2-!=O---~5;":O:---~IOO

Frequency f (hz)

Fig. 10 Variation of Response of Pile Foundahon in the
course of Liquefaction of Sand Layer (Test 5)

lV-140



~ .... __ .. "'l •• ,.'c.·._._,"._,

'I.

"'~'

........ I' 'lef"

I .r'TJ~~a't' :: ':, ....
J " _

/.. .
".4-- -

t. I •• H". "".... •••• ~I -.', , .••, ..

II'

Ci~

,OJ

-"1.

~ II, '.".'

1 .. II ~"t

~.~"." ~~:'~'~:"'''' .. " '~ I '. :::.~; ::./' ,..

'~,' 19 " .
, c

• II:.

,,\~"" ::\' ;': " :'.,,,.
•x ,,!'''' I I, "" ".' ,., ••.•• '

. Ib' , ..

_~_-o- _--0.-..-__

,e : I, -., C :

\.'

,"
I. l() I IIC

lCII,r1-

."

.i(~~

o " ,.It"

O· ."a._

'I'
'-lOMe

I
.~

I III I ..e

""f"--,
"I

~(::~
]'(0 :

-"-'~, :
, c

y'

·'::5] ..1"
--c~ '0 c- 0 ~o

'\ ~ \.,>

o. ,~, 0..

"f
/-

: [ i4"1 !

>c.

.. ~ [i,
/0.

c~~

lI.t'G,.",''., .. ,.'"

Reproduced Irom
best availa ble copy.

Fia.11 Instantaneous Positions of Sand Layer and the Pile Foundation Hodel
(Test I)

IV-141



'0

J,Wl
2~ 1x- A,,_IZwl,I-"

: Fo"r. (ttl, t I

05
Mu...." .., .."

.lIck ClrcllS ,.".,... i

..."... "... (sec ) i
I

02 I

fYl f,.'2Hz I f,/f," 12/311_ 3 2

2

0'02 05 I 2
f,lf:

---!-'-,-3 122
Il

MuM" ......1 1
...k corc.., ,." ....,
...,sed " .. (tIC I.. fCl2

~
~IL

•

002 I 2
f,l f:

Eltimation of Apparent Natural Frcquel.cy of
Pile Found.tion Model Embedded in Liquefying
Sand Layer (Te.t l)

IV-142



0.2

Roftl~ QI "SpanN
CUIWIS 01 p,lt
fOUlldcrllOils ,n _It,

o • ; Respo"lt 01 p,l. toundo'lOn In
Ptrltetly •.,.f,.d sond lGy.rs

o : R,spon" 01 pll. lo"ndo~,~ns ,n

non - IIq~ot lid sand 10ltlS

... : TU 1l011lllUil Inp.lflH ,n lnl

course t·' IIqulfacllon 01 son'
loy.rs

T1. ,15.: TISI COSIS---._---

I A": Rnpons. ot p'lt 'oundotlo" In

r porlooll, Ilquet'ld sond 10,"5

.. ...
~I It

D

[slllIahd lUI' 01 IIS""S' 01~'" VI •V'l

• D •li ;; • 10un;010ollS oft ftOft -I..u.'..' '.d Ie""J• D :!§ ~
0-

n cj '"
~, " LEHNll

...:
•._.

or:i
9- .. "" Ij : Fr••uncI" ot ,nput "'0"01'5Of I'. . .- -

:iI j I !f Not ural ".q.~cotS pilt ot

~;:
loundo'oons on ..,.'

20

10

5

C!!
Si!
~ 2Ill:...
<~

~

~
v ....
Ill:

05

obL-
z
__-1-_--J-_ I

05 I 2 5
FR EOUENCY RAT I') : I, fI,

!{)

Fig.13 Summary of Whole Tests

IV-143



I
soils)...J

~
__L

Dynamic Shear Stress due to
Earthquake Motion

I (r /ov') (T /ov')eL- eo max

NO LIQUEFACTION

EV8TUel S~ wzve_"elO'i_t
y I [U1\d1---~~-?t~~~

Model of Ground for' ru;::-l I D ami, Soil Tests ---~

~~~~~~~:le Re:ponsS !:/Go- r ~ffi~sts for Shear Modul i l,-,----- r -r ~ I and Dampings_~ !
I

Underground Seismic -l i "sTtests tfhor(DDYnam~C Shea~ I
. , reng VnamiC Tria<ial' "

Ground Mot Ion Records i I ! Tests)' I ,

I I L'r-_~ 0 -} I I
I ~ - -----:-\

~ __--.1____. I RI ~ ..::..!!JL NI' Relation
Earthqua~e Response Anal~ L 20 ,'. ,=~

- -'. -- ~ at Nt -20 for.dE. (SA) -3% I
r---- "r=-=----==---,I Dynamic Shear Strenl:th i
, (OT}1 ',Cl·C2·CF~c~.Rp I

Correction Factors

'c C F f f" p 1+2KoI l' , . or con Ining ressure'-,3--

C2 :C,F. for Loading ~ave form
C

3
:C.F. for Sa~pling Disturbance

C4 :C.F. for Densification
i CS:C.F. for Other Factors.

U~il Explorati~ r' / N
N, avo S. D~ : (T/ Ov') I .Dr~JO-;,+-o. 7

1-- I and Dsa - Relation

~/I~C'/!") I 1~~"'''-~",1ffi",

<(--L) :>(_T "')'''-- YES _
"'_ oV' 'eVI '1/

_"" e ,/

"~~

Fig. 14 .r"low Chart of Preciae Evatuation of Liquefaction
Potential

lV-144



100

!:..
10.!:

'"'".... 60..
0:..
U.. .('.....

20

0
0.001

Ak ..hono

). - 7"'
R..cl.i_d

tl" f21-3.5

D.O'

DZO'00.~05

8 020' 0 004.1 2"""

10

Grai n siZe (1JIIlI)

100

Typical Grain Siz .. Accumulation Curve.."I
(Akebono, R .. claim..d Sand Laye r)

Ozo ' 0.04 0.5"'"'

020 ' 0.00. -1.2"'"'

100
;;

DO 80
"'"'"a &0...
.,
"..u .0.......

20

0
0.001

-10"'-'2~"'

AllUVIal

0.01

O.or."'"'
0.\ 1.0

Gr.in siz .. (1M1)

10.0

j
I

I ~o

Fig- If> TypIcal G rain Size AccumulatIon Cu rve.$"
(Akebono, Alluvlal Sand Layerl

10010

ozo'00.-0.5

020 = 0 ooc - i,l-

Gnin size h"m)

Typical Grain Size Accumulation Curv.. S
(T.tlumi, Reclaimed Sand Layer)

Fill. 17

100

.. Tatsumi -2.9 ",-&.45"
.0.. Reel.' ....d

"'" tl, =50.0 -2.9

'" 60
".....
" .0"~.....

20

0
0.001 0.01

007.....

IV-US



A; Ozu' 004-0.~"''''

8 ; ~, 0.004- 1,2"'''

-7,6- -10.1'"

Alluvial

Uc '4/.7-1,3

100c--~:::---r-------'-I:~i~~~!!!!!!!11."'-----~
, Tatsumi

: 10

.=...
:: '0
l-
I>.

100

Grain Site (1IlII\)

Typical Grain Size Accumulabon Curve
(Tatsumi. Alluvial Sand Laye r)

Fig. 18

OL-- ~--~-_+~---=--~-----...l....-.------J
~I ~

f40
u..
III
"" 20

,.----- ....

at' (Effective confining pressure

°BP(Back pressure)

~ 0;' (Insitu effective overburden pressure)

~ (.h (lnsitu static porepressure)

All of the tests were perforaed on saaples with Skempton's B-value

larger than 0.96.

Fig. 19 Strell Condition in Dynamic Triaxial Tutl

IV-146



O·~r-~-----"'--""""'----"'---"'------'------""""'--"

0.4

Akebono-I' .2' I - 210' - Jil,. J

{

e 0 .' ~ 11r; '0 I
• 0 6f, ISA 1 • 1'llo.Q 6£,15A)'3'llo

~~
" 0.3
~a:;
o
-:; 0.2

~....
f 01..
II)

undisturbed Samples
cre"o 41.,,,,,1 I
cr.'4,Oi"""I 1

0.'7'4'lio· l
Disturbed Samples

a, '0 4 i""'" ~
cr•• 0.0 L•Dr • 76 4 ...

• Mean relative density

- ,. O'e
- Al,1 SA ) • 3 ..

H.15AI.,'llo
- 6(.ISAI'3"

(Content of Fine Soils; 20~)

o 10 20 so '00 200 I()()

Fig. ZO

Number of Repetitions

Typical Dynamic Triaxial Test Results (Akebonol

os r-~---"""----~---'---""""--"------'---""""'----'

•• O'e IU'· 0 I

H. ISAI. , 'lio
6£.ISAI.]'110

6£. (,A " S'llo

(Content of Fine Soils; 11\)

Tatsumi T-:! (- 4 96 - -s 409.. )

• Mean relative density

{: ~
.0

undisturbed Sam,ples '-O'e 6fo,SAI.I'lio A ~

cr'·06
1
l".. 1 ~

(J'.'I3i,/~.. ' ~ • '-.6l.ISAI.S'lio

• l6£oISAI"'llo
O•• 726..

Disturbed Samples~
ere' .06 i''''''' { .' Ire
IJj _ 6£.ISAI' l'llo .
• ·0.0 4£,ISAI.]'lI.

D.,".• '110'

0.4

a::
.202

~..
: 01....

U)

0.0 ~I------;-----;~----;IO;---2::0:----:'~0:----100"---20 ....0----!lOO........--I.Jooo

Nuaber of Repetitions

Fia. Zl Typical Dyl'l&mic Triaxial Ted Reaulta (Tatlumi)

IV-147



01 02 03 04 05

Value of RL of Undisturbed Samples; Rl U

(Jf. (SA) = 3\, Nt • 20)

----r--.-

I
I

I ~- ~

02

0"

o ~ ~---r------r----.---,------..
Q....

co:

'""c..•
~~
1l 03
of ;Z"

"-;,~
0':

..,
a: II......
o~..
"..

;;.

Fig. 22 Relationship of Dynamic Shear Strt'ngth of
Undisturbed Samples and Disturbed Samples

IV-l"8



o

s

IS

20

;radinll Relative Den.ity 0 (fo, N-value
'1 11 1 ~ • .,.
1 tOe: :~' ~O' GUVIlil o ,n ~O j 0 ~.o 110 70 eo 90 10 o 30 40

" ....
\ :-1 .......... ........." 41 8

~\
1 f • 7

~'
,

J= " . '
, -

~
~., ,I "\ "-, ..

'""1 I' • 7,/ ,
1 , , " ~,I. , I 10, ,I 1. I'

I ' \ I., j 9
I

,
/jI .. .IA

~ / "",. ~'

, ! " tIl. I,
'], ,I

~.,
"• ...

""
~

" .......
; ..~ 1-2;,.

I

{:
Measured ~.. .,.,

, ,
~, 21fifii-, o-v'+O.7 r,

" ....
j,.

,, ,, • 17_.-
O. '1"" , I

I

1.14'1 "" I

Fia. Z3 Camp.l'i.on b41tween Mea.ured Relative Oen.ity

emax-e j NDr = x 100 and Dr = II
emax-emin CJ ,,' + 0.7

at Kawaai8hi-e:ho. Niiaata

IV-149



Silt
o

5

~ 10

.r::...
!

IS

20

I Gradill~ Relative Density Dr ('/.1 N-value
• C ~!'o

and21~lalrlsa~~ G~av~ 10 ~ 3) ..0 !II) 60 n 10 go IJ M ]) 40r
l "i ......... .8' . , ,,. ......

.! '.' : . .~~ .
+ .9\:: :.'. \ l~.'., .. ,

,/~
.~

I
.. l' I..

I .. I k' / e5) it· . .

, -\ . '( -
... . ,

J
'v

.,~ j I
./ I .11 I· ~,. :

~." . ~ J
I

i
:i .. ~ .. .... ~.

.. ., 1/ ''\ I I,
" r.... . .' "'\ • -15 I,'". . .

'\ I
. ( . I,'

.7. .,

'"
J

. I .,, ,
..\ {o Measured i\" -211
. \ .. J.t.. \.. ,

• 2IJ(JV'~O.7
- .,.

/
,

· \' . . - .,

""~ -2,...
, ",' .........0, .... 5: •
o.~ 5- I

I.l II.....

Fig. Zot Compariaon between Mea.ured Relative Den.ity

Dr = emax-
e

x 100 and Dr: ZlJ N 0 7
emax "y' + .

at Kawasiahi-eho. Niilata

IV-1SO



0.5,.-------.....,.---------.
Clean Sandli

II,' 20

100

I~I

o
o

o.z~-------=~~~--------J

o 1f-----.----:",e...-------.+

I
0.31--------1 0 ./

!~

o.•~---

Relative Density,o, ; elllQ,- e
~mt. - ellli'

(0'"

Rt - Of Relationship of Clean SandS

IV-lSI



T
ab

le
2

S
u

..
ar

y
o

f
D

yn
.
.

ic
T

ri
ax

ia
l

T
es

t
R

es
u

lt
s

on
C

le
an

S
an

ds

~ E

In
v

es
ti

g
at

o
rs

S
5y

ab
ol

s
D.

.
\<

:7
4/

1\
e
••

•
e
•.

•
R

,.
..

0
,

In
N

o
te

(
-
)

('
)

('
)

F
il

2
S

S
u

d
a
n

d
L

u
l
l
"
')

0
1

.0
3

01
11

lU
ll

S
3

1
•

0
!
9
7
~
U
"

S
ac

ra
.n

to
n

R
iv

er
Sa

nd
L

e
e

a
n

d
S

u
d

(l
N

7
)

0
N

M
0

.3
2

5
7

1
,.

A
M

M
1

1
4

7
5

1
0

0
M

'
-
-

L
e
e

."
d

"
I
I
"
"

11
.5

0
1

l4
!7

5
0

I
-±

2
.S

.

(
lU

I
)

1l
!1

8
0

1
1

2
1

7
M

•
,.

11
10

0
0

.2
1

7
M

N

F
,,

,n
,P

lc
k

e
,
,n

,
11

40
0

0.
11

2
0

.5
0

0
.2

6
li

t
O

lt
a
•
•

Sl
lll

C
I

•
an

d
B

,a
n

sb
y

(1
9

7
1

)
0

.1
4

3
1

A
S

'N
C

lO
t

S
h

ib
at

a
1

.0
0

7
0

.5
9

0
0.

2
O

S
S

S
N

ii
g

at
a

Sa
nd

T
an

il
lO

to
N

M
0

.2
5

M
a

(1
97

2)
N

"
0

.3
2

5
N

H
al

in
o

,
lu

i,
0.

7
I

2
0

11
92

1
0

6
2

3
0

3
4

1
0

Se
ng

cH
..

..
a

Sa
nd

S
hi

no
za

ki
(1

9
7

4
)

"
"

02
11

6
9

6
M

M
0

.2
5

1I
1

Is
h

,h
.,

.
Y

.s
u

d
a

0
2

6
0

2
0

.9
9

o.
S

S
0

.1
9

4
5

0
N

ii
g

at
a

Sa
nd

(
1

9
7

2
)

"
(1

9
7

3
)

0
.4

0
0

1
.0

3
0

.4
8

O
ll

iS
4

2
.5

~
F

u
ji

R
iv

er
Sa

nd
-
-
~

.
~
-
~
-
-
-
-
~
"
-
-
-
-
-
~
-
-

-
-
-
_

.
_

'
-
-
-
-
-
-

-
"



Fig. 26

Average Rt - D Relation
of Clean Sands r

100

~
Of.21.1'~ '''1

lO~'; ••_1

DIt - Rl R"lation~hjJl of Sands of Ak"bono-Tataumi Site

Averape Rt - Dr Relation
of Clean Sands

Fill- 27 De:inition of DR,

O' r---.........----r--~---

0.3 -- ---+.. ~,~

Fig. 28 SoD R[ Relationship

IV-IS3



o~''---------r---"7""""""''''''''""",,

I • 10 '. ---

100

Fig. Z9 Dr - Rt Relationship Based on Fig. 28

Akebono

r J Cf.. '

~
N

~...
!

'0

'I

II

..

CI O'

(T /0'11' ) I - value of
clean sand for N· 10

JITler,· ~'.,::-:-OC"l 0,10,' 1\ cr•• a7

Ranee of Estimated
(1'/0 v' >

e

Fill. 30 Compa ri.on of (1'/0 'II' ~ of Clean Sand 10 r N 10
with (r/o,,' >.

IV-1S4



.U.ebono

N-vllue

oO;-~~-TIO,--~~
rIo-.

o..- 0:;.;..1__--l:O;;.!.2'--_~0.3

Range of Esti.ated
(r/o... ).

Esti.ated Values oC
(T/O v '), for Measured

N·Vllul!5

F il. 31 Compari Ion of (T /0 y' ) of Clean Sand fo r Me.au red
N-valuea with (T/O y'):

IV-ISS



"".bono

R.cl....d Sand

Upper Soun(j of
btJlliltrd (;/0"",,1 1

Lo"'er Bound of
l~t1••ted (: (I..,,),

o (~/(J\I')t - ..... lue froln e-q. (13) for ~l

~ (u •• '), valu~ fro~ .q. (13) for ~z

• (1/0"")1 v.lue of undisturb.d ,uples

Ranle of (T/d v ')' - v.l\,l~ frotll eGo (15)

Ran&. of
Estl..teJ

{,. /Gy')to

T f If,

o°r'o~_...::O,:-'__~o,'.Z__-"O~I__.~

:i I z , 'I I
'--....L...~__-L-'_-l

1st Io!"lft& 2nd Borin, I
III ; S I ., S

I I (-to) l".J

~ ~ I, "
~1 • "

1 "jc' ..
I 10 I',

l' II I I 13
I

Rs,1 • 18
I

I
" '.RS.,

, , • B

'. I

I I , I.
I

-< ~slsi I \.,
"

- 1

AS. ' • '.~S.
,

II II H

f
. ,

"• , •
~ • 1,r I

I ••0< j
;

A'll~,

..
"

Allu\Oial S.nd

~eclli.e-d Silty 5and

'lluvial Sllt~' ~&n;j

AlluvlIl 5,1:

RS .•
AS"
ASISa

AS1S.

AS; :

Fill- 3Z Comparison of (r /(1 Vi) Baled on Dvnamic Triaxial
felu on Undisturbed Samples with (1'/(1 v' )e

IV-l56



O~

"oJ 04
0::

,s;...
t9

O~~

'"...<Jl

'" ,ctl
~..c: 02 -<Jl

U
·rl

!il
~ 01

•

4
o

• 5;;;5<10

o 10;;;5"'20

/1 20::iii 5<40

A 40:05<60

• '0;jiS<80

• 80::li S

1'- )
100

Fig. 33 Dr - R.t Relationship of Sands of Two Sites

(1 S ,.......--"'T""--.......---.,.------..,-----,

o

03
04...

IX
Cl

III 02

~
tt:....
Cl 0 I

20 4('1 60 80

Content ot Fine Soil,S (\)
100

Fig. 34 S - DRl Relation.hip oi Sand. of Two Site.

IV-157



EAR'nIQUAICE RESISTANT DESIGN BASED ON GIlOUIlD )l)TIONS AT BASE-ROC](

~iichi Kuribay.shi, Chief, &arthquake Engineering Section

KA&uhiko Kavl:.shiaa, Res_rch Enqineer, Earthquake Section

Public Marks Res..rch Institute

It is qenerally known that dynaaic behavior. of .tructure. are influenced by their

qround condition. and that earthquake ground DOtion. recorded .r~ dependent on their

ground conditione. In order to specify ~n input earthquake lIIOt.ions for desiqn at every

atructure On and under ground, it i. u••ful to aelect base-rocks in ryround, where effect.

of qround. near surface are _11 enough to be iqnored, a. an input terminal where lIarth

quake JIOtiC'ns are to be .pecified. In order to iJnprove such s.islllic designs, discussions

on neceaaary conditiona of ba.e-rock and on accuracies of ba.e-rock motions ~stimated by

theoretic.l c.l~\lations are presented. Earthquake responses of bridges are also presented

.s a nuaerical e~le.

QYllOIWS. Analyt~cal metbod, base-rock, bridge foundations I deconvolution procedure;

earthquake recordsl ground conditions I ground transter functions, shear wave.
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INTROOOCTION

Advance. in technology would make it po.eible to con.truct huge .tructures with de.ply

embedded foundations. In the current .eiamic de.ign. of structures the u.ual practice i. to

specify earthquake motion. at a gravity center a. an input even in huge .tructure.. However,

ba..d ... ob.erv.tione of underground eArthquake IIOtions, the earthqu&lce _tiona are not

unifol"lll ~n ground.. Therefore, it is nece••ary to take into account such trends in the

.ei.-1c deeign of structures. On the other hand, it is generally recognized that earthquake

IIOtions recorded are appreciably influenced by local qrolnd conditions. It is, therefore,

inadequate to employ the recorded earthquake motions directly, disregarding th~ differences

of ground conditions in the seismic de.i9O. One of the approaches to consider such pro~l...

is to select a suitable widespreftd fOnwltion of the ground (base-rock), where effects of

ground near the surface (subsurfftce ground) are 11IIII11 enough to be ignored, as a COIIII'IOn

inr-ut tel'lllinal of earthquake IIlOtions. When the earthquake IIOtions at the selected formation

~re found to be independent of the properties of the subsurface ground, th"ir characteristics

can be directly compared with each other lUIlOng various sites. By specifying input earthquake

B>tions at the base-rocks, the subeurface ground motions can be determined based on the

asslallptions of upward sh~r wave propagatione in the grounds. The "arthquake responses of

structures can then be determined by appropriate analytical models.

Although the base-rocks are generally selected ba.ed on their geological and .oil

conditions, it should be noted that they are essentially selected in accordance with the

characteristic. of earthquake motions specified there (base-rock motions). The ba.e-rock

motiona are expected to be compared on the same basis among various sites as an index

expressing seismic intens~ties considered in desiqn and we can appropriately incorporate

th., ':ubsurface ground conditions so as to specify input IIIOtions for every structure

constructed on and underground (Fig. 1-1).

When the base-rock motions have such conditions, the r.eaaininq significant factors

which influence the base-rock motions would be magnitudes (Richter scale) and epicentral

distances. Fig. 1-2 sbows earthquake motions cl..sified in terms of such factor.. From

an enqineering point of vi_, it is considered desirabLe to apply earthquake B>tions in

ded90 which lie on the dotted line in Fi'1. 1-2. The level of intensity will depend on

the factors determined baaed on the dynalllic behavior., ma9Oitudes, .hapes of the structures,

etc. For instance, earthquake ground motion. used for seismic analy..es of suspension

bridge. in Japan are shown in Fig. 1-3.

This paper presents the com i t ions of base-rocks to iIIlprove .eismc dedqns based on

base-rock .etions and discuss.s L •.., accurate ba.e-rock motions estimated by theoretical

calculations. Also, earthquake responses o~ bridges are pres.nted as a numerical exa.ple

to esti_te base-rock IIOtions.

&ASE-ROCICS AIm BASI:-RJCIC MOTIONS

Aasuaing propagations of shear vaves in horizontally stratified two elastic layers aL

shown in Fi'1. 2-1, equations of motion c'U' be expressed disregarding dalllpinq teraae as
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,".j _ ,".,
0, b', - '" iii

where,

.uffix expre••ing j th to~tion

G
j

.hear eodulu. of j th fOraAtion

P
j

.... den.ity of j th toraation

"ourier trautoraation of Eq. (2-11 give.

where,

(j • 1, 2)

(j • 1. 2)

(2-11

(2-2)

12-3i

in which v j expre.1 tran.fonned IIOlutionl of vj'

vri~ten .1,

The general solutio' of Eq. (2-1) can be

(2-4)

in which "j and B
j

are arbitrary con.tante and expre•• .-p1itude of downward and upward

ehear wavee at x j • 0, re.pectively. Detellllinationll ot the conetantl "j and B
j

baaed on

boUndary condition. give the eolution in the form ai,

where,

_8,
COI-

'\ = 2 B, r====Y~1====:::-
j •• ••

COI"-"- +.. 'I inl-y;-

'I =2BI eo.{-~+') ,-"
;""1

-I'.,
(2-5)

(2-6)

(2-7)

(2-8)

"roe Eqe. (2-4) to (2-61 two type. of groWld tranlfer function. C&l be defined, i.e.,

.uppo.e the ground tran.ter function HQ/B2 (W) be defined .1 ratio between ground motion.
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in the fint or ncooo layen (vl or v;Z1 and the .-plitude of upward (incidental) _tiona

(8
2
), tben it can ))e written &a

.8,
... 2~O'V;- _.,

B "v -, '" --;:::========~.·(""1:' •• ••
COI'- +.".in'-"

Y, I

Iv-. .". ') -.1B ~ 2 cOl (--+ •
(.) Y,

(lit layer)

(2nd layerl

/2-9)

and .uppa•• the tran.fer function flQ/ v20(W) be defined a. ratio bP.tween ground _tiona in

the fint or .econd layen (VI or ;'21 and ground motion. at the illtecbce x
2

• 0 /v
1t2

• 0),

then it can be writt_ a•.",
COI-../.,-- --"-'-B<.> - -8
('oa-".
cos/-'i:!1 + ')

H -,/W.. =' ----'-,---

(.1 cos'

n.t layer)

(2nd Lyul

12-10)

The ground tran.fer function. defined by FAla. (2-9) and (2-10) change in accordance with

the par_ter a .. ahown in Table 2-1. It i. obvious from Table 2-1 that both type. of

tranafer tunctions in the .econd leyer are unconditionally independent with properties

ot the firat layer when a. 0, i.e., the ehear modulus of the aeoand lay.r ia infinit.ly

larg. compared with that of the firat layer. It impli~a that both the incidental and

ground motions in the second lay.r are independent of the propertie. of fir.t layer in

such condition.. Even in the case when a ~ 0, no reflection. and refraction. of propagating

ahear wave. develop in the ••cond lay.r. provided that the .econd layer it uniform continUA

in qround.. In .uch condition. the incidental motion. in the aecond lay.r are independent

of the fir.t layer.

It i. recognized therefore that the .econd layer can be selected a. ba.e-rock in

eith.r ca.e when the ••cond layer ia infinitely atiff a. compared vieh the firee layer or

when the second lay." i. uni(o", continua in the qroWld. In the former condition, both the

incidental and qrolllld _tiona in the .econd layer can be .elected a. ba.e-rock _tiona whU.

in tl\e latter condition, only the incidental IIlOtion. can be ••lected a. ba.e-rock motione.

The qrolllld with the above condition. do not exitt in practice. It 11 required there

fore to ralieve the above condition. from practical point of view in accordanc. wieh

objective. and accuraci.a needed \n the analy.... For aX&lllple, in the fo~r condition.

influence. of the fiut layer (.ub.urface ground' on the ground _tion. in the second layer

(ba.e-rock 1IlCltion.) would be controlled to be small, provided that the ••~"I.>nd layer 11

consid.rably stiff comparatively to the fir.t layer, and, in th~ latter condition, incidental

motion. in the .econd layer would be coneidered .a baae-rock motion••a long a. the aecond

lay.r continue. almo.t uniforaly With the depth Where .hear wavea ~ropa9ate for a pariod of

predolllinant 1IlCltions.
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ACClJRACY or BASE-IlOCIC MOTIONS ESTIMATED

In order to obtain base-rock 1IIOtions from recorded IlOtions it is r@(}uired to incorpor

at. effects of local subeurface conditions. A one-dimensional analytical model bl.s~1 ~~

vertically proPAgating shear waves with 8quivslent linear ..terials is currently established

for such purposes. An accuracy of base-rock .etions ~alculated theoretically by the decon

volution procedures was correlated with the recorded underground motions. Three underground

IlOtion acceleratLons observed at Ukishiaa Park near Tokyo (Table 3-1) were employed for this

purpose. Three IlOtions were the most significant o"~s recorded up to the present.

Underground Transfer Function9 Estimated from Observat~on8

Soil profile at Ukishima Park (Fig. 3-1) consists of upper alluvium soft formations and

lower diluvial hard formations which lie 50 m beneath the ground surface. Earthquake motions

were recorded at four points, i.e., at the ground surface, 27 m, 67 m and 127 m beneath

the ground surface. Power spectra were calculated to estimate predominant fr8quencies a.

shown in rigs. 3-2 to 3-4 and it was found from these results that t~ey are approximately

4-7 cis for A-earthquake .etion and 0-1 cis for B- and C-earthquake motions. The former

motion was obtained from slll&ll earthquake in magnitude with relatively short epicentral

distance while the latter motions were obtained from large earthquakes in magnitUde with

long epicentral distances.

Ground transfer functions (aaplitude) between each recording point were calculated

as shown in Fig. 3-5. It is noted from the result that although the ground motions have

significant differences in their predominant freq~encies, the ground transfer functiona

obtained from the motions are almost independent of such Characteristics.

Theoretical and Estimated Ground Transfer Functions

The ground transfer functions were theoretically determined by calculations based on

the deconvolution procedures. An ,malytical DK>del was formulated based on the soil profile

of Fig. 3-1. The shear moduli of soils were evaluat~ by estimated shear wave velocities

v
s

(a/sec) based on a relationship with the N-values obtained by field tests as

(3-1)

The shear moduli of soils Go determined based on Eg. (3-1) correspond to the value at low

UIPlitude strain level. Since the ground motions studied were very slll&l1, it vas found

appropriate to analyze th_ by using Go'

Fig. 3-6 shows the cClllP&risons ot theoretical and obser.ed underqround transfer

function.. A damping ratio of 2' of the critical wa. assumed ~n the theoretical calculations.

Theoretical and Measured Underground Motions

The underground motions were computed for C-earthquake ~heoretically by specifying tne

recorded surface motion. The deconvolution procedure wal applied using the ~alytical

model formulated in the prec8dinq paragraph. Fig. 3-7 shows comparisons between computed
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and recorded undergrotmd IW:>tions. Both IW:>tions are conllidere4 to be in fairly good aqre.

_to It would be ~s1ble to illllrove the ca.pute4 lIlOtions by fOnlulating "1'8 accurate

analytical ~el. ba.ed on preci•• i~v.s~igations of ground.

sand on the re.ults prennted it was recoqniZ:ed that the deconvolution procedures

baaed on shear "ave propagation. are effective in taking account of local ground conditions

into recorded earthquake lIlOtion•.

NtlMElUCAL EXAMPLES FOR CALCUlATION OF BASE-Rl:x:J(. 'lO'I'IONS AND

EARTIlQUAXE RESPONSES OF BRIDGE

Analytical Model

A discrete analytical model as .hown in Fig. 4-1 "as formulatpd to calculate eatthquake

re.ponse. of the ~ed foundation. Tt,e equation of IIOtions 0# the sy.tlllll can be ltritten

as

~ .......-
+ C

""1 (!:!p - ~) + ; (~ - .!!q) • .£ (4-1)

_.s _trix of structure

..ss matrix of surrounding soils

dulping matrix of structure

stiffness matrix of structure

daIIIlinq matrix expressing radiational dampings

stiffnes. matrix expressing springs between structure and surrounding soil.

~. u • ii : absolute displacement. velocity ~nd acceleration vectors of structure
r -;P l'

.!!q' ~: absolute displace_nt and velocity vectors of subsurface qround

.
in which the subsurface ground lIlOtions of ~ and.!!q are a ..sl8ed to be specified. Denoti"9

as

!!- M + M
-p -f.- C + C
l' -

It - It + J(- l' -
Eq. (4-1) can be written a.

~ ii + c u + J(. u • C u + J(. u
-" -1' --" ""1 ~ - ~

IV-163

(4-2)

(4-3)



The ver.tor ~ can be conveniently deca.posed into a quasi-static displacement vector ~s and

a dynaaic displacement vector ~. i.e.,

(4-4)

By definition of quasi-static displac_nt in the form as

u can be written as""'8

(4-5)

u .-
~.

- - J( u
.....~

f'wstitutions of Eqs. (4-4) and (4-6) into Eq. (4-3) gives

M~ + C~ + ~ ~ • M K u + (C + C K ) u
- ...... -.- - ..... ---1I-g " --s-g

(4-7)

Usually the damping term on the right hand side of Eq. (4-7) is less significant ~~mparing

with the inertia terms 80 thet it can be dropped from the equation without introducing

significant errors. Then Eq. (4-7) can be written as

(4-8)

&q. 14-8) can be solved by mode-superposition procedures provided that the damping

matrix on the left hand side of the equation i. assumed to be trisngularized in the same

manner as the maas and stiffness matrices in the form of damping ratio of critical.

Numerical Example

The Itaj1ma Bridge is ~ composite steel girder bridge with five ai~le spans as shown

in Fig. 4-2. In this numerical example. earthquake response of second pier-foundation

of the bridge from right hand side was investigated based on earthquake motions recorded

on ground surface near the bridge (approximately 400 m apart from the bridge. refer to Fig.

4-3). An earthquake motion acceleration selected was induced by Hyuganada Earthquake

(""ril 1. 1968, M" 7.5, t:. '" 100 KID' and had the maximum &IIlplitude of 185 gals as shown

in Fig. 4-4.

Based on soil investigations conducted near the pier-foundation (Fig. 4-5) it was

found that the sell profile consists.,f upper soft lo4T.1 formations with an averaged N-value

of 7 and lower stiff gravel formations with averaged N-values of 30 or more. Assuming the

relation of &q. (3-1), the relative stiffness a defined by Eq. (2-7) between the loam

and gravel formations vas e.ti~ted approximately as 0.48 for low &IIlplitude ground

vibrations and 0.34 for high a~litude ground vibrations. It vas expected therefore that

ground motions in the gravel formations would be less significantly influenced by the loam
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for-atiOCl& d\1rin9 high uplitude grouncS vibr.tion.. Then, baaed on the relieved crit.ria

of baM-rock. in the preceding chapt.r it wa. judqed that the graVIIl fOrNtiona underlying

10 • below the .urface could be .elected a. ba.e-rock at thi••ite. On the other band,

ground conditiona had not yet been inve.tigated enoU9h at the recordinq aite. ...ed on

topography of the .ite. it w•• a ••WBed that the qravel foraation. exi.~ed .t the bridge

.ite continue. to the recordinq .ita and underlie. 20 • below the .urf.c.. Thh •••Ulllption

coincided with the evidence that predoelinant fr~quency of the ground va. approd_tely

3-4 c/. in field aicrotr..ar oba.rvation. at the .ite.

The ground ..:>tion and incidental IIlOtion at the top face of gravel for.-tion. were

theoretically ~alculated a••hown inFig•• 4-6 and 4-8, re.pectively, by the deconvolution

procedure. taking into account the .hear lIlOduli of 10lllll for.-tions with their .train

dependence.. Fiq. 4-1 .hows caqpariaon. of re.pon.e acceleration .pectrua between the

recorded .urface motion and theoretic.lly calculated ba.e-rock motiGn (Fig. 4-6). The

pier-foundation and .urrounding .ub.urface ground were lIlOdeled as .hown in Fig. 4-9 by the

analytical lIlOdel described in the preceding paragraph. The 10_ fo......tion. were idealil:ed

by one dt.endonal .hear col\llllll llI)del with equivalent linear .oil propertie.. The weight of

girder .upported by the pier va. tre.ted a. an additional l~ .... at the pier top. The

IIIIS. of surrounding eoUs defined by Eq. (4-11 was diareqarded in the an.ly.... Vibration

lIlOde. and natural period. (let - 3rd) calculated for the .ubsurface qrourd and pier-founda

tion ar••hown in Fig. 4-10.

Earthquake responses of the pier-foundation were calculated b&.ed on Eq. (4-8) by

applying the b&ae-rock IIlOtion di.played in Fig. 4-6 .t the baae of shear column lIlOdel. The

damping ratio of 5' of the critical va••ssumed in the calculation. The maxiaua response.

of di.placementa and acceleration. are .hown in Fiq. 4-11 and repre.entative re.pon.e time

histories at the top of pier are displayed in Fig. 4-12.

CONCWSIONS

Ba.ed on the re.ults pre.ented, the following conclu.ion. can be deduced:

(1) In order to specify ~n input earthquake IIIOtion. for de.ign of every .tructure

on and underground at various site., the u.eful approach i. to .elect ba.e-rock. in ground,

where effects of ground near surface (sub.urface ground) are _11 enough to be ignored, a.

COBaDn input terminals where earthquake action., independent of sub.urface ground

properties, are to be .pecified.

(2) FOnllltions con.J.dered can be selected a. ba.e-rock. at the .ite either when they

are infinitely .tiff a. compared with the overburde" .ub.urface grounds IG· 0) or vhen they

are uniform continua in ground. In the fOl1llllr condition, both the incidental ~tio~ and the

ground ..:>tion. in tho.e fo....tion. are .elected a. ba.e-rock actions, while in the latter

condition, the incidental IIIOtion. in tho.e fOnllltion. are .elected •• ba.e-rock _tion.. It

i. required to relieve the above condition., however, from practical point. of vi.- in

accordance with objective. and accuracie. needed in de.1gn.
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(3) Baaed on the correlative studie. conducted for the underground earthquake -otions,

deconvolution procedure. ba.ed on vertically propagating .hear waves with equivalent linear

..t.rial propertie. were effective in incorporating local .ub.urface ground conditions into

earthquake .etion. recorded 01\ ground••

(4) The ..i..tc &naly.e. baaed on ba.e-rock .etion. vere .ucces.ively applied to the

ltajiaa Bridge.

The author. wi.h to e.pre.s their .incere appreciation to Mr. To.hio Iw.saki and Mr.

Suau.u Wakabaya.hi, Chief and Re..arch Engineering of PWRI, in aaking digitized ground

.etian record. available to 118. spacial thank. are alao due to Mr. Matuo Shibata and Mr.

Tedaaki Kiyata, £n9in..r. of PWRI, for their cooperation in the pre.ent inve.tigation.
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BUIC MR'l'IIQUIUtB POll DM DBSIGII

J.rry S. Dodd

U.S. 8I.Jreal.l ",t \.K~_t1cm. Denver, Colorado

ABS'l'MCf

Modern COIIPUtat1oll&l technique. per.it _t~t1cal dynaaic analyab of ""ncr.t. and

~t esa... Step. in t.NI All&ly.1I ar., (1) .pecify location, depth, and _qnitude

of critical .pacifically located .arthquake., (2) attenUAt••ei.-1e "av•• to aite, (3) deter

ain. aite ra.pon.. to ..haie "ave., (4) analyza r ••pona. of .tructur., (5) .valuate

r ••ult.. Th1. di.cua.ion addr••••• the fir.t .tep and propo.ec ~he e.~li.~nl )f a

.int- eart:hqualt. -- the bade earthquake -- for dulaite. in the _.te= United Stet...

unDRDS. Earthquake., o.a., OyMaic Analyli.

V-I



IIITIIOIlOCTtOll

!'IocSern cc.putat:ional technique. parait: _~t:ical dynudc ....l~.h of concret:e and

e&lbarUaent:~. Step. in the &naIy.is are: (1) .pacify location, depth, and _qnit:ude

of critical ~ifically located .arthquake., (2) attenuate .eiamic wave. to .ite, (3) deter

.ine e:.te re.ponee to ..i_ic vave., (4) analyze reepon.e of .tructure, (5) evaluate

re.ulte. HoWI8Yu, with reepect to the f".t Itep, there ehould be a _11 earthquake

which 11 in4eperl4_t: of location and which doe. not control or clolIlinate the de.i9n of •

dea, and therefore, ehould he a ba.il of ca.parilOn for .pacifically located earthq~ake.

to detu.1ne if their etract. "ill exceed tho.e of a ...11 eart.hquake. Al.o thi. approal t,

peralt. durin9 the deliqn of a dam a rational _an. for the con.ideration of ...11 earth

quake., which are difficult to define al .pacifically located earthquake.. The following

evaluation i. ba.ed on info~tion about we.tern United State••

RELATIONSHIP OIl' EARTHQUAKE MAGNITUDE ANO IN'J'ENSITY

No direct relation.hip exi.t. between _gnitude and epicentral intensity. However, a

9eneral correlation doe. exi.t and he. been .tudied by many inve.tigators. Derived rela

tionahip. of three inv••tigation. (Gutenberg and Richter, 19561 Toppo~da, 1975: Krinitzoky

and Chang, 1975: are lhewn in Fig. 1. Without vlolat1nq the precision of these equations

the rel~tion.hip between _qnitude and epicentral intensity can be more .imply stated a.:

M • 2 + 1/2

or

I - 2 (M-2)

Where M • Richter _qnitude

I • Modi~ied Mercalli inten.ity

A ea-parilOn of thr..~ Intenaity .cale. i ••hown in Fig. 2.

EAJmIQOAJCE CLASSIFICATION

A cla••lfication of earthquake. for enq1.neerln9 .eiemoloqy incorporatinq the above

relation.hip ie .hown in Table I.

I

XII

X, XI

II, III, IV

V, VI, VII

VIII. IX

TABLE I

Engineering Cla••iflcation of Earthquake.

M!qnitude Range Epicentral Inteneity

Up to 2.0

2.1 to 2.9

3.0 to 4.4

4.5 to 5.9

6.0 to 6.9

7.0 to 7.9

8.0 and Up

Cla..ificat1.on

Micro

Very Minor

Minor

MOderat.ely Stron;

Stronq

Major

Great
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"Strc..ll9," "Major," and "Great" have been uaed for ~ ti_ by the United SUIt••

(;o<"'09ic&l Survey to d••cribe the _qnituc1e of earthquakel. The r_ining cla"dfication

r.~nclature i. alao tllDployed by the GeolO9ica1 Survey (w. Peraon, per.onal ~ication).

~. inten.ity relation.hip i. from the &bove equation. "Micro" eart~uake. are not felt

and are ~.tected only with in.truaent.. "Very minor" earthquake. are on the thr••hold of

. .-an perceivability. The cla••Uication of "Minor" ia uled for tho•••arthquak•• with a

_qnitu<1e ranqe of 3.0 to 4.4. The•• are felt earthquakel but inflict at lIO.t cnl" .Ught

d.-age in the United Statel and corre.pond to epicentral intenaitie. of II, III, and IV.

The "Moderately .trone;" earthquake i. that cla••ification between minor and .trong.

Minor earthquake. c.an be con.idered a. not having a.lOciated lurface rupture of the

ground .urface, ••• Fig. 3. '~exception may be amal1er earthquakes ~hich OCCur on fault.

capable of prOducill9 creep and mod.rate1y .trong or larger .art~q~e~. The ..q~ituc1e 3.5

earthquake ~hown on Fiq. 3 is an earthquake on the I~rial fau t in California, which

ear~ier ruptured at the ground surface in 1940 a. the result of • maqnitude 7.1 e,rthquake.

Whether thi. 3.5 maqnitude earthql,,~e actually cauaed sllrface ruptlre is .tUI Oi'eR to

dhcua.ion. StulUow .oderately strong earthquake. lIWly produce ground rupture or' r.he fault

generating the earthquake. Shallow .t.rone; and larger eart}.qUllke.. ar~ very likelt t',

produce gro~~ rupture on the .curce fault.

FrUlll the .tudy by Krinitz.ky and ehal'lg (197~), it i. reallOnable~o a ••I.r.;tJ that minor

earU,quake. do not po••••• near field effecta, .... rig. 4. That ie, higher t:equency

content and cOMlll!cated _ve fonus generated near the t-'\~thquak...ouree are f:lt.ered out

of the ••haic .iqnal by the time it reache. th.. ground surface. A reaaonabl~ conel... ::.on

i. that a minor eart~quake relulta only in far field vibrationa at the qround aurface.

The Da.ic earthquake i. defined a. the min~um earthquake coneidered in th~ de.ign of

a d... It yield. the maximum ground IIOtion ......ch can be expected for a millor earthquake.

Becau.. of uncertaintie. with re.pect to the location and occurrence of .i~r earthquake.

priaarily because of tl~ lack of good hi.torical aPe inatrumental data -- it is prudent i~

du de.i9n to •••_ a ubiquitou. nature tor minor earthqJalce.. In BWny area. of the

weatern United State. it i. likely that ~sing the basic earthquake will be more aevere

than tile re.ultil19 .ite 9round IIOtion. det.nained frOlll apacifically locatoo earthquakea.

The bedrock characteristics of the ba.ic earthquake are:

1. Peak acceleration of .10 9.

2. Max1&_ duration (g ~ .00; g) of 8 aec.

3. No .urfac. fault rUl-ture.

4. No Mar field effecta.

Krinitz:aky and Chanq (1976) .bOw u.ae for far field the l1lllit of ob.erved data for

peak acceleration for an inten.ity between IV and V i •• 10 g (Fig. 5). corre.pondently,

Gutenberg and Richter (l95t~) correlated an accele1ation of .10 9 with an intenlity vn
(l'ig. 6). Eap10yinq the Ii.it of o~rved data frolll Itrinituky and Chang i. conservative.
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For rock the upper bound of dllr.tion for .cc.l.r.tions .xc.eding .OS <;I for int.nsiti••

bet_ IV .nd V is 8 nc••• shown by lCrinitzeky and Chang (1976) (Fig. 7). Thi. also

.w-rs con....-v.tiv.. Bedrock can be ..s~ to be rock. Studi•• by Duke, .t .1. (1972)

found that peak .ccel.ratione during the 1971 San F.rnando earthquakp. in ao~th.rn C.lifornia

w.r. higher in rocks than sllrfici.l deposits (.lluvi~.) for 40 to 60 km from the .pic.nt.r.

An el\91n_ring geologic d••cription of the tt.r.e primary earth _t.rtal. is:

Bedrock - A gen.ric t.rm that embrac.s any ~f the continuous and generally induratad

or COIIlPact earth _terial that lIlAkes up th" earth's crust and 1& .xposed at the earth' •

• urf.ce •• outcrop. or i. covered by surficial depo.its or top.oil.

Surfici.l Deposits - The young, generally loose and normally un.tr.tified earth

_terial occllrring at or near the earth's .Ilrface a. a bedrock cover and of two _jor

cla•••• : (1) dislocated and generally .roded or weathered bedrock mat.rials tran.ported

by water, wind, ic., qravity, and man lo another place, and (2) sedentary deposits formed

in .itu a. a result of weath.ring and chemical proce.se. or by the accumulation of organic

m..tt.r.

Topsoil - Th. darke· colored upper portion of a .oil profile, the organic lay.r and

organic rich A layer.

GOVERNING EARTllQUAICE

U.ing the data from Krinitz.ky and Chang (1975), a••hown in Fig. 8, a g.neral gtide

line can be developed indicating when the ba.ic earthquake will govern or when a .pecifi

cally located .arthquak. will dominat.. Thi. i••hown on Fig. 9. Also .hown i. a curve

for a peak accele:~ation of .10 9 developed from .eismic wave attenuation .tudie. of oth.r.

and dpp'.~ts the most moderate atcenuation characteri.tics expres.ed in the.e .tudie.

(Gut.nberg and Richter, 1942, Hou.ner, 1965, Blume, 1965, ~i, 1966, E.tev., 1970,

Schnabel and Seed, 1973; OUke, et a1. 1972, Donovan, 1973, Trifunac and Brady, 1976). The

actual attenuation <lIIp'.oyed in the dynamic d.sign of a dam 18 IIIDre likely to generate a

cllrve to the l.ft of thb curve rather than between thb curve and the Krinitzsky and

Chang curve. This ...~an. qenerally that specifically located earthquakes need to be evaluated

only within 125 kill of the damaite. Also tha roof.trolling epicentral di.tance. for gov.rning

specifically located earthquake. for earthquake clas.ifications grea~er than magnitudes

4.4 can be eatimated.
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S1UDY 011 a-.IOIIIU. DIS'l'IUBtI'l'IOIl or lWeI....~ 110'1'10115 IN JAPAN

NaNkaau OAki, Hud, Str. Div., B.R.I., Mini.try of COn.t. Japan

Yo.hikaau nta9_, .... "-b.• Str. Div., B.R.I •• Min. of COn.e •• Japan

sada1ku Hattori. Re•• "-b•• I.I.S.Il.I... a.R.I.. Min. of Con.t •• Japan

Re...rch activ1ti•• in the earthqualte clanger ha... been cr1Ucal1r revie-.t. Many

re.earcher. conc.ntrated on the .tudy of the pa.t earthquake data and stati.tical analy•••

of the.. elate.

Ttli. paper pr•••nt. an application of G~l'. theory of extr_. for the prediction

of the intenaity of future ..rthqualte.. The paper conclude. with a new reqional leiUl1c

coefficient aap of Japan.

ICEY1IORDS. Earthquake dan..'er I Glmlbel'. theory of extr_.. literature revi_, regional

.el.-1c coefflc~.nt aapl ltetl.tlcal analYlll.
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1 • IN!'IlOOOC'f'ION

OMI of the .alit. bp)rtant probl_ in e&J:t.hquaJte en;in..rinq 11 to predict .tatbtically

the intensity of future eartbqualte. f~ the put earthquake date, ainc. et the pJre.ent

tt.e the preci.. e&r~ foreeaat ia difficult. In the proce•• of the prediction, the

.election of the pa.t eartllqlake data and .taU.tical _thod of analy.is are _at iJaportant,

becauae the available earthquake data are not auffici.ntly large.

Many inveeti;ationa have been carried out in the.e two .ubject. in Japan. However,

there ba. been no reaearch on the prediction of the intenaity of future earthquake. ba.ed

on the theory of extr_. daveloped by G~l. Tbb paper de..1s ",ith the expected value.

of the intenaity of fut:.Jre earthquaJte. on ba•• rock a. WIll a. on the surface of C}round by

introducinq G~l·. Theory of EXtr_••

2 • GBRI!:IIAL REVIEW ON 'l'HE ItARTHQUAICE OltNGER IN JAPAN

The earthquake danger in a cartain place may be defined by t~e seiamic activity in

the vicinity and the characteri.tic. of the soil-layer.. In order t~ cl.rify the ••rth

quake danger: 80re reliably, it i. necesaary to irveatigate the reqional diBtribution or

veriation of the ..i.-ic activity and thu characteri.tic. of Boil-layera.

General revi_. indicate thet lIc.e r ••••rch has been conducted considering sei_ic

activity only, i.e., magnitude frequency distribution and focal distribution, disregarding

the regio"al difference of eoil characterbtics. A few investigations seem to be perfo~

conaiderinq the ~~lu.nce of the soil char.cteriatics, but not sufficiently.

Since Dr. H. ~w.Bua1 published hi. regional map on the earthquake ran9P~ in 1951, the

re.aerch activiUea have increased 1n nUlllber as lllany .s 10 in Japan. The outline of the

re.earch conducted on the .arthquake danger in the vicinity of Japan il< a. follow.:

Or. H. It&wa.lIBli l • observed the followinq relation bet_en the 8eie1c inten8ity I 1n

J.M.A. and the -.ximum accelerat10n amplitude a on the ground,

a (gal) M 0.45 x 100.5I (11

Takin9 into account the fact that the regional distribution of the inten.ity i. clo••ly

ralated to the epicentral di.t.ance and the aaqnitude of an earthquake, he .lao determined

the relation between the epicenter. and hie _gnitude. "Ie for the earthquake. in the olden

tia.a (A.D. 619-19251 vhen no ob.erved data had been qiven, utilizing the de8cription. in

anciant ~t.. It&_._i aleo defined the rplatian &D3ng "Ie' I, and the "picentral

di.tance 6. Takinq Bq. 1 into con.ideration, the relation is ~epre.ented in teraa of N,

a .nd Ii •• follOWllI
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(2)

'-~--~r

whare r ..&118 the hypocentral diBtance, 6
0

• 100 kII, r o • 1100 .. 18 •

U.i"9 the 4ata for the period 679-1948 and Eq. 2, the expected aax~ acceleration va.

calculated at arbitrary point. for the return period T y_r. and va. deter-ined by the

following equation,

...
1: " Co)

a-eJo 1
-~---T T

(3)

where nCo) and T are the frequency of maximum acceleration amplitude and the data period

in year. He obtained finally the regional di.tribution of the expected max~um acceleration

amplitude for the return periods (1 • 50, 75, 100 and 200 yeara) at every half degree point

in latitude and longitude.

Dr. I. Huramat.u2 analyzed the deatructive earthquakes in l.titude and longitude ainee

1926 and obtained the following equation. as the relation 8IIlOIlg M, r and lIWlXimum velocity

aJIIPlitude V,

109 C (M) - O.65~ - 1.719

109 re (H) • 0.145

(4)

Dividing the earthquake data into two perioda A.D. 679-1867 and A.D. 1868-1956 and

uainq the.e data in _ch period, m. lMCSe the a_ analyab •• Dr. Kawuum1 and pointed

out that tha di.tribution of the .xpected maxi.um acceleration a.plitude re• .-bled each

other, but the ab.olate valu•• were fairly ditt.rent between both c..... So that the

regional di.tribution of the expected _x~ velocity U1plitud. Vo for the returr. period

(1 • SO y_re) u.ing Eq. 4 and the data between 1868-196<& yean va. obtai.ned by the

tollowing equation,

...
1: "C'I)

V-VO
T

• !.
T

(5)

where n (V) b the frequency of the 118X1II1a velacity UlPlitude.
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After analydr19 the .ei...ie recorda ob.erved underneath the ground at the iepth of

300 a, Dr. It. lC&nai and T. SU&\lki ~ concluded that the Ullplitude of the velocity .pectrul'l "

of earthquake .,Uon. at ba.. rock vaa nearly coutant vith regarda to period t a. ;:011_,,:

t ~ 100' 39M-I. 70

and that UlPl1tu4e ill detenaiIWd by the follCNir.~ equation,

109 V • 0.6lM - (1.66 + 3.60) 109 r _ (0.611 + 1.83)
r r

(6)

(7)

So that u£1r19 p,q•. 5 and 7 and the earthqUAke data with daaugGa for the period 599-1964,

they Obtained the regional diatribution of the expected ..xiaum velocity .p!ctral amplitude

at the ba.e rock for the return perio~8 (T • 75, 100,200 year.).

H. Gato and H. Jtaaeda4 applied a certa~n probabili.tic ~el to make up for in~uffieient

earthquake data in ancient t~. 'l"hey a••~ the occurrence of .artt.qUAkea to be indepef'dent

event. and d"fined that the record. in the period B
k

were the aaJllllle valuea of n t:._s

Bernoulli tlialr., in which nIl' n
l2

, •.• n
1m

time. triala were related to the •• iamie

inten.itie. 11' 11
2

, ••. 1
m

, The probability P
k

of .ach tria! vaa .. degree of i~rtance

tor the period B
k

in the WIole recorda, anil the earthquake danger in each period wa•

• at~ted with P
k

• At that t~~, the .eiamie acceleration .-plitude K(t) w.a indicated aa

Bflt,T)glt) and the ..an aaxt.um acceleration -.pl1tu~e ~l relating t? the par...ter ewe.

i I ) -1.316 (-1.")' 47~ (..... /0 •• )-1.316.9 Veln aa a V • 50 TO ' a(VI) • 320 t'O/0.4) and a(\i:!~· , 'v wh..re

f (t,T), q It) and a are a dete...ini.t~c time function. a non-d1Jllend ", ...r '.i-ationary .to
chaatic proce•• and a conatant with d1lllllnaion of acceleration. and To meana .. pr~e-inant

period. Takinq ~.e into conaideration, the probability di.tribution. of the maxiauM

acceleration a.plitude 'flat) and the maximum velocity amplitude ~f(vat) at arbitrary

pointa for a certain period were given aa followa:

18)

and the regional diatribuUon. of the expectation Elafl. EIV.f ] were calculiiL.d in t.he

followinq equationa I

•
p, (at(. ~ {l-'r(at)

•
E [V.tJ. I b-"t<Y.t)}

•

dO
r }

dY.t

(9)

where the return period T ia 7!- yeara and the predcainant period i. 0.5 ••c.
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T. Okubo and T. Tera.ht.a
5

modified the expected maximu. acceleration aaplitude pr~

POled ~- Dr. KawasUBi on the diltribution of earthquake intanlity in tha major earthquakes

after the ~anto Earthquake in 1923. In their map. Japan was di.iced into tour divisions

by recaAbining Kawasumi's map and the diltribution ot intansity V or more.

K. Takahashi6 defined that a _an annual accumulative intensity fr.quency f(~) at the

observa~~ries of J.M.A. could be shown in the following equation aa the first approximation.

to
t(a) • a( 1 + 0125)

t
o

a(1 + O.002aFl
(10)

where a - 0.8 x 10°.
5

(1-1). to and F are a regional coeffi~ient ~ld times of felt earthquakes.

respectively.

He estimated the expected maxlmUlll values at any point vith tn£ fcoUoo'ing data: (a) the

tlmel of telt earthquakes tor the period 1884-1970 year. (b) the mean annual frequency of

earthquakes with Intenaity III or more for the perioa 1884-1970 year. (c) the mean annual

frequency of Intensity V or more for the period 1506-1970 year. So that final regional

d~stribution of the expected maxiJllum acceleration amplitUde wa. obtained by means of

weighted _an values all the result of the above_ntioned method.

s. Hattori and Y. Kitagava7 applied IlIhimoto-lida'lI formula

(11)

to the aaxim~ displacement ..plitude at each observational station of J.M.A., using

the observed data for the period 1967-1972.

In Sq. 11 n(A) is the frequency ot the IUximllll displacement amplitude A. k and

II are conltantll at each obllervational station. At that tiM. II and k were determined

as tollo..:

II • S 109 e + 1.0. log It _ log H <A_>A
j

) + log <m - 1) + (m - 1) log A
j

•
j log A

j
-5 log A

j1:
i-I

where S. A
j

• Ai and N [A~Aj) are the total nlllllber of the data. the smaUest maximlllll

amplitude, tl_ i-th mftXiaum amplitude counted from the lar~est one and accumulative fre

quency of A~A~. re.pectively. Taking thele values and the -Mte period into con.ieSeration.

the r~ional aiatribution of the expected lII&XiJIwn displace" "It &lllpl1tude va. obtained tor

the return periods ('t • 25. !'O. 100 yearsl.

S. OlIlote and K.....Ulllllura8 obt"ined the regional distribution ot the expected 1I&Xta.

acceleration uplitude using the data for tbe ledod 1885-1973. At that time, magnitude

M in J.N.A. for the period after 1926 vas transformed into '\ by Mk • 2M - 8.7. The method

of analysis vas alm~.t the sallie ~ ~ that of Dr. ICawasuai except the fOllowing equation was

uaed 11U1telld of Eq. 1).

o :'1a • 0.253 x 10
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Moreover, S. OIDote, H. Hanai anc! S. NaglUMtsu
9

Nde the reqiona1 dhtributioll of the

uxpected earthqualte DIOtions at the bAse rock ulling Eq. 7 and a probability lIIOdeJ. of earth

quake occurrences represented by a 1'<)i.80n procesll. At that time. they used the .arthqU4ke

data frca tM period. 679-1972 and 1741-1972 for the s_ return periods (T • SO, 2no years).

S. Na9ahaShi lO defined the expected maximum velocity response amplitude SVo as follows:

109 $V0 - a M - b 109' r - c (13)

where a, b an,j c are the f\IDction. of natural period modified by the characteristics of the

observational site frca the atrong-lIlOtion records.

And he obtained the reqional distribution of the expected SVo values haVing 0.3. 1.0

and 3.0 sec. in natural period and O.OS in the damping of response system for the return

period SO years, uaing the data for the period 18"<;-1975. At that time, "K for the period

1885-1925 was transfo~ into M by Muramatsu's equation ~ • a.88M + 1.2.

The research described JDove is SUMmarized in Table 1.

3. THEORY OF EXTREME VALUES

3-1. Gumbel's First ~symptotic Distribution

The s1lllplest metllo:i by which the extreme valuo!s of a variate car, be predicted is

known as that of the Pirst Asymptotic Distribution of Gumbel (1958)11. Whether the dis

tribution is a reasonable one to employ in la specific application is a Ntter of judgment.

Sw:h .. judgment can be exercised by considering how well the inputs fit the rUs'-ribution

and by taking into account any factor which Ny tend to influence the trend toward the

extreme values. While the gooaness of fit is a statistical problem, the eirterion by

which it 18 judq6d dependB on the intended application and no priori rule can be fOr1llulated

in itB regard. The deviation in trend to extreme is usually a physical problem and its

prediction cannot a:Lways be made on a purely statistic'll basis but may require insight into

the n..ture of the phenomenon to be predicted.

11 INPUTS

The prediction of extr_ values is made by carryino; out certain BtatiBtical operations

on II set of maximum values of the variate to be predicted. Such 11 Bet is obtained either

by sallPling subsets of a totality cr by the sequential measurement of a process over .peciti?

intervals of tiae Buital>ly Sp,;Aced. The methoJd is the s_ in either case, but since the

envl&onD8ntal phenomena of interest are e.dentia11y t~-dependent, the exposition that

follows is expre••ed !.n the It clan:fl pertinent to time fun,:tions.

Thus. the inputs required are:

a) A co.pilation of .et maxtMa. x

bl The tott.l n\llllber of set maxima, II

2) ORDERING OF INl'U'rS

When N 18 large. the set lIl&Xima (adjustedl are order6d by magnitude, either ••cending

or descending. 1:n what follow., the ar.cending orc'.r is used. The 'leneric value of tlk!

U.nking ind_ of the .et maxima is denoted by x.' thUB:
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Xl < x
2

< •••••••••• < XIII < •••••••••• < X
N

31 ORDINAL FREQUENCY "..

Tu each set l114Ximum XIII ~rre.pond8 the ordinal frequency

III

"... N+T

4) ltlFUT STATISTICS

The mean value of Xm

I N
X - - ~ X

N I III

The variance

2 I N
cr - -N • l: Ix

I III

':~ e corresponding dispersion

51 REDUCED VARIATE Y
m

The set maximum x
m

is plotted at the position givnn by the r~uced variate

61

7)

SLOPE !.
a

The .lope is c.lculated by the least square technique as

N
1: (x - 'iml (y - y )

!.. I
m III II

a N
- 2I (Ym - Ym)

I

MODE U

The lIlOde i. c.lcul.ted by the l ....t square technique .s

U X
m

_ Y
m
a
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9) EXPECT!D twlIKIM VIU.U1!: x(y)

'The r~readon line of expected maxiM 18

x(y) • u + ~
a

3-2. GuaL~l'a Second and Third Aaymptotic Distribution.

The Fir.t Amymptotic Di.tribution of Gumbel predict. extr... value. of a variate

approaching infinity a. the return period approaches infinity. In mo.t application. to

forecaating, thb tendency of growth ooes lead to prediction. of rea80nable accuracy. Thie

i. obtained when the obBerved values ranked by magnitude and related to a probability

of occurrence crowd the regression line of the expected values. There exi.t. hov.ver. ca...

for which there i., indeed, a marked tendency ot the obeerved value. to deviate increa.

ingly traa the re~re•• ion line as the return period increases. Such case. occur when

phy.ical cauee. operate to impose constraints of ever greater .everity a. the variate tend.

to ..row in lBagnitude.

The reliable treatment of such problems r~quires extremal probability distributions

to be somewhat more flexible than the First Asymptotic Di.tr1bution. A convenient one is

Gumbel's Second or Third Asymptoti~ Distribution. As a..ainst the First, which 1s a two

parameter distributior lmod0 and slopel. the Second or Third i. a three-parameter di.tribution

(a.ymptote. characteri.tic value, and exponent). However, the enhanced flexibility intro

duced by the third para.eter i. paid for in increased complexity, and a relatively simple

and direct determination of parameters, as in the case of the First Di.tribution, is not

quite 1n hand. The way out 1s to have recourlie to a COIIIPuter and derive the par_ters

by iteration. A _thod for accOlllplishing this is o'\tl1ned herein.

The cuaulative probability correspondin.. to Gumbel's Second Asymptotic Di.tribution

is given by

vhere x i. the variable, E it. liJl\itinq value, v it. characteristic value and K an

exponent. The problem i. to derive them from the input data. The inputs are a set of

maximum values measured over a specific interval.

The cumulative probability correaponding to Gumbel's Third Asymptotic Distribution

ie given by

vhere x ia the variable, Wits lilllitinq value. i.e., the expected lI&XiJnuII value that the

variable ia likely to attain in the infinitely long run. V its character1.tic value and

K an exponent.

The .et of lI&XiJnuII values x. b arranged 1n a.cending order and plotted a",ainat the

corresponding ordinal frequency
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/I • -_!I-
• N + 1

where N il the total nWllber of data points. The _an value, variance and disperaio,
2

~, ON ' 0 are obtained a. tor the First Alymptotic Di.tribution.

The reduced v.r~at. 2Zm for the Second "Iymptotic Diatribution wh.'l i"troduced onto

the exprelsion

and the reduced variate 3Z~

W- xZ • _ II. ( Il
I

K
3. n W-V

will plot as a Itraiqht line aqain.t

Note that in the outline that follows the subacript II is employed to define either an

input x. or a value directly relatnd to inputs Ym' _.' etc.

Note al~o that the characLeris~ic value is that value of x which corresponds to the

cuaulative probability _ .!. 0.368, i.e., to y • O. In the First Asymptotic Distribution,
e

such a value is termed the mode.
2

11 VARIANCE ON
2

Variance ON (V, E, KI for the Second Asymptotic Distribution can be obtained as

1 N
°N'(V, ~, It) • Ni (,Z. - 1.>'

2
Variance ON eV,W,ltl for the Third A.,.ptotic Distribution is aa follOWft:

aN' (V, W, It) • !~(Z. _,..>'
N I I

1 N
( -1t·1n

V- ...• - t ( cr:v ] - 1.)2N I

21 !XPaIENT It

U.inq the lea.t square ..thad, the exponent It for the Second Asymptotic Distribution

can be expre••ed in terlll of E And V.
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II
1: 1 (V-E)
1 Y. n ;-E

I: • - ---7.:"-------
{ V - t }2

~ 1n ( 1Ia - t)

The exponent It for the Third can alllO be expre.led in te~1 of 11 and V

II
I '. 1 (W - It. )

I: • _ -:;l D_w__-_'__
IIro {1
I D

2 2
Then the variance aN (V,E) and aN (V,If) are

and

2 1 11 W.. 2a. (V,W) • - r [ -I: (V,W) , 1 (----) - y ]
III DW-V·

J) PAJWIBTRIC SEQUENCE OF ona: CHAMCTERISTIC VALOE V

The characteri.tic value V i. obtained by iteration. A n_ characteristic value

Vp+l il related to itl previoul value V
p

throuqh recurrence relatina

1 C
Vp+l • Vp + [- 2"1 P' tov

whare p ia an intaraUOD index and tlv is an arbitrary incr_nul value.

Rote that the characteri.tic value V corre.pond. to the sode U of the Firlt Diatribu

tion. Therefore, an approxiMte cbaracteristic value '0 is obtein.cl by l.ttinq '0 • Mode of

Firat Diatribution.

The exponent c
p

appearing in the recurrence relation denote. the nlllltMr of tt...

the inequality a19ft c~. in atep 2.6. The initial value of C
p

is ••ro •

• ) PAlWllTRIC SEQUEHCZ or ona: ASYMP"l'O'l'ES E AND "

The ..~tote E or" ia al_ obtained by iteration. A n_ value of the ..~te

Eq+l or "q+l ia related to the previous value '"q or " q ~uqb the recurrence relation
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C
[crl (V) • £q IV) + [- tl q • 61:

or

where q i •• aequenUal index and be or !:JM i. an arbitrary inc:r_ntal value who....lection

.hould be baaed, if po..Ulle, on phy.ical reaeoninq.

The exponent C
q

denote. the nWlber of tt... the 1neqality aiqn chanqe. in Step 5).

The initial value of C 1& ..ro.
q

5) CIUTZJUON!"OR THE ASlIlPTO'l'E VALUBS [IVp) and "(Vp)

If
2

(Vp , [cr
l

) <
2

IVp ' [ )o. 0. q

or

2 2
(Vp ' Wq )all (Vp , "q+l' < ON

the siqn c:hanqe count 1&

Cq+1 -cq

If
2

(Vp ' £q+1) > ON
2

(V , [ )all p q

or

0/ (Vp ' Ifq +1) > ON
2

(V
p

, If
q

)

the .iqn chan.,. count i.

Cq+l
-C + 1

q

2
"peat calculation froa Cq-O until Cq - 3. 4, or 5 and find the Iliniaua value of ON •

TIl••election of Cq - 3, 4, or 5 depend. IJI'On the nature of the prahl••

6) C1U'l't:aION POR TRI: CIWlAC'1'ZJUS'l'IC VM.UZ V (roll ALL POSSIBLE VM.UZS OP E OR If)
2 2

2 If the ai~ value of ON (Vp+l' [) or a.. IVp+I' If) 1& _Her than that of

ON (Vp ' £) or all (Vp , If) the .iqn chanqe count 1&
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2 2
1I1n~ value of 0. (Vp+l' £) or 0. (Vp+l..' W) 18 larger th&n that of

or aU (vp' W) the dgn chanqe count is

and find the ...lle.t value of

(7 2 (V • W) for all poaaible
N p

C
p

• 3. 4, or 5 also depends

R8peat calculation fra- C • 0 until C
p

• 3, 4, or 5
2 P

aN (Vp ' t) for all po..ible CClIIIbinations of V and £ or

~ination. of V and W by iUxat.ion. The aelection of

01\ the nature of the probl_.

Th. exact solution of V, E and K for the Second Asymptotic Distribution or V, W 6nd K
2 2

for the '1'hird corr..ponda to the ...l1eat value of ON (V, £) or ON (V, W).

HOte thet tlla value of exponent It is a function of V and £ or V and W for which the
2 2

variance ON (V. £1 or 0. (V. W) ia the .-llest and is calculated for each step of V
p

a.nd

£q or Vp and "q'

4. EARTllQUAJIJ! nATA

'l'he _rthqualte data vonaidered to be availabl.. at pr","ent in Japan can be divid.-d into

five periods as followa:

(1) Period 416-1872 - Magnitude Mk and epicentera vere deteradned by Dr. Kawa.uai

u.ing the d••cr1ption. in ancient documenta. Thea. values are shawn in the Sci.nce

Calendar12 • No data except d_qe. are included.

(II) Period 1885-1925 - Both MIt and M are shawn in .uch a relation a. MIt· M + 0.5

in t.1la Science calendar. No datll except damaqe. are included.

(III) Period 1885-1925 - Both MIt and M are .hewn with the .... "elation aa the data

(II I in the Science calendar. Moreover the data in the _jor earthquake. above are
13

included in the Cataloque of Major Earthquake. by J .M.A.

(IV) Period 1926-1960 - The re.ults of instrumental oba~rvation. are reported in the

catalO9\l4l of Kajor Earthquake. t1Y J .M.A •• in which all the earthquakes with the

_gnitude M~5. 0 are conddered to be included.

(V) 'eriod in ancl after 1961 - The data in thi. period are reported in the Cataloque

of Major Earthquake. or tbe 8ei.-olO9ical BUlletin of J.N.A., in which almc.t all

tbe Mrt:hquaJte. with the _qnitude M~4.0 ar. oon.idered to be included becaus. of

advenc:ed ine~nt.a OOIIP&rlnq wlth thea. in the period 1926-1960.

It i. 9enerally ••au.e4 that the aei.-1c .ctivity has been or wl1l be nearly a. con

stant in an area a. in t1le whole Vicinity of Japan. It the ..aUlll'tion above i. made and the

data of the earthquake. occurred in the period .re ea-pletely included, such phenQlll8ne .hould

be recogni&ed for any data a. follows I (1) t.he gradient of the acc~l.tive energy curve,

thet i., the -an annual enerCJY rele..ed bY eart.hquak.e. ia nearly <:onstent and (21 the

_ annual ac~lat1ve _qnitude frequency c'l.tribution i. sWlar for any period of data.

Mean annue1 _gnitude frequency distribution and _an annual enerCJY released bY the

eartbqlMke. for tbe data period of (I) - (VI are shown in Pig•• 1 and 2. ,.. ._n in

the.. fiqure., the data (I) - (V) can be cl•••ifi.d into two part., data A (I, II) and
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data B (III, IV, VI. and there are r_rkable differences bet_en tbe data in A and tha

datA in 8.

It 18 nece••ary to pay attention for the data A .. follow., (1) the data A ""re ...de

according to the de.cription. in the ancient doc~nts and (2) the di.tribution of popula

tion in the tt.. wben the doc_ts _re made had to be very uneven. The reaaon 15 easUy

inferred why the datA A are not ~nly ....11 in qUllntity and low in accuracy but alao uneven

reqionally. On the other hand it is doubtful whetber :he period of the data B is long' enough

for the ..i~c activity to be regarded as bein'1 consunt.

After conaiderJ.rlC/ t ha facts above, two kind. ot data are u.ed in the present paper ••

fol10_.

1. The data B with .cdifir1 ~znitude - The data Bare exaained and modified in the

following. The acc~lative energy curves using the original magnitude and .edified -'1
nitude are shown in Fig. 3. , .. seen in Fig. 3 the gradient of en,:rgy curve before 1925 is

larger than that after 1926.

It se... necessary to modify the ..gn1tude for the period 1885-1925, because the

_qnitude tor the period 1885-1925 vas ICavasUllli' s magnitude dnd the magnitude for the period

there.tter he. been deterained based On the instrumental observation. A.suming that the

gradient of the acc..ulative energy curve is nearly constant and t.IuIt the gradient value

for the period 1926-1973 is representative in the vicinity of JapaA, three types of modi

fication for the a'.gnitudft are made as follows: (ll M-0.5 for the period 1885-1925,

(2) M-O.6 for the period 1896-1915 and M-0.5 for the periods 1885-1895 and 1916-1925, and

() M-O.7 for the period 1896-1915 and 11-0.5 for the f4riods 1885-1895 and 1916-1925.

In Fig. 3, it is seen that the resultant acc~ulative energy curve ukes alDOst a straight

line in the -:>ditication (2). The _an annual magnitude frequency distribution for

the period 1885-1925 after the above DOdification is compared with that for the period

1926-1973 in Pig'. 4. As seen in Figs. 3 and 4. the modification (2) seems to be ~st

suitable for data B.

2. The data after the period 1946 when the distribution of population va. relatively even 

As for the data before 1926, the follovinq treatment. vith characteristic. of acceleration

were applied.

<11 The _jor earthquakes having 100 gals or IlOre vere estluted frolll the destructive

earthquake. in tha Science Calendar.

(2' considerlng the annUlll _qnitude fre<.:uency distribution curve. in Fiq. 4, it 1s

assu.~ for the ....11 or -.diu- earthquak.. 1... than 100 gals that the frequency

of earthquak.s occurrence va. the __ a. that after 1926 year. The _qnltud.

betore the perlod 1885 vas estimated from tOt.

5. BXPIlICftD VALUES OF MIl'I'HQUlUCl': IN'1'BMSITY BY THE TKEOIlY or EXTJIDIES

5-1. PBStMPTIC»l or BAR'l'HQUAD: IN'l'EHSITY

Rafty .-piricel to~lae CODcerninq the relation.hlp of inten.ity, _qnitude and epi

central dis~ have been proposed by ~y inve.tiqators 1n addition to tho•••ntloned

in Chapter 2/ Gutenberg and Davenport (1942), Bl.- 11%5), Houener (19651, Milke and
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Davenport (1969), Eateva (1970), Watanabe (1971), DonoVAn (1972), Soknabe1 and Seed (1973),

lCat&y_ (197.:, Trif\m&c and Brady (1975). rig. 5 ahowa the relationahip between the

aaxiau. acceleration and epic6~tra1 diatance in t~ caa. of aaqnitude M-6.5
4

Good aqree

..nt can be aeen.. ~ thea. -.pirical formulae in the range of epicentral diatance

20-250 IaI except tho.. by Gut6nbarq and Richter, and by 81.-.

In thia paper, Jean,i'a formula (7) which indicatea velocity apectrum on the baae rock

waa utilized for the presu.ption of earthquake intenaity.

uaing ~1'a foraula (7). maxiaua acceleration amax , maximum v~locity Vma• and maxi

au. diaplaceaent dmax on the surface of ground can be obtained. as followa:

~ • (, (T)

1.'10 + 1.13 ) • T • C(T)
r

where G (T) iw dynamic characterisitcs of the ground and is approximated by

1
C (T)

when T· TG

( T )}2
"TC

TI Predolll1nant period of earthquake motion

Te' Predolllinant period of the ground

Ther.fore, considering T • T
G

maxilaua acceleration. velocity and diaplac_nt on the aw·face

of the qround are approx1aated aa follova:

5-.-.. tiG
"-ax • s-IT;;

10' .IIM-(I."+ ~...!-.) 10&10 r + (a.I 17- ~')
r r

'0'.11"_(1."+ !...!.o)1o&lIr-(o.6J1 +.!..a!.!..)
r r

cIau: • SITe' • 10'.""-(1 ... + ~')IO&IH - (I.~JI + ~')
I' r
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5-:l. DPIICTIW VALUES lZ~ I!l'l'IIISITY

1) Ibrpect:ed Valuea of llaxu.- Acceleration and V.locity in Tokyo

Th. expected value. of MX1aa accel.ration and velocity ')II the .urfac. of qround at

the center of Tokyo (35.7"•• 139.8"E) are predict:ed UIIinq the palt 326 year eartbqualt. data

(_qnitlJde and epic.ntral distance) _ntioned in Cbapt.l· 4.2. Fi9. 6 snow. the .xpect:ed

value. of -axia\a acceleration on the aurface of the q.tO~, of which the pre40ainant pedod

T
G

iI 0.3, 0.5, 0.8 and l.:l Me., obtained by ~l Aay8lptoU" Distribution.

The expected values of -.x1a\8 velocitv are shown 111 Fi9. 1 obtained by lC&nai·.

fo~la (7). Tabl.. :l and 3 .hOW the calculated value. of -axt.ua acceleration for .ach

year and the .xpected ....ia\8 accel.ration and velocity v.. return period on the .urfac.

ot the .tandard 9round (T
G

• 0.3 s.c.) at the c.nt.r of Tokyo, respectively.

:l) bgional DiltritNUon of Expected Maxu.u. Acceleration on the Surfac. of Standard

Ground

Th. expected _alia acceleration on the .urface of the .tandard qround (T
G

• 0.3 ••c.)

is calculated at the location af every 0.5" in latitude and lon9itud. by lC&nai's fo~la

and G~l'. Aa~totic Di.trUbution. The past earthquake data used are described in

Chapt.r 4.2. bgional di.tribution -ape ot the expected -aximum acceleration corre.pondinq

. to tha return period. of 50, 100 and 200 years are ahown in Figa. e, 9 and 10, re.pectively.

3) bcJianal lJiltrUbutian of Expect:ed Maxbr.- Velocity in Bedrock

The expected _!ala v.locity at the baae rock iI obtained at the location of every

0.5" latitude and lonqitude by lC&nai's for-ula and G~l Aa~totic Diatribution.

The p&8t earthquake data dnc. 1885 are UHd a. de.cribed in Chapter 4.1. Reqional

di.tribution Mp. of the expected ....t- velocity correspondin9 to the r.turn period. of

50, 100 and 2rO year. are shown in Fi9S. 11, 12 and 13. reapectiv.1y.

Fiq•• 14 and 15 .hOW the expected_~ acceleration and di.plac...nt at the ba••

rock correapondin9 to the r.turn period of 100 years, reapectively.

6. PMCTICAL APPLICATIOR OR '%'KE URTHQUAD lWlCZR

As i. claar frca Tlble 1, the period_ of the d6ta used and of the analy••• in the

r ••pectiv. r ....rch vary fra- a acientific point of view. For practical purpose., that

iI. e.pecially the reqional .a1a:ic coefficients for a.e1aaic deliqn of .tructure., the.e

r ..ulta _y not be ava111b1.e directl.y, becau.e it "a diaaqreelbl. to ..y that the re.ulta

expre•• the reqionality of ••i_ic activity in the vicinity of Japan C08Ipl.t.ly and

objectively. Moreover it __ not ot be al_y. de.irable in aseilllll:ic de.iqn thet there are

Mny kinds of the r89ional diltriblltion of the .xpected value.. So a new r8910nal ..iaic

coefficient -.p v.. 8IIld. atter e--.:ininq all r ••ult. frca the followinq .tandpoint.. (1) the

accuracy of each value :in earthqualte data, (ii) the r89ional evenne•• of data infon4tion,

(iii) the qwmtity or the period 1.n9t!l of data, (iv) the _thad to calculate the MXt..

eartbquaJte _tiona f~ M and r, (v) the _thad to deterail>' tha expectation of the _iala

eartllquAJte _tiona and (vi) the representative _thod to Dbta>.:" the re.ulta.

'!'be r8910nal diatrUNtion -.p. of the .xpectation value. baaed on the reqional:ity of

..laic activity only were ••lected frca various ap. and no~l:ised to ua1qn unity for the
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-.x~ value in _ch up at the point. ot every balt 4~r_ in both lon'l1t.ude and latit.ude.

The reqional 418t.ribution t)f ..i.-1c coefticients was deteraine4 by _ana of the _iqhtad

_an value. by .w.t.iplying ...ch nonsal1&e4 ona by each _iqht. 4et.er11ina4 fr_ the six iteN

above.

'l'be final results are shown in rig. 1~, lfhich are COIIsidered to be the .ppropriate

regional sei-.1c aoning coefticient.8 tor .sei.-1c design ot struct.ures. As ...n in Fig. 16,

Japan i. divided into thr.. divisions by the criterion of .el_ic activity, thet la, Al are.

with hi'lh earthquake danqer, Bl Mdi_ danger are. and Cl low danger .r_.

'l'bis .tudy was partially supported by the project of E.tablis~nt of New Asei_ie

De.ign Math04 .onitored by Ministry ('If Construction, Japan. The authors wish to express

their thank. to Protessor St. Deni., University of Hawaii, for introduction of Guabel's

Second and Third A&)'1IIltotic Di.tribution by iteration _thod, to Dr. Ot.uka, Head of

I.I.S.B.B. and Dr. M••atabe, Head of Str. Div. at pre.ent, for valuable discuasion on

reqional ..iaalc/aoning coefficient, to Mr. Y. Seriaava, -.beor of B.R.I., for dravinq of

f!qure•.
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Table - 2 Calculated Values of Maximum Acceleration lqal)
for Each Year in Tokyo (TG • 0.3 ••c.)

A.D. I~~~~ Qmal~=03 A.D. lEPicenbtJl~ ~'t=Q3Jcfs1a'lce i.i:II
1926 ie8.10 6.2 89.15 1950 84.~ 6.5 61.1S
1927 14166 6.0 14.~ 1951 58.8:> 6.2 68.36
1928 76.10 5.8 26.87 1952 1()t..41 5.5 11.07
1929 703) 6.1 45.91 1953 226.82 6.6 15.76
19~ 9828 7.0 9961 1951. 12&~ 6.4 29.25
1931 71.71 7.0 157.93 1955 74.33 5.3 13.77
1932 12089 6.1 20.63 1956 50.82 6.0 62.83
1933 11421 5.6 11.14 1957 155.63 5.0 2.99
1934 58.86 5.2 16.68 1958 41$ 4.4 8.09
1935 149.20 6.3 19.83 1959 123.03 5.6 995
1936 142.85 6.3 21.19 1900 177.:rt 5.9 8.66
1937 119.98 6.6 42.12 1961 147.25 5.9 11.53
1938 11399 6.6 35.62 1962 79.25 4.9 7.16
1939 67.22 5.3 15.91 1~63 136.45 6.1 11.16
19ieO 117.23 6.1 21.47 1964 132.itO 6.2 20.68
1941 75.36 6.0 36.09 1965 152.50 6.7 33.62
1942 141.15 6.6 32.90 1966 ~.10 4.9 '1.42
1943 151.62 G.6 29.48 1967 B7.~ 5.6 16.04
1944 23.50 5.5 8290 1968 70.10 6.1 46.09
1945 68.ot 5.7 27.44 1969 65.84 4.5 5.33
1946 71.17 6.3 59.73 1970 84.05 5. 1 8.70
1947 118.l:) 6.0 18.52 1971 701l) 4.9 8.41
1948 74.03 5.4 ~5.94 1972 58.8:> 5.1 14.58
1949 114.38 6.7 52.90

Table - J Expected Maximum Acc~lerAt~on and
velocity ~alueB vs Return Period
in Tokyo

~
~tum l~rsJ

lht50 100 200
Arnall 162.7 217.0 287.7 gal.
Vmall 7.71 10.4 13.7 ~
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Fig. 1. Frequency Distribution of Mean Annual Maqnitude
for Data I to V.
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1

Flg. 2. Mean Annual Energy Rel_.ed by Earthquake Data II to VI
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• 1885-1926:M=M
o 1885-1926:M=M-Q5
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l"i9_ 3. A=_ul.tive Energy Curve. of Origin.lind
Modified Data
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Fig. 4. Frequency Distribution ot Mean Annual Accumulative Magnitude
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Fiq. 9. Reqional Distribution of the Expected MAximum Acceleration
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TREATMENTS ON SEISMIC FOIlCE IN DESIGNING EARTII STJUJC'l'IJRES

Kenkichi Sawada. Chief. Soil Dynamic. Section

Public WOrk. Research Institute

Traat.ent of earthquaka force. in th@ design of retaining walls and of embankment

.lope. i. di.cu••ad. The diacuasion centers around the philoaophy and con.iderations given

when Japan Road A.aociation revised its Earth WOrk Manual in Road Construction.

~S. Culvert•• de.ign principle, fill slope I earth structure, earthwork manual,

priority I retaining walll .eiamic force.
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1. PREFACE

Statistical analysis of uamages to earth structures, preservation of records and other

treatments on the damages were discussed in my previous report. This paper will analyze

the actual circw..~tances by cons~dering the very basic problems in designing particular

earth structures.

The earth ~tructures have been built for many years by trial and error method with

accumulated knowhow rather than by so-called design process. thus the process of design

was not particularly required in these years.

It is considered that the design procedure for earth structures becomes particularly

important only when constructing a large structure c,r construction of a structure in a

minimum tUne was a prerequisite. It may be said that the design of stabl~ slope and

retaining wall became important becuase the height of the slope was large and also because

consolidation of soft ground became im!='.)rtant ...hen a high construction speed was needed.

Recently. the Japan Road Association revised its Earth Work Manual in Road Construction

in .'hich an important problem was the treatment of the seismic force in the design after

the socLal movement toward incorporation of the ~eismLc force in designing the earth

structures. This also may be considered a new prerequisite as stated in the above example.

In this manual. influence of seismic force has become more important when designing

especially retaining walls, embankment on soft ground, and culvert. This subject will be

outlined below.

2. CONSIDERATION FOR PETA INING WALLS

Seismic force on retaining wall is now treated in a manner state~ below in design. The

retaining walls exceeding eight meters in heig,t will be now designed for earthquake. For

retaining walls lower than eight meters, those resisting forces or abilities that are not

taken into account in normal computations, such as the passive earth pressure at front face

or design under the worst condition of the rear earth ftll rthat is, loss of cohesion that

may occur only during a long period of use), are considered resistive against increa~ed

loads due to ear~h~uake. That is, the lower walls require no particular consideration for

earthquake and they are cor.sidered to be safe for seismic forces.

The next problem is in the area of calculations for retaining wall exceeding eight

meters in height with seismic forces. The previously mentioned Earth Work Manual employs

equations for earth pressure principle proposed by Mononobe-Okabc during earthquakes.

The Mononobe-Okabe equations propose to tilt a retaining wall imaginarily forward by an

angle corresponding to seismic coefficient in order to staticaliy calculate a seismic

force applied to the wall during an earthquake. This type of equation is also used in many

other manuals. However, One of the characteristics of the road embankment is its sloped

surface at the rear of the retaining wall instead of horizo~tal surface. Therefore,

especially when a retaining wall LS required at the bottom 01 a lonq sloped ground, these

equations may often result in an overdesigned wall. In order to provide horizontal friction

forces sufficient to resist the forces such as earth pressure, inertia force assumed to be
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applied to lIlAin portion of retaining wall, and seismic earth pressur." the length of

bottom slab required is enorlllOusly large.

To solve this t,ype of problem in design, various design IIWlnuals for retaining walls

are responding in ~a~y different approaches. For ex~le, the design lIWlnual [)repared ~y

the Japan H1qnway PubLic corporation simply clarifies this problem by emploring Terzaghi's

equations for ~arth pressure with proportional increase of (1 + kl corresponding to

coefficient k. With this modification for the equations, the ~se of excessive earth

pressure in desiqn can be prevented. For retaining walls for structures other thzn road

construction, this kind of problem is not likely to occur sinc~ the rear top of most

retaininq walls is considered to be associated with horizontal ground surface.

Depending upon the angle of friction assumed on slip surf~ce of soil back to the wall,

the direction of earth pressure force will vary greatly, resulting in a serious influence

on the stability. Value of this ar.l1e is normally assumed to be zero at the time of an

earthquake, but it is inconsistent to make its static value s~ly zero since it may still

have staticLlly a fractional value of internal friction angle of the earth. Also the

equations proposed by Mononobe-Okabe do not consider the cohesion force, but it may be

agreeable to consider the effect of cohesion force in some way since an earthquake and

loss of cohesion force of earth next to wall ere not likely to occur at the same time. The

Earth WOrk Manual qualitatively discusses the effect of cohesion force in the hope of

limiting the size of slip surface.

with these various approaches employed in the Manual, the Manual establishes a

rational design method that offers dimensional ranges acceptable in the actual practices.

However, it is widely said that the studies on soil mechanics start and end in coping with

the problems of the earth pressure, so that step by step improvement of the design method

for the retaining walls stated in the Manual is likely to be expected but problems will

never be completely solved.

3. CONSIDERATION FOR EMBANl<MENT SLOPE

v~rious types of problems are also pointed out for the stability of the earth fill

slope, aa in the case of the retaining wall. Not only for retaining wallS but also for

the earth fill slopes the need for encountering the effect of earthquake by some method

was strongly discussed in the process of hearing for the Earth Work Manual.

Conventionally the stability of the slope has been analyzed by the use of the slip

Burface method which is equivalent to seismic coefficient method. However, justification

tor accurately computing the safety factor in dynamic design was questioned in the hearing

even if the method itself was valid for static design problems, since the test method for

soil dynamics did not completely reproduce job site conditions, failure models were

overslaplified and soil properties of job site varied LOO much from one location to another.

For this reason, the committee for the MAnual once concluded that the statical calculations

with simply increased safety factor would be adequate for earthquake. This approach was

identical to that of retaining vall. Since the earth fill slope had no extra resisting

abilities uncounted in the calculation., the value of safety factor had to be increased in
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tbe actual practices. Then, the s.fety ractor as eatra room for strength wa. in question

but it vas once .et to be about 0.5 by a _jority of t;.e c~ttee IIl8IIbers. However, in

the final stage, this _U¥ld vas abandoned since it was not well grounded to take up as a

_thad to be specified in the Manual.

In the end. the ItCU waa clAssified into the cll'~'r~' soU and sandy ItCH, and they were

spec~fied separately in the Earth MOrk Manual. The former has a reocvery of strength

after construction, and the increase of strength after construction is expt!·ted to provide

an ext'!'a stability to the slope, as in the case of ret!o.ining walla. Thus, no special

consideration was given to the earthquake. However, for the sandy soil, only a basis for

determining possibility of liquefaction of poor soil was described without including

detailed requirements. It seems to be very important to examine the dynamic properties

of clay, but no requirements are pr'vided for examining strength properties since it was

su-ply agreed in the committee that the earth structures would gain strength required for

aafety after their r.on3truction. It was found that a dynamic test _thod capable of pro

ducing results clear as these by dynamic triaxial test used for checking poor eandy soil

was not available at this time.

Thus, methods for analyzing the sliding of slope were not positively stated in the

Earth Work Manual. It should be noted that so_ manuals are using the circular arc slip

surface methods. However, many variations can be expected in details in the method of the

Manual where the sliding plane of various forms 1s combined with the seismic coefficient

method. A few examples will be described hereinafter. but some of them are somewhat

identical to those already reported as "earthquake-resistive properties of earth fill" at

the 5th joint _ting.

There are three methods in the linear sliding plane approaches: (1) sliding plane

is treated as infinitely long slope a. employed by National Railway Laboratories and

others, (2) re.istance at the bottolll edge of the slip surface is contpensated in the _thod

used by Seed and Goodman, and 3) sliding plane passing through the toe of the slope is used

by the Design Standards for Harbour Structures.

T"le circular arc slip surface methods are: (1) standard method applying sei_ic

force to center of gravity of each slice; (2) design criteria for earth fill dam applying

.ei-tc force on slip surface; (3) design standards for Harbour Structure. where influence

or sei.-1c force is not applied to resistance terml (4) report of research by National

Railway and proposed design criteria for an artificial ialand of Tokyo Bay by Japan Road

~aociation where the s.1s.ic coefficient is applied only to earth fill in providing

reaistance to earthquake, and (5) so-called folded line ..thad where a special form is

as•.-1 for the sliding _ss of earth fill.

The latter .ethods (circular arc type) are employed when the results of the computa

tions by atandard _thoc:s are unable to assure stability due to exceptionally large sizea

of structure or unusual form or to provide besis for calculations b) accurately studying

-.chanism of phe~non with varioua devices and by various types of st.plifications. By

this approach, each of thes.. phenc-na is eXGI1ned in detail for evaluating ita contribution

to resistance, and thus extra force. hidden in the calculations will be reduced accordingly.
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4. DESIGN BY DISPIACEMENT CRITERIA

In the design of a retaining wall, one problem is the value of the destructive dis

placement to be used. and this is not the problem concerned with the earthquake alone. It

was tried to lllAlte provisions for displacement in the Manual. As reported r-revioualy, there

will be a nu.ber of different types of failure in earth structures cauaed by actual earth

quakes. However, a type of failure si.lllilar to that .:)deled in an analysis is hardly found.

In fact a slight projection of retaining wall after an earthquake may be found, but complete

overturning or sliding is rarely found. Most of the failures stop after a certain degree

of progress. Even if an overall failure occurs it is usually made as a part of overall slope

failure insteed of its own independent failure. Also in the case of earth fill. overall

failure rarely occurs unless a liquefaction is present.

All of these phenomena are called "failure" so that various types of recognitions for

the failure become unclear. A number of phenomena existing in reality are all cast in the

limited number of forms, resulting in a shortage o! useful information. It may be natural

to find this kind of problem in old references investigated but a cOBplete record ~y not be

obtained in earthquake damage investigation conducted in recent years unless the problem

stated above ie< refonled in investigation. When an actual damage is seen. each person

may classify it differently frc. others. Also, a damage may look as if it can be classified

into certain types at a glance. but an engineering method for quantitatively determining

the damage by a survey has not been studied consciously.

Slip failure of road embankment caused by earthquake in the middle district of Oita

Prefecture may be a qood exaJllllle of this problem. At a glance or from photographs of d......ge.

the contents of damage look very clear but it is extremely difficult to record it

quantitatively as a prototype. It seems very difficult to imagine a real state of a damage

from drawing. of data gathered only from Survey of Soil Property for Disaster Restoration

lbrk. Regardle.s of the consequences, it may be an only way to produce drawings according

to a pattern.

Because of this uncertainty, many people are used to thinking that consideration for

failure of earth .tructur y earthquake is unnecessary. However, this is mainly

because conventional ana~YL~cal models cope with a boundary condition where a failure may

start, but it shOuld be understood that a structure can be utilized even after this boundary

state is exceeded. 'l'he discus.ion may be advanced with such a view in vhich the use of

structures is precluded taken a. a lillit. For this purpose. also an effort to adopt a

de.ign _thad detenaining a failure by di.plac_nt criteria may be required- However, this

_thad haa not been adopted in the recent revision of the Manual.

5. PROGRESS OF DESIGN PRINCIPLE

_irical technique. of de.iqn for earth .tructures have been useful for the desiqn of

.tructures with liaited sizes. But. uncontrollable factors vill appear when the sizes of

structures increa.e. At first, the difficulty in desiqn i. overoaDe by ~ifyin9 values

expressing the cbaracteriltice of soil. used in desiqn. When this approach becc.e. no -:)re

~ropr1ate to design, other -.chanical or qualitative develos-nt .US1: be expected.
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The probl_ in evaluating the influence of earthquake _y be the SoUle as that stated

Above. Thi. problem can't be solved simply by increasing the accuracy of the same analytical

method. This problem requires a certain new IIl8thod. As presently done so often, reaortinq

to the strength characteristics such as "CO and "J" (which are not related to strain) as a

re.ult of analysis of 80il properties is an accustomed method in normal approach.s of

mechanics. However, possibility of solving problems within this conventional area of

approach is becoming very small.

6. CONSIDEJU\TIOti FOR CULVERTS

Lastly, the influences of earthqaakes are not taken into consideration in the desi9ft

principle for culverts in the Manual. However, in the design of gate type culverts. one

paragraph of the Manual requires an analysis with earth pressures acting only on one side

during earthquake even if the earth pressures may be acting on both sides in reality. In

this case, the method for computing the earth preGsures during the earthquake is not

de"ignated.

7. IMPRESSIONS

(1) Revision

Subjects related to earthquake in the revised Earth Work Manual heve been ~escribed

above, and now my impressions will be stated below.

An iIIIportant point is that IIl4jor changes covering a wide area of subjects may be

required instead of conventional type revisions in the sense of narrow area if a design

lIIllnual for earth structures is to be revised in the future. Methods UlIed in many

revisions uP to now are to revise parametric values of earth mechanics while _intaining

the s_ qualitative mechanism. This traditional approach may be limited in its effects

even if the accuracy of the values of parameters is improved by means of _ny expert-nts

since the approach is not considering non-uniformity of the quality of earth structures.

As a result, this _y raise a question whether properties of earth structures can be

expressed by accWllUlation of minor items as expressed in normal IIlechanics. Normally,

in research activities, more details are investiqated as the research progresses. But the

entire picture can be IIIOre exactly understood if _crascapical view is taken as long as

the magnitudes of dhturbance of the properties are identical. A solution might be to

-.ploy a probabili.tic approach. But, simply using the probability concept is ~t de.ir

able to us since solutions by considering soil mechanica are more important at tl'.i8 stage

of the development.

Nov let us examine the.e subjects in more detail. As long as we try to understand a

phe~non by the use of data and anlaysis, contradictions between requir_l·ts for analytical

accuracy and actual .tate will go non-reversibly towards BIOre contradictory dirfO.:tion. In

such a ca.e, a proper OOIIlpromise _y be necessary. Usually the CQq)rCllliae is conaidered to

be paasive, but, in thia case, it ahould be more positive in nature and this can be achieved

if it aolvea the probl_. The u" of dip surface _thod may be a kind of COIIlPrOlBise to the

pr.aent atate of .echanica, but 1t 1s very pracltcal especially for producing proper
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compromise now is response to the present needs. However, it should not be limited only

in an area where values ~~ ~effic1ents are prepared unless it contains wider mechanical

area.

(2) Renovation

It must also be considered that the problem of renovation in earth structures is

very particular compared to other structural materials. With other materials, renovation

of a failed structure means that broken portions are completely replaced by new materials,

though it My be SOIIIetimes very difficult to determine a liRlit of broken portion. This is

quite different from the earth structures since broken portions of soils are rarely

replaced by other new soils. This phenomenon is rather quantitative in nature since a form

i. rearranged by adding soils to the broken, deformed portions. On the other hand, there

is an example of rather qualitative renovation. A final renovation work is executed directly

on an emergency work made immediately after a failure of earth structure. Thus, in earth

structures, wear rather than failure is often BIOre adequate expression to use.

As long as the failure of earth structure is treated as stated above, it may be very

difficult to expect a complete answer to the design. That is why a consistent description

in a liDIit of a system will give a justification as stated previously.

But, it is understood that this type of system must experience a qualitative improve

ment of the method at a certain stage. Research and design are mutually combined in such

types of relationships. In earth structures, however, this kind of stage is long overdue,

and the result is slow progress. Though only these kinds of findings are useful for design,

they are not all of the present fruits. A great number of nata resulted from various

types of enormous in-house analytical experiments must be totally integrated to utilize them

fo! the improv_nt of the method.

(3) Ter1ll8

We are accustomed to the use of existing concepts when observing something. Especially

in soils engineering, concepts developed in other fields of sciencp are often used without

modification since analytical soil dynamics is very slow in its progress. The present

approach may be handy foran approximate understanding but chance for true understanding can't

be achieved simply by this borrowing of concepts. Also a significant progress can't be

achieved as long as a chaos exists in the technical terms. The chaos also exists in the

magnitude of sizes and forces but more importantly in the areas of social demand for

qual! ty and changes in environmental conditions.

(4) Priority

In the discussions held for revisions of the Earth Work Manual, a concept of priority

in design of earth structures was once take,., into conSideration in an Ilttelllpt to prevent

the failure of structures having top priorities. It will be very hard for me to understand

if this concept is brought to an attention only for compensating the design method employ

ing "c" and "_". It is not sufficient to use the priority concept only for immediately

solving discrepancy that hA:J not been resolved by "c" and "Ill".

This gives an impression that all unclear sUbjects are to be approached with the

priority concept. It may be possible to establish the priority concept to restrict the
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de.i9f18 for hiqh priority 8tructure. for preventing the failure, but it ia very difficult

to detenoine the priority for ectual at:ructure. aqr_able to people. AlllO the priority

or vallM 111 not a con.tant factor in nature. Changea in the priority or value are no~l

and it ia not a .1IIp1e phe..-non. The chan9ing .tate cSoe...·t _an d~naion. or .hapea

of atruc:ture it••lf but _ana aceial demand•.

If the priority 111 underatood in thill way, it ..."/ be a type of an expre••ion for

indicatinq aceial 1JIportance. Aa .tated above the priority concept _a broU4Jht to an

attention &II an iJIportant concept in the deaiqn of earth at:ructure. but ita __irlCJ faUed

to obtain the~ Wldentandinq.

(5) Peat.cript

Laatly I conaider condition. where .tructurea ..de of earth can be produced. If only

the probability of failure during earthquake i. taken inte account, production of .tructure.

by 8011 _y beco_ i.mpoedble. Expoaure to any other type of disa.ter .uat 111110 be talten into

conaideration. AI80, it ..y be po••ible to diacu.a a difference in human .enae. between

product. -.de of earth and tho.. _de of .teel a. a factor in considering .arth .tructur.a.
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S'l'UDIES ON '1'HE ASEISMIC PIlOPI!Jl'1'IES OF UHDERGROUND PIPES

lC.eiichi Ohtani, Chief, Earthquake Engin_ring Laboratory

Noba~i Oga_, Re._rch "-ber, Earthquake ~in..rinCJ Laboratory

Chikahiro Minowa, Re.earch Mellber. Eart.hqualte Enqin_ring Laboratory

National Reaearch Center fur Di...ter PreY8ntion, Science and Technology Agency

Thi. paper de.cribe. the experiment. of underground pipea by u.ing the large-.cale

ahalting table of the Rational Re.earch Center for Di...tar Prevention, the analy.1a

re.ulta of cSynaaic water pre••ure on pipeline. cauaed by earthquake -ationa. and the

probl_ of the aUp between the .urface of pipe and the soil.

two kinde of expert-enta were executed. In the fir.t axperiaent a linear pipeline

(.t_l) w•• buried in the 9Z'ound at the vicinity of thi••halting table. The teat pipeline

wa. excited by the wave. which were generated fr08l the .haking table and tranlllll1tted

through the ground. The behaviora of this pipeline and the qround would not alway. be

aiailar bec.u.. of the difference. in the riqidiUe. between pipe and soil and in the

boundary condition. of pipeline ending. In thia expert.nt. alight difference. were

_ore<! be~en the behavior. of the tut pipeline and the qround.

In the .eoond experiMnt, a ateel pipeline with. branch pipe wa••et on thia

ahalting table and OM end of the _in pipe waa CllJIIIPed in the ahaking table foundation.

And thill pipeline ...a buried in the .and pit. The bending .train. and re.toring force.

of thia pipelina wera .a.ureeS. The dynaaic .train. had the value••Wlar to tho.e of

.utic atraina for the .... di.placement.. The hy.tere.ia loopa. drawn by the re.toring

force and d1apla~t at the cllJlllPed end. had the energy abaorption. The nece••ity for the

aeoond experiMnt wa. baaed on the alip which had grown around the pipe aurface in 4ia

a.troua earthquake.. The alip value. of the infinite length pipeline with a branch pipe

were calculated for .inu.oid.tl ground wave••

In ..tcSition to the.. probl_. concerning vatar .upply pipeline., etc., the vater pre.aure

in the pipeline. he. to be con.idered. In thia paper, the procedure for e.tiaating the

4iatribution. of dynaaic vater pre••ure. cau.ed by earthquake. vithout the eo-called water

na-r hal been developed. For ellUlple. the dynaaic water pre••ure. for Jmdel pipeline.

are calculated.
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1. IN'l'IlODUC'I'ION

In the CA... of daaAging earthquake•••uch a. the 1923 Kanto Earthquake and the 1974

I&uhAnto-oki Earthquake and 80 on. the underground pipelines were .everely damaged. So..

of the daaage happened to be b<ouqht about by landslide. and falling ston.. accompanied

with earthquake.. But in most ca.es d...g.s would be brought about by the ground motion.

during earthquake.. Tbera would be many pipe breaks in the vicinities of structures. And

the boundaries of different ground properties would be IIIlOre vulnerable than in general

site.. Almo.t All of the pipel would be broken by the axial and bending deformations,

and the increA" of water preesure would occur during earthquakes. The damage patterns

of pipes would vary in accordance with the ~ypes of pipe materialA. the ages of being

buried. the _thod. of pipe joint.. and pipe lizeB.

Tbe a.eismic properties of underground pipe lines were already studied by many

reseArchers - A. Sakurai. and the Ministry of Construction. and so on. and many valuable

resu~ts were brought by them. In the present paper, the experiments using the large-scale

shaking table. the vibration experiment of an underground pipeline of finite length and

the forced diaplacement experiment of T-shaped underground pipelines are discussed. In

addition. the dynamic water pressure caused by earthquake are calculated.

2. THE VIBRATION EXPERIMEN""' Of' AN UNDERGROUND PIPELINE OF FINITE LENGTH

The ground vibrations around the shaking table amount to 3-10 gal during the shakin'1

table excitations with the heavy loading weight. This level of vibration corresponds to

the earthquake of Intensity III of Japan Meteorological Agency scale. These ground

vibratione were u.ed for the under'1round pipeline experi_nts. The steel pipeline 6.5111

10n'1 and 139.8 IIlIIl in diAlll8ter vas buri~ in the depth of about 40 CIIl. parallel with the

direction of this .haking table excitation. Accelerations and strains lIleasured were only

in the axial direction component of this test pipeline. Also. the ground acceleration

of this CClII\POnent wall measured. The ground acceleration _allured was about 3 gal. and the

apparent trAnllllittin'1 velocities were supposed to be 150-800 mls with the di.persion by

another experu.ent. The axial strain values of the test pipeline durin~ the excitations

we~e 4xl0
6

in maximulll. According to Fi'1s. 2 and 3. differencell in behaviorll of thill test

pipeline and the ground were found to be lIIIIAll.

The di.placesent equation in the axial direction coaponent of the underground pipeline.

using the coefficient of subgrade reaction. is expressed al follows:

(1)

~-re E • Young' modulus of the pipeline. A is eros. section area of pipeline. p i. the

uni t length ..... of the pipeline, k
'1a

ill the interaction spring bet_en ground ....nd pipe

line. x i. the co-ordlnate in parallel with axial direction. ug i. the absolute '1round

diaplac_nt. u h the abeolut:e pipe dhplac_nt. k
'1a

would be obtained approximately

a. follows:
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The pipeline was a••~ to be buried in the infinite depth for convenience. The wave

length in the axial direction wa. dao •••.-d to be infinite. Thue, this probl_ w.a

reduced to two-dt..naional procedure. The equation for obtaining k ga by the use of pol.r

co-ordinata r-9 wa. given a. follow.:

... 1
r ilr

Po

G
o (2)

It would be

_dium. The

Po is the unit volume ma•• of

• ssumed.s u _e
iwt 'R(r)·919).

x
the uniform radi.tion w.ve only, bec.use of infiniteaufficient to •••use

where G ia the ahear 80dulus of the ground, U
x

is the ground displ.c-ent for the .xi.l

ground •direction (perpllftdicular to the r-9 plane),

The aolution of thia equation would be

boundary force••nd diaplacementa along the pipe surface would be ass~ to be continuous.

Therefore, the displ.ceDents .long the pipe surf.ce .re written .s follows,

ux(a,t)
i ..t

e (3)

2wG a .. H (2) (~)
V 1 V

where. is the radius of the pipe, V ie the she.r velocity

force actinq on the pipeline, CAl is the circul.r frequency,

Hankel function of the 2nd kind.

ux(.,t) corre.ponds to ug-u in the first expression.

follows:

iwt
of the ground, Qoe is the .xial
H (2) (!!!!.) d H (2) (!!!!.) i theo V an 1 V s

Thus, kg. would be given .s

2 G we H(2) (:":'''_1

V 1 "

H(2) ( ...)
o V

(4)

where k
ga

i. expre••ed in caaplex numbers, and the v.lues of k
ga

!(2WG) .re shown in Table

1. Becauae this problem was analyzed in two di_nsions, the static v.lue of kg. would be

equal to zero.

The .elution of the first expression for the st.tion.ry sinusoidal w.ve. with the

boundary condition. of the free ends h written •• follows:

kg.
illll:

e
-~

u(x, t) - Uo ( e Va ...
.. 2

CEA ... iCa )--+ (kg. _1'..2)
V. 2

11I1COS(v.> SINH(lax )
....

Va 1. COSH(l.l)

lIlt
SIN (va) COSH ()..x)

V. 1. SINH()."t)

(5)
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EA + iealll

ilol(t - v~aUq - • (5 cant'd.)

Va ia apparent tranaaitting velocity of the ground excitation. Ca is the ~ing of the

pipeline. and a ia the length of the pipeline.

Beaidea. another solution for the first expression with the use of IIIOdal analys.s

would be expreaaed as followa.

(6)

where ~n ia the nth modal participation factor, ~n(x) is the nth natural function. and

<In (t) is the nth normal co-ordinate.

Vp
2 n 2 • 2 k s

(-) (---- + - )
411 2 4 12 P Ell.

(7)

1 n
2

" C.
~2. ( )( _

411 2 f n2 4 12 P

Cd
+ -)

P

(8)

where Vp i. the transa1ttinq velocity of longitudinal wave. along the pipeline, k. ia the

sprinq between the pipe and the qround. and Cd is the dalllPing of the ground.

Suppoainq the s1nuaoidal ground excit.tion u _.iW(t-xIVa ) &s the input wave for the
9

underground pipeline. 6
n

would be expressed as follows:

(9)

WMre 1
0

is the lenqth ot the pipeline and L i. the vavelen9th.

According to these consicleration.-. it the input ground ~".. have sufficiently long

wavelengths in COIIIP4Ciaon vith the pipa length. the pipeline would qive alaDst the ....

behavian to the qroun4. However. in the ahort vavelength input ve...s. the pipeline

would give cCllllPHcated J:>ehaviors.

The sUght dirtsrenee. between the te.t pipeline and the qround in this _a.ur_nt

will be explained by theae re.-ona.
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3. THE FORCED DISPLACEMENT EXPERIMENT OF T-SHAPED UNDERGROUND PIPELINE

In the di...trous earthquakes, the pipelines are supposed to slip along the boundary

of the pipe and ground. In this case, the axial spring bet_fln the pipe and the ground is

••s~ to be represented by the bilinear loop. l>upposing the ...nu80idal ground waves, kqa
..y be expressed with the first term of Fourier series for the bilinear loop aJ follows,

(10)

",here,

c • ~(. - t SIN(2$» (l-a)~a,

• - cos-1U- ~)
U

211a kO ,~ h
u

e
• k_l_-

a is the bilinear coefficient, U is the relative displac~~nt between the pipeline and the

qround, kr is the elastic sp~inq between the pipeline and the ground, ~ is the decrease

coefficient of G, h is the thickness of the hackfill soil over the pipeline, W is the 'mit

iw(t- !....)
If the sinusoidal ground ",ave oUg e Va is applied to the T-shaped pipeline, parallel

with the axial direction of the main pipe, the displacement of the pipeline at the junction

voluae weight of the backfill soil, ke is the coefficient of dynamic friction between

the pipe surface and the soil.

would be given in the condition of infinite lenqth for ~ach pipe AS follows:

Uj-- .
U

----------
(Am Am + Ab3 Ib (1 ~6» (kbb - Pb w')

k ga Am )".,

(11)

+

Icbb - Ph 1<12 Icbm - Pm ...2
4 ).b" - 4 Aoo"·

E 111I + i ct.b w E ~m + i Cbm III

kg -). 1<12 2 100
2 1ma III".,2_ II .,

EAIIl+iCmw 2 Abo
2 IIh + Ab2 Ib

Where I. and Ib stand for section moments of inertia of the main pipe and branch pipes,

0. and Pb stand for unit length _s.e. of the main and branch pipes, S:. and ebb .tand for

the dulpinq factor of the main and branch pipes attributed to bendinq vibrations, ell stands

for th8 d-.,inq factor of the _in pipe attributed to the axial vibration., '). and ~ _an

the qround springs for the bending displac_nts of the ..in and branch pipes, Va _ans the

apparent tran.aitt1nq velocity of the input grouna wave in the direction of the _in pipe

ub.

V-57



'f'; .... 8, 9 and 10 ate the "alculation re..ult.. of the expr..... ion (11) for the parameter
2 3

valuea of Ue -O.2cm, U-lOcm, ~.~-28kg/cm , Wal.9q/cm ,h-120cm. In the calculations. the

dlUllp ..I1\1 factor .. of the pipes were neglected. Judqing from Figs. 8, 9 and 10, the relative

di8~lbcement.. (slips) between the ground and pipe at the junction would increa..e if input

waves nave short wavelenqths. The pipeline with branch pipes would have small relative

displacemr~t... As a result of this relative di..placement, the concentrated bending moments

would occur at the junction point...

To examine these concentrated bending-moment strains, the experiment illustrated ir

Fig. 5 was executed. The steel pipeline with the same pipe ~ection as in the first

experiment was set on the shaking table. One end of this matn pipe was clumped in the

Shaking table foundation. And this test pipelines of T-shap~ was buried in the sand pit.

The bending strains and restoring forces caused by the shakj~q table displacements were

measured. The dynamic strains excited by the 1Hz sinusoidal waves were found to have the

value similar to the static strains for the same displacements. The hystere..is loops at

the clumped end showed the absorption of energy, as illustrated in Fig. 7.

4. DYNAMIC WATER PRESSURE OF PIPELINE CAUSED BY EARTHQUAXl MOTION

Dynamic water pressure of pipeline caused by earthquake motion is one of the d"".l.qn

factors of water supply system. On this subject Nakagawa (Ref. 7) performed theoreti,".l

studies dnd offered some practical conclusion on maximum water pressure at the stop end,

bend, junc~ion, etc. of pipeline due to sinusoidal earthquake motion. We made an attempt

to approach more actual conditions, that is, to estimate the dynamic pressure distribution

in the pipeline system.

amsic assumptions are a .. follows:

(1) Any ~rt of the pipeline is forced to have the same DIOtion as the ground around

it during the earthquake.

(2) Earthquake motion is stationary sinusoidal wave at a,/ place.

(31 Only ~h~ dynamic water pr.ssure due to axial motion of pipeline il considered.

(41 Propagation of pre..&ur. wave in the pipeline is considered to be ~,e d1me~sional.

(5) Pipeline system is in the horizontal plane.

Then, con.idering the earthquake DIOtion, the equations of ~tion and continuity of water in

a pipe element are

~-(v + ~)=-
CIt itt

1 itP
P ()x! - Ov (1 2)

ap 2 a Cl(
- =-p a =:(v + -)at ClX CIt

where x is the co-ordinat. along the axis of pipe, t the time, P the pr•••ur. change from

stationary value, v the particle velocity of water cau.sd by earthquake motion (r.lative

velocity of vibration to pipe), ~ the qround dhplac_nt alone; the u1s of the pipe

(ea-pon.nt in axial direction of the pipe), a the velocity of pr••sure wave propae;ation,

o the density of water, and Q the linearized resistance.
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Put C(x.~)_Ce(wt-kx). and considering stationary solution ,~v(x)ejwt. and p-p(x)e jwt •

we get·

(I 3)

E;c- jkx

jwQ ,I a 2k? -w 2

E;c,jkx

jwO ,I a'I;.2 -~)?

pa 2wQk

where PA' PB• etc. are constants to be determined by boundary conditIons, s-jwk/a,

k-l-j(Q/wl and j-~.

Considering that a is constan~ in pipeline system for simplicity, and using the boundary

condition ('''luality of pressure and continuit., of flnw) for bend, T-) ..mction, etc., we can

express a general formula for dynamic pressu,e amplitude as follows:

(14)Pressure amnlitude - Velocity amplitude of ground motion (jwt,)x

Wave impedance in pipeline (pak)xB

where B is determined by w. Q and network system of ~ipeline considering the direction of

the ground motion.

In order to obta~n pressure dis~ributir'n in general pipelIne systems, we can use

numerical computations based on solution (13) as follows. Considering a network system of

pipeline including N-nodal points (stop end. bend. etc.). which have linear boundary condition

on pressure and flow, the boundary condition at a nodal point i.l.2 •...• N is written in

matrix form,

Supposing

P.
[ 1 I I J -Wil' Wi2 v.

1

a two-dimensional

(15)

horizontal ground motion. and substituting the solution (13) of

each pipeline. we will have a simultaneous linear <"lUation incluJing ~he boundary conditions

of all nodal points and ground motions.

[WI (P) - (S) (16)

Solving this equation. we may obtain PA' PB• and the pressure distribution of p~peline system.

Fi~. 11 shows an example. In this eXAlllPle 1t is assumed that the frequency of ground

motion f-l.4Hz. propagation velocity of ground motion (~pparent velocity at ground surface)

vq-lOOlll/sr,c •• and dUlpinq Q-O. Ten nodal points are shown by No. 1-10. where No.1. B.

and 10 NY be infinite POints which absorb pressure energy and have no reflection waves. In

this figure. the pressure distribution is normalized by pawC-0.9kq/cm so as to show the

effect of infinite points.

Fran ~ cClq>utations as shown above (Ref. B) we can say that.

1) Dynamic water pr.ssure in the pipeline to bP caused by earthquake motion hA~

frequency characteri"tics which will depend en pipeline system and qroun~.

2) Water pressure 1. considerably damped at infinite points in pipeline system. but

considerably high pressures may arise in some parts of the pipelines which have

many stop ends. V-59



3) Pressure distribution in pipeline system shows SOGe difference depending on the

ground motion. but it seems to have a specific mode depending on the structure

of pipeline system. and the maximum pressure amplitude does not always appear at

a stop end or junction point.

S. COIlCU1SION

The behavior of underground pipeline~ during earthquakAs is expected to give sasller

vibrations in cc.parison with that of the ground. because of the difference in the stiff

ne.s. In the cases of the pipelines with branch pipes. the earthquake loads would be con

sidered to be concentrated in the junction poi~ts. In the design of water supply system.

great care must be paid to the distribution of pipelin~s where large dynamic water pr~ssures

lllight be caused by earthquakes.

The properties of earthquake ground motions should be clarified for the aseismic design

of underground pipeline as well as for the other structures. Considering the input earth

quake waves to the pipeline, the apparent transmitting velocities should be an important

factor because of their wavelengths. For the purpose of investigations for the apparent

translllitting properties of earthquake ground motions. it is necessary to intensify the

earthquake observations on the surface.
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~ical EXCl6£!!]

DistribLl.ion of

loIormoli~....d Value

--- 1\:010=00
---1'.:0810=00

No. I: 8.1O=CD

in model pi?c line

Table l. k gn /2 ro g

wa
RC<ll Imaginary-V-

~)'OOOOI 0.0845 0.011
~.OOO05 0.0974 0.015
p.OOOl 0.1043 0.017
p.OO05 0.1244 0.025
0.001 0.1356 0.030
0.005 0.1705 0.049
~.01 (:.1907 0.063
~.05 0.2576 0.129
~.l 0.2970 0.189
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OBSERVATIe.t ~ DYNAMIC BEHAVIOR or Jt.I1IUU1IA SUIlIIDGED '1'\lMNEL

OORING EAR"I'HQOAJC2S

ShiqllO Nakay_. Chi.f of Subaqueoua Tunn.l. and Pipe Lin•• Laboratory

0._11 IUyauya, Meaber of Subaqueoll. Tunn.l. and Pipe Lin•• Laboratory

Haj~ T.uchida. Chi.f of Earthquak. Reai.tAnt Structure. Laboratory

All of Structur•• Diviaion. Port and Harbour Re.e.rch In.titut.

Mini.try of Tran.port

ABSTRACT

IUnuura Submerqed Tunnel, which is located at IUnuura Port and Aichi Pref.cture, is

equipped with a number of inetrUDente compri.inq of accelerometers, etrain metere, bar

etreee tran.duc.r., and a displacement meter, which are intended to .erve the purpose of

the tl1llr.el _int.nance and to provide data for studying the behavior of the submerg.d

tunn.l durinq ••rthqualtes.

The ••••ur-..t of earthquake response of the tunnel has been carri.d out since "lIqust,

1973 vhen the tunnel vas opened to traffic. rifteen earthquakes have been recorded up to

January, 1977. "f'ut of the data thua obtained and its analysis have already b@en reported

by the allthors (1). This paper describes the analysis of the data and the re.ult of earth

quake re.ponae calculations carried out by IIsing theae earthquake record••

KEYWORDS: "cceleroeeteri axial force; bar atress transducer, bending moment; displacement

_ter; dynamic behavior of tunnel; power spectrum, at cain meter; .ubmerged

tunnel.
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1. S~Y OF THE TUNNEL AND INSTRUMENTATION

Kinuura Submerged Tunnel which connects the cities of Handa and Hekinan is a two-

lane hiq~ay tunnel havillq a total lenqth of 1,560 m. The sulllllerged portion of the tunnel

is 480 m in lr~th and cons~_ts of six reinforced concrete elements. 80 m lonq. The soil

conditions at the tunnel site co~sist of a veIl compacted sandy qravel layer below a depth

of -17 to -18 m and • filled-up layer to the depth of -5 to -10 m from the surface.

Interveninq layer in Handa side between the foregoinq two layers is a very soft, unconsoli

dated, clay layer, however, the intervening layer in Hekinan side is hard clay with N-value of

9-13.

The arrangement of instruments installed in the tunnel is shown in Fig. 1. A total

of 19 accelerometers is installed, one each in the axial and normal directions to the

tunnel axis at the ground surface on both sides of the tunnel, thus totallinq four; two

each at the top and bottOlll of each of the two ventilation towers and two more for vertical

acceleration measurement at the top of the ventilation tower on Handa side to catch rocking

motion. totalling ten; and five in the submerged elements. A pair of strain meters are

installed at three sections of the tunnel under the navigation channel, totalling six. A

to~l of eiqht bar stress transducers, at each junction of the ventilation towers and the

submerged tunnel elements is installed.

Bar stress transducers were initially used for the execution control. Also, one dis

placement meter is installed in the middle of the submerged tunnel. The triqqer level for

the starter of these instruments is set at three gals and the system is so designe~ as to

take the records for three minutes. The recording systems are located in the ventilation

towers.

2. EARTHQUAXE DATA AND ANLYSIS

Earthquake data obtained and analyzed are given in Table 1. Earthquake Nos. JWW'l'-4

through JWW'l'-6 were omitted in the tabulation becauae they were recorded only in IIOIIle

inst~nts.

All of the earthquakes recorded were me<iiUBl scale (not exceedinq magnitude 6). and the

intensities at Xinuura were Scale II-III in the Japan Meteorological Agency Scale. Shawn

in Fig. 2 are sOlllll of the records during the earthquakes. A study of the -tata obtained by

acceleroeeters indicates that the values of the maximum acceleration on the qround surface

of Hekinan side were in most cases greater than those on the ground surface of Handa side,

and this appears to be attributable to the difference in the .ail properties between the

ground at both sides of the tunnel. Unlike the forego inC] /lifference, however, allDDat

identical values were shown on both Bides in the cas. ot the maxiJIIlIIII accelerations recorded

at the ventilation towers. Fraa this point of view, it is presumed that the ventilation

towers have respon.es to .ar·~ake different from those of the tunnel elements. At the

tunnel section under the navigation channel, the record ot XUWT-l and that at JWW'l'-2 shoved

little difference in tha values of the maxiaum acceleration. ~s for KUWT-3 and XUWT-7, how

ever, the values of m&XUnua acceleration incre.sed as the location became closer to Handa
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side. At the approach portion of the tunnel. the v.lue. of the maximUJll acceler.tion were

ee.evbat greater than tho.e for the tunnel el_nts. In the ventilation tower... the ..,.t

acceler.tion at the top va. greater than that at the bottom.

The Fourier analysis of vavefor_ indic.te. that the predoeinant period. of ICUWT-l

and KUWT-2 are .ignificantly different from thoae of KUWT-3 and KUWT-7. Thi. ditterence

i. con.idered to be attributable to the difference in the characteri.tic. of the.e earth

quakes. The earthquake w.veform at the bed layer vas calculated by the theory of Dlultiple

reflections ueinq the qround surface record. obt4ined in JQIWT-7. Shown in "ig. 3 are the

aaximua accelerations for each stratum as calculated fram the record. obtained at Handa .ide

and also the maximua .cceleration ......ured at the ventilation tower (P-S. -6, -14 and -IS)

and at the on-ground portion (P-3) of the tunne' It can btl seen frOlll the f1g,tre that the

maximUJll acceler.tion of the :structure in the '1round v•• almost equal to or .lightly _ner

than that of the ground it.elf.

3. EAR'nIQUAXE RESPONSE CALCULATIONS

Uaing the earthquake records. earthquake response calculations were carried out and

compared with the measured values. The _thad of the.e earthquake response calculations

vas proposed by TAI'IURA and I\IlMAOA (2,3). Le., the method in which the respon..s of the

ground and structure are obtained by repl.cing the ",,,,ounei and the structure by an idealized

~y.t.. composed of maaa, spring and dashpot. As input records. P-2 and P-9 in KUWT-2, and P-l,

P-2, P-8 and P-9 in KOWT-3, '#ere used. The input records were gained by the theo~ of

multiple reflection.

Table 2 showa the oending momenta and axial forces .s calculated trom the measured

values by the bar stresB transducers and strain meter~. Fig. 4 to 9 .how. the results of

earthquake respon•• calculations. For these calcul.tions, the damping constant vas taken a.

0.0 except for some cases. Black data in these figurea represent the bending moments and

axial forcea calculated trom the .....ured valuea given in Table 2 and the .....ured valuea

of acceleration. Aa for the bending moments. the values calculated from the .train meter.

agreed fairly well with those obtained by earthquake respon.e calculations a••hown in

Fig. 4.

The values obt4ined by the bar str.... transducers were somewhat lover than the calcu

lated ISOm8I\t.. This dissgre_nt _y have been c.used by the f.ct that the bar .tr••s

transducers. having been primarily intended for the execution control, were not designed for

hiqh preci.ion ....ur...nt. According to the result. of earthquake re.pon.. calculations in

other ~a.e•• the maximum bending ~nts generally occurred at the tunnel proxi..te to the

shore protection structures. However. the calculated mexia.... IIlClD8nt. fCOlll the _asured

value. occurred at the ._ point and alllO at the middle of the tunnel .ection under the

navigation channel. In viev of this. further etOOies vill be ..de a. to the c.use of this

re.ult.

In the ca" of axial forc••• the ....ured value. agreed well vith the corresponding

c.lculated values where the d_pinq constant _. t4ken ae O. a as shawn in Fig. 5. When

the ~pinCJ constant va. taken ae 0.1, the sectional torces vere 1/2 Or 1/3 of the value a•

• hown by dash line. in Fig. 5.
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Aa .hown in riq•. 5 and 6, the -.xt.. axial forces occurred on the oppoaite aide to

the place where the input record had been obtained. When the power spectr_ of the _rth

quake wawt'o~ _re COIIPU"ed with the prac1oll1nant period of the ground obtained frOlll the

_a~nt by ai.crotre-r, it vu found that the period of earthquake record of P-2 in

1tIlW'1'-2 are clo.. ~ the prac1oll1nant period of the ground on Hekinan side. but are not clo.e

to that of the qround on Handa aide.

What Call be conaidered in thi. respect i. that the "'••UIIII'tion of the ..,il concUtiona made

in the qrounc1 JIOc1elling aight have been ~t inadequate. FrOlll this point of view. the

tunnel vas divic1ec1 into halve. at the aidpoint under the navigation channel. the earthquake

re.pon.. calculation of each half of the tunnel vas _de with th.. earthquake record obtained

on that .ide, and then the two result. were .uperposed.

In con.equence, the peak of the sectional force. which was con.picuous in the opposite

.ide to the one in which the input was ...de. disappeared. and a r~ratively flatter

curve of axial force distribution as shown in Fig. 7 was obtained.

Fig. 8 was plotted by using the earthquake record of P-3 in KUWT-3. The maximum respen.e

aecelarationa turned out to be greater in the .ublnerged portion of the tunnel. A'. to P-3.

P-ll, and P-16 in the .w-rqed portion and P-l and P-8 at the ground surface. '.he calculated

value. agreed fairly _11 with the _asured values.

Fig. 9 i. plotted by using the earthquake record of P-2 in m""'-3 which was in axial

direction. Sliqhtly differing from the ea.. of P-l, the acceleration in the naviqation

channel _a _ller, but ·he calculated valuea _re approxiJllately in accord with the measured

value.. There were caaes where the ...x1mlm response accelexation of the navigation channel

portion waa qr_ter than tho.. on both sides or where the _as=ed value. were sub.tAnt'.ally

l~ than the CAlculated ·'alue•.

This will have to be clarified by future .tOOies. It is to be noted in Table 2

that, except for the _asurad values in 1WWT-3 by the strain IIleters of 5-1 and 5-2. ';he

axial .trains were greater than the bending strains. The max1mUlll axial strains _.sured

by the bar atre.a transducers of K-l and K-3 in KUWT-3 was 3.75xlO·6 . Since the correspondinq

..xi.u. axial strain obtained f~ the earthquake response calculations was 3.78xlO-6 , there

was a fair agr_nt between thesl. The _ ..urad bendinq strain vas O.92xlO·6 which was

about a quarter of the axial atrain, but the lII&XiJaUIII bending strain aa obtained by the

earthquake reapon.e calculationa waa 5.' 8xlO-
6

• which ia about aix timea as great aa

the _aure<! bendinq .train. Although t',e calculated bending .train curve waa of such

a ahape that ita .-plitude bee... large gradually, the mea.ured and the calculated value.

agreed WIll with ..ch other in respect with the preclolllnant period in the power .pectrlllll.

riqa. 10 and 11 ahow the axial and bendlnq atraina. and th~ power .pectrUIII, respectively,

of K'JWT-3.

Predoainant perlods in the _.urad bending .train vere 0.79 and 0.60 aecond and tho..

in the calculationa were 0.79 and 0.68 aecond•• respectively. As for the ~xial strains,

1.02, 0.85 and 0.60 aeoont\a. and 0,93. 0.85 and 0.57 .econda were pred~nant for the

....ured and the calculated value., reapectively.
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4. COItCWSIOtIS

While the epicenters of KUW\ ·1 and KUWT-2 were .t a long diatance f:om the sua..rged

tunnel aite, thosa of KUWT-3 and KUWT-7 _re proximate to the tunnel site. All of theee

earthquakes _re of COIIpar.tively SIIlllll acale but each had it. own cheracterl.stic.. The

fact thet they had different characteri.tic. clarifies thet the ground as _~l as the .ub

__ged tunnel had behaviors dependinq on the e.rthquake characteristic.. It ... aha found

that. in the earthqu.altea originated far f=om the tunnel site. the long peri~ COIIIpOnenta

.ere predc:ainant in ground .,tion, and the tunnel had aI_at t:•• a...., be".. "i"'r~ aa the

groun4. On the contrary, where the epicenters are located near the tW\llel dte. the ground

IIIOtion _a 9Qverned by the .hort period OOIIIpOnents, and the behaviors of the tunnel

differed slightly frca thoae of the ground.

The vibration of the sm:-rged tunnel a. a whole _s governed by the surrounding soil

oonditiona .t reapective sections of the tunnel, and the ground vibr.tion characteriatics

along the axia of the tunnel were different fram thoae in direction normal to the tunnel

axis. It i., therefore considered nece.sary to inveatigate topograplty .nd acil p~operties

both in the direction of the tunnel axis and in the direction normal to the tunnel axia in

order to deten>;.ne the natur.l period of the ground.

'l'he greatest value of the lIlAXiatUIII acceleration was found at the ground surface, The

v·luea of the maxt.ua accelerations in the ventilation tower. and the aubmerged aection of

the tunnel were allllO.t equal to or .Ughtly _Uer than tho.e at the ground .urface. At

the upper part of the ventilation tower, the maxiaum acceler.tion ••s found to be ller

than that .t the ground surface.

IIa for the atr.lna .hi..,h occurred in the subnerqed tunnel, the axial strain. were found

to be pre~nant o"r the bending atralns in all calle. except one record in 1aJWl'-3.

and the _xia_ axi.l force calculated by the _asured .train was about 1,100 tons. In

vi_ of the re.ults of earthquake respon.e c.lculation•• it i. very 1IIIportant to de\ .noine

acil condition••pring constant. damping constant, etc.. Since the 8IOI>duli of ela.ticity of

eo11s vary with the levela of the ground str.in during earthquake.. the value of .pring

con.tant .hould be det.ra1ned on tile bads of ela.tic-plastic analysis or triaxial vibration

te.t•• particularly if the .trong earthquak.s are to be con.idered. In the•• calculation••

there were ca••s wherein the ....ured .train. showed f.irly good .qr....nt with the v.lue

by the earthqualce re.pon.. calcul.tiona. In auch c..... it waa found that the power .pectr_

for both had abo .hiler pre&.inant periods_ ValUAls of U.e calculated acceleration.

were ~t lartler than the _.aured value.. 'l'hi. we. particularly 10 unCIer the IWIvi9at1on

channel where the calcul.ted .ccelerations were large. Unfortunat.ly, there .a. no cs..

in the present observ.tions where perfect record of .trains va_ obtained at all of the

thr.e aection. of the .ua..rqed tunnel.

Thu, the di.tribution of the aectional force. with reapect to the aw.erged t·....uwl axis

should be taken up .s the subject of the future re..arch studie••
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Table - 1 EAllnlQUAn: IlECOItDS

Earthquake Oate Location Hasnitude Depth Epic.ntral

No. of Orilin ( ka) dhtance (Ita)

KUWT - 1 1973.11.2~
to: 33+ ~1'

5.9 60 185
E lJ~+ 2~'

KUWT - 2 1973.11. 2~ N 33+ 53' 5.8 60 185
"1~\· 1~'

KUWT - 3 1974. 2.10 N 3~ • 2' 5.3 40 30" 116• ..,,,,

KUWT - 7 1974. 8.16 N 35· 15' 4.9 50 50E 136+ 11'
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Table - 2 HEA~11RED BENDING HOttENTS
AJfI) AXIAL FOICIS

Earthquake Ax'a} Axial Bendine &endina

lio.
Strain Force Strain Mo_nt
(104

) (ton) (104
) (t-a)

KUWT-2 1.84 239 0.33 11il
K-} " 1.-3

KUWT-2 6.34 823 2.09 696
K-2 " K-4

KUWT-2 2.55 331 115 383
K-5 " 1.-7

KUWT-2 8.65 1,123 5.80 1.931
K-O " K-8

KUWT-2
fl.5 844 1.5 70)

5-1 " 5-2
KUWT-)

0.37 324 5.66 2.655
5-1 " S-2
I(UWT-3 3.75 487 0.92 306
K-1 " 1.-3

: 4 0

Fig-4 Maximum bending moment (KUWT-3 P-l)

Fig-5 ~ximum axial force (K~~-3 P-2) h-O,l
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A PllOPOSAL FOR EAR'l'HQUAJCE RESISTANT DESIGN METIIOOS

Kiyoshi Nakano. Assistant Director, Buildinq Rese~rch Institute,

Ministry of Construction

and

Ma...itsu Ohashi, Head, Earthquake Dis.ater Prevention Division,

Public WOrks Res.arch Institute, Ministry of Construction

ABSTRACT

This paper describes the outline of a Propos.l tor Earthquake Resistant Design Method.,

Which was COIIIPleted by the M1nistry of Construction in March, 1977.

gywollDS: Coefficient. in aseismic d.s1'1nl <lesiqn metb<...d; proposed earthquake resistant

d.si9n ..thod; seismi·, hazard zonqing nap.
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1. IN'I'JtOOOCTION

A Propoaal tOl Earthquake Red.tant Ded'In MetllOl1. owe. a 'Ireat d.al to ~ re.ult.

of the inv••tig.tio~ of ...jor mini.trial project on new technology for ayn~Bized

e.rthquake r.aiatant d.aign in the Miniatry of Conatruetion, which were carried out fro.

1972 through 1976. The propoBal alao had abaorbed the resulta of inveeti'lationa by uni

verBitieB, public and private labor.tori.B. The purpoae of the propo»al ie to eBtabliBh

• practical and rational aerthquake resistant design method.

2. OUTLINE OF A PROPOSAL FOR EARTHQUAD RESISTANT DESIGN ME'1'tIODS

Dalllaqes of the atructurea cau••d by the Niigata Earthquake (1964). Tokachioki Earth

quab (1968), and San Fernando Earthquake (1971) stimulated to iBlprove and rationalize the

earth.UAke reBiatant desi'In methode. rOl this purpose, a new major ministrial project w.a

conolucted frOlll 1972 through 1976 .nd a Proposal for Earthquake Iles1Bt:ant Design Methoda

was preaented by the !tiniatry of Construction in Marci-, 1911.

Thia projr.ct conaisted of 6 themes and 20 s~th.Des .s shown in Appendix I.

The propoaal has been divided into 3 parts. In part I, a fun~ntal conception

commonly applied to bridges, Boil structures, underground structures and building. is pro

POled. In part II, pr.ctical c.lcualtions excluding buildings are advanced baaed on Part

I. Part III deal; with the calculation methods for buildinqs.

The contents of the propoaal are shown in Appendix II. The proposal is ~iled accord

ing to the following principles:

(ll Standardization of Fundamental conception

Each e.rthquake resistant desiqn method has its own background. It h.s iJIlproved by

itself by studying the damages of structuren caused by past earthquakes, analyzinq the

earthquake ground IIlOtions which were obtained by the stronq \IlCltion Observation network,

and investigating the characteristics of structurcq and their members. Consequently, the

design methods have been diveraified in accordf.r.ce w..t . the uses and tYPf"s of ..ach structure.

In the project, existinq earthquake resistant desiqn methods were reviewed and a

fundAmental conception for designing bridges, soil structuros, underground structure. and

buildings .,aII proposed.

(2) Clarification of Design Procedure

until recently, the earthquake resistant des1qn ~s been apt to concentrate on the

calculation methods. The fundalllental design procedure has not sat.iatactorily been clarified.

The propoa.l cl.rifies the fun~ntal design procedure eon.iderinq characteri.ticB of

earthquake ground IIlOtion, aeismic performance, and lafety.

(3) Sy.t....t1Il.tion of Design Procedure

Earthquake reshtant desi~ il required to follow a proper procedure in accordance with

ttAe characteristics of aubgrounds and structures.

The proposal presents a fund...ntal conception for the earthquake resistant deaign in

order to indicate correct procedures to follow.
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3. PART I, rtJIlDAMENTAL CONCEPTION

3.1 I'~ntal COnception of Asei_ic Deaign

In ~ earthquake resistant design, following it..- should be c:onsidered:

(1) Characteristics of structures

(2) Uses of structures

(31 Types of structures

(4) S~ales of structures

(5) Clrc,_tances of structures

'6) oe-'les of structures and surroundin'l grounds caused by past earthquakes.

I'i'l. 3.1 shows a fundamental procedure of aseismic design. In the procedure, the process

to cal=late s.i_ic force or Yrthquake response is classified into 4 _thads as below:

(1) Seisaic coefficient method

(2) Modified seiaaic c:oefficient method

\~) Seiaaic deformation method

(4, DyMaic analysia _thod

or.. r\',thod to be selected UlOng these is determin..d by considering the charl'lcteristics

of wtructures.

3.; Standard Seiamic Loadings for Aseislllic Design

Seismic zoning is presented herein in order to indicate the characteristics of earth

quake ground .ation ~t .ach site. The occurrence of past earthquakes, the records of

strong-.otion earthquake. and the earthquake activities in relatively ·.ide areas were taken

into account in the zoning.

To dete~ne the intensity of eartn~18ke ground motion at a certain site, the seismic

zoning as stated above and the characteristics of ground should be taken into consideration.

Sei..tc loadings for asei..ic design is evaluated by the coefficients concerning the

seismic zoning and the charscteristics of grounds according to the particular method of earth

quake resistknt design.

3.3 Ground ExaIllinations M. i Sei_ic Perforlllaftce at Grounds

Investigating the docu.ents about the damages of grounds caused by past earthquak~s is

iJIportant in the earthquake resistant design of structures. If it is necessary, the

characteristics of grounds and BOils at the oonl.truction site should be exUlined. Seismic

loadings are det~rained considering the results of investigations and exUlinations stated

above.

The proposal presents herein BOil and ground exUlinations and stability of 'lrounds. It

also 3Yst...tizes the methodology fo~ examination and c:onfirmation regarding the stability

of grounds.

3.4 Seisaic Perfo~ce of S~ructural Members

The proposal has at.ed at syst_tizing the _thodology to evaluate and promote the

sei..ic perfor-ance of structural Ill8nbers in reinforced concrete, steel and reinforced

concrete CClIIPOsite, prestressed c:oncrete, steel and other structures.
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4. PART II EARTHQUAXE RESISTANT DESIGN OF CIVIL ENGINEERING STItllCTURES

4.1 General

current seismic design specifications for construction excluding buildings have been

formulated on the basis of experiences qained through earthquake damag~ in the past and

investi~ations on seismic design criteria. The seismic design criteria introduced in this

chapter were established based on the fundamental conceptions presented in the previous

chapter (Part II in difference to the current seismic design specifications. In the case

of designing special types of structure. it is recommended to make use of this aseismic

design specification selectively according to the structural properties considered.

4.2 Coeffi~ients in Aseismic Desiqn

In the case of estimating the seismic loadings specified in Part I. the coefficients

in aseismic design shall not be lower than the value. allowed in the following provisions.

4.2.1 Design Coefficients in the Seismic Coefficient Method

The horizontal design seismic coefficient can be determined by the following formula:

(4.1)

(1) The standard hori~ntal design seismic coefficient X
o

can be taken as 0.2.

(2) Seismic zone factor ~l is shown in Table 4.1 by referring to the seismic zoning

map displayed in Fig. 4.1.

(3) Ground condition factor ~2 is shown in Table 4.2.

(4) A factor ~3 dependent on other conditions can be determined through ~onsiderations

on uses and types of structures. The structural type factor is shown in Table 4.3.

4.2.2 Design Coefficients in the Modified Seismic Coefficient Method

7he horizontal design seismic coefficient can be determlned by the following formula:

(4.2)

(1) The standard horizontal desiq~ seismic coefficient Ko ' seismic zoning factor ~l'

and ground condition factor L2 can be the same values employed in the seismic

coefficient method.

(2) A factor ~4 dependent on the loesponse characteristics of structures is presented

for four qroups of ground conditions in Fiq. 4.2. In the case when natural period

is smaller than 0.5 seconds, a factor ~4 C~~ be taken as 1.0.

(3) A factor ~5 dependent on structural cha,oacteristics can be taken as 1.0 in the

case when the allowable stress design prucedure is to be applied. However. in

the case when the ultimate strengths o! structure are to be checked in design.

a factor ~5 can ~ properly detarmined in accordance with the ductilities expected

in pla.tic ~one of structural members.

,4) A factor ~6 dependent on other conditions can be properly detenmined through con

siderations on uses and types of structures and so on. When it is considered not

necessary to pay special attentions to these matters, a factor 6
6

can be taken as

1.0. V-83



4.3 Pdnc4>-l P_tur.a of A.ei8aie Dedqn criteria

•• 3.1 Dev.lo~t of New Sei.-ic ZOning Map and Intenaity of De.iqn Earthquake Motion.

'l'he ••blllc aonincJ ..p. and intendti.. of desiqn ••rthquake .aUona .pplied in the

current ••i8ll1<: de.iqn llpecific.tiona .re not n..e••••rill· unifora. There .re .Uqht

differ.nc:e• .-onq the.e .ccording to the type. of .tructure conaidered. It ha. be.n. there

fore. requa.ted to .atAbli.b a unified aei8aic &Oning .-p.

In tM propoaal. a unified .eiaaic zoning aap applicAbI.. for .11 type. of atructure

18 pre.anted.

4.3.2 Develo~t of New A.ei8aic Design Criteria for Foundations

It baa been point.d out that the de.ign criteria employed in the curr.nt .ei..ic d.aign

of foundationa are not nec••••rily unifora .ince they heve been fOr1llulated aeparately.

In tM propoaal. a unified crit~ria for a.ei..ic de.ign of epread foundatione. caia80n

foundAtione. pile group foundatione, steel-walled-pipe pile foundation., and multi-column

foundationa are pra••nted.

4.3.3 Development of New S..ismic oe.ign Crit.ria for R..inforced Concrete and St••l

Structur••

Evaluation ay.t... of ductilities are present..d for reinforced concrete atructuree.

Th. r ••ult. of inve.tiqation concerning the bucklinq ..ffects on .eiamic stability are

introduced into the de.ign of thin walled steel structures.

4.3.4 Development of New Seiar.ic Design Criteria for Soil Structur~s

'l'he be.ic prineiplee for ••eiamic de.ign criteria of acil .tructure. are pre.ented. An

e.pirical a.iamic deaiqn criterion, in which a eelamic deeiqn calculation can be omitted

a. long •• the atructure ha••tandard .hap., _terial, size and conetruction procedure.

i. al.o pre.anted.

Technical _ana to 1JIIprov. 80ft subeurfac. 80il layers are pre••nted.

4.3.5 Developaent of New Seismic Deaiqn Criteria for Underground Structur••

The .ei-.1c d••ign criteria for tmportant underground structures auch as water, gas.

electricity and communication facilities, wbich are often called as life line••y.t....

• r. pre.ented •• well aa the aei..ic deaign eriteria for petroleum pipe linea and a~rged

tunnel ••

4.3.6 De".,l 'u"",nt of N_ Criteria for Re.toration SyltllllB of Existing Structures

Evaluation aye~ of .ei_ie perfo~ce and re.toration Byetelllll of exiBting

.tructure. are pre.ented.

4.3.7 IIIprov_nt8 of Design Detaile

Deaign detail. a:e pre.ented so that detailed devices. which help t.prove .eisaic

perfC'nlAnC8 of .truc:turea. are adequ.tely provided.

5. PART III BUILDING CONSTRUCTION

5.1 Introduction

In th1a part. an •••1.-1c de.ign ..thad for the building atructure., non-etruetural

el...nt•• foundationa, and retaining wall. ia introduced.
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COIIparecS with the conventional desip1 _ttlOc1, the proposed _thod i. based n~ the BVst

recent r ....rch in sei8lllOlogy, ••rthquak. engineering &rid structural engineering. one of the

t.pQrtant characteristics of this method is that the appropriate design procedure can be

applied according to the structural properties and the occupancy of the building.

5.2 Char.cteristics of the Proposed oesign Method

5.2.1 De.ign Procedures ancS Steps

This ...ismic design method involves six design procedures and each procedure has two

steps.

one or more of the six procedures would be ..elected, according to the structural

properties and the occupancy of the building, materials, seismic resist,r,g sysu'm, height,

use or occupancy, etc.

The step 1 of these de&i9n procedures should satisfy the condition that the response

of thO! structural _mben as well .s the non-structural elements due to frequent earthquakes

should not exceed the elastic range of the materials and the damages caused should be small

enough that the repair would be scarcely required due to such earthquakes.

The step 2 which follows step 1 should satisfy the condition that the building

structlU'e would not collapse due to the maximum possible earthquakes such as Great )(anto

Earthqu.ke in 1923.

The schematic chart of these design procedures and steps are set forth in Table 5.1.

5.2.2 Seismic Force

The total l.teral seismic force is basically dete~ined by the following formula:

(5.1)

where C is the seismic design coefficient given by formulas (5.2a), (5.2b), (5.3a) or

(5.3b), and W i. he total dead load of the building and applicable portions of other

loads.

The s.iSDic design ccefficient for step 1 shall be determined in accordance with the

following formul.:

C
l

• Z • Go(T)·eCo (5.2a)

where Z is the seismic hazard zoning factor prescribed in section 5.2.3, Go(T) is the soil

profile spectrum for .pproximation as given in section 5.2.4, T is the fundamental natural

period of the building in seconds, and BCo • 0.2 is tne standard base shear coefficient

for step 1.

In the procedure !-A or I-B in Table 5.1 the height of the building concerned is low

aJ,d the value of T is 1llllA11. Accordingly, Go (T) is considered to be constant and 1. O.

TherefOTf<. formulll (5.2a) is reduced to (5.2b)

(5.2b)
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The ••i.-1c de.ign coefficient for atep 2 ahall he determir~ in accordance with either

of the followinq fO:!'llu~.a",I

(5.3a)

(5. ]b)

where Ga(T) ia the 80il profile apeetrum aa apecified in aeetion 5.2.4, pCo - 1.0 i8 the

.t&nd&rd baa. ahear coefficient for atep 2, and Kl and K2 are the atructural coefficienta

a. giv.n in a.ction 5.2.5.

5.2.~ Seismic haaard zoning factor

S.at.1c haaard zoning factor Z vaa determined by the a@ia.icity and by applying the

theory of extr_a, atati.tica lind engineering judgment. The valuea of Z are.;' ven in

rig. 5.1 Sei..ic HaaQrd ZOning Map.

5.2.4 Soil Prc:.file Spectrum

The effecta of the aoil profile properties and ~le natural period of the baildLng

are exprea.ed aa the eoil profile spectra given in Pig. 5.2.

One of theae spectra, Go(T) , il for approximation and the other four GlIT) corre.pnnd

to four acil profile types.

The aoil profile types are defined as follows:

So11 profile type L is a profile with rocks, stitt and well consolijated aands, etc.

Soil profile type 2 is a profile with sands, stiff clays, stiff loams, etc.

Soil profile type 3 is a profile which would not belong to other types.

So11 profile type 4 is a profile with soft clays, loose sanda, etc.

5.2.5 Structural Coefficient

It ia a well known fact that the ductilp. atructure could ahsor~ more energy

than the brittle structure and it is not practical to deaign the building to be completely

elaa 1c when aul:ljected to the maximum possible earthquake motion. A~cordingly the atruc

tural coefficienta JC. l and JC.2 are calculated and they would be denoted as the reaponae

modification factors which depend on the energy absorption capacity of the building during

the earthquakas. The values of thea. factora are given in Table 5.2, according to the

atructural _terials aoo -vatam, and ductility level. 11
1

_uld be used 1n procedure II-A

and K2 in procedure II-P, III-A and III-B, aa 3hown in Table 5.1.

5.2.6 Sei.-!c Kaaard Expoaure Factor

According to the uae or the character of the occupancy or the building, the appropriate

de.1gn procedure could be elected or the aeismic hazard expoaure fecter could be adopted for

a.e in atap 1 or 2. The value of the 'deter is not apecit1ed in thh _thod, b'4cau.. the

reliable theory to determine the value ia not develop.ld yet. But it can be .uggeated that

the probability of failure, the diap',raion of the aei..ic reaiatant capacity aa well es the

diaper. ion 0: the ..iamic force, soci.l utilitie. and the .cceptable level of hwnan rial<

should be .tudi~ to detel'lline the value of the sei..ic haaal"d exposure factor.
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s.) Concludinq ~ka

The Pl'O~ed a.el.-1e de.1qn _thod hal been founded on the principle thst. Nlte

po••ibla the appl1catlOil of new th-ory and ra.earch al "aU aa the ,'.a of n_ materlah and

n_ .tructural .y.at.., If one of tha .1x de.lqn procedure. would be .eleeted properly,

the b\lllcUnq de.lc:med lIIi'lht be .af. etlO\\ljh for the earf:hquake. w1th a lllint- dea1qn effort

and a .1rt.ua YOl~ of .tructural ..terial.,

But, the detail. of the de.1qn _tJIOd .t'1ht not be cc.plete yet, therafore, the foll-=-

1n9 .tudia. would be nace.aary in tha near futura.

1) re-axaai.nlltion of variou. par_ten

ii) ea.e .tudy for different type. of bulldinq.

111) .t.p11fication of the method for practical UlIe

lSUPPLDCENr)

In Part II, the .ai..lc de.iqn coeffl~lant il denoted a. the followln9 for-ula.

~. • d • d • d • It
-~ 1 2 3 0

'l'hu fonaulll carra.pond. to t±. follawinq formula in Part I II ,

or

And the followinq corre.pondence. wo,·ld be q1ven:

~ • Cl
A

1
• Z

d
2

• Ga(T)

d
1
••ei_ic : aJ:\rd axpo.ure factor

It • ICo
<:>

The ~lfied .ahale dealqn coefficiant in Part II 1. d.noted a. the follawin9 fol'lllul,:

In Part IIII

or

C • Z'G (T)'1t 'POO212
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her.. we bave I

I( • C
2

Al • Z
A

4
• Go(T) or G

1
(T)

AS • 1(1 or 1(2

A
6

•••1..lc h&&ard expo.ure tactor

11:
0

• pCo

APPIlHDIX I - Th_. of Re.earch Project on New Crlteria for Earthquake Re.i.tant Desi9n

of Structure.

I Re••arch on Earthquak. Ground Motion.

1. Characteri.tics of Earthquake Ground Motion. on sa.erock

1) Seismic Record. obtained

2) Source Mechani.. and ProP4qation of Seisle1c Wave.

]) Earthquake Ground Motion. on VarioWl Sub.oU.

4) Earthquake G~ound Motion. of I.onq Period CO\IIPOnent.

2. Eval_tion of Standard Selemic Input. Dependin9 on SubsoUs

1) Standard Deaiqn Sei..dc Input.

II Re.earch on Dynamic Properties of Soil.

1. Failure Mechanism and Strength of Soils

1) Behavior of r.oo.e Sand. and Soft Clayey SOU.

2) orn-t.c Strenqth ot S011.

]) S~ l.mic DallIaqe to ElIlbar>laeenta and Slope.

II: Dynamic Properties and Dynamic Strenqth of Structural Meaber.

1. ~~ic Stren'lth of Structural Member.

1) Pla.tic Properties of Bridqe Pier.

2) Dynwaic Behavior ot Bridqe Piers

3) Dynamic Strength ot Buildir.{ ~r.

1) Reinforced COncrete COlUBn.

2) Reinforced Co~~rete Aall.

]) steel Reinforced Corwrete Column.

2. Dynaaic Strenqth ot Structural JOii't.a

1) Dynaaic Strenqth of St..lCturQl Joint. tor Prefabricated Bul1dinq.

2) Dynaaic Str_qt.h ot SUllIl Structurd JoinU

3) Dynamic Strenqth of Structural Joints tor Pr••tre••ed Concrete Bulldinq.

and Ste.l Reinforced r.u~cr.te Structure.

4) OyMaic Strenqth of Su-uctural Joint. of Reinforced Structur••

IV Re••arch on Vibrational Characteri.tic. and Earthqualte Response Analys•• ot Structure.

1. Dynaaic Interaction. of Soil. and Structur••

1) S••iaic MIIuur_nte at Structur•• and Surroundinq SOil.

1) '3ridq••

2 ) Bulldinq.
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2) Dynamic Analyse_ of SoiJ-t'ullding systeJnS

3) Dyramic Interactions of Soil-Bridge Foundation Systems

2. FaUure Mechanism of Structures

1) Failure Mechanism of Woort~n Building Structures

V Establishment of Criteria on Earthquake Resistant ~_ign of Structures

1. Establishlllent of New Criteria on Earthquake Res: stant Design

1) Civil Engineering Structures

2) Building Structures

2. Establishment of New Earthquake Resistant ~sign of Various Structures

1) Establishment of Prefabricate~ Building Structure

2) Establishment of Buried Pipes

3) Establishment of Non-Struct'tral Members

VI Research on Counterllleasures Against Earthquake DLsaster

1. Procedures for Assessing EarthqUAk~ Resistance for Existing Structure~

1) Criteria on Evaluating Earthq,ake Resistance of Reinforced Concre'~e BUilJings

2. Rehabilitations of Existing Structures

1) strength and Defocmation of Structural Members for Reinforced concrete

BuildiJ,gs and Steel Reinforced Concrete BuUdings

3. Establishments of Procedures for Preventing Earthquake Disaster

1) Development of Procedures for Predicting Se1sm~c Risk

APPENDIX II - Contents of a Pro:>osal for Earthquake Ra&iatant Design Methods

Introductory Remarks

Part I. Fund_ntal Conception

1. Scope

~. Definition of TftrlllJl

3. Fundamental Cor.ception of Aseismic Design

3-1. Fundamental Procedure of Aseismic Design

3-2. Method~ of Calculation for Aseismic Design

3-2- L ClUB; Hca.tion

3-2· 2. ~elect1on

3-2-3. ,'recAution

3-3. Safety

4. Standard Seismic Loading~ for Aseismic Design

4-1. Past Earthquakes

4-2. Enqineerinq Char~cteri.tic. of Earthquake Ground Motions

4-2-1. Characteristics of Earthquake Ground Motions

4-2-2. Seismic Zoning

4-2-3. Intensity of Earthquake Ground Motions at Con.truction Site

4-3. Design Sei.aic Loadings

4-3-1. General Remarks

4-3-2. oesiqn Coefficients in the Seisalc coefficient Method

4-3-3. Design Coefficients in the Modified Sei~c Coefficien~ Method

V-89



4-3-t. Design Coefficients in the Seism1c Deformation Method

4· 1-5. Seismic LoadB in the Dynamic Analysis Method

S. Ground Examinations and Seisaic Performance ~f Grounds

5-1. General

5-2. So11 Examinations

5-2-1. Gene.ral ReIIlarks

5-2-2. Examinations for 'Jynamic Properties of Soils

5-3. Ground Examinations

5- 3-1 . General R-.srks

5-3-2. Examinations for Dynamic Characteristics of Grounds

5-J-3. Dynamic Analysis of Grounds

5-]-4. Examinations for Classification of Grounds

5-4. Stability of Grounds During Ea:o:'thqtlAltes

5-4-1. Genera'. R-.srks

5-4-2. Examinations for Stability of Sandy Grounds

5-4-3. Examinations for Scability of Clayey Grounds

6. Seismic Performance of Concrete Members

6-1. Propertie& of Concrete and Steel Materials

6-1-1. Concrete

6-1-2. Reinforcements

6-2. Seismic Performance of Reinforced Concrete Structural Members

(Excluding Buildings)

6-2-1. General R-.srks

6-2-2. Fundamentale for Design

6-2-3. Ultimate Strength and Ductility

6-3. Seismic Performance of Reinforced Concrete Structural Members for Buildings

6-3-1. General Remarks

6-3-2. Fundamentals for Design

6-3-3. Ultimate Strength and Ductility

6-4. Seismic Performance of Steel and Reinforced Concrete Stru~tural Members for

Buildings

6-4-1. Gell"ral ~rks

6-4-2. Fundamentals for Design

6-4-3. Ultimate Strangtn and Ductility

6-5. Seismic Performanca of Prestressed Concrete Structural Members for Buildings

6-5-1. General ReIIlarks

6-5-2. Fundamentals for Design

6-5-3. Ultimate Strength and Ductility

7. Se~8aic Perfonaance of Steel Melllbers

7-1. Properties of Steel Materials

7-2. Sei_ic Performance o't Steel ;tructur~' Members (Excludinq Buildings;

7-2-1. General ~Ita
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7-2-2. Fundamentals for Design

7-2-3. Ultimate Strenqth and Ductility

7-3. Seismic Perfo~ce of Steel Structural Members for Buildings

~-3-l. General Rema~k8

1-3-2. P'un.lamentals for Design

1-3-3. Ultimate Strenqth and Ductility

8. Sei_ic Perfonaan::.. of Other Members

3-1. General

3-2. Seismic Performance of Wooden Structural Members for Ordi~.ry Woojen Houses

8-2-1. Gener~l Remarks

r_2_~. Ultimate Stre .qth and Ductility

8-3. Seismic Performance of Non-Structural MembP.rs for Buildings

8-3-1. General Remarks

8-3 ·2. Fundamentals for Design

8-3-3. Ultimate Streng~ and Ductility

8-4. Seismic Performance of l,nderqround Pipes

Part II. Earthquake Resistant Design of Civi~ Enqineering Structures

1. General

1-1. General Remarks

1-2. Usaqe and Classifications of Structures in Aseismic Desiqn

1-3. Coefficients in Aseismic Design

1-3-1. Outline

1-3-2. Desiq'l Coefficit'nts in the Seismic- Coefficient Methr>d

1-3-3. Design Coefficients in the Modified Seismic Coefficient Method

1-3-4. Design Coefficients in th Seismic De~ormation "e~lod

1-3-5. Seismic Loads in the Dynamic Analysis Method

1-4. Effects of Earthquakes During Construction

2. Aseismic Design of Foundations

2-1. General Remt:rks

2-2. Effects of Earthquakes

2-3. Foundation Grounds and Allowable 8earinq Forces

2-4. Metl~s of Calculation of Stress. Displacements and Stability

2-4-1. Outline

2-4-2. Spread Foundations

2-4-3. Caisson Foundations

2-4-4. Pile Group Foundations

2-4-5. Steel Walled Pipe Pile Foundations

2-4-6. Multi-Co)umn Foundations

3. Aseismic Design of Concrete and Steel Structures

3-). Gene;~al Rem&rks

3-2. Effects of Earthquakes

3-3. Methods of Calculation of Stress and Displacement
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Methc4a o t ,'..lcu1ati"n for Stability

4-2-1. Outline

4-2-2. Flll-Type Structure.

4-2-3. ~·tific:ial Ialand

4-;>'4. Artifici.l Ground

3-3-1. 8r1dqe. ,Reinforced Concrete Pier arid Abu~t')

3-3-2. Dri•• (Steel Pien)

)-3-). Concrete oe.. (Gravity, Hollow Gr....ity and Arch 0.-)

)-3-4. TlUlkl

3-3-5. O~&;'ta

4. AMilaic De.ign of Soil Structuros

4-1. Etta<:ts.;:f &a.'tthqlake.

4-2.

'-~-5. Cutting Slope

4-3. I-'Frove_nt of Ground

4-4. Safety

5. ...i8aic De'i<p> of Underqrc>und Structures

;-1. streets of ltartllqualt.,

5-2. Stability of SurroWiding Ground

5-3. Methods of Calculation of Stre•• And Displacement

5-3-1. OUtline

5-3-2. Underqround Pipe.

5-3-3. SutDerqed Tunneh and ConDn Duct.

5-4. safety

6. Sei-.i.c Perfonlance of Exi.tin<J Structure.

6-1. SYlta. for Evaluating S.i~c PerfoODance

6-2. SYle.. for RetrofItting Exilting Str~cture.

Dedgn Detail,

7-1. Poundationl

7-2. Sub,tructur_ and Device. tor Preventing the Fall of Super.tr.:lctur••

7-2-1. Reinforced COncrete Pier. and ~tment.

7-2-2. Device. for Preventing the Fall ot super.tructurel

7-3. Sol1 Structure.

7-4. Ul'\4erqround Stncturel

7-4-1. OUtline

7-4-2. Joints

Part III. Building Conatruction

1. Gener.l

1-1. Scope

1-2. ca,jec::i: of A..i.-ic DeIiC)ll

1-3. ~ntal M<:-t.'IOd of :\aei.-ic oedqn

1-4. Design ~edure. of Aaeiaaic Deliqn
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1-4-1. Kinds of Design Procedures

1-4-2. Selection of Design Procedures

1-5. Methods of Aseismic Design

1-5-1. Design Procedure I-A

1-5-2. Design Proced~·e J-B

1-5-3. Design Procedur~ II-A

1-5-4. Design Procedure n-B

1-5-5. Desic;:n J'rocedure III-A

1-5-6. :",19'1 F. .)cedure III-B

1-6. Parameters for Aseismic Design

1-6-1. Seismic Hazard Zoning Factor

1-6-2. Standard Base Shear Coefficient

1-6-3. Soil Profile Types

1-6-4. Fundamentai Natural Period

1-6-5. Vertical Distribution of Lateral Force

1-6-6. Seismic Hazard Exposure Factor

1-6-7. Limitation of Structural Discontinuities

1-6-8. Story Drifts Limitation

1-6-9. Structural Coefficient

1-6-10. Jltimate Load carrying Capacity

1-6-11. Allowable Stresses and Allowable Load Carrying Capacity

2. Aseiamic Design Method for Reinforced Concre~e Buildings

2-1. General

2-2. Design Procedure

2-3. Structural ceofficient

2-4. Ultimat~ Story Shear Capacity

2-5. Design of Building Elements and Structural Design Requirements

3. Aseismic Design Method for Steel Reinforced Concrete Buildings

3-1. Gene~al

J-2. Design Procedure

3-3. Structural Coefficient

3-4. Ultimate Story Shear Cap.scity

3-5 De~ign of Building Elements and Structural Design Requirements

4. Aseismic Design Method for Steel Buildings

4-1. General

4- 2• Design Procedure

4-3. Structural Coefficient

4-4. Ultimate Story Shear Capacity

4-5. Design of Building El_nts and Structural Design Requirements

4-6. Story Drifts Limitation

5. Aseismic Design Method for Prestressed Concrete Buildings

5-1. General

5-2. De~ign Procedure
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5-3. Structural Ceofficient

5-4. Ultiaat. Story Shear capacity

5-5. Dedgl. of Bui Ldlnq Elements and Structural Design Requiremenu

6. As.islllic DeBiqn Method for Conventional Wooden Buildings

6-1. General

6-2. Duiqn Procedure

6-3. Structural Coeff1cient

6-4. mtimate Story Shear Capacity

6-5. Desi",n of Buil,Jiug EI....mts and Structural Desi",n Requirements

7. Aseismic nesign Meth.>d for Non-Structural Elements

7-1. General

7-2. Required Asei ..lic Consideration for Non-Structural Elements

7-3. Load and Story Drifts

7-4. Selection of Cc,nstruction Methods and Design of EI_nts

8. Aseislllic Design Methcd for Foundations and Retaining Walls

B-1. General

8-2. Design of Found.t:i-ons

B-3. DeSlqn of Retaining Walls

9. Safety Against Ear~hquaJu~ of Exi!.tinq Buildings

9-1. Syst_ for :l:vs .. I.atin", Earthquake Res; stant CApacity

9-2. System for ~einforcln9 Existing BuiJlngs
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Table 4.1 SeiBai c Zone Factor A I

Table 4.2

Zone Va!ue of ~,

A 1.0

B 0.85

c 0.1

Ground C-:>ndition Factor ~~

Group De rini tioDS I ! Value ot ~~

(1) Ground of the Tertiary era
or older (defined ~e 0.9bedrock hereafter)

1
(2) Diluvlal layer:l,!vith

depth less than 10 meters
abOle bedrock

(l) Diluvial layerJ.!vith
depth greater than 10
m~ters abo.e bedrock

2
(2) Alluvial LayerJ1vith 1.0

deptt less than 10

I
meters above bedrock

! Alluvial layer
JI

wi th depth less
I than 2~ meters, which has sort3 ! layer 41 wi th depth less than 5 1.1

meters

4 Other t:l&n the above 1.2

(Robs)

1) Since these definitions are not ver" comprehensive, the

cl,ssification of ground conditions ehall be made with

adequate consideration of the bridge site.

Depth of layer indicated here shall be measured from the

actual ground 8 .... tace.

2) Diluvial layer implies a dense alluvial layer such as. a

dense sandy layer, gravel layer. or cobble lB¥er.

3) Alluvial layer implies a new sedimentary layer matie by a lan<1alide.
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Table iI. 3 Structural Type Factor .G.~

De rin1tiar. '.&lue ot 4'
Steel Structure.

Concrete Structure. l.0

Steel Reinforced Concrete Structure.

Huee M&a.lve Structure. 0.5
Sol1 Structure.
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Fig. 5.2 £oi1 Profile Spectra
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ON 'mE OBJECT POS'l'ULATE FOR EARTllQIJAJCE-RESISTANT COO!

Kiyoahi Nakano, Assistant oirector

Yuji Ishiy.... Chief Research EnqineJL

Yoahitsuqu Acki, Research Engineel

ItaZlDasa Watanabe, Research Engineer

Building Reaearch Institute, Ministry of Construction

What the object ot the earthquake-resbtant code should be and how to det1T.,~ t.ne

object are the concerns of the object postulate. Since the sei8lllic fo~ces anJ the earth

quake-resistant capacity ot the buildings hPve certain dispersions, it is neces.~ry to

introduce the con~ept of the reliability to define the object postulate. This report deals

with research on 1) dispersions, 2) relation between the earthquake-resistant ~.pacity and

the construction cost. 3) acceptable level of human risk. and 4) principle of soci~l

utility to optimize th6 importance factor, in order to define the object postulate for

the earthquake-resistant code.

KEYWORDS: Acceptable level of human risk, construction costs, ear';-' }Ullke resistant code,

expected sei~c torce; object postulate; reliability ulevcy; social utility.
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1. INTRODUCTION

Any desig~ process is implicitly o~ explicitly constructed on a design system which is

sometimes called ~ design code. It ~as shown by Niels c. Lind (1) that present structural

design codes cOllld well be understood by searching for basic eight principles or postulates.

In his earlier paper, liyoshi !:akano (2) proposed an :Lmportant postulate concerned wHh the

probability of the death of occupants caused by the failure of structures.

The authara propose some postulstes in addition to the above postulates, and classify

the postulates. and &xamine their relation~ to stru~tural codes. Furthermore, the object

postulate, one of the most important postulates. is considEred extensively.

2. CIASSIFICATION OF STRUCTURAL DESIGN POSTULATES

The foilowing eight postulates which are included in several design codes were shown

by Niels C. Lind.

1) Load postulate

2) Strength postulate

3) Design method (postulate)

4) Principle of constant reliabilJty

5) Postulate of data sufficiency

6) ISO format

7) Cornell's format

B) Linearized factor format

The authors proposed the following postulateg in addition to the above postulates (2,3),

91 Earthquake load postulate proposed in AIJ dr~ft (4)

(a)

(b)

< lJa
lJr - I'

r

o
2. < _1_
H - 125 '

r

Cc)

where,

i
1: 0

r-l r <
i
l: H

r-l r

1
150 , i - n~r of stories,

IJ
r

- ductility factor of the r-th story,

lJ
a

• peraissable ductility factor which is fixed in accordance with the kind of

structures (such as steel structures, reinforced concrete Btructures. etc.),

I r • illlpOrtance factor which is fixed in accordance with the occupancy of structures

and with the structural importance of structural _lIIbers,

or • inter-story defoI1llBtion (inter story drift) of the r-t!l story, which 1s caused by

elasta-plastic response,

V-103



H
r
••tory h.ight of the r-th .tory.

10) The po.tulate for opt1Jl1&inq -on.tary .xpen.e.

ilL
~. O.

where.

L I + pi'

L .xpec:.ed value of 10••••

I • initial .xpen••••

p • probability of failure,

F • 10•••• caused by the failure· aI.

n • (I - 1.
0

)/1.
1

• central .af.ty factor· (R*/S*),

R* expected value of resi.tance,

S* - .xpected value of load effect,

1.0 ' 1.
1

• con.tant. correspondinq to the kind of structures.

11) Starr'. postulate (2.5),

Pf • P (R* ~ S*) ~ r cr . e . A.

wh.re,

(2-1)

(2-2)

(2-3)

(2-4)

(2-5)

Pf • probability of failure,
-9r cr- .tandard death rate (death rate per one hour, unit i. 10 ),

8 probability of the death of occupanta cauaed by the failure of atructurea,

A • factor wh1.ch is fixed in accordance with occupanci•• (1.0 for houainq. and offic.

buildi~q. which are indispensable for life. 1000 for lea.ur. facilitie.).

12) NakAno'. po.tulate (2),

where.

P
f
~ r

cr
• e (1 + b • g) • A, (2-6)

b coefficient of density (nWlber of oceupant. per unit floor area),

9 coefficient of evacuation (con.tant fixed in accordanc. with .a.ine•• of .vacuation

in cu. of _qeney).

The ~1JIation of the po.tulate. in various de.iqn code. are .hoWn in Tllble 2-1.

Furthe~re. _ have att.-pted a cla.dfication of the po.tulates a••hown in 'I'llbl. 2-2.

Thet is, the traditional d••iqn proc••••• are qoverned by three kind. of po.tulat... load

.trenqth po.tulate, OOIIIlUiaon po.tulate, and object po.tulate. The ot-j.ct po.tll1ate is

concerned with de.i911 philosophy on social needs for .tructural saf.ty, ther.fortJ _ .hall

consider the object po.tulate -ore .xtensively.
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3. SURVEY OM EAR'nlQlJAXE-RESISTANT CAPACITY AND ITS DISPERSION

It is al.c8t t.possible to measure the earthquake-resistant capacity of each building

as a total system. Accord.ingly. we tried to evaluate it by an expert survey ",hich would

llAke u.. of the intuition of the experts DIOSt effectively. About two hundred experts from

four different fields of structural engineering; 1) constructors, 2) administrators,

3) designers and 4) researchers or educators. participated in this survey. From the result

of this survey, the earth~~e-r.sistantcapacity and its dispersion of buildings are given

in 'ig. 3-1. In Fig. 3-2. the weighted factors are set forth depending on seven major

factors; 1) designer, 2) design cost. 3) design tera. 4) constructor. 5) construction cost,

6) construction tera. and 7) material.

FraD Fig. 3-1. it can be seen that the cast in situ reinforced concrete wall buildings,

super high ri.e steel buildings and high rise steel buildings are considered to have gooG

earthquake-resistant capaciti.es. On ';he contrary. the ,einforced concrete block buildings.

conventional wooden buildings and prefabricated wooden buildings seem to have rather

... 11 resistant capacity against earthquakes.

As to the dispersions of earthqua"e"resistant capacity. the super hig•. rise buildings.

pr••tre••ed conccete buildings and pr(,fabricated H-steel reinforced concrete buildings have

...11 variance and the value of c.o.v. (coefficient of variance) is about 0.25. The cast

in .itu reinforced concrete buildings, conventional wooden buildings and low rise steel

buil1ings have large variance and the value of c.o.v. is about 0.45.

From Fig. 3-2 we can assume that among seven major factors concerning earthquake

resistant capacity, the level ~f the designer and the level of the constructor are the most

influential factors.

F,om the re3ult of this survey, it was also found that the administrator1 and the

constructors take an optimistic view of earthquake resistant capacity of buildings, and

that the designers and the researchers or educators have a pessimistic one.

4. RELATION BETWEEN EARTHQUAKE-RESISTANT CAPACITY AND CONSTRUCTION COST

It is evident that the construction cost of the building would be influenced by the

seismic design coefficient which is one of the main factors controlling the earthquake

resi.tant capacity. In this chapter. the relation between the seismic design coefficient

and the construction cost is discussed. To analyze the problem, the following assumptions

are adopted.

li Ela.tic d••ign with sei8DIic design coefficients and allowable stresses is used.

2) The range of seismic design coefficient i. from 0.2 to 1.0.

3) Two c•••• of construction cost ratio: il columns and girders, and ii) column, girders,

be.s snd .1Abs, are considered. The construction cost of foundations. other non

structursl ~rs and finishings .re not included in both cases.

4) The cost. of colUlll'ls and girders are dependent on the seilllllic design coefficient,

but the be.. and .1Abs are independent of it.

S) The costs of colUD'ls and girders are I'.pproxi.mated by the formula proposed by Nakagawa

(61.
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6) Two structural systems, i) steel fr..e buildings and ii) reinforced concrete buildings,

are considered. The nlllllbers of stories are fivs and ten.

Under these assumptions the cost ratio is given in accordance with folloving formula,

y • 1 + R (e - 0.2)

wIlere,

_ cost ratio ( _ cost by sei8l!'!c design coefficient ~~l
y C08t by seilllnc df!!Riqn coeffici..nt 6'{UAls 0.2

R cost coefficients a8 givQn in Table 4-1

C • seismic d~sign coeffi~i~nt (0.2 ~ C ~ 1.0)

(4-1)

Two examples of~. (4-1) are shown in Fig. 4-1-(11 for st.el frame butldin1s and

Fig. 4-1- (2) for reinfe. ced ct .,.. ··.·.te buil.d:a.ngp

S. ACCEPTABLE LEVEL OF HUMAN RISK

The point of vi_ of the security of human livo!. may be considered as one of the IIIOst

tmportant critf!!rla f~r structural d.sign.

In the ~in of the securlty of hlllllAll liv.s, we find some discussions tlat propose

sevsral criteria, such as tho.. of oavid E. Al le·.1 , OF H. G. Otway, of Starr, of K. Nakano

and of K. Watanabe. But ve cannot find any p':oj?Osition that achieves the practical level.

w. dared to Att8lllpt to overC'Clllle such a dIfficult state, and this report propos.s an

acceptable level of hlmAJl risk, observing th,. fluctuations in the evolution of the ordinary

death rate and assUMing the existence of i~s.n.ible range of the fluctuations in the death

rate.

1) The a.nse of averags riak level ia supposed to be based on the averaqe death rate

d for a period of ..veral years which preceed the polent of tt- for thie s.nse. Thia

average death rate may be col'.sidered •• the basic death r ..... for the san.. of risk.

2) Talt!nq the stalldard deviation odin the .volution of 4eath rat. for the _ period

as that of the average death rate, the rate of fluctuation of death rate lid ia

obtained as lid • 0d/d-.

3) The observation through a aufficiently 10nq tel'lll of the rat.s of fluctuation, ....h of

wtltch is calcualted on the ... period of tt.e, peraits to .uppo" that the rate of

fluctuation is nearly oonatant. So that if the ...an level of the rate. of fluctuaUons

Ad is obtained,

4) 'rhus the ineenaible rang_ of fluctuation of death rate 0dins 1.a supposed as 0diJla •

Oil·d.
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Aa for the acceptable level of htman risk, thb report propou. the acceptable death

rate fra. earthquake, d
sac

'

It ..y be considered that the average death rate d includes a psrt of the death rate

froe earthqualtes in certain proportion e. The death rate from earthquakes. de'

included in the averaqe death rate is obtained as "d•• e 0 d.

The acceptable d_th rate from earthquake, d
s
..-=' is proposed as the SUII of the part of

the death rate fra- earthquakes included in the average death rate d and the insensible•
range of fluctuation of death rate 0dins' dsac • ds + 0dins- eod + 0dins'

On the suppolition that the nl.lllber of deaths frOlll earthquake is proportional to the

n~r of destroyed buildings, a proposition is established that the acceptable rate

of destruction from earthquake, Pfac ' is to be obtained as a proportional value to the

acceptable death rate from earthquakes. d
sac

where,

P • population of the area concerned

y • probability of deaths in ca.e of destruction of a building (the number of

deatha/the number of destroyed buildings)

"b - number of buildings in the area concerned.

f •• frequency of earthquakes on the area concerned.

6. PRINCIPLE OT SOCIAL UTILITY TO OPTIMIZE IMPORTANCE PACTOR

The Clbject postulate 18 concerned with IIOcial utilities, that i., _ as.~ that the

value of structure 18 comprised of the construction cost (negative utility) and the social

h~ utilities. We are going to eStablish an object postulate which formulates the value of

iJIportane:e factor corr..ponding to the 1Il&Xt..um total utilitie••

'lbe following concepts are uaad in thb cUscusaion,

(1) !2!!!. _ns e .calu having an eJlPected value" and a co Ifticient of varillnc. 0."

(2) Strength ..ana a potential of structure. corresponding to a certain 1U1it atate

designated in l5as191l. The stren9th is also a scalar having an 8JlPected value it and a

coefficient of vari.anc:e "".

(3) Magnifying factor of .trensth _ the retio l5afi'Wd by the followinq equation

(6-1)

where,

R • actusl strength of struct.ure,

R
O

• atrenqth correapond1ng to a certain Ullit state under a defined .tandarc! load
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Particularly, we shall distinguish the value of aaqnifying factor for ordinary buildings

fro- that for public buildings. The ratio of magnifying factors is called an importance

factor, and it may be defined .... follows:

(6-2)

where,

9
0

• magnifying factor for ordinary buildings.

(4) Probability of reaching liLlit state is defined as follows:

(6-3)

(6-4)

Equation (6-3) is applied to ordinary buildings and equation (6-4) is applied to

public bUlldings such as hosritals, public facilities, public halls, and so on.

(5) So';ial utilities are presented by four utilities, Ul , U
2

, U3 and U4 as shown in

Table 6-1.

Table 6-1 Social utilities

STATE OF PUBLIC BUILDINGS
STATE OF ORDINARY BUILDINGS

(1) Undlllll4ged

GR, :: S

(1) Undsmaged State (e,R, ~ S) V,

(2) Damaged State (B,llo <:. Uz

(6) Construction cost means the preLent value of initial construction cost. We define CO'

construction cost in the payment tillie, and TO' t1llle la9 between the payment time aftc:.

the tille of putting the building ira use. The construction cost can then be shown by the

following equation with the interest rate r,

(6-5)

With the above conception, we can eXlUll1ne the social utiliti.. for the building. In

the first year, the expected value of social utility is ~s follows:

(6-6)

where,

P • prob (9
0

R
O

< 5)

P2 • PrOb (9RO < 5).
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The preaent val_ of -eeial utility in the ..cond year ia

U
(2) 1 - P2 (1)

-!+'rU (6-7)

(6-8)

conaequently. the .u. of the eociAl utility in life .pan of the buildinq T i. obtained

a. foll~,

U •• {6-9)

The total utility 18 repre.ented by the following equation.

u • U -..:•
(6-10)

We ~.t aaxt.!ze the valu. of U from a viewpoint ot aceial .atety or urban .atety.

Therefore. we Obtain the following poatulate by differentiating Eq. (6-10) with re.pect e f

(6-11)

T"e Cl)t:_ value of 1JIport&nce factor can be Obtained tr'Ola the above equation when

the di8tribution functiona of randoll value. 5 and R are q1vttn. Actually, if the

4i.tribution tunetiona of load effeet and .tr.nqth are nonu.l distribution. NIS. (J ) •

•
NCR. OR] reapectively. the optiaal value. of ..qnityinq factor and 1JIportance factor are

~re••ed approxiaately by the following equationa re.pectively:

where.

e • i + 6/21n (::I:: ) •
• IIika

e*. ~ + I: l21n (_1_) •

9. • 1;;114

6 _ /(1.1 + "Sl

i
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ar.d
T 1 - UI lUI(l t r) - 1

IJ -
r)T._ 1 r)T-T.(l t (1 +

(6-16)

(l + r)T _ 1 - rT 1 + p U2 /UI
t

r)T. _ 1 -;at r)T-T.(l +

The auxiliary parametpr 6 and k are called synthetic coefficient of variance and cost

performance sensibility, r~spectively, and the parameter T. means the turnover year of

the buildings. The relation among the optimal values of magnifying factor e, synthetic

c.o.v. 6 and the cost performance sensibility k is shown in Fig. 6-1.

7. CONCLUDING REMARICS

From Chapters 3 to 6, we have suggested several approaches to settle the obje=t

postulate for the earthquake-resistant code. The details of each chapter shoul~ be

investigated more extensively and intensively. Though more suitable ways to determine the

object postulate might be discovered in the future. the following items are the most

infl lential factors to settle the oL.iect postulate from the surveys we have conducted.

II earthquAke-resietant capacity of buildings

2) ex,pected seismic torce

3) earthquake-resistant capacity and construction c~st

4) acceptable human risk

5) social utility
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Table 2-1 Poltulatel iDcluded lD Itrucutral delian codel

Ma-. of Code
POltlllate

1 2 3 4 5 6 7a 7b 8 9 11

ISO draft .. .. .. .. .. ..
AU ac code .. .. ..
AIJ earth- .. .. ..
quake load
draft

R)ItDIC CODE .. .. .. .. .. .. ..
(A-Type)

NOItDIC COD£ .. .. .. .. 0- ,
(I-Type)

Propo..lof .. .. .. ..
Lind

Propo..l of .. .. .. .. .. ..
Cornell

Propoaal of .. .. .. .. .. ..
bvindra

FIP-CEB Code .. .. .. ..

Tlble 2-2 Cla•• ification of postulates

The firlt Group: Kain POltulatel: The .ain postulates are basic
I, 2 poltulateB for deBign system.

UlAD-STRENCTlI
Sub Poatulates: The aub poltulates are the

POSTULATE 6, 8, 7b -adification of the .ain postu-
late for the purpose of faclli-
tating probablliltic tre_taent
of delign variables.

The Second Croup: Kaln Postulatea: The ..in postulate 3 is repre-
3, 4 aenting the cla..ic··,l design

CC»fi>ARlSON procedure. The ..in postulate
POSroLATE Background 4 is representing probab~lls-

Postulates: tic concepts. The background
5, 7a postulatea aupplies logical

support for the poltulate 4.
Sub POltulates: The lub postulatel are used
9, 10, U, together with the postlllate 3
12 to introduce considerationl of

defonaat lon. !

The Third Croup: Main POltulltea: The poltulate 3 ia an object I3, 9, 10, poltulate a. veIl .1 the
OBJECT 11, 12 c_pari8C>n po.tulate. The
POSTULATE poatulatea 10. 11. and 12

are uled together with the
pouulau 4.
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CONV!Jn'IOIW. a>c'>!11
III ILD I IICS

PUFAIRJCATED WOODEll
IlJILDINCS

CAST IN SIre REIIII't'RCED
CONCRETE BUILDIRr.S

CAST IN SIre REINFORCED
CONCRETE WALL IllILDIIlGS

PUFAIRICATED REINFORCED
CONCRETE WALL IllILrINGS

STEEL REINFORCED
CONCRETE BUILDINGS

PREFAIRICATED H-STEEL
UIMFOCED CONCRETE
BUILDIlICS

SUPD HIGH RISE
STEEL IllILDIIlGS

HIGH RISE STEEL
IllILDINCS

LOW USE
STEEL IllILDIIICS

LARGE SPAR STEEL
III ILD IllGS

PRESTIltSSEll COMClllTE
BUILDIlk;S

llEIWPORCED COMCun
BLOCK III ILD IIlGS

G.D

30

10

(Mo~llz.d by th. ...n valu. of caat in aitu reinforeed eoncrete buildinsa)

Pil. 3-1 ll!LATlVE EA.RTIIQUAU-R!SISTART CAPACITY ARIl ITS
DISPtIlSIOR 0.. IUILDIIICS
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COMVEMTIONAL
"IXlDEN JlJILDlNCS

Factor (1) Level of D••laner

(2) Dedan Coat

(3) D.a1an 'rena

(4) Level of Conatructor

(5) Conat ruct ton Coat

(6) Conatruction Tlfrw

(7) !Uterial

0 '0 ZO 30 '0 50 '0 '0 PI 9 '>
I I I I I I I

(1) (21 ,31 (') (5' I~, '.

21.~ .... t •• 2L'• '~7. 107. '2

.

CAST IN SITU ~IIKPORCED

CONCllEn: IIlJ ILDINCS

PRUAIIlICATtD REINFORCPJ)
CONCRETE WALL BUILDINGS

STEEL REINFORCED
CONCRETE Jl1ILDIR:S

lIICH USE
STElL BUILDINGS

I I . I. I I I.

~ll (2) m (61 r.il I~'

2Zt. '.~ t." 2ll.61 B7. " 7, '3"

I I I I I f I

(1) ~.:) m (" ~) '6' ,7·

ZUI ,~ ". 211l. lZ.7'
1

1
'.

' H"

I I I I I I I I I.

(t) 0) (~\ {'~
,~\ t'

,

22". ,~ U. 10" liS. ".H . i';f

10------. I I I I I I I I

(ll (:ll (3) (') (~I I.' 1'.

2121 ... "1 21.6' 15.J. 10741' li':l

Fla. 3-2 WEI"llT!» FACTORS OF U.ITllQUAU-USISTAICT
CAPACITY
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Table 4-1-(1) Coat Coefficlenta of St.~el Pr..e aulldltl&8

FI
-
R

N I 1
y ~ . 1.0 \l . 0.0 \l . 0.5

I

I5 I 3 2.0 1.2 , 1.0
I --+- I

5 5 2.0 I 1.2 I 1.0,
5 I

ex> 5 2.0
i

1.2 1.0I i, ---j -
ex> .., 2.0 1.2 , 1.0

l , --
5 3 2.0 1.2 1.0

~~
2.0 1.2 1.0

10 ~~_~-=__ - --------------+-------
2.0 1.2 I 1.0,

00 ! CIC 2.0 I
1.2 1.0

, ----

Iable 4-1-(2) Cost Coefficients of Reinforc~d ~oncrele Ruildings

n R
N
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5 3.1 I 1. 23 0.93
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f------1- i I
* ex> I ex> 3.7 I 1. 43 I 1.10
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--~+--+
1.53 1.13

10 ------- \
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4.0 ! I, CD i «l 1.60 1.17
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N number of stories

n nuaber of apans

~ coat ratio of co luana and girdera to total .tructural cost
(JJ. 1.0 .ana that c.oat of col_na and girders III total atructural

cost)

• : asel~lc .hear wall, columna and girders system
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The Earthquake Response of Hysteretic .>truct"res

W. D. IWAN and N. C. GATES
California Institute of Technobgy, Pa sadena. Callio rnia

J·.BSTRAC'l

Th~ earthquake response U a broad class of hysteretic structures

is investigated. Inelastic respol se spectra are determined. Based on

these spectra, an effective l;near period and damping are defined for

each type of hysteretic struc;ure a8 a function of ductility. A aimple

empirical formula is presen;ed which may be used to estimate the

response of a general hysteretic structure given the linear response

spectrum of the excitation. The predictions obtained from this

formula are compared with those of another frequently used scheme

for estimating the response of hysteretic structurea.

INTRODUC nON

Most modern building structures are designed to re.pond in a ductile manner

during a major earthquake. In a steel structure, ductility is associated with the

local yielding at steel structural elements. For cyclic loading, the resulting load-

deformation behavior i .. hyateretic and the hysteresis loops are quite ata'ole with

succeillive loading. In reinforced concrete structuree, ductility ariaea both from

the yielding of the Itee'. reiniordng and th e c racking and c ruming of the concrete.

The reeulting load-deformation behavior ia again hyateretic. However, in this case,

the hyatereeia loops tend to degrade in both energy diesipation and stiffness with

lucceaaive loading. It ia important for the safe design of atructures that the

response of both degrading and nondegrading hysteretic structure. be well unclflratoocl.

There have been numerou••tudies of the earthquake responee of aimple non

degrading hyateretic structurea , Baaed on atudiea of the mOlt elementary systems.

it hall been suggested that for moderate to long structural perioda, the peak c.mplitude

of reaponee of the hysteretic syatem is very nearly the aatne aa that of a linear

syatem with the lame nominal period and viacous damping independent of the ductility

ratio of the reaponse (1). There have been relatively few studies of the earthquake

responle of degrading 8tructurea and no general deaign guidelines have yet been
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propoaed. However. the equal diaplacement rule ia often employed for thia type of

atructure a a well [2. J .

The purpoae of the preaent inveatigation ia ~o examine the earthqua.ke re.ponae

of a. general cla.. of ainale-degree-of-freedom hyateretic atructurea and to evaluate

the merit of certain aimplified methoda for eatimatina the reaponae of auch atructure ••

l1'YELASnC RESPO!"ISE SPECTRA

It ia aaaum",d that the equation of motion of the atructure or a particular mode

of the .tructure can be written in the form

x + 2., w i: + w Zf[x(t)] /koo 0 0
a.(t) (1)

where x ia the generalized relative diaplacement. Co ia the fraction of viacoua

damping. W o ia the natura.l frequency. f[x(tlJ ia the genera.lil'led reatoring force. k o

. ia the nomina.l atifm.aa, and a(t) ia the excitation acceleration. In what follow a , it

ia a ..umed that '0 = 2.1.. The n.>minal period of the ayatem ia To = 2.Tf/"'o '

The generalized re.toring force fIx) h aaaum.,d to be hyateretic. In thia

inveatigation, lobe particular form of f(x) :~ derived from a combination of linear

elaatic and coll1omb alip elementa aa indicated in reference (3). The reatodns

force' model incorpora.tea the major feature a anoeiated with linear, .imple byateretic

and degra.ding "yateretic behavior. Si..z apecific .yaterna are conaidered and the

reatoring force diagram a for theae ayatema are ahown achematically for cyclic

loacil.og with monotonically inc rea aing amplitude in Fil\lre 1.

The .ymbol BLH denote. the bilinear hyateretic re .·~orinll force model. The

other .yetem. are de.ignated by a three number code. The firat aet of two diph

epe.. ..fie. the ratio of the .trenath of the &imple hyateretic component of the model

to that of the degradina component with 1.0 denoted by 10. The ••cond .et of two

dipta apec:ifiea the n.tio of the generaUzed yield di.placement of the &imple hy.teretic

component to that of the degrading component with 1. 0 denoted by 10. The third aet

of two ctipt. &peeWee the ratio of the faimre loade a ..ociated with tenaile aDd com

pre..ive failure for the 1>&.1c degraJin. component of the model with O. I denoted by

10. In reinforced concrete, the aimple yielding component of the model would be

reprelentative of the behavior of the reinforcinl ateel and the delradin. component
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would be reprelentative of the behavior of the concrete. In thh cale. the third let of

eli.itl would be roulilly proportional to the ratio of the crackin. to cruahina Itrensth

of the concrete. The limitinl fully yielded ltiUn... {or each caae 18 taken to be 5"/.

of the nominal atiHne .. k o '

The ductility ratio of the relponle iI defined al

(2)

where X max il the maximum amplitude of relponle and xy h the generalized yield

displacement of the limple yielding component of the IYltem.

In the prelent inveauaation, the Itructural model delcribed by equation (1) b

excited by an enaemble of twelve e.rt~quake acceleration time hiatoriea alt) which

are cholen to be reprelentative of a variety of different typel o{ earthquake excita

tion. An effective peak acceleration level A* h determined {or each earthquake by

findin. the Icale {actor necellary to minirnil:e the mean lquare difference between

the 210 damped relponae apectrum of the earthquake in queation and the NRC 1.60

deaian relpODI. Ipectrum [4J in the period ranae of O. Z to 4.0 I'econda. The latter

lpectrum ia adjUlted to a mean valu. Ipeetrum by whtractinJ one 11' from the pub

liahed IF ;Ltruro. The twelve earthquakel and their effective peak accelerationa are

Jiven in Table 1.

The relponae of each atructural model to .ach earthquake of the enlemble il

calculated numericaUy. The yield level of the Itructural madel Xy 11 varied until a

deaired ductility ratio I' ia obtained and the reaultinl maximum aeneraUsed eliaplace

ment Xmax 11 recorded. In the preeent invelUaation. thia il dene for niDe different

nominal ItrucNral perioda ranpn, from 0.4 to of.O a.eond. and ductility ratiol of

Z. " and 8. The reaultinl valuel of x..n.x are uI.d to conatruet inelaltic ra'ponaa

lpeetra for each bYltaretic IYltem. In order to minimise the .aeeta of the local

variationI in the lpeetral content of each earthquake, the inelaltie relpoD.e apectra

are normaU••d by A* and averaled over the twelve earthquakea. Thia defin.. a

family of normaUsed avenled inela.uc reapona. lpeetra for .aeh .truetural model.

A typical family of inelaatic paeudo-velocity relpoD.. .peetra h Ihawn in Fiaure 2

for the hi&hlv dearadin, aYltem 02-10-00. Allo ahown for COmparilon are the

averaled linear r.'pcma. apectr& for 2., 5 and 10', viacoua dampinl.
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OPTIMAL EFFECTIVE LINEAR PARAMETERS

An examination of Fiaure ? revt:odl that the overall ahape of the averaged

inelaltie lpeetrwn for a Biven value of I> c10lely relenlbleli that of lome linear

apectrurn except for .. tranllation along .. line of conltant lpectral dilplacement

(a line with dope of minu. one on the log-log PSV diagram). For example. a linear

.pectrum for , : 5 '7. may be traDllated to fit very closely the inel'ltic "pectrum for

I> : l. Thil fact may be u.ed to define a linear Iy.tem which givel very nearly the

lame .pectral re'pon•• ~I a given hysteretic "yltem.

Let SDnt(EQ(j), SYS(k', .. , Ti. '0) be ~"le spectral di.placement of the k th hyltere

tic Iyltem SYS(k) with nominal period and damping Ti and '0 at ductility .... to the jth

earthquake, J;Q(j). Let SDt(EQ(j). T, " be the Ipeetral dilplacement of .. linear .ys

tem with Pfriod T and viscous damping' to the jth earthquake EQ(jI. Then, consider

a lhifted linear Ipeetrurn defined by SDt(EQ(j), Ti(Te/To)' 'o+'e)' In thil way. '!efTa

repre.enta a period fbi-ft ratio and 'e an added damping with respect to the linear

.pectrum. Let li
ijk

be the difference betw;:·:n the non}inear inelastic Ipeetral dis·

placerlent and the wfted linear spectral di.placement defined by

SD.t(EQ(j,. Ti(Te/Tol. 'o+'e'

SDnt{EQ(j), SYs(k), .. , Ti • '0) - 1 •

Then, • mea lure of the overall difference or error between the averaged nonlinear

and averaged ahilted linear .peetrwn will be

(3)

elk) (4)

elk) will be referred to a. the root mean .quare (I'm.) 4veraged .peetral error.

An optimal period .wft and added damping can be defined for each hyateretic

Iy.tem by minimizing ilk) with re.pect to Te/To and 'e' Let the optimal parameten

be noted by T / T and' Ilnd let '( (k' be the minimum value of (k). Then
em u em m

em(k), a minimum. when T ITe 0 (5'

Thil define I an optimal effective Unea: .y.tem for any particular nonlinear Iy.tem,



The optirn&1 JH!Iriod abilt and added ciampin, {or the 8ix hylteretic ayatema coa-

aidered herein il prelented in Table II alon, with the minimum rma averaled .pectral

error 1m al a function of ductility ratio. It it ob.erved that the averaled .pe~tral

error il tn no ca.. Ireater than 6~. Hence. it ia concludetl ~..t the optimal effective

linear parametera are capable of providina an axceUettt delcription of the avera.ed

inelame re.ponle lpectrum for hYlteretic Itructurel of the type conaidered. Aa a

,eneral treDd. it will be notea that both the optimal period lIhift and dampina teDd to

increaae with increaling ductility ~ for all Iyateml. It will alao be noted that the

more delradina ayltama tend to have ireater period ahift particularly at the Iarlelt

ductilitiea. The effec:tive added damping it in the rang. of 6 to 12~ ior al\ caaea.

A S1MPLZ EMPIRICAL MODEL

If graphed aa a functioo of ~ without reiard to IYltem. the naultl ;:reuented

in Table 11 fU,.eat a aimple empirical formula for approximating T IT and'
em 0 em

Thil may be exprealed in the form

T IT = I +~ (~-IIe 0 tV

(6)

C (~I = 6(~-1);e

Thil formula may be \laed to predict the reaponae of a nonlinear hYlteretic Itructure

Jiven the linear reaponee epectrum of the excitation. Thil ia accompliahed by ahitting

the period from it. nominal value by an amount TelTo and il1trodQCinl an additional

viac0'\11 damping 'e' The accuracy of tbit formula Will now be examined and com

pared with another aimple prediction method.

EVALUATION OF RESPONSE PREDICTIONS

The merit of any Ichame for predicting the earthquake relponle of a hyateratic

atructure may be meawred by the magnitude of the error between the actual and

predi.:tecl re.pOl18e over the. period ran,e of interen. The ability of a aiven .cheme

to predict Iroa. relponle feature I can belt be leen with reference to a .mooth or

averased reaponle aJH!ICtrum a. mown in Fipre z.. In dUa cale. the root mean

aquare averaled .pectral error ilk) detlned by equation (4) i. an appropriate error

meawre. The ability of a .chame to predict the finer detailI of the reaponle caD
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be.t be .een with refereL~" to 1', particular earthquake with aU of ita apectral varia-

tion.. For thi. pI.lrpoae, an unaveraged root mean .quare apeetra! error «(k) will be

an appropriate error meaaure where

.'k) ~ [Ik 9 12. ]'L L 6i~
i=l j=l

(7)

In thb inveaUgation. the re'pon.e prediction. of the empirical formula will be

compared with tho.e of the optimal parameter. and tho.e of the Newmark-Hall

method (1]. The Newmark-Hall method waf originally formulated a. a technique for

lenerating an intlla.tic re.pon.e spectrum from a smooth linear de.ign .pectrwn. In

thb method, the linear apectrum is modified acc.?rdillg to different rule. depending

on period range. For period. greater than or equal to some value T ' , the method

follow. the equal eli.placement rule and the inela.tic diaplacement or pseudo-velocity

apectrum ill identical to the linear .pectrum. For perioda in an interval alightly

leaa than aome value T', t.'le inelastic spectral diaplacement i. obtained from the

Unear apeetrd diaplacement by multiplying by a factor of ;//2.;.1 where; i. an

effective ductility ratio. Between T' and TAO the spectral behavior changea

continuously.

In order to obtain a direct compariaon with the empirical formula. the Newmark-

Hall method i. herein applied directly to the averaged linear 2'1. damped .pectrum or

to the corre.ponding .pectrum of an individual earthquake a. required rather than to

a .moothed or bounding .pectrum. Uae of a bounding .pectrum hal been found to

give re.pon.e rell\l· •• which are con.iderably over conaervative. The value. of T'

and T' are taken to be 0.5 and 0.4 .econd. re.pectively and the effective ductility

ratio ;I ia taken to be equal to Ilo. Thia latter auumption ba. very little effect aince

the method give. re.ull. which are independent of Ilo over moet of the period range

considered.

Table III give. the I'm. apectral error «(kl and the rm. averaged apectral

error I(k) re.ulting from re'poD.e predictiona ba.ed on the optimal parameter.

pre.ented in Table II, the effective parameters from empirical formula (6) and the

Newmark-Hall method. It is aeen that all of the methoda con.idered give better

reapon.e predictiona for an averaged or .moothed reapoDae .pectrum than for the
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.pectrum of a particular earthquake. Thil i. evident from the much lower value. for

the averaged .pectral error «aa compared to the W1&vera&ed lpectral error C. For the

optimal parametera. the ratio of c to i I:. approximately four and for the i.wo pre

dictiDl .chemea, the ratio ia approximately two, Thia particular feature of the data

ia not at aU lurprhinl in liiht of :be vari dionl in frequency content aaaociated with

any particular earthquake of an enlemble.

An important oblervation from Table 111 i. that for ,iven ductility, the lpectral

errora reaultin, from either the empirical formula or the Newmark-HaU method a.'e

comparable for all of the ayateml conlidered. Hence. it may be concluded that very

marked differencel in hyateretic behavior of the type conlidered herein have only a

.econdary effect on the accuracy of a given relponle prediction technique. Thia doel

not imply that there are no Iyatem.tic differencel in the relponle alone Iyatem

verlua another. but it doel imply that thele differencel are of the order of the error

inherent in the two .imple prediction Ichemel.

For aU ductilitiel conlidered. Table 111 indicate I that the Ipectral error (

reaulting from the empirical formula il comparable to that relulting from uae of the

optimal parameten. Thic 1'1'01' il typlcally of the order of 2070 which would be

aatiliactory for mOlt delign purpoa.,,, The error relulting from the Newmark-Hall

method ia generally more than tw~ce that of the empirical formula. Even for the

aimple bilinear bylteretic Iyltem, the Ipectral errorl relulting from the Newmark

Hall method are of the order of 501.. Overall, for all ayatema and ductilitiel. the

unaveraged lpectral error ( iI 18.31. for the optimal parametura, 20.9". lor the

empirical fornlllla ancl 54.51. for the Newmark-H..ll method.

Additional inlight into the merit of the two limple prediction Ichemel conlidered

in Table ill may be gained from an examination of the diatribution of the individual

lpectral errorl 6
ijk

, For thia purpole, all o! the different IYlteml. earthquakel.

periodl and ductilitiel are taken together. The reaultl are IhowD in Figure 3.

FiiUrel 3(a), (b) and (e) give the relulta of the empirical f0rnll11a and Figures 3(d),

(el and !f) the reaultl of the Newmark-HaU method. It Will be leen that the mean

Ipectral error alaociated with the empirical formula il aubltantiaUy Imaller than

that a ..ociated with the Newmark-Hall method for all valuel of ductility. The mean

error for the empirical formula ia alwayl le'l than 2~ while that for the
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Newmark-Hall method range. from 171. to 3Z1.. In addition. the It&ndard deviation of

the error for the empirical fa rmula i. roughly one-half that for the Newnarit-Hall

method. It ia true that the Newmark-Hall method i. more con.ervative than the

empirical formula. However. thi. con.ervati.m i. often exce••ive and ia offaet by

the fact that the re.ulta of the Newmark-Hall method .how conaiderably greater

.catter than tho.e of the empirical formula.

AI an illu.tration of the ability of the simple empirical formula to predict the

re.poD.e of a given hy.teretic .tructure to a particular earthquake. the predicted

inela.tk re'p:.on.e .peetra for two different .y.tem. are .hown in Figure. 4(101 and

(bl along with actual respon.e data. Aha .hawn are the predicted .pectra given by

application of the Newmark-Hall method. In each cale. the excitation ia the scaled

aecelerogram for 8Z44 Orion Blvd•• lat floor, Slt.n Fernando, 1971, NOOW (HOLI.

Thi. accelerogram wa. cho.en becau.e of the pre.enee of several pronounced peak.

and valley. in it. re.ponle Ipectrum. This helps to demonitrate the effeeta of local

variatione in spectral content.

It will be seen from Figure 4 that the predictions of the empirical formula are

generally in good agreement with the data over the range of period. con.idered while

the Newmark-Hall method tends to be .omewhat overly con.ervative. Thi. i8 con.i.

tent with the result. of Figure 3. Even more significant. however. i. the fact that

the empirical formula appear. to be capable of accounting to .ome extent for local

variation. in .peetral content. For example. at a nominal period of 1 .econd. there

ia a marked valley in the linear and Newmark-Hall inela.tic ..pectrum but thi. i. not

reflected in the behavior of the numerical integration results which. for the Iyltem

BLH. actually exhibit a maximum. The inelastic .pectrwn predicted by the empirical

formula po••e.aea a local maximum at thie period. On the other hand. from a

nominal period of 3 to 4 .econd. there i. a .harp increa.e in the value of .peetral

dhplacement a. predicted by the linear or Newmark-Hall inela.tic epectrum while

the numerical re.u1t. mow a local decrea.e. The empirical formula al.o predict.

a decrea.e in .pectral di.placement. The superiority of the empirical f~ 1'rnula in

predicting detailed .pectral behavior may be attributed in part to the {act that thh

methocl take. into account a .hilt in the effective period of o.cillation of the .tructure

while the Newmark-Hall method doea not.
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CONCLUSIONS

Baaed on the rc..wU of the preaent inveatigation of a claaa of aingle-degree-of.

fl'e~doJ".. hyateretic aylt.cmll. the following concluaiona are I11&de.

(1) Over the midperiod range of 0.4 to 4.0 lecondl &Dd for ductility ratioa in the

ran,e of Z to 8, it ia poa.ible to approximate tl,~ reaponae of bo::h limp!e ar.d

degracling hylteretic structurea from a linear reaponae apectrum by ulling an

effective period &hilt and added damping. Trle uae of optimal parametera leloda

to root mean aquare averaged apectral errora of leaa than 5% and unaveraged

root mean aquare apectral errora of len than lO";'••

(2) A aimple empirical formula for the effective period &hift and added damping is

capable of providing reaponae predictiona which are quite acceptable from a

deaign point of view. The <lvcrall root mean Iquare averaged apectral error

for aU ayatema and d>·.ctilitiel conlidered ia of the order of 11% and the

unaveraged root mean ! ..are spectral error is of the order of 21 %.

(3) The differences in nyatere'ic bdlavior conaidered herein have only II lecondary

effect on the accuracy of the re8ults of the em.pirical formula.

(4) The reaponae predictiona reau1ting from tile em.pirical formu.a reprelent t

aignificant improvement over the relulta obtained usir.g currently accepted

criteria for eatiJnating tile reaponae of ductile structuree.
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EAR'l'HQUAQ RESISTANT DESIGN or HIGH-RISE BUILDINGS IN JAPAN

"iichi Ohtani, Chief, Earthquake Engineering Laboratory

National Research Center for Disaster Prevention

Science and Technology Agency

tn January, 1964, the building height limitation which had been stipulated in the

Structural Standard Law of Japan since 1921 was replaced with the building volume limitation.

Number of high-rise buildinqs exceeding 4S meters in height came out to be about 300 cases.

These buildings are examined thoroughly for the aseismic safety by dynamic analysis instead

of static analysis, and received judge-and-rating as to the propriety of structural design

frem the committee consisting of specialists.

In this report, I discuss the present state of design, especially of dynamic analysis,

using the design specification presented to the above committee. The n~r of data

used in this report is 78 for SRC lCOll'flOsite steel and reinforced concrete structurel

and 160 for S lsteel structure) emitting special type structures such as high chimneys,

towers, etc. As this study ill the research of materials based on the actual desiqn

specification, I refer to the problems of aseismic design or the future subjects of research

and development by considering the trend of design.

KEYWORDS: Building height limitation; building volume imitation, flexural-shear model;

earthquake resistant design; high-rise buildings; histogram for building uses,

shear lIIOdel.
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1. IN'l'RODUCTION

The building height in Japan was lilnited to 31 meters since the Kanto Earthquake. The

study of possitility of realization of the hihg-rise buildings WAS started by the Building

Constructor Society with trust from the Ministry of Construction. In September, 1963, the

Architectural Institute of Japan published the original draft of the "Guide Line for Aseismic

Design of Tall Buildings" ("Guide Line"), and in January, 1964, the Structural Standard Law

of Japan was altered from the building height lilnitation to the building volume limitation.

It is certain that the rapid developments in the techniques of the response analysis of

structure for earthquakes (the dynamic analysis of structure) along with a recent remarkable

progress of electronic computers were the background of this alteration of the law.

Although we had been annoyed by the absolute deficiency of land and overcr~wded stAte

of buildings in the city region of Japan, we took the interest to rAise the o~n space ratio

of the city, And to rearrange the city for more green spaces by consideration of the build

ing volume limitAtion.

In order to assure the structural safety of tall buildings exceeding 45 meters in

height, an Examination Board was set up in the Ministry of Construction in september, 1964.

The Board was transferred to the Evaluation Committee of High-Rise Building Structures,

the Building Center of Japan, in August, 1965.

The structural designs of high-rise buildings are c~rried out generally in accordance

with the "Guide Lines," USUAlly employing dynamic response analysis. uocuments and drawings

of the structural design are presented to the Building Center of Japan by a structural

engineer end he explains the outline of design to all members of the committee. After this

hearing, a sub-committee consisting of appropriate number of the committee members and

severAl other specialists, if necessary, is organized to investigate the design in detail.

The sub-c~ittee reports its conclusion to the main committee, and the decision on approval

is _de by the vote of all committee melllbers. Detailed explanation on the function of the

EValuation Committee appears in the literature. Finally it is subjected to approval of the

Ministry of Construction.

NUJIlber of high-rise buildings which have been approved by either th., Examination

Board in the Ministry of Construction or by the Evaluation committee of High-Rise Building

Structures in the Building Center of JApan is about 300 cases from March, 1963 to February,

1911. omitting special type structures such as high chimneys, towers, etc., from these

CAses, and classifying them into S (steel structure for the main parts) and SRC (composite

steel and reinforced concrete structure for the main parts) ty~s, their general trend of

current earthquake resistant design are briefly discussed in this report.

2. USE AND SIZE OF BUILDINGS

Numbers of data which have be~n used ir. this report are 78 cases for SR and 160

CASeS for S. These numbers are all the data available to the author, and form 95' of the

pertinent data.

The histoqrams tor the use of buildings are as follows:
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for SIle: (... rig. l-a)

office (include thoa. of atore. and halla) 36 caa•• (46')

haul (include tho•• of office.' 12 c•••• el5,)

apartaent houae (1ncll.lde tho.e of office.) 16 c•••• (21')

bank 7 ca••• g\)

ho.pital 7 ca••• g\)

tor S (... Fig. l-b)

oftice (inclue1. tho.. ot .tor•• lllld halla) 101 c•••• (63\)

telephone .tation and broadca.tinq .tation 13 ca••• ( 8\)

hotel (include tho•• of officea) 23 ca••• (14\)

.tore and de~nt ator. 10 c.aes 6')

aPllr~nt hou•• (include tho.. of offices) 9 c•••• 6\)

other use 4 cas•• 2\) •

Free the trend of u.. , it is noted that the buildin",s, which are adopted into SRC, are u.ed

in uny c•••• for the ap.rtment house, ho.pita1 and baM. It .e.... to be all right to

can.ider that the reaeon for this adoption into SRC are to rai.e the rigidity of structure

and to re.train the defoxmation. On the other hand, about 2/3 of the high-ri.e buildings,

Which are con.tructed vittl S, are used for the office.

The bi.toqraaa for n~r of .tories .re illu.trated in Fig•. 2-a,b,b'. When the

nlUer of .torie. is distributed 10 to 60 stories, its peak 18 14 to 18 for SRC, 14 to 30

for S. Th. baaaments ranged 0 to 5 atoreis for SRe, 0 to 6 for S. It haa a trend that the

S atructure ie .. or 5 atorie. taller and 1 story deeper than the SRC.

The total floor area of the building. i. di.tributed from 5,000 to 220,000 .2 and i.

concentratad on 30,000 to 40,000.
2

The typical floor area occupied 1,000 to 1,500 1IJ2 for

the ..at part. Though the height of the highest bUilding in JaPlln is 226.2 fIJ, ttl. height.

are 50 to 75 III for lIIO.t buildinq.. Although the deepest foundation bed .ets on GL-4J Ill,

the deptlla of the foundation bed are located GL-12 '\, 20 DI for .,.t ca••••

J. VIBRATION CHARACTERISTICS

3-1 Modeling of Structure

The structure i. so eOlllplex for .pace or plane and the _ehanical property of

..tariale i. not eo stapl. that it i. t.po••ible to analyze the .tructural characteri.tic.

which r~n int.-::t. In the c••e of dynaaic analysis, the model constructed in _th_t

ic.lly .i~le fo~ i. neee.aary.

" gener.l _thod of lIIOdeling is the ..thad that concentrate. the ••••t each floor

level and COIUUICta .... spring. from floor to floor, 80 called the idealized luq>ed _ ••

vibr.tion ay.tea. The .hear ~el and the flexual-ah.ar model are u.ed for ela.tic reaponse

analy.ia, but the IIlIIPloyllent ot the fl_l-.hear ~el is more widely used than the shear

~l in recent yeara.

A ge':lval _thod of the u•• of .pring. for inela.tic response an.lysi. 11 a. follow.:

the forc~-d.to~t.ton curve. ot the open fr_ (Rat.en) and of the quake rea1ltinq waU

are detarainec! re.pect1vely •••hown tn Piq. J, and th.n the curve of the story is obtained
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by CUIIUlatinq the.. curves. And simplifying the curve of the story, the story sprinq is

approximated to the polygonal line as bi-linear or tri-linear.

The shear .cdel i. u.ed for inela.tic response analysis. If the flexural-shear model

ia used for elastic analysis, the equivalent sheHr model which is constructed with the SlUllll

fundam8ntal period and vibrational mode of the above model is used for inelastic analysis.

The hi.toqr_s of the viscous danping ratio for the fund_ent.! 1 per iod (hI) are shown

in Figs. 4-a, b where its peak is 5' for SRC and 2\ [or S. The re,ults of vibration test.,

indicated that the actual .tructure did not have the damping mechanism which was in propor

tion ~o the frequency. In the structura' designs, a method whlch increases the damping for

tho higher mod.s as the type of frequency proportion, assuming constant values for the fund

a MnUl and the 2nd lIlOdes (for the 3rd mode and so on, if necessary), has been more and

IIlOre employed.

3-2 Natural Periods and Design Base Shear Coefficients

The relationships between the fundamental period (Tl ) and the number of stories (N) are

plotted in Figs. 5-a,b, 6-a,b where N in Fig. 5 denotes the number of all stories including

the ba....nt. and penthouse and, N in Fig. 6 the number of stories above qround only (except

the basement and the penthouse). In these figures, one-dot-dash-line is for TI-O.IN from

the formula proposed in the SEAOC code, and the region sandwiched between one-dot-dash-line

and the two-dots-da.h-line is for Tl-(O.06~.lN) trom the formula recommended in the "Guide

Line." The relation between "TI " and "N" is approximated by a formula T
l

"O.06N for SRC,

TI"O.OSN for S in Fig. 5, and TI "O.08N for SAC, T1"O.IN for 5 in Fig. 6.

Since the relation between the 2nd order period (T2) and the fundamental period (Tll

has small dis~.rsions, a linear equation T2-0.364Tl for SRC and T2-0.354Tl fo~ 5 by the

method of least .quares pa.sing through the zero point can be found as shown in Figs. 7-a,b.

The difference in ~th approximate expressions is so lit~le that it would be almost adequate

to consider a relation T2-0.36Tl aa the approximate ~xpression.

The relation between "Tl " and nCB" are plotted in Figs. 8-a,b where CB is the design

baae shear coefficient. Tha "Guida Line" has recommended CB-(O.l~.36)/Tl and 0.OS~C~O.2,

and has advanced an opinion that the Ca decr~ases from above formula to (O.15~.30)/Tl'

Froa the actual state of designs, most of them are in the range of CB-(O.24~.42)/Tl and

the designers have attempted to design structures using the more s~vere criterion than the

"Guide Line." Th1s is because they expect that the satisfactory structural safety is to

be achieved only specifying the sufficient capacity of section, even if it mean. a little

wasteful design, since the hiqh-rise buildingd have had no experience of greater earthquakes

and their safety has not been sufficiently proved in practice.

4. INPUT EXCITATIONS AND TIlE MAXIMUM INPUT ACCELERATIONS

The h1stoqr~ of the employed earthquake acceleroqrams are shown in Figs. 9-a,b

where its trend are alike for both case. of SRC and S. l:l-Centro NS is used in almost

all designs as the standard excitation. and Taft EW is used in the cases of 80 ~ 90 per

centa. It 1s hoped truly that the high-riae buildings are going to be designed bi EI-Centro
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lIS and Taft EW in Japan. The accelerogr... ob.erved in Japan, Tokyo 101 NS, Sendai 501 NS.

OHka 205 EW. etc. are eJIIlloyed. It i. pointed out in a f_ c.... that Hachinohe EW.

which give. large re.pon.e. of the .tructure with longer fun~ntal period. and EI-centro

EW. which has large effecta on the structures with f~ntal period of .!bout 2 sec, are

allO 8IIPl->yed.

Figs. la-s.b give the maximum input accelerations for ela.tic or inelastic re~ponse

analysis, generally 200 ~ 250 g.l for the former, and 350 ~ 400 gal for the latter.

In the de.ign method. ba.ed on the maximum input .ccel~ration. even if several waves

are ~loyed, only one w.ve of them gives the maximum re.pon!le because that they all have

individual frequency characteristics. N~ly, in practice it is equivalent to the design

employinq one wave. and therefore in several cases, the design method based on the maxi-

__ input velocity is 8IIIPloyed. For the value of the maxlmUll1 velocity corre.ponclinq with the

saxtmum acceleration, 25 kine for el••tic analysi8 and 40 kine for inelastic analy.is

are used.

For the .cale for estimation of the respon.e of structura, its standard vallIe has been

uaed a. follows:

The maximum angle of story deformation:

1/250 '" 1/200 for elasUc anal,,,is.

1/150 '" 1/100 for inplastic analysis.

The ductility factor: ~ <2 for inelastic analysis.

5. PROBLDtS OF THE DESIGN FOR HIGH-RISE BUILDINGS

using the value of the design for high-rise buildings, studyinq the present state of

the de.ign and ~ynamic analyris. I rai.e several points with regard to the design and future

.ubject. of research as follows:

1) Institution of Input Excitation

As the "Guide Lin.- has r~nded th.t a suitable input exci tation mu.t he chosen

in consideration of site or foundation condit' on, the .ctu.l states of the design has hardly

taken into consi~aration the aforementioned condition. The development of the "Standard

Excitation" and the method that takes into .ccount the seismicity and dynamic char.cteri.tic.

of ground at tbe site of the structure are necessary.

2) Level of Input Excitation

In the present desiqn method, 250 gal for elastic analysis and 400 gal for inel.stic

analysis .re widely employed, though there has been no inve.tigation on the safety of

.tructure when the gr_ter earthquake than the designed one occurs. It is neces.ary to con

.lder the criteria to be uBed to perform the abovementioned investig.tion.

3) EStablishment of the ~storinq Force Characteristics

In the case of establishing the re.toring ~nrce char.cteristics of the bul1dinq stories.

the method that sums up the force-deformation curves of the frame and quake resisting w.ll

wich i. individually calculated is llIIIPloyed. Althouqh the propriety of this method is not

yet verified, it is necessary to prove the structur.l behavior by large-scale experiments,

vlbration t~st, etc.
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41 'l'r..t:aent of QuUe ..aiatinrJ Wall

Uain9 the _thod by vnich the reinforced concrete wall auch .. a boundary vall of the

roolI at botal or a wall of toM aurroundinq cora are deai~, the oon-reaiatinq wall are

deaigned by the tt..t.ent of detaU lind the _.t c.... are deaiqned for tha open fr_

aU'Ucture. It 18 IICcea8lOry t? reconaider bow the _thad of thia treat.ent ia to ala the

oorrect direction of the atructural deaiqn.
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Racking Strength of Wood-fr_ Walh

ROGER L. nJCffI

Porelt Productl Laboratory, Mldilon, Wilconlin

ABSTRACT

Evaluatlon of the rlcking Itrength of wall IYlt... has generally been limited to

perfo~nce telting. Acceptance criteria for ultimate racking Itrength of Iheathed walls

?~. baled on the Itrength of a wall with I let-in corn~r brace snd horizontal board aheath

ing.

An analytical ..thad for predicting racking performance has been developed that

arpearl proaialfi1. It is independent of par.el 11ze, and small-scale lesta can be uled to

augment the _re coatly standard ~ests. A 1Jaa11--scale loadlng apparatus was designed for

ra~id telting of wall aectionl.

LPt-in corner bracel using today's con.tructlon methods and materials no longer meet

~ven the mint.ua level of acceptance. This is due to the elimination of horizontal board

Iheathing and the reduction in actual lumber sizes "'~ll~h took pla"e since the racking

performance Itandardl were eltablilhed.

Racking stiflnell tl an laportant performance conlideration that has not been lnvesti

gateJ. New testing appar~tus hi. been de.igned that will make possible future evaluation.

of racking stiffne.l.

KEYWORDS: Rackl~g strengt~; Windload.; Inplane Ihear forces; Corner brace; Racking Bttff

nes,
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INTRODUC';IOH

The racking strength of a vall system is defined as its ability to resist horizontal

inplan~ shear forces. These forces arise primarily from wind, but are also present under

earthquake loadings. Current deaign procedur.s in the United States for calculating ~nd

1/forces are pub~ish.d by the American National Standards Institute (!).-

Evaluation of wood-frame wall systems has generally been limited to performance

testing. This technique has been used because no analytical method for predicting racking

performance has yet been accepted.

BACKGROUND

For the first half of this century, wood-framed walls were typically built with hori-

zontd board sheathing with let-in corner braces. With the development of plywood s'.ld

fiberboards, the building industry abandoned the trsditional board sheathing in favor of

the more labor-efficient sheet products,

In 1949, the FederMl Housing Administration (FHA) established minimum perfo~3nce

standards (1) a. the basis for accepting new sheathing materials. The original standard

was intended as an interim ~easure until a permanent one could be introduced. None has yet

been developed, but a standard racking test procedure was app:oved by the American Society

for Testing and Materials (A~TM) (1). W{th this procedure, the standard teat panels are 8-

by 8-foot (2.4- x 2.4-m) wa~l &ections, fabricated with nominal 2- by 4-inch (50- x 100-

mm) lumber and covered with two shp.ets of 4- by 8-foot (1.2- x 2.4-m) sheathing. This

construction simulates conventional platform construction With studS spaced 16 inches

(400 _) apart.

Co~iderab1e vall teating, conducted prior to 1949, indicated that horizontal board

sheathing with let-in corner bracing provided a minimum racking strength of 5,200 lbf

(23 kN) for the 8-foot (2.4-.) square wall sections. Experience with existing houses

1/ Underlined numbers ~n parenthesis indicate references listed at end of this report.
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showed this to be an adequate level of performance. All structural sheathing ..terials

were required to meet this standard.

With the new emphasis on energy-efficient construction. many nonstructural sheet

products are app_ring on the _rket. This has forced many bullders to revert to mechani

cal brac~ng .y.t.....uch aa let-in lumber or ..tal strap••

STRUCTURAL SHEATHING

Development of Theory

After teatins ."veral atandard vall panela at the Forest Products Laboratory (FPL). it

became appar.nt that racking atrength was co~trolled by fastener capacity rather than by

the sbear strength of the sheet material. FPL then developed a theory to predict racking

atrength of sheathina ..teriala mechanically fastened to a stud frame. The equation waa

derived by an energy foesulatlon whereby the externally applied load i8 resisted by the

internal energy absorbed by the fasteners. The frame is assumed to distort like a parallel

ogram while the sheathing remains rectanaular. The structural analog is shawn on figure 1.

The equation for the resistance provided by the perimeter nails of a single sheet of sbeath-

iog 1&:

(1)

R 111 racking strength of one sheet of material (lbf or N),

ST ia product of Blip t1~ea reslstance of a single faatener (ult~te lateral load)

Ubf or N).

(J i. arctan (base of sheet divided by its height),

n i. number of nail spaces on one horizontsl edge. ~nd

111 18 number of nail spaces on one vertical edge.

The total rscking strength prOVided by the perimeter nails of a wall a.sembly i. then

the above result tlmes the number of sheets of material plus the .trength of the stud

frue.
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HDvever. tbia relationabip ia coaplicated by 'he fact that ~at aheeta alao have

interior or field naila. Theae field naila, being cloaer to the centroid of the aheet.

offer far Ie•• real.tance than the pert.8ter nail. (S to 10 pet), but their contribuiton

ahould nonethelea. be considered.

The above equation can be modified to lncl·m~ the contribution of the interior fa.ten

era, and racking coefficient. calculated for atandard aheet slzea. A Foreat froducts

Laboratory report, "Lightframe Walls--A Theoretical Solution for Predicting Racking," will

be ava~lable later this year. It will c~ver the development of this theory in detail and

will include rackin~ coefficients in table form.

Small-Scale Teats

The theoretical equation considers the geometry of the sheathing, the number of hori

zontal ana vertical nails, and the lateral realstance a.' tne fasteners, but is independent

of panel size. Figure 2 shows the correlation berveen theoretical and actual racking

strength of both 2- by 2-foot (O.6- x 0.6-m) and 8- by 8-foot (2.4- x 2.4-m) test panela.

Since the full-scale 8- by 8-foot (2.4- x 2.4-m) testa are cumbersome and expensive to

run, FPL designed a amell-scale loading apparatus. It consists of a pan·ograph frame which

is pinned at four corners. The lower member can swing freely but wil.l always remain hori

zontal. The two structural members and tha pinn~d-connector straps form a parallelogram at

all timea, ~liminating the need for hold-down devices at the corners. The principal advan

tage in this arrangement ia that the applied load direction can be reversed to study the

effect of cyclic load in••

Deflection readings are obtained by -.sauring the change in diagonal Ip.ngth between

opposite corners of the test specimen. The current ASTH Standard (1) requires three st.ul

taneaua measurementa: gross horizontal corner deflection, slip, and rotation. The net

rackina deflection ~.t then be calculated for &Ben load level. With the diagonal dia

plac..~t ..thad, loads and net deflectiona are obtained directly.
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Lateral Nail Testa

Since the lataral DAil strength of faatenera is a par...ter needed for predicting

racking strength, it ia important that the lateral nail tests repreaent the actual wall

conatruction.

Two atandard nail testa are used in the United States--ASTM 0 1037 (~) and ASTM D 1761

(1). ASTH D 1037 waa deaigned for evaluating the propertiea of wood-base fiber and particle

panel ..terials. With thia method, the nail shank ia aupported by a steel stirrup and i£

pulled through the edge of the sheet material. This method is adequate for lower strength

materiala, but may not indicate the mode of failure in actual racking joints.

With atronger ..terisls, such as plywood, the joint failure may occur in the lumber

rather than the sheathing. To better staulate the actual joint for higher atrength sheath

ing, a modified veraion of the ASTH D 1761 test procedure ia recommended. This test was

deaigned for conducting lateral nail teats in wood. The modification recommended is that

the cleat ia a piece of aheathing material snd the block is an actual piece of framing

luaber taken from the test panel. Thus, the actual materials from the racking teats are

..ted in the lateral O4il tests.

The distance between the nail and the edge of the sheathing is alao very tmportant.

The effect of edge distance on lateral nail strength is shown in figure 3. A 3/4-inch

(19-..) end distance vas selected for the vall1P uaed :n equation (1) because it best

represents the diaplacement of the tenaion LUlner nails, which are the critical ones.

Mails along a vertical joint, where two aheets butt tog~ther, are closer to the edge, but

their displacement direction ia eaaentially parallel to the edge rather than toward it.

Balf the nails have displacesent components toward the center and are not affected by edge

distance.

LET-IN CORNER BRACES

Many changes in conatruction practice have occurred aince FHA eatablished the minimum

perforaance atandard. Horizontal board aheathing ia no longer used, and the actual aize cf

dt.enaion luabar baa baen reduced. Some building codea currently accept the let-in corner
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brace when DOlllltructural abuth1Da 1a uaed. However, few teata have haec ade on vana

vith let-in corner brec1Da ainee the perfonaance atandard vaa developed.

FPL conducted a few teata to dete~ne the capacity of let-in corner bracea with

today'a ..teriala. The firat teata did uae horizontal board aheathing to reaffi~ the FHA

requir...nt., and 5,200 lbf (23 kN) vaa attainable. The horizontal board aheathing Rupporta

the brace againat outward bu.:lling and alao reinforcea the atud fra_. Thh vaa not the

caae, however, whan the horizont.l boarda were eltainated.

Let-in corner bracea are generally 1- by 4-inch (25- x lOO-mm).boarda cut into the

fra- and aecured with two naila per stud crossing. They can act either in tension or

coapr••aion depending upon the load direction. Figure 4 shows a typical brace under com-

preaaion loading. Brace. loaded in this manner failed Violently in buckling like a alender

colu-n, or else tha stud freae alowly CaDe apart. The strength of ca.preesion braces was

calculated by the following equatio l..1 for an ideal colUlllJl:

(2)

in which

P is applie~ r.cking force (lbf or H),

a is angle b~tv.en brace aDd vertical ..-ber,

a is Bad cor-dition coefficient (use a • 1 for pinned),

E is .adulua of ela.ticity of the brace (pai or tpa),

1 ia ~t of inartia of the brace (in,4 or ..4), and

L ia unsupported claar diatance between studa along the brace (in. or ..).

This approach worked fairly well for braces with a .adulua of elasticity up to about

1.6 .illion pai (11,000 HPa), but beyond that atiffneMa the atud fr... staply ceae apart.

The ultiaate load when load quality bracea are uaed is controlled by the stud vall and ia

aroUDd l,~ lbf (16 kN).

When loaded in tansion, rac~lng strength 1. pr~ided prt.arily by the lateral nail

strength of the nalls vh1ch secure the brace to the .tud.. The aaxta. racking load h

VI-30



lover for brac.. loaded in t.neion. Further di.CUl.ion on br.ce. il pre.ented in an upcoa

illl FPL Report, "RacUna Strenath of Let-in :t>rner Brecina, Sheet Hateriah, and the Effect

of Rate of Loadina." Thb report .hould be avaUable in a few ~ntha.

FUTURE RESEAIlCH

ODe t.portant conaider.tion that h•• not been reeolv.d for racking perfor.ance i. that

of rackina etiffne.e. Treditionally, r.ckina t ••te have ~~n run el.entially to failure

Without auch .ttantion to the .hape of the load-deflection curve.. 'fhe initi.l loading

produce. a parabolic curve with nO well-defined .tiffne'l value or li~t of proportionality.

Howev.r, in the few c•••• wh.re cyclic loading v•• perfonaed, the load-deflection

curv. became f.irly linear and reproducible. Thi. w.e true for lateral nall te.t., wall

rackina t ••t., .nd full-.c.l. houa. te.t.. Figur. S i. an ex..ple of a wall racking te.t

cycled five tl... prior to loading to failur.. The fir.t loading does produce a degree of

eet or ...ting of the fa.ten.r., but it appears to be a con.tant value for a given load

level.

In .quation (1), the later.l f ..tener .trength wa. given a. er, the product of elip

ttae. re.i.tanc. or .tiffn.... If thi••tiffn••e prop.rty can be better defined, then it

would be po••ible to predict rackina reei.tance for any level of defor.ation.

FPL recently built a new r.cking fr... that i. capable of cyclic load rev.reale. It

can be progr-...d to cycle between de.ired liait. of di.placement or lo.d level. Aleo, the

frequ_cy can be adjUited to .lINlate earthquake excitation or dynaa!c wind re.ponae.

Lo.d-deflection data can b• .cnitored after I, 10, 100, 1,000, or any de. ired nuaber of

cycl... A .tudy is .cheduled for later tM. year to uae this new aoparatu. in an att_pt

to develop racking .tiflne•• infor.ation.

SUIOfAP.Y

A relationahip between theoretical and actual rackina .trength baa been developed that

appears quite proal.ina. s.AU-.cale telt. can be Uled to aupent the .ore c_berlDIM and
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espanal.e ataa4ard taata. The ...ll-acale teate ehould provlde e qulck aDd ...y way to

eatt.&ta t~ racklna propertlea of new abeet ..tarlala.

The actual perforaance of lat-ln corner brac.a, without the holilontal board ahaathiaa,

1e _11 below tha 5,200 lbf (23 kH) l ..el requirad by FHA. Althouah the atrenlth aDd

etlffDa~e of the brae. are t.portant, a lev.l ia reached Where the etud fr... controla

ultt.&te atranath.

&actina atiffn.aa ia an t.portant perfo~nce conalderation that haa not beeD lnveatl

gated. A new te.t epparatue baa recently b.en d.eigned that ehould enable reaearchera to

etudy the .tiffa••• prop.rtie. of wall .yet... under cyclic loading. Thea. teata, toa.thar

with a theoretical deella approach, ehould provide a ...ne for predletins raeklna reeieeane.

at varioue levele of load or deflection below ultimate .traaath.
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Fi.ura 1. Ori.iDal panel ahovw par.-etera neeeaaary to calculate racking atrength.
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ahOVD under 10&4.
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Pi.ure 2. The relat10Dahip between theoretical
and act~l raek1Q1 atrenath for both
full-acal. aDd aaall-.cale te.t
apec~.
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Pilura 3. Lateral nail atraaath at varioue
adae d1atance. for four typea of
fiberboard abeathina·
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EXAMINATION FOR All EVALUATION METHOD OF

DAMAGE '1'0 EXISTING WOODEIi HOUSES CAUSED BY EARTHQUJJCES

Xaoru Ichihara, Director

Eiich Xuribaya.hi, Chief, Earthquake Engin••ring Section

Tadayuki Tasaki, Re••arch ~r

and

Takayuki Hadate, Re••arch ~r

All of PubUc Worka Re••arch Institute

In an effort to help draft an earthquake disaster mitigation program, an evaluation

_thod for d_qes of structures by earthquakes ill proposed. Conc.pts of the ratios of

razed hou.es and probability theories with nuaber of razed houses have been employed in

the method.

KEYWORDS: D«IIIages of structure by earthquake: disaster mitigation; probability theorjl

ratio of razed hou.eR, wooden hou•••
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(1)

(2)

1. IIft'IlOllUCTIOIl

A consideration in the evaluation ot dulage. ot .tructure. by future eartbqualte. i.

propoMd herein. Thi. woul! help in drattinq an earthquake diea.t.r mitigation proqr...

Prior to _aluatinq the 10•••• of live. an4 damaq•• to the IItructure.. the d_ge. of

bou••• _r....i9JMtd an index in terme ot the whole 10•••• and damages.

For inatance. H. Mizuno and S. Horiuchi presented relation.hips between the ratio.

ot outbr.ak of Hrea and tho.. of totally d.-troy.d dwelling bouses caused by past earth

quake. since the Great ICanto tarthquake in 1923 as .hown in Fig. 1 (1). And relation.hip.

bet_en the 10•••• of h_ lives and tho.e of razed houses in the Fukui EarthquakE! in 1948

are pr••ented a••hown in Fig. 2 (2).

Th. equival.nt ratio of razed hau.e (defined in Chapter 2), which could be considered

a. an ind.x of principal ~~., is assumed a. followll.

(1) The equivalent ratio of razed houses normally expre.ses a seismic intensity

even in the Vicinity subj.cted to severe earthqUAkes, where data on ground

.ction. are rarely obtained.

(2) WOOden houses are c~n dvellinqs 1n this country, and much .:2ata on damages of

wooden houses by earthquakes have been reported.

In this report, the equivalent ratio of razed houses at a respective site by a

.tronq earthqualte was estimated by applyinq statistical relationship. among the

equivalent ratios, epicentral distances and magnitude (Richter Scale) of the

earthquakes reported at the last Joint Meeting (3,4), Furthermore the results of

the .valuation were coa;>ar.d with actUAl d.......ges at the site caused by the

earthquakes.

2. DEFINITIONS Ol' DISTRIBUTION OF DAMAGE RATIOS OF EXISTING WOODEN HOUSES

CAUSED BY PAST UR'1'IIQOAICES ( 3)

Usinq the statistic. of di.aster documents on ahort di.tant earthquakes, Fukui Earth

quake (M - 7.3, 1948), Izuhanto Oki Earthquake (M· 6.8, 1974), and Ebino Earthquake

(M. 6.1,1968), r.lation.hips a.onq ratios of razed houaes, epicentral distance. and mag

nitude. ot earthquak.s _re reported (3). The equivalent ratio of razed houaell i. defined

a.:
N~r of Mzed HOU". + 0.5 I< NUlllberll of Half Razed Hou.es x 100

Total NuEler of Exiatin9 Houses

concluaively, the ratio 0
1

in the ar_ of dUllvi.... or tertiary ia given as 0
11

and 01 in

the ar" of alluvi_ ia q1veII a. DlII ,

011 - 1/164 x lOO.625M + 0.0256M - 0.2726

0
111

• 1/73 x 100.576M + O.026aM - 0.2486

Where 6· epicentral distance.

M ...qnltudes ot earthquak•• (Richter Scale)



3. AN BVALUATIOIl ME'l'HOD or ~GE TO WOODEN HOUSES

In t~ previoua chapter. ~ quantitative relation.hip. a.ong the equival.nt retio of

rued hou.•• epicentral .U.tance, and -.gnitude are given in Eq. (1) and (2). In order

to e.tt.&te the di.tribution a. for the equivalent ratios in Tokyo. ICawa.aki and Yokohaaa

di.trict., the earthquake i. a ••~ a. tallow••

..qnitud. • -.diu- cla•• a. 6 to 7.

focal depth • 1... than SO m.
epicenter • a••u.ed a. the .... point located at the epicenter of An.ei-Yedo

Earthquake (1855), i .•.• E139.S". N35.S".

In general, wooden hou.e. behave ela.tically with r.latively small amplitude. of

defor.ation induced by ground .etion•• and elasto-plastically with relatively large

a-plitud... H. u-eaura propo.ed critical seismic lateral force coefficients at a point from

ela.tic to ela.to-plastic .tates as 0.4 tor one story hou.es and as 0.6 for two story

houae.. M. Mononobe propo...s the relationship bet_en the ratio of razed house. and seislllic

coetticient ~ a. Eq. (3) a.suaing a Gau.sian Distribution.

D •
2

(3)

Where 10 • average re.i.tivity

o • the par...ter expres.ing uniformdty of resistivity

Pig. 3 .hoWll the e.ti_ted result. by applying Eq. (3) to Noubi Earthquake (~ • 0.40.

o· 0.053). Pukui Earthquake (~ • 0.40, 0-0.071, !Canto Earthquake (10 • 0.45, o·

0.071). and SeIIIpOku Earthquake (~. 0.47. O· 0.105). According to this figure. the

original ratio. ot razed hou..s O
2
* corre.ponding to the critical seislllic coefficient

ot ~.4 and 0.6 are 20 to SO, and 90 to 100'. respectively. So the lIlultiplier 6 tor the

original ratio of razed house. of two stories normalized by those of one story beco_s

1.8 to 5.0. In this report, 6 i. assumed to be 1.8.

In Be.• (2). the average depth at alluvial deposits is ass~ to be 10 to 30 II.

The equivalent ratio of razed hou.e. at the area of thicker alluvium will be gre.ter. Pig .

.. •~ t~' relationahip between the equivalent ratio ot razed hou.es and the depths of

alluvial deposits in Tokyo and Yoko~ districts during the !Canto Earthquake. The dat.a

troll the inve.tigat.ion. by H. lCawasuai, Y. Oheeki. S. CWot.e and S. MiyUlura are used in

this .st.iaatton. According to thi. figure, the multiplier. y tor the equivalent ratio in

the area with various depth ot alluvial deposits are evaluated as ahown in Table 1. The.e

aulUpli.r. an nonlAl1zed by the ratio at alluvial deposits 10 to 30 II deep.

*0 _ nWlber of rued hou•••
2 total n_br of existing hou...
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Pig. 5 abotN the deviation. or the equivalent ratio of razed bou.e. in .ubqround type

II for the Fukui Earthquake. '!'he nUSlber. on the u-cia.a I.n this figur. corre.pond to tho••

equivalent ratios or razed hou... in Table 2. Th. deviation••hown in r19. 5 are relatively

large. COIIIpArill9 the deviations in Fig. 5 with the mJlllbers of exiaUn'} wooden bouse. N in

Table 2. it can be as.~ that 'N' also atrect. the equivalent ratio. In thill raport, the

deviat.ion I.••aa~ to be a binoaial distribution. Ri.k Index~·. RI. which _aIla upper

control lia1t. tor three .tandard devi.tiolUl of the equivalent ratioa are introduced a.

tallows:

11 • 0 IOU in :t:

} ••••••• (4)

1 1

Oil

}
1

- + YiiI (lOO-TJl >iNDl -3 in %

DL
1

in which

D~ • upper limit ot the deViation of the equivalent ratio of razed hou••••

D~ • lower limit of the deviation of the equivalent ratio of razed hou.e•.

D
1

• the averaCJe equival,mt ratio or razed hou.es in the are. ot a certain rang.

of epicentral diatance.

A binoa1al distrUbution can be approximated to a normal diatribution when N i •

• ufficiently large and 01 i. aufficiently ...11. The differenc6 between the•• diatribution

funcUons ia given by Eq. (6),

Pb-n • P bino.lnal - P normal

1: (N-R):

2
u

__1_.- T du '" (6)

~

Tbe relationship of 'b-n and •• is shown in 'i9. 6. Accordinq to thia figure. a binoeial

4iatr~ion approx.t.a~s to a nonul d1etrtllution baving an error of 2' when N exceeda
U100. If RI h 9reater than 10. which _en. that the actusI equ1vll1ant ratio Dl ueHd. Dl ,

at can be considered beill9 affecte4 by other feetors than aarthquall:. intendty. L. •• , .1I!:l

ground concUtion •

• 1\ • nWlber of razed hou... + 0.5 II nWll>er of balf raud bouse••

• n.-ber of equivalent raaed hDuHs.
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The estt.&ted equivalent ratios of ra&ed bouaes 011 and 0111 , cons1der1n, the

difference of re.1at1v1ty be~n the !loua•• of a.o atori•• and tho•• of on••tory, the

depth of alluvial &ape.it and the ..-pl. aiz. of the .xi.ting houa.. in the area. are

given u follava.

D
lI

• 6.R!.o u
1I

"-
[.IH'D UOlD 10

in which

in %

in %

(7)

(8)

[ . 6 + )'

6 . {1.DC in the are. where mo.t hou••••re one floor

1.80 in the area where ~.t hou.es are two floor

1 liven in Table 1

DU ' D
lD

; liven b, Eq.(l), (2)

RI ; liven b, Eq.(S)

The procedllr. atated abo". waa applied to Tokyo. J(awaaalti and Yokohama diatrict& and

rig. 7 ahoota the r.aulta. In thia ••tt.&tion, the valu•• of RI _r. obtained fcc. the

Fukui Earthqualt. data. Th. value of 6 va. llaa~ to be 1.80. beC&UIIll .c>.t of the exi.t1ng

vooclen hou... are two .tori... 'l1l4I averag.. depth of alluvial depoai" in ,,·rd k waa

.atiaated ae followa:

in Vhich

hi • the d<r,?th of alluvial 4epoait

Ai • the ar.~ in Vhich depth i. betw.en hi and h i +1

In Pi9. 7, upper, aideSl. and 100000r n_ab in .ach ward cerr.apond to the ••ti8atad

equivalent ratioa of rased houee. &a.troyed by the •••u.e4 earthquake of .-qnitude 6.0.

6.S and 7.0, reepectively.

«. COIlSIDBRATIOli

BaNd on the -utation deecr1bed h.r.in fOr the evaluation _thad of .s-ge to

axl.t1n9 WIOO4eII hou••• by eerthquabe, the .att.8ted ratio I)f rued houae. and the actual
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ratio r.por·~ in the document of razed bou••• in ahe Anaei-Yedo Earthquake (1855) oom

prehenBively agree with each other except minor errors.

Here, one of the evidences of the evaluation ..thad for the damage ratios as well as

their di.tributions could be given. Using theBe. it would be possible to totally evaluate

the lo••es and d_ges by the _rthquakes.
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Table 3 Equivalent Ratl,' of Razed Houses in Ansei-Yedo "arthqualr.e
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RELA.TIONSHIP BE'l'WDH MODIPIED JlERCALLI INTZIISITY

AtID MOOD P1WIE DWELLING EARTllQUAD INSt11WlCE

ItArl v. SteinbrllQge

In.llrance Service. Ofrice , San Francbco, california, U.S.A.

and

S. T. Algera1••en

U.S. Geological Survey, Denver, Colorado, U.S.A.

ABSTMC'I'

Traditionally, earthquake insurance rete. have been ba.ed on bu.in••• jud~nt t8llpered

by engin.erinq input obtained fre. lllIaly••• of ob.erved earthqU&ke dUlaqe. The dev.lo~nt

of 10•• 1i1llulaUon technique. ba. provided important nev input for ilIlprov_nt of the

basi. tor _rthquake in.urance rate.. sa- !aportant 10••• ilIlulat1.on re.ult. are reviewed.

Modiried Mercalli int.n.ity can be directly related to dvellinq 10•• and i. an ~rtant

par...ter in dwelling 10•• st.ulation .tll4ie.. Carefill additional .tudy of existing

d_lling 10.. date <such a. 1.a available for the 1971 san "ernando, California, earthquake)

together vith _11 planned damage .tudie. after future earthquakes viII lead to greatly

i"'Proved 10.. est1lllate.. PrObabilistic 10.. \IIIOdel. should also be developed for dwelling

10•••tudi•• and the etrecta of par_ter uncertainties taken into account.

QY1lORDS: Earthqllake 10....1 Earthquake insurance, Lo.. sUlulation/ Intensity-lo••

relationship.
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INTRODUCTION

The traditional property in.urance _thod i. to e.taJ:>lilih rate level. ba.ed on in.urance

los. experience gained ov.r the year.. unfortunately, earthquake in.urance los. data do

not exist in any M&n1ngful _yo In the United State., eArthquake in.uranc. wa. not

writt.n on dwelling. at the t~ of the 1906 San Francisco .hock. Practically no ••rth

quake insuranc. was carried by ~.rs prior to the 1925 Santa Barbara earthquake. the

1933 Long Beach earthquake, and the 1952 Kern County earthquak.. Little w•• c.rried in

tM mo.t heavily .haken area. of the 1971 San Fernando .hock. Dwelling 10•• data froe

el.ewber~ in the world do not exist in an in.urance 10•••ense and are usually complicated

by non-relevant con.truction.

Over the years, earthquake in.urance rate. have been generally ba.ed on bu.ine••

judqlll8Jlt which wa. tempered by engineering judgment in turn based on observation. of

damage in earthquake.. There were no alternate ..thods. In r~ent year., st.ulation

.tudie. on dwelling earthquake losse. tend to confirlll the appropri.ten.... of long estab

li.hed dwelling rates -- this newer methodoloqy will be di.cu.sed in more detail in the

n..xt ...ction of this paper.

The judq-.nt procedures which vere u.ed for over half a century ar.. ad«,.uate for

._11 vol~. of bu.in.... • In recent year., however, there have been an increasinq nUlllber

of inquiries and stat-.ent. from Federal and California .tate authorities regarding the

po.sibility of -.ndation of earthquake insurance for dwellinq.. In California alone,

dwelling value. at ri.k in a .i09le ..jor event are in terma at many billion. of dellar••

Thi., in turn, has -.de r ....rch economically f.a.ibl. tor dwelling insurance rate. a.

w.ll a. a need to .lClIIIlin. po..ible industry capacity probl.... It follow. that it has

becc.e .ppropriate to develop alternate 10•• d.ter1Rination ..thodoloqie. Method. for

••tt.&tion of los.e. to wood fr... ~lling. are diacussed in this paperr however. the

technique. discussed her. are generally applicable to other cIa•••• of conatruction. if

the buildIng unit. are widely dis~ributed in the affected area.

!COI«lMIC COIiSTRAIN'J'S

Any kind of basic earthquake in.uranc. study. whether for the private Or public

.ector. require. an under.tanding of IIOMtary 10•• a.eoci.ted with specific earthquake••

Monetary 10•• , usually expre••ed ••• percentage of valua. -.t be rel.table to (.) ear"h

quake -.qnitude, (b) nature and dur.tion of ground IIOtlon, and (c) a pr.ctical cl•••ific.

tion of buildi.n9. acoordill9 to ~ge petterns. Hbtoric record. of lIodified Marcalli

intensitie. have iIIportant functions in the.e earthquake in.urance 10•••tudie••inc.

the.. inten.itie• ..y, in Bl&Dy e•••• , be equated to IIOMtary 10•••

The detail and ref~t of any earthquake 10••••tiMte. intenCSad for practic.l

insurance application w111 be liaJ.ted principally by co.t.. In actuality, the .ngineering

coste involved in field ~1nq 4wellinq., identify1ll9 ~ by cl••• or ~9. type, and

recoqni&1nq local 98Olo9ic heard. -.t be borne by the insurance purcha••r. To the.e

co.te -.t be added overt.ad NICS taxe.. In the privete .ector'. OClIIIIP8tit1ve -.rketpl.ce,
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a cc.pl_ ~1l1nlJ cla.a1fic.t1oft eyet..- "ill .~tantially incr•••• wtal co.t. and.

while ~tter r ••ulta are ~ifte4 in an eftCJ1neer1nlJ-.cience _. IlOKWally ,,111 .all. the

entire proce.. _~cally unfeaa1ble. For ...-ple. eM current cia.. rat.ec! earthquake

inaurance preai_ (1.e•• rate ....Q&1 ba.b) for. $50.000 woo4 fr_ c!welHnq 1n San

Pranc:bco or Lo. Anqele. would not exceed $100 annually for eM uaual c_e. If ine11vidual

enqi.-r1D9 1Aapectlona and ....ly.l8 ...n IIII4e and periodic.lly updated C••y not exceeding

lo-~ interv.l.) the.. enqtne.rinq co.ta plua owrhead. at .ccountinq. filing. etc .•

would probably eubatantially exceed $10 per year. A..~n9. tint- of $10 per year.

th18 would -.mt to. 10 percent iner.... in pr.t_ owr cl... rating (i.e•• no inapec~

tiona> -- probably eIlOlI9h to :te,... ClOIIpet1tive e4ge in the priv.te .ector. Unfortunately.

it baa y.t to ~ ebown eMt the co.t-benefit would be aufficiently favorable to .11 oon

ceraed to _rrant inap«:t.iona. Indeed, ba.ed on fire in.urance experience••pecific

r.tinq of .inqla fa11::,' ~lli.nq. is quite wwarranted. Alternative to all of the fore

qoinq, co.t ditferentiah probably would r_in the .... even if insurance _re haued by

the public aector. IInle.a .W:MIidi&ed (eventually beinq paid by the publlc through taxe.).

In past practic•• the .pproach he. been to qr0lll' all ain'lle 'Ul11y wood fr_ dwell

inq. inw one cia.. and c!1areqard conatruetion vari.nt•• thereby el1a1natinq hi'lh c"at

·1Snqu...rinq field in.pections and reducin'l 1'&*" -:vork to that which can be re.dily proce••ed

by the ~r, h18 aqent, and office clerka. It baa been practical to _p principal

.tructur.lly poor qround ar". and apply • rate penalty in _jor ca..unitie. where inaurance

_y be~y carried.

practical dwllu'9 .ub-cl..... could inelu4e aqe approxt.ation. and .tory heiqht.

Date of conetruction 4etenliJled or .att.ated to the near••t decade 18 uaeful aince aqe

reflecta, in a v-ral _y, eartbqualte re.btive con.truction practice. and the po..1ble

.-unt of deterior.tion OWl" u.e. K1crollOllAtion he. not yet ~en developed to • atate

wbere it can ~ applied on a uniforll and conai.t.ent ba.h f~ city to cit.y and 18 relatable

to uaable 10•• fiqur•• , and therefore i. not part of pre.ent inaurance ratinq proqr....

In .~Y. _noaice dictate. that wood fr_ ~lUnq. be .1.Iiply cl•••ed, "ith poaaible

r.tinq varienea bt'inq baeed on ...Uy c!eteraJ.ned f.ctor••~h aa age, .tory he1qht, qeo

qrapbic location by political boundarie... and l~tlon in _jor .tructurally poor qround

areu.

A f~tal ~e in Uiprovinq the bub for earthquaJce insurance ratea haa bean

ths deve1os-nt of~ 10.. .t.l1ation technique.. Several 1.IIp)rtant ~lUng 10..
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st-ulation studi.s have been publi.hed in rec.nt year.I ,2,3,4, in addition to qen.ral

di.cus.ion. of the .u-ulation techniqueS

Dir.ct .conaaic 10.... re.ulting frca earthquak•• depend upon: (1) the di.tribution

and kinds of property at ri.k, (2) the ground .haking and ground failure. of various type.

a.sociated with earthquake., and (31 the relation.hips between (1) and (2) that re.ult in

econoaic 10... In lo.s .t.ulation .tudi•• , the ~i.tribution of property at ri.k i.

e.ttaAted in ea-e aanner. The ••ismicity of the area con.idered i. BOdeled either determin

i.tically or probabili.tically and 10.... are computed using damage-qround .ction and

d_g_'lround f.ilure relationship.. Aa an ex&IIPle, con.ider the San Franci.co area. In

the San Franci.co area, earthquake. have damage pattern. that are related to and can be

quantified with r ••pect to earthquake _'lnitude, len'lth of fault di.plac...nt, geographic

dUl&9'e di.tribution throlJ'1hout the affected area by class of construction, and other

.u-ilar ....urable charact.ri.tic.. U.ing the earthquake hi.tory of the area, it i.

po••ible to .imulate the ~ge and 10•••• for any po.tulated or known distribution of

building. by conetructior cla•• for any 'liv.n earthquake or .et of earthquake.. The total

los... for each cIa•• of con.truction for the entire hi.toric record can be developed by

.~tion. In other -erd., the total dollar 10•• for any cIa•• of con.truction and for

any geographic di.tribution can be computed for any 'liven earthquake in the San Frenci.co

area. It th.n follow. that the total 10.s for all earthquake. li.ted in the hbtoric

record can be deterained and the .u-ulated avera'le annual 10•• e.tabliahed. P.lternately,

a probabili.tic .t.ulation .cdel may be con.tructed, incorporating unc.rtaintie. in inv.n

tory, .ei_icity, ground .ctien, and resulting 10s.e. to building.. lao.ei...l aap. and

the related intensity data play a key role in .t.ulation .tudie.. Of parUlOunt importAnce

is the need to relate inten.ity to ISOnetary 10... While the concepta are .1JIIple, the

c~tational detail. can be complexl the cited refer.nce.l ,2,3,4, de.cribe the .ethodoloqy

preferred by the author.. Some Uaportant re.ult. fraa .t.ulation .tudie. in California

are 'liven in Table 1. The lo••e. in Table 1 are lo••e. associated with ground .hak~'l and

do not incl....s. 10.... a.sociated with ground failure. Lo•••• to dwelling. fraa ground

l lU1On}'1mUS, -S~ and ReCC)lla8n4ation.,· in Studi•• in Seismicity and Earthquake
oa.age Statistic., 1969, U.S. Coa.t and Geodeti~:Survey, 23 (19691.

2)(. V. Steill1lrlllJ9., F. E. McClure and A. J. Snow, "Appendix A,- in Studi•• in Seiaaicity
and Earthquake Daaaqe Stati.tic., 1969, u.s. Coast and ~tic Survey, 142 (1969).

35 • T. Alg~.sen, J. C. Stepp, .,. A. Rinehart, and E. P. Arnold, -Appendix B,- in
Studi•• ;Ln Sei.-icity and Earthquake o-&qe Statht1c., 1969, U.S. cea.t and Geodetic
survey, 68 (1969) •

• .,. A. aiMlbart, S. T. Alqenti...n, and Mary Gibbon., -z.tiaation of Earthquake
Lo.... to Single F.-1ly Dwe1lin9.,- u.s. Gaol. Survey Open-rile -.pt. 76-156, 57 plus
appendice. (~976).

5[;. C. Fr1.-.n, -Ca.puter S1IIulation ot tho! Earthquake Hazard,- Proc. Conf. on
Geoloqlc Haaard. and Public PrObI... , May 27-29, 1969, U.S. GDVt. Printing Office, 153-181
(1970) •
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ahalt1nq have been .town to be far IIIOre iJIportant than loas"s frOlll ground failure in the

San Francisc.) Ba~ ..r ...6 , and this ill believed to be true throughout California. other

interestinq res, lts have also been obtained for dwellings in California. Figure 1 is a

map of California wi:h the state IIOIII8Vhat arbitrarily divided into a northern, middle, and

southern portion. Using the known historical seismicity of the state from 1801 to 1967,

avera~e dollar ~QbYGS to dwel1lng8 in northern, miodle, and southern California were found

to be t~ t~. ratio of 1.00:0.1911.25. The distribution of dwellings units taken from the

1960 United ~tates C.msus (updated to 1967) was used as inventory. Figure 1 aho shows

sei..i~ ris~ zones in California as defined by Algermiss~n7 Assuming the same seismicity

and inventory as above, average dollar losses per dwelling in seismic risk zone 3 (Figure

1) were found to be approx1lllately 100 times the 10sBes per dwelling in zone 2.

Using the historical earthquake record 1801-1967 in California and the 1967 distribu

tion of dwellings in California, dwelling 10s3es as a function of earthquake magnitude may

also be obtained. Figure 2 shows the distribution of dwc11~ng lOBS with magnitude in

california6
• Note that because of the exponential distribution of earthquakes with mag

nitude and the nature of the da=age to dwellings, the larger earthquakes in California do

not account for the greatest losses.

One inherent weakness of all known .imulation studi~s involves the need to accurately

know the actual monetary loslles to dwellings as a funct.ion of ..aell intensity. This loss

information should be known by construction component·, by 8ge, by height, and by local

surficial geologic charact.eristics !! the results are to be transferable to other regions.

It i. also necessary to carefully define loss (personal vs. impersonal, buildinq vs.

content, etc.) and value (cash vs. replacement for older buildings, etc.). It would be

wronq to apply loss figures derived from older rotten foundation houses to new earthquake

resiative ones, for eXUlPle. A specific instance of the detail requirP.d, the average loss

to painted qypsumbnard partitions for MM-VIII should be known as a percentage to dwelling

III&I"ket value (or other value) bY building age, height, etc. Techniques exist to an_r

these kinds of queationa, but all techniques involve varying degrees of judgment baaed on

appropriate experience by engineers, architects, contractor., etc. ObViously, tabulated

actual loss experience data would be better than value judgments.

'"oOd progress in sUlulLt i,Jn studie;, then, ~~ill come frOlll appr.opriately gathered

actual ~oss expBrience in order to supplement or revise current judgmentally ~etermin~d

6S • T. Algermiss.n, w. P•• lU.nehart, and J. C. Stepp, ftTecl>niques for Seilllllic ZOrling:
Econoll1c conaiderations,· Proc. InU. Cont. on MicrozonatiJn for Safer Constructic,n,
S~ftttle, washington, Vol. II, 943-956 (1972).

7S • T. Algenl1ssen, ·Seilllllic Risk Studies in the United States,· !'roc. 43, WOrld
Cont. on EarthquAke Eng., Vol. 1, 14-27 (1969) .

•COnatructlon component is defined as an assembly of materiftls within a dwelling which
is readily identifiable and haa a recognizable ~ge pattern. Painted qypSuM on interior
wood stud parations is Ol.e such eXUlple.

VII-20



_.t&ry value.. A review of past and current literature hal lhown practieally nothiD9 of

substantial value beyond that cite<' in the references of thb paper.

POST-EVENT ANALYSIS, SAIl FERNAHDO 1971 CASE STVtlY

The first _jor po.t-~t1lquaIte .tudy which related .c>net&ry 10.... to intansity vae

conducted after t.he 1971 San FarnancSo, calitornia earthqaake. The pacific Fire Ratinq

Bureau surveyed the ~qe to approxwately 12,000 sinq1e faa!ly wood fr_ ~llinqs

lucatea 1n the ~.t heavily abaken areac. Theil survey fora identified the followinq

i~, UlOnq others.

Location by city block.

Aq. qro~, (aJ pra-1940, (bJ 1940-49, and (cJ polt-1949.

Nuaber of .tori•••

Floor conatruction.

De9r.. of damaqe to, (a) foundation., (b) wood fr... , (cJ interior finish by

type of fini.h, (d) exterior finish by type of fini.h

(inclucUnq "_ear), and (e) ch_ey.

Ground dicturbance, if any, includinq fall1tlnq.

IIIPIOVed 10.. data for input to au.u1&tion studies is beat obtained f~ information

carefully qathered shortly after an earthquake. When these 10.. data are related to

intensity, then the lo.s relationship. _y be applied to 180..1_1 _ps of other earth

quake. or directly to .laulated 10...tudie... some lIIOrk in proqress is worth revi_lnq.

Inten.ity-Lol. Correlatlonl'

Flgure 3 bani ",o..i_l r.&p of the lIO.t heavily shaken ~llinq area.. This_p

vas ba.ed on a literal readiD9 of the definition. of the Modified Mercalli .eale with

re.pect to dwellinql. The be.. _p for Fiqure 2 (1.s., up vithout i8O.ei_l linelJ i.

l"iqure 16 from referenc. lh _ch tract include. a n~r of city blocks and has boundar-bs

selected to enhAnce .ample conai.tency (i.a., .t.ilar value., .tailar aqa of con.trllction,

etc.). Three different vibrational inten.iti•• are .hoVn: VII, VIII, and IX. Addition

ally, acme faulting and related qround breakaqe area. are, by definition, Intensity X.

However, adjacent to and cominqled with Intena1ty X ar.a. ar~ vibrational intan.itie. of

VII, VIII, and IX.

In Fiqure 3, the "average ~11in9 10.'" for each tract ~y ~ interpr.ted •• an

equivalent of an average intenaity for that tract. Thi••UC1qe.ts correlating Modified

~rcalli inten.ity in tsr.a of percent 10... A crude but reasonable corr.lation based on

Fiqure 3 plul elltenaive per80nal lu'Iowle.Jqe of the area 11 a. foll()lq'

HM VII: 2 percent to and including 5 percent dwellinq 101.

HM VIII, 6 percent to and including 10 percent dwellinq 10..

MM IX: 11 percent and qreater dwelling 10..

8K. V. St.inbruqqa, E. E. Schader, H. C. Bi991••ton., and C. A. Weer., "San Fernando
EarthquAke, FebrUilry 9, 1971," Pacific Fire Ratinq Bureau, 93 plus _p (1971).
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For tM purpo.e. of this p~r. this correl.tion vill b4. UIIed ••• tentative rel.tion.hip

between intenaity .nd dwelling 10... Thi. correl.tion i. re.tricted to vibr.tional ~g••

and thorefore exclude. the 9801O9ic eff.ct. in 14M VII-X .r...... It .hould be reCOCJlliZed tMt

tM foreqoinq relation.htp between dwellin9 10•• and inten.ity i. partially jud~ntal .inc.

there i. no other v.y to rel.te the .ubjective wordinq in the Modified Mercalli definition

to nuaeric.l 10•• v.lu, In any event. it i. a rational corr.lation.

A po••ible i~ovement in the San F.rnando inten.ity-lo.1 corr.l.tion. i. to r.-.xaaine

the ba.ic data for the 12.000 dwelling. by .ub-dividing the trac~. into ...ller unit.. The

iao••i ...l line. aay vary ~t but the corr.lation••r. expected to .tand.
The lo.a-inten.ity correlation. a. given above are not tran.f.rabl. to WI.t other

~iti... Th.y are only tran.ferable to communities having ca.perabl. amount. of dwelling

con.truction a. to .tory h.ight. age of con.truction finilhe•• etc. For exampl•• the dwell

ing age di.tribution in the San F.rnando .tudy area va.:

Pr.-1940 5.3 percent

1940-49 38.2 percent

Po.t-1949 56.5 percent

vith 94.2 p.rcent of thOl .tudy arOla being on. • tory • The identical ground lIlOtion .triking a

coanunity of predominately older two .tory dvellir.~. would cau.e much larger 10•••• than tho••

in San Fernando. thus the intensity-lo•• corr.lation. for San Fernando would not be tran.fer

able to the other ~unity di.cU8.ed below.

If. bowever, the d...ge .urv.y. for 12.000 dwelling. vere sort.d (.ub-cla••ed) by ag••

h.ight. and other factors. then th8 resulting inten.ity-lo•• correlation. for each itea could

be transf.rable to .any other communitie.. For an over-simplified exampl•• a California

ooaaunity con.i.ting of 50 percent 1940-49 one-.tory dwellingl plus 50 perc.nt on.-.tory

po.t-1949 dvellinqa (all oth.r construction featur•• id.ntical) would have ~utable 10••••

for 14M VII. VIII. and IX. In .w.a:cy. it is po••ible to .ynthesize the pot.ntial dvelling

10•• for MK VII. VIII. and IX for any community if the number and di.tribution of appropriate

dwelling .ub-cla•••• are known and if lo••-int.n.ity correlation. for th••••ub-cl••••• are

known.

oa-&ge Factor••

An iJlp)rtant it_ in d.tailed .iIIlulation inuolving in.urance deductible. is a Itnovledge

of 4.-.'1. distribution ..eng "identical" dwelling. or amon9 "identical con.truction compo

nent." of d_ll109.. Por Olxampl•• in a tract of 100 id.ntical hollies l\aving 4 perc.nt

averag. dwelling 10••• the actual 10•• di.tribution might be.

Under 1 p~rcent 10.. 40 home. 'fcOlnt - 10 percent los.

1 perc.nt - 3 perc.nt 10.. 30 home. 11 percent - 20 percent 10••

4 percent - S percent 10.. 20 hOllllls OYer 20 percent losl

A••ume a 5-percent in.urance deductible. the actual 10•• over the deductible i. not z.ro.

1•••• the average 10•• (4 percent) minus the deductible (5 percent). Thus, average

value. cannot be u.ed. This introduce. the need for a 10•• di.tribution function which in

previous etudie. has been termed "damage factor."
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ca.age factor i. defined e. the rstio ot the nu.ber of structur•• having a specified

deqrJe of lo.s for a given COD8truetiot. cx.ponenl to the n-.-ber of structures in the tract

under study. For the 1911 San F.rnando .arthquak•• the daNge t ..ctora were cOlllputed and

grouped according to intensiti.s with r ••ult. a••hown in Tabl. 2. Thi. information is

transferabl. to other ~iti•• having similar constru"tion COIIIpOft.nt characteristic•.

PROSPECT

While detailed IIOphi,lticated studi.. on earthqualt. ~nsuranc. rate levels and affecta

of insurance deductibl•• on aggregste 10•••• may give a feeling of confide~c., in many

way. th••e studies are no better than their data base. Any studies involvinq the 1081••

over tt.. .-ust be ba.ed on, or be con.istent with, 10•••• ov.r the historic record. The

use of Modified Mercalli it,tenaiti•• and their re.ulting isoseiamal _p. becca.. in••capable

in r.tro.pectiv. in.uranc••imulation lo.s studi•• since, for bett.r or worse, the.e ar.

the best available data.

Substantially ~roved 10•• information from the 1971 San Fernando earthquake plus

that .xpected to be obtained after future .hock., is expected to qreatly improve the

ql.l&lity of tM n_rical output. Concurrently, .imulation studies .hould continu. u be

conducted, particularly with the view toward. simplification. Probabilistic los. mod.ls

should alllO be developed and compared with 1088 e.time,t.s obtained using historical

s.i.-icity as input.
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TABLS 1

CALIFORNIA EARTHQUAKE LOSS SUMMARY
Lo.. III Doll.,. (1961 bII••)

(Prom Table 3 01 P..r.rIlllCO )

Total $250 Deductlbl.
Per o.m:r

Ow.lIl

SIll Prancl.co, 1906
Tolli atrec:ted ar.a $1,156,370,~2~ $ 863, 129, 283 $916
NIM BAy Ana CoIllIII.3 1,013, 52~,~~7 772,763,546 992

Loll' Be.ch, 1933
412,Sa6,399 noTolli aR.cted ar.a S97 ,520, 100

100 Y.ar Period
BlIlIr••tate 6,"9,698,400 2,766,142,200 31S
Hili. Day Ar.. Co..IlI••3 2,U8,10S,900 1,137,936,900 436
Lo. Anpl.. and Or&llp Co_tie. 2,75Z,299,7oo 1,090,291,000 377

Per Ow"ll.,
Unl~

$ 302
870

197

1,216
1,997
1,215

lOw.IlI U~tallllllC eome dama..w•• lIIIlI. For till loo,.ar period, cIw.llIl1" may be r.peatedly dama""
2.MI Ull'.. (darnapd aad ....rnapd) wlthla the pIIara""IClI area COII.lclerld for the IV 1_.llmal 01 the .Udlqlll_..
)Marla, SoDome, Nepa, 501_, Sa Pr.llcleco, SUa Clara, Colltn Co••, AI.mldllftCl Sail MIllO Co_d...
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TAILE 2

DAMAGE FACTORS FOR 1971 SAN FERNANDO EARlliQUAJ:E
From Steinbruue, et II (1971) dill (relerence .)

Dlmlp Fector (!it) ler MM lntenllty
De~ee 01 (101 Dwelllnp Havln« Glvetl Delfee 01Ol~

Conltruett... Compon",t Dama..- _YlL ~ --!L VI1'X

Structural _. loWlll.t1a- None 91.7' Ia. 4' 6L4' 82.'1
SIIIM 0." 9.41 29.31 9.01
Moderate 0.4S 1." 6.01 4.71
Severe ~ ~ wHl ~~

100.01 100. 100. 100. 01

Structural -. frame None 94.01 67.'S 39.9S 72. '1
SIIIht 5. IS 25. 6S 45. 3S 15.51
Moderat. 0.5S 4.9f. 1.71 7.11
SeYerii' ~ ~ ~ ~

100. 01 100. O!. 100. O!. 100. O!.

Exterior" ItueCO IJone 26.3S 6.71. 1.9f. 31.91
SlIlht 71. 6S '7.31. IUS 55.7'
Modente I. OS 5.11. 10. 31 9. or.
Severe ~ ~ ~ ~

100. OS 100. O!. 100. OS 100. 01

Ex ter lor -. ",oed None 87.11. ~,5. 61 35. 71. 63.71.
SIIIN t.7' 36.2;t 37. O!. 23.3'
Modente 3.1' •. 2' 15. 61 7••~
Severe ~ ~ _llJ1. ~

100. O!. lOO.O!. 100. O!. 100. III

Extorlor -. other Non. 90.71 71.51 37.71 83.4'1
SIIIN 7.21 11.21 27.51 10. Ill;
Modente 1.1' 7. '1. IL61 3.37:
Severe -Ul. ~ _3~

100. OS 100. O!. 100. OS 100. O~

Cblmney (I chi mney) None 84. 9f. 58. 51 29.9f. 66. 7~
SJilht 5.1' 22. .1 39.11 13.51;
Modente 6. IS 6. 61 1.31. 9.6S
Severe 1. 5' 8.91. 19.6' 5. Ii.
Total ~ ~ ----!...!1 ~

100. or. 100. or. Joo. or. 100. OjO

OSee Steinbruue, lOt el (197ll. pa,e 20, for summary deflnltionl
(reference 6). Field 1nlpecton used ,hi. termlnoloD ,,-hlch. Ie
flail. _'.1 related 10 perc~nt lOIs.
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CALIFORNIA

FlJure 1. 4-S.1_tc r1a" ..... 1. C81:Uora1a (.fter a.ferenc."I) a '!b_ hatchurecl .rea1".'1'•••'1[. &0_ 2 .... the r ...1..1el" of thti elat., _De:5. ~. htA.",. black 110es
oIS"SoI. th. u ••t. into norther., .1.011., .......... ther. CfllforDl.o •• un' So thSo
..eport.
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~1IIo_"" ""."__..........- .._---.1_ _lot.

ll..uu 3.-itodiUeoI 't.ualU int iti•• b••ad On ob..,."eoI _111"1 d_••• Sa.
r.r....... C.Uforoto•••tth" of 1971.

Reproduced from
bel' available copy.
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Warrant. for a.trofittiaa H11hvay Iridl••

Anatole Lonllnaw
aDd

Erne.t lers-nn
lIT a....rch lnatltute, Chicalo, lilinoi.

and

J._. D. Cooper
Federal Hishway Adain1.tratlon, Wa.hiaaton, D.C.

ABSTIlACT

A ..thodololY for deterainiaa whether or Dot to .ei••lcally retrofit an exi.tinl

bridle i. pre.ented. The aethod i. ba.ed on the concept of ldentlfy1na and coapar1nl

the iaportance of the bridle to 1ta .tructural intelr1ty. Critlcallty factora whlch

are expre.eed in terae of br1dle cla••ifieatioo and lte i-portanee to the eoei.l,

.edieal, econoaie, and aeeurity need. of a leoaraphical erea followina a natural di-

.a.ter are developed. Structural factor., which e.tl..te a bridle'. ability to vith-

.tand an earthquake, are deterained analyticatly or by inapection. The crlticality

and atructural factora are coapftred to deteraine if a bridle warrant. retroflttiog.

The ..thod ia deaonatrated by e..aple.

lXTWOIDS: Earthquake; Iridle.; aetroflt deci.ion
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A brld•• Ie a vltal link In any road n.twork. If a di•••t.r occur., • brld....y

be 4.. trOJed or ......d to the aKteut that lt canDOt euetaiD traffic or it blocke an

IDt.raactlaa road. A .athad le pr.eaDted to ideDtify aDd quaDtlfy the criticality, or

worth, of a brid•• iD ralation to the road. the road Detvork. the co.-unity, and t~e

national d.f.ne./a.curity ayet... Th. criticality ie th.n coapared to the cap.bility

of the etructur. to with.tand the dl.a.ter and a ..thod i. eatabliahed to deteraine

vh.ther or DOt retrofit la varranted.

Sp.cifically. the vorth of a bridle can be evaluated in ter.. of:

• AdaiDietration/Traneportation Sletes Effecta. The City. County, State. and Federel

hiahvay or.aniaationa claaaify roada and atteeta. Theae cla•• ification••re ba.ed

on plana which relate the l.portance of the road. and .treet. to the no~l eaer

••ney treoaportation ne.d. of the co-.unity and the nation.

• Social/Survivel Effecte. Social/eurvival effecte iDvolve the ability of the

co-.uDity to ..et ite ehort tera eaerlency needs follavin. a dieeeter. Normally

the eocial/eurvival effecte are coneidered in the ed.inietration/traoaportation

eyat~ plane for the roade and atreete. There are inatancee. havev.r, in vhieh

thoa. plana bave been dated by chan.ea within or near the eo.-unity (e •••• a

eubdiviaion vaa added, a hoapital waa built. etc.). or the ~ff.ct on the

ca.aunity VeM Dot conaid.r.d in the orl.inal plan.

• S.curitY/D.fenae Effecta. Security/defenee effecte concer~ the i.,ortance of the

brid.e In re.ard to ita abillty to .ave troop. and equip..nt to, and within, an

area to ..lntein lav and order or to aeet a threat to the aeeurity of the area,

re.lon. or .ation.

• Econoalc/Peraooal Effecte. Followlnl a dia..ter, the recovery proceaa belina.

The econoalc/peraonel effact relatea the ca.aunity Deed for the bridle to return

to Ita prediaaater aoeial and bualn.aa atatua.



Each ....ur. of worth (•• a., Soci.l/Surviy.l Effect.) haa ....ure. of effectiyen•••

(e.a" Medical Support) which relate to the need for the bridge. The ....ur•• of effec

tiy.n••• can b. aroup.d, qu.ntified, or qualified to .llow an engineer to ..ke • relatiye

•••••~nt of the worth of the bridae.

The ....ure. of worth for each effect ~an be interrelated to .llow overall •••e•••ent

of th~ De.d for the bridge. After .11 bridlea within .n area of intere.t .re .naly&ed,

they can be ••p.rat.d into two cat.aorie.: 1) retrofit i. required to enable the bridge

to withat.nd the earthqu.ke, or 2) retrofit i. not required becau.e either the bridge

can withatand the earthquake or the 10•• of the bridae do•• not ju.tify the retrofit

erpen.e. Since hilhw.y budlet. are finite, it ia probable that ao.. additional priority

ayat.. viII be n.aded to rank the bridlea in the firat category. The ranking can be

achieved by applyinl a c~at-benefit analy.i. and the retrofit budset c.n then be .lloc.ted

.ccordinl to thia r.nkinl. A diacuaaion of the coat-benefit analy.ia 1. not included in

thia report. The at.te-of-the-art of evaluatinl the worth of the Dridse, In terma of

the effect. identified, doea not allow the worth to be graded rigorou.ly enough to permit

a ..aninaful co.t-benefit analy.i••

It 1& noted th.t a .ilnifica"l .~unt of reaearch is required to identify .nd

quan'ify each of the effecta which e briefly deacribed above. Therefore, only a brief

diacu.aion of the baaic ..thodololY, the ele.ent. of the methodology, prelimin.ry weight

ing of critic.lity f.ctor., and .a~le calcul.tions to illustrate the aethodololY are

preaented.

METHODOLOGY

The procedure for ••aea.inl the worth of • bridge ia de.cribed in thia aection. It

repreaenta a a.quential evaluation of worth by conaiderlng the reaulting effect. cau.ed

by the loaa of the bridle.
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Procedur.l Flow Di'ar••

A deci.iou diaar.. for ev.lu.tina whether or not a bridae varranta retrofit i.

illu.tratad 1n Fiaure 1. Each block or di-.ond in the procedural flow diaara. i. an

.le..nt; the v~rk alp-ment. ara ractanaular and the deciaiou elementa are diamondl. The

....ur•• ~f worth are evaluated in .equence (Ele.entl 1, 3, ~, Ind 7). The output ~f

eech work el_nt i. a criticality factor (eF), rated fro. 0 throuah 3, which reul,,'

the worth of the bridge to the particullr ....ure of worth. The higher the criticality

factor thl more the bridge i. worth to that particular element. AI an illuatration, the

bridae ..y be evaluated in terma of ita vorth to the aocial/aurvival effecta (Ele.ent 3).

A criticaUty factor of 3 ind:catea that the bridge is crHical (e.g., it il the only

a.bulance route); a factur of 2 indicate. that th~ bridge il de.ired; a factor of 1

indicate. that it ia cO'lvenient; and a factor of 0 indicatel that it 18 expendable.

Decilion pointl (Elementa 2, 4, 6, and 10) are inaerted betveen vork elementa.

The.e deciaion pointa act aa ftlter. lo reduce the effort needad to make a retrofit d~ci

aion. At each of the firat thrpe deci.ion point. (Element. 2, 4, and 6), a criticality

factor of 3 (CF-3) indicates th.t the bridge ia of .ufficient vorth to ..rit .n evalu

atiOn. If a criticality f.ctor of leaa than 3 ia aelected, the eVdlu.tion procea. ia

continued until work Element 8 ia reached.

In vork Ele..nt 8 the h!aha.t critic.lity factor of the [our ....ure. of vorth

(EI...nt. I, 3, ~, ~nd 7) i. aelected. Siail&rly,. atructural factor (SF) i ••elected

(Element 9) which relatea tha capability of the bridae to .urvive da.'ae fra. th~ di••• ter.

The Itructur.l f.ctorl .re gr.ded over the .... r.nge •• the criticality f.ctor. A

structur.l factor of 3 indic.tea th.t the bridae i ••ound; SF-2 indic.te. the bridge i.

probably aound; SF-I indic.tea the bridge h prob.bly un.ound; .nd 5,..0 indic.te. that

the bridae i. unaound.

Next, the criticality and .tructur.l f.ctor••r.e compared (CF - SF). If the

difference i. le'l than or equ.l to zer~, retrofit of :he bridge i. not v.rr.nted.
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10 ADKIICISTUTION/TIAliSPORTATION

STSTIM EmeTS

EVALUATl BRIDGE WiTH TO SOCIALI
SURVIVAL EmCTS

5.
EVALUATl BIIDGE !«lITH TO SECURITYI

DEPUS! ErnCTS

EVALliATE BRIDGE WORTH TO IlCONOHICI
PEUONAL EFFECTS

*8.
SELECT TBIl RICHEST
CRITICALITY FACTOR

11.
110 UTlOnT

Fipre 1 Iridao ••trofit Warrant Procedural Flow Dia.ra.
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If t'18 difference i,. Ire.ter than or e<iual to 1. then r-trofH 1a varranted. Tabl. I

li.t. the retrofit daciaion el...nta. Th1. table. or tha crttert. 11luetrated tn 'tlure I,

cen be ueed a. the ba.i. for detee.intnl whether or not e bridle verrente retr.oflt.

Tabl. I

lETIOFIT/JO ILTlOlIT DECISION TAILE

i:r1tic;al1ty Structurel Subjective Retrofit
lactor (el) ractor (sr) CF - SF Evaluet:!.on Deci.ion

3 3 0 Critical/Sound No

3 2 Critical/Probably Sound Yea

3 2 Criticel/Probably Un."und Yea

3 0 J Critical/Un.ound Y••

2 3 -1 Dee1red/Souad No

2 2 0 nuired/pro:, "ly Sound No

2 De.ired/Prob-.bly Uneouad Y••

2 0 2 De.tred/Uaeound Yea

3 -2 Convenient/Sound lIo

2 -1 Convenieat/frobubly Sound No

0 Convenient/Problbl? Uuaound No

0 Convenieae/,;n"" , ,d Ye.

0 J -3 Expendable/Sound No

0 2 -4: Expendable/Probably Sound No

0 -1 Expendable/Probably Unaound liD

0 0 0 Expendable/Un,ound liD

Structural Criticality
Factor (SF) rat tor (eF)

3 • Sound 3 • Critical

2 • Probably Sound 2 • Draired

• Probabl"1 Un.oulld • Convenient

0 • Un,oUlld O· Expendable
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ADKIRISTlATlJIII/TUliSPOUAIIO!l SYSTEM (ATS) EFlEcr;

Bip"ay .y.t_ ara aroupt.d into a nuabar of different cla..1fication.a for

adain1etrativ•• plaauilll••Dd da.iau purpo.... At lUll thrae dlfhrent t7pea of '7"t-

azi.t which affact the adaini.tration and operation of hiah"ay.. Th..e .re Stata-county-

local .daini.trative .y.t.... eaa..rei.l-indu.trial-re.id.ntial·recreational .y.t.... and

tha Faderal-Aid 57.t... Bov.ver. th.y all .arve to davalo~ • ~o..lata intaarated biah"ay

The agst be.ic cl~•• iflcatiOD .y.t.. for ada~ni.tration purpo.a. &rOUP' hlah".y. and

.treet. into two broad cla.... : .y.t_ .ervina rural are•• or connectilll urb.n ar....

and atreet. or hiahvay' .erviaa urban .r....

The rural .r.a cl•••ification 'J.t.. contain. follovina level. of road clr..... :

• Iataratata.

pri..ry (azcludina inter.tata).

S.condary roada with voluae greater than 1.000 vahicle. per day

S.condary roa'J. "ith traffie le.. than 1.000 vehiel.. per day (..y be
'l1bdiv1ded iato 500-1.000. l00-4C><1. under 100).

• raadar road, (........ecc.;:dary road. under 1.000). and

• Tertiary ra-d••

A quantitativaly .t.il.r .y.t.. for urban are•• include.:

• Ixpra••".y••
• Arteriala.

• Collector•••nd

• Local road. and .treet••

the cla••ification criteria for rural road••re po••ibly acra .elf-explanatory than the

cr.lt.ria for urban .tr••t.. Table II li.t. tha ..jor function of each type of urban

road.



table II

'unction

Expre••way 5y.tea (lncludinl
freeway. aDd parkw.y.)

Major Arterial 5yat..

Colleetor Str.et S,.t••

Local Street Sy.t...

Provide. for exp.ditiou• ..,v_ant
of larl. vol~. of tbrOlllb traffiC
betwe... area. aDd acro.. tbe city.
aDd not intend.d to provide land
acce•••ervice.

Provide. for thrOlllh traffic
.ave..nt betwe... area. .Dd acroa. the
city and dir.ct accea. t, adjolninl
property; .ubject to nece••ary control
of entrance•• exit., and curb u.e.

Provide. for traffic _ve..nt betwe...
..jor arterial and lo~al .treet•• and
direct acce•• to adjoinina property.

PrOVide. for direct aCCb.f to
adjoininl land and for local traffic
aove..nt,

To,e Cl..lificationl carry with the. a .et Jf IlIIlelted .tni.ua de.ian .tandarda whicb

ar. in keepinl with the iaportance of t~a .y.t.. and ar* related to the .p.cific tran.-

portation a.rvice. tbe .y.t.. i. to perf~ra. Th. functionl of th. rural road .y.t..

heir.reby are ....nti.lly .iailar to the ueban road .y.tea.

It i. likely that IXceptioaa to the clailificationl d.lcribed abov. occaaLoaally

will occur and adju.taent. in ••• ilned valu.. could be ..de. Such differencel are aolt

likely to be the re.ult of radicelly altered tranaportation pattern. which have rendered

portioa. of the .y.t.. ob.olete or of recent d...nde which out. trip the ability of the

ad.tni.trative .y.t.. to provide an adequate roadway.

More epecific inforaation on cla.aific.tion criteria ..y be found in raference 1.

Criticality 'actora

A procedure for deterainina the criticality factor for ATS effecta ia outlined

VIII-8



1. Gat Fadaral-Aid Riabvay Kep of ra,ion of intereat fr~ 'ederal
Ililtlvay Jula1nhtraUon (FBW,\) or ft°_ State Depart_at of
Tra.portation.

2. Identify the bridae oc the ..p.

3. Identify the roed or atreet leadinl tQ and froa the brldaa.

4. IdentIfy the roed or atreet (If any) paaaloa under tbe bridse.

5. Identify the cla..1ficati,)U of the tva road. or etreeta fro.,
the lelend on the ..p.

6. Select a criticality fa~tor froa rable III baaed on th~

hi.h..t of the two roa~ or atreet claaaificatiooa.

Table III

C1l.IrICALITY FACTOIS FOR ATS EFFECTS

Cr.. ticaUty
Factor (el)

load or 3treet Claaaification
Rural Urban

3

2

o

IDteratate

PriMry

Secondary

Tertiary

SOCIAL/SURVIVAL (S/S) EFFECTS

Major Arterial

Collector

Local

Evaluation of the .oclal/aurvival effect 1. baaed on the need for roadwaYf. ~dlately

follovinl a di.a.ter. It ia po.aible to u.e roadway. witb degraded level. of perfor.ance

a. 1001 aa contlnuoua route. can be eetabll.hed. When evaluetinl the sIs effect. on a

a)~t... the prlaary requi.~t. ahould b. id.ntifyinl a eyet.. whlch can facl11tate the

...rleney a.rvicee lieted in Table IV aa rapidly .. po~.ible.

It i. obvioue that the ..aluation of the worth of a bridle in the locial/eurvivel

related context i. coapounded by the uncertainty of vbere the dilalteI .iabt etrike and

the coaplaxity of the tranaport network. Rovever. a lubject1ve approach 1e pr.e~ted for

c011.1deratlOO.
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Obtain a datail~d map of aD ar.. and deteraine the ex~ent to which the 10cal1_y hae

developed di...tar plaaa. Bridaea of intereet can be cQadi1y identified, the populetl~n

denalty .ett.atad, the road network liluetratad, and important eervice facilltl.e (e'I.,

boapitala, fire etationa, etc.) ldentl!ie, on the '..p. Aftar the local depart.enta in-

volved in di ...ter related operation. -.e interviewed, a dieaater Icenario can be devel-

oped. Tba lilnificaore of the tranlp?rt network, particularly bridlel, can be

aubjecUvely ..tl.'bltlhed and appro,r1t..te criticaltty factou eelected.

Critica1lty Factore

~ procedur~ tor dft~e~_nina the criticality factor for sIs effecte la outllned below.

1. Cet detailed ,up of aree.

2. Ide&tify b~id~ea of interelt on the ..p.

3. IdentHv eep-ent ot co_nity ~r area which wo••ld be
affected by tnp. dieaatec.

4. Identify :108"ita1., fire .tatione, polJc. 8tationa,
rea~rvoir., Inc! power atationa.

S, Identlfy preferred fire and police route by t~~ep~.~ ..
c.1l18 Or '1!. .. l~. t,) .i:e r"spe~t!.ve depart.enta,

6. Identify alternate r )urea in the evelil that the bridae
of intereat fa dlatro/cd.

7. Id.JUtify 'Jell!tiea carried by brl(1-ge.

8. Se'."ct criticality ..ervice frOll Table IV.

9. Ieenrd the aaaoclated crit1ca11ty factor.



Table IV

Cl.1~Ic.u.In FACTORS (101 SIS EFFICTS

--------,-----------
Cr1tieaU ty

Factor
(rJ')

]

2

o

Critiul.1ty
Service

(Subjective Evaluation)

Surv1val Related

Health lelated

Coalort ll..lated

In.ianiHeant

SECUll.ln/DEFEHSE (SID) EFFECTS

Service..
COIUI idereci

CO.-Jnica tiona

• Eneray

Evacuation

Medical Support

Food

14ater

Lav Enforceaent

Pire and Di.a.ter

The 1973 Pederal ,', Hiahvay Act require. that a revi.ad plan for deielUle hiahvaya

be develop.d by each indiVidual State. The plan viII include. a. a .ini~. the lnteratate

and the Federal-Aid priury routea, althouI" .0_ route••, be d.leted if t.li. ia con-

.idered a~propriate by the State. The defenae hilhvay netvork viII provide connectinl

rout•• to iaportanL ailitary in.tallation•• induatrie•• and re.ourcea n~~ .ervad by the

priarry route. and viII include location. of the following:

• Military ba•••• national auacd inatallation•••upply depot•• etc.

• Ho.pitala••edlcal aupply centera ...er.ency depota. etc.

• Major airport a

D.fen•• lndu.triea includin. thoae that could eaal1y or 1011eally
be converted to auch

Refin.rie•• fu.l atora.e and diatributlon center.

Major raUroad tera1nala. railhead•• dock.. truck tera1n.r la

• Major power planta lncludinl hydroelectric cantera at ..jor
daaa
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• Major :~nication. c.nt.r.

Otr.r f.cillti.. tbat tb. St.t. con.idar. t.port.nt r.latin.
to Dationa~ dafen•• or natural d~••• t.r ..-r••nci...

Ir14••••re couldered a part of th, Security!Detallae Road Iletvork data bank .nd

can be cl••••d in te~ of critic.l, noncritic.l, nonbypa.'able. and bype•••ble. lnfor-

..tion on the .d~ni.tration .nd vper.cion of thia data bank can )e found in r.:erence 2.

Criticality ractor.

A procedure for deteredDin. the criticality f.ctor for SiD effect. f outlined belo~.

1. Dete~ioe bridle loc.tion.

2. Obtain:

• Mile. fro. besinf';,n. of .ection

• Avera.e Drolly ~.raf,:ic

Criticaa ty (thb jnfo~tion b .ometi... av.ilable)

3. With critic.lity and byp••• data enter T.bl. V.

4. ".cord critic.lity f.ctor.

T.ble V

CIlITlCALITY FACTORS FOR SiD EFFEt'TS

Crit1c.U~,

,.,tor
eeF)

-----------------

Bridle Critic.lity!
Alternate Route

-'._-------
J

2

o

triti~rl Structure/Ilonbypa•••ble

Critic.l Structure!Byp....bl.

Roncritical Structure!Monbyp••••ble

Roncritical Structur.!lyp....ble
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ECOJOMlC/pElSOJAL (E/P) EFFECTS

The ....ure of ~,rth of a bridle. durinl the recovery period, relate. to: (1) the

.~unt of tr.ffl~ which noraally p•••ea ~\er the bridge; and (2) the .~wh.t r.re in-

ataneea io which a .evered bridle iaolatea a e~uoity fro. it. priaary acurce of b·t.ine.,.

Th••vera.e an"ual dally traffic, &ADt. liated in rable VI. a. it relatea to the

crit(cality factor•• l' in general a,re.-ent with tl,~ road or 'treet eta.aifieatlona

lilted in Table III. Soae adju.t.ent can be ..de by the invI'tigator to ch.raeteriae the

i.portance of a particu1ar bridge withio the environment of a particular c08aUnity. For

iDltance. the AAD! over a bridle in a rural environment ..y be ai&niflcantly below the

top category (AADt ~ 80,000), but the bridge, as the only link between tva co-.u~tlea,

..y have a hiaher l'vel of importance than would be indic.ted by the !ADT alone. A

vei.hting factor, then, could be applied to the !AD! which providea the adjuatment. It

ia important. hovever. to .. intain eonai.teney when applyiDa the weightinl faLtor. to

each bridae in the geoaraphical area of intere.t 80 that the relative iaportance of each

bridge i, ~haracteri&cd.

Criticality Factor.

A procedure for deteraining the criticality factor i. outlined bqlow.

1. Identify the road and the road ••ction (interaection, town,
edlepo.t, etc.) on which the bridge i. located.

2. Determine the e.tiaated avcre6e annual daily traffic over
the bridge.

). Enter table VI at the appropriate level of traffic.

4. Select and record the criticality factor.



tabh

CRItICALITY FACTORS P\.' r./p EFFECTS

Cl"it1caUty
Factor

(CF)

3

2

o

Avera._ Annual 0 ..11,. TrafUc. (AADT)
Over Ilrid.e

80,000 - Up

25,000 - 79,999

5,000 - 24,999

o - 4,999

-AADT i. tn~ total yearly voluae (nu.ber of c..ra p.... inS a p.rticular

point) divided by the number of day. in the year.

EARTHQUAJ(E EFFECTS ON BRIL'<.ES

To better und~r.tand .ei••ic effect. on Itructurel, .ei••l~ damele to bridge abutment.,

pier., girderl and .upport. h•• been doc~ented, Da"Se typic.lly occur. to bridse. having

the follovina inherent veak detail.: 1) be_rins., 2) lub.tructure., and 3) foundation••

Type. of failure .a.t often ob.erved are: tUtins, .ettlina, alidinl, cr.ck.inl, and

overturnIna of .ub.tructure.; di.place..nt, crack.inl, and d1.10dgin8 of 81rder. at .up-

port.; .hearing or pulling out of anchor bolt. and cru.hlnl of concrete at .upportl;

cru.bing of concrete colu.n.; pul11ng au: of re1nforcina bar. at column cap. or foot1na.;

.nd .ettlement of appr~.ch road. and .lipp.ge of vinsvall. fr~ .but..nt••

A atud,. entitled "Sd••ic Retro!1ttinl of EXiating Biahvay Bridge.," reported in the

Procuedinsa of the Sixth Joint UJNR Panel Conference, v•• conduct.d to identify and define

through .tructural analy.ea practical technique. and criteria fOl" retrofittinl exi.tina

bridS•• to incr.... r.alatance to aei••ic force.. Siaplified ..theaatical 80dell of .even

exiatina hiahv.y bridle. repreaentinl predo.inant type. of conatruction ver~ u.ed for

developing leneral retrofit concept.. Each bridle va. analyzed fOl" dynaaic .tructural
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r••p'.... toben aubJ.cted to an lul,ai. eartbquak.a. raUur. _cb&llia., which correepond

brid,ee. &DC, !{ve pr.lialaary len.ral r.trofit conc.pta were identified, includin. tbe

followioa l

1. Suparatructur. horisOI.tal .ation reatreiner. for hill•••••1II".n.i....
Joint•• bearina-••tc.

~. "arioa reatrainare - vertical.

3. "arioa area widanina techniqu•••

4. Col..-n or piar atrenlthaninl'

S. Poundation etreneth.ninl'

.0 a~. atrailhtforverd. totall, reliable ..chod exi.t. to dat.~ne the

.u.captibillt, of a bridle to de..... Ti_. location, and "Initude of an earthquaka r.an-

not b. predicted. Th.refor., math...tical apal,.i. of alar•• nuablr of brid••e 1n a 1.0-

Ir.phical reaion b.eo..e i.,ractic.l baceuaa of prohibitive coat and .xce.eive tt.••

Tbe prnc.d r. outlined balow repreaeutl an iuitial att~t to quantif, ••trurtural

factor (Sr, to be ~••d in ..klna the d.cl.lon an whether or not to retrofit. It rali..

heavil, on enainearina Jud...nt and i. ba.ed .01.1, 00 obe.rved cia.... cauaad by peat

.arthquakea. Addltioual thou.ht. ehould be ,ivlD to quantification of the wtructural

factor.

Structural ractor.

The orocedure for det.~nlna the Itructural factor ie:

1. D.ta~De tha .truetura' t,pe.

2. tsaalae the aUuctur. for ka~ vulner.bl~ dltaila,

3. Eater Tabl. VII.

4. Select aDd record t~~ .tructural factor.
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Structural
ractor

(SF)

o

2

)

table VIl

snucruUL FACTOIlS POl a15T,1G aJ.IDG!S

Bridge Type - ~et L._

Si~ly aupported ainsle and .uItiple
apAn bridt..a or

Reinforced concrete alab bridlea with
two hinsea or hanlara in anyone apan
or in adjacent apana.

Continuoua apan bridgea with at leaat
OIIe hiT'le or

Concrete bridlea with e~anaion joints
on OLe or b~th aidea of invert~d T capa.

Simply aupported apana with continuoua,
compoaite alaba or

Lonl, continuoua, co~~atte re'nforced
concrete alab bridlea withou' expanaion
jointa in adjacent apana havinl a hinle
or

One, two. or three apan bridlea with
hilh backfilled or bin type abut...nta.

Sinlle apan, rilid fra.. bridlea or

Continuoua. aultiple apan bridlea
vithout expanaion Jointa.

The Stata of California reli.. aolely on recoanition of brid~e type, identified

in Table VII, to det.raf~ vhather or not retrofit ia varranted. Structure.. havina •

atructural factor equal to 0 or ara conaidered for retrofit vhile thoae h3vioa a

atructural factor equal to 2 or ) ara not conaldared for retrotlt.
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SAMPLE PlO8LDI

Evaluate the tv~pan, .1~ly .upport~d brldae ~D V.S. 45 over D•• Plaloe. aiver,

oear Chlcaao, Ill1nola.

Critlcaltty 'aclor .aaed on ATS Eff,":u (Ele..ot I, l'1aure 1)

1. A aap of the are. contalnlna t~e brld~e indicatea:

• U.S. 45 leada to end from the brldge

There la no road or atreet p•• ,'lna ,,,,,der the brIdae

The road croaaina thll' bridle 1. claaaed a. "_jor
arterial" - the road i. a four-lane hilhvay io ao
urban area

2. Proa Table lIt the criticality factor h •. , (Cl) • 2.

3. Froa Figure L, El...ot 2, the next point of ev&luation i. Eleeent 3.

Crlticality Factor Baaed aD SIS Effect. (EI...nt 3. 'iaure I)

1. If the bridle ia dovn, the~o-.unitie. of Hickory Hill. end Juatice

would he i.olated frOll HodakiM.

2. Alternate route. betveen thoee co.auniti.. would be the toll road

bridae, Wentworth Avenue Brida~, aoute 171 Bridae, and the Harle.

Avenue Bridge.

3. The route (U.S. 45) i. a preferred pollee and fire depart..nt route;

however. the bridae i. not critical to e..rlency aervicea.

4. Ho.pit.h, poUr-e, aod fire ••rvic.... Diat OD~oth aidea of

the bridae.

5. The brid,e ia coneidered 1naianiileaDt aDd froa rabl. IV a

criticality factor of 0 (Cr· 0) i. aelected.

6. Proa Fiaure 1, El_ot 4, the next point of evaluation h

U ...nl5.
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1. rrOll the Pl.uiq Depart_at of thl 111iooi. Depart_t of rraaaportetiOD.

Sprlqfield. Illinoi•• the follovina data on the bridal we. obt.iDad.

aoed Section Mo. [~lnd 7. de.\lnatioo I, Ro. 12)1

Itn 679 2

• M1l~a frOll be.ianina of aection

• Iypa•• Cnde

• AVlra¥e annual daily traffic

• CriticaUty

0.5

§.?
44,300

RC

z. Froa Tabl. V, thl criticality factor ia 1 (noncritical .tructurel

nonbypa••able). cr. 1.

3. ,~om riaure 1. El_.nt 6. thft nexl point of evaluation t. El ...nt 7.

Criticality Factor aa.ed on E/P Eff.~t. (El...nt 7, F1aure 1)

1. A~er.ae annual d.lly traffic over bridae 1. 44.300 (f[OII a.,lonal Statl

Department of Tr~n.portarioD, Plaonina Depart_nt).

2. rrOll Tabl~ VI, ll,'! criticality fauor 11 2, (Cr. 2).

3. Fro. Fiaure I, Elacent 7, thl next point of ev.luation i. El...nt 8.

1. Indicat.. type af road (confa~ity to re.eral coda not yet c~l.tad).

2. Indicatee the lucation of bridae (Stata ~od.).

3. Indieata. nu.ber of aile. of bype•• required if bridll ia out.



Seleetioa of Biaheat Critieality rector (El...nt 8. 'i.-re 1)

Criticality ractor

us

sIS

SID

Elp

2

o

2

1. The hiab..t criticality factor ia 2 (ep. 2).

2. Salect atructural factor (El...nt 9). Ptaure 1.

Structural 'actor (5') El...nt 9. 'taure 1

Pro. Tabla VII. tba atructural tactor for the bridae ia 0

(sr. 0). Tbe bridae ta uneound tn the event of an earthquake.

(A aaparate analytical study. not ..eported herein. conducted for

tha brid.e verified that the bridle ia unaound in the event of

a atronl ..rthq~e.)

'roa Pi,. :e 1. tba nlxt point of Iv.luatioa ia El...nt 10.

eoapariaoa of Biaheet Criticality ractQr with
Structural 'actor (Eleaent 10. riaure 1)

• cr - S1 • 2 - 0 • 2•

• Proa 'i.-re 1. tbe final pOint in tbe procea. ia El...nt 12 •

....d oa the fore.oin...thodolo.y. a brid.e retrofit ia warr.nted.

a.OSIIIC STArDtDT

A 11_ proc.dure baa been pr..ented which .y help adll1n1atreUODa decide whicb. 1!

any. biahvay brid.ea aituated in aeiaale.lly activ. ar..a ahould be atrueturally utlraded

tt' r..,iu future eartbquake induc.d cIaa... nab repr..enta tbe Urat att.-pt to idenUfy.
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prlor to tbe occurreace of aD • Irthquake, what the worth or loee of a bridge ..ana to

a c~nlty. It is recolnis.d, hovever, that the .e~hod haa ahortcoaloga, partlcularly

when uaed to evaluate a Iroup of bridlea In a 11ven geographic area. Undoubtedly. funda

will not be available to uPlrade thoae atructure! -.Itch warrant retr~fitting. This will

require further analyaia, probably a ye.-to-be-de,rlop'~ coat-benefit analyaia. Alao. a

etructural factor (SF) which ia baa.d on cvrt.~t bridge inapection reporta ahould be

developed and lncluded in the aethodology. And fi~lly. the veighting of criticality

factora (CF) ahould be exaained--perhapa more effecta than the fo~r di.cuaaed ahould be

conaidered.

Although :he aethodology wa. developed .pecifically for the purpoae of identifying

thoae exiating bridgea which warrant aeia.ic retrofitting. it can ~e modified and uaed

a. a tool to identify thoBe exiatiaa .tructure. vulnerable to damage caused by other

typea of natural di.aat~r••
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CRITEJUC* 011 THE BYALUA'1'IC* or SEISMIC SAP'E'J'Y

or DIS'I'IJIC IlZINPOIlCZD COMCIlZ'l'! BUIIDINGS

ltiyoshi Nakanc>, .....y. HiroHW. and Shin Okuloto

Bui14iD9 Resereh Institute, Ministry of construction

The outline or ·Criterion on the Evaluation of Sei..ic Safety of Existing Reinforced

Concrete Buil4inqs· by the M1nbtry of Construction is discu..ed in detail. The evaluation

Mthod consists of thr.. steps with use of various seismic indices.

ICZYWOJlDS: EValuation _thad of seiadc satety, non-structural el_nts, reinforced con

crete buildinqa, atructural elements, aeismic satety index.
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1. IN'l'RODUC'l'ION

Thi. report de.cribe. the outline of ·Criterion on the Evaluation of Sei..ic Safety

of Existing Reinforced Concrete Buildings· which vas caapiled by the joint coamitt.e chaired

by cr. H. u-ura. ProLesaor of Tokyo llnivereity. 'lith the cOlllllis.ion by the Ministry of

Construction, Japan.se Gove~nt.

The buildings vhich this crit~rion covers are low-and medium-ris. r~inforced concrete

building. constructed by ordinary ~~nstruction methods, and items for evaluation are not

only super-structure its.lf but alao non-structural elements such as exterior f1nish

el_ta. Further, tht-e. evaluation _thodoloq1es consist of three steps, frOlll silllPle first

screening to co~licated third screening.

Tht' result of evaluation is expressed by the continuous nUlll8rical values but the

re3ult shall be judged by the engineer who uses this criterion considering individual at~

social ~cts caused by presumed damages.

Moreover, the results by this criterion on damaged and un-damaged buildings in the

Tokachi-oki earthquake (1968) are shown as a reference for the judgment.

2. THE CONSTITUTION CIt THr. S~NTHESIS INDEX IlEPRESENTING SEISMIC SAFETY

2.1 Definition of Seismic Index

The seiamic safety of a building is represented in the fo: lowing tw<' numerical indexes

and the larger value _ans the higher seismic safety.

Seismic Index of Structure: Is

Seismic Index of ~n-Structural Elements. IN

2.2 Constitution of Is-Index

Is-index shall be calculated by Eq. 1 for both the longitudinal and ridge directions

at .ach floor of the building ~C~ consideration.

However, the following G-Index, T-Index and sD-Index in the first screening are the

constants to • particular building independent of the floor location and direction.

(1)

where,

EO • Sei_ic Sub Index or Pasic Struc';ural Performance

G • Sei..ic Sub Index of Ground Motion

So • Seismic Sub Index of Structural De~ign

T • Sei_ic Sub Index of Time-Depended Deterioration

2.3 Calculation of SeiBBdc Index cf c"ructure Is

1) General

In ord,n to calculate the value of Is-Index, anyone of the f int. the second and the

third evaluat'.on method lII&y be UStK. HoIMver, the value of G-Index _y be taken as l.0

for all caLe••

2) The Firat Evaluation Method

Eo-Index is calculated fr08l the horizonal strength of abuilding, based on the SUIII

of the horizontal ar_ ot col~s and walla and on their ass~ unit strength.
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SO-Index i. evaluated based on ct~ re.ult. of the eight check point. concerning planning

and .ectton of the building.

T-Index is ev.luated, based on the age of the builcUnq and tlle observed results of the

di.tortion and crack. in coluana and w.ll~.

3) 'l'he S-=ond Evaluation Method

EO-Index is c.lculated fre. th.. uLtillute horizontal .trenqth, failure BX1e. and duc

tility of oollllll1s and walls with the a"'JIIIlticm of infinit..ly strong floor sYllt_.

So-I~ex i. evaluated ~.se_ ~n the result. of calcul.ted hori~~nt.l rigidity di.tribution

and verti...:al t·••• and rigidity distribution in .ddition to the results of the check point.

in the fi nt evaluation method.

T-Index is evsiuated from the investigated quantitative results on structural crack

ings, di~tortion, changes in quality and deterioration of the building.

4) The Third £Valustior ~thod

EO-Index is calculsted from the ultimate horizontal strength, failure mode. a~d flexi

bility of columns and wall., baaed on failure eechaniem of frame. with con.ideration of

strength of be.- and overturnil'\~ of valls.

So-Index and T-Index _., be talten as the lame values used in the second evaluation.

3. DETEIlMINATION AND CONSTI'nlTION OF SEISlofIC SUB INDEX

OF BASIC STRUCTURAL PEJlFOId4ANCE, EO

3.1 General

EO-Index in each evaluation method is expressed as function of sub-index of Iltrength

C (bearing capacity of tbe building) and of sub-index of ductility F (deformation ability

of the building) and so on.

3.2 'l'he Pirst Evaluation Method

1) Gener.l

After dividing the vertical members of the frame into the following three categorie.,

EO-Index i. calculated based on the simply calculated values of C-index and F-index as

follow.:

a. col.-n: column with clear height n,o) equal to or shorter than tl:e dttpth

of column (0).

b. extr.ely short colllEJ: column with ho .~l to or shorter than twice O.

c. _II. reinforced concrete wall with or without surrounding frUling ~rs.

2) !a-indsx of buildinqs without the extr_lly short column.

Eo·index of buildinqs without the extremely short columns mAy be calcul.ted frca

Sq. 2.

(2)

n • total nWlber "f storbs of the builc'.ing

• nuaber of stories of the floor under inspection counted frca the first .tory
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Cw • c-index of wall. calculated by Eq. Ii

Cc • C-1Jl4ex of eolian, calculated by Eq. 7

ell • (S_ of ".he l ..ter..l ahear force. be..red by collal\ll in the dillpl..c_nt at the

ultUiate etrU\9th <\f v ..ll.l/ (Sua of the ultiaate strenqth of the colUlllP+ _Y

be taken a. equal to 0.7, except in c.... of C
v

• 0 ""ere '" ~ ..lily boa taJren "s

equal to 1. O.

r•• i:"-index of wall., _y be taken as equal to 1.0.

3) !a-index of build1nqa with extremely ahort ool~

EO-index of buildinqs wlth extr_ly ahort oolUlllls shall be equal to the 1I1lrger of

two followinq v.lue. of EO' EO calculated froll! Eq. 2 neglecting the .xtre_Iy sbort col~s

and EO calculated by Eq. 3.

lIovever. in ca•• that the extr_ly abort col\81\s are the aecon~ry seill1llic el_nta

defined below, Eo-index .hall be computed by Eq. 3. The structural el nts wholle vertical

loads c.IIn not be sustained by surroundinq structural el...nta .uch aa be vaUs, and

columns, after havinq reached to their maximua capacity under lateral •• ismic loads. are

defJ.ned as the seconda.t"y seil8lllic el_nts.

EO - !!!l (e + el . C + a • C ) x r
n+i sc 2 w 3 c sc

(3)

where,

Csc
C

w
C

c
a2

a
3

r
sc

3.3 '!'be

1)

• C-index of extreaely ahort COlUMnS, calculated by Eq. B.

• C-index of walls. calculated by Eq. 6

• C-index of col.-..s not including extr_Iy short colUllU\s, cal<'ulated by Eq. 7.

• (SUIll of the lateral shear force. beared by walls il1 the diaplace-nt at the

ultiaate strength of extr_Iy short columns)/(Sum of the ult1llate strength of

the walls) I lII&y be taken aa 0.7.

• (Sua of the lateral .t.ear forces beared by the ordinary COl1DU1S in the diaplace

..nt at the ultizate strength of the extremely .bort COIUBn.l/(Su. of the ultimate

atrenqth of the ordinary col~)1 ..y be taken as 0.5.

• r-;4ndex of extrUlely slx'rt COlUBnSI ....y be taken aa 0.8.

Second Evaluation Method

General

Vertical structural ~rs, that 101, col~s and walill. are clas.ified into the five

following catecJorie.: a) flexural col-., b) flexural _11s, c) ..~aar colanns, d) shear

walls, and e) extremely brittle colu.n••

The.. cla••1ficat1ons are -.Ie by cOlllparinq the lo~ carrying capac:it:' of ~.ch -.bar

for flexure with thet for .hear. Shear ool~s ....y be claaaif1ed a••xtr_,.ly brittle

col~a, provided that its cl.ar height 18 1... than twice its d.pth.

Th. ult1Jllata suenqth of _ch ~r auJ)jected to fl.xure and shear -V be datenlined

in accordance with Eqs. (91 to (l4l in S.ction 4.2.

The r-lndex of flexval <:01_ and Hexural wall. _y be deterained by Bels. (20)to

(23). '!'be r-index of tM other ~r. is fixed to the fo11owinq valu.s.
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" • 1.0 for .bear col_ and .~r _u.
I' • 0.8 tor e.tr...ly brittla oolu.na

Having detenuned the "-value. of all eolian. and _118, they are gro~ into thr..

or 1..., and then ('-index of i group uy be obtained a. follow., Ci • (Sia of the ultiut•

• trength ot the ....-ber.. belon;inq to i-qroup)/l:W (. total _1ght ot the portion above the

floor ~r in.pection). EO-index will thus be abe-ined in accordance with the following

article. 2) and ).

2) !o-in4ex of bUilding. without extr...ly brittle c~l~a

EO·inde. ot buildiny3 without extr...ly brittle coluana ..y be deterained a. the larqer

ot two value. COIIp1ted by Eq. 4 and by Eq. S. However, in the c..e thet the .hear ool\llllll.

are cla••ified a. the .econdary .ebaic el_nu, EO-value .hould be deterained by Eq. 5.

(4l

where,

C
l

• C-index of the ..-bera cla••ified into the l.t group, wh~ch have relatively low

value of "-index

c
2

• C-inclex of the .-bel'S classified into the 2nd group, which have .adi\llll value of

F-index

C] • C-index of the ..-bars classified into the 3rd group, which heve relatively high

value of F-index.

"1 • F-index of 1st group, taken a. the le.st value of "-indexe. of the members

cl...ified into the l.t group

"2 • F-index of the 2nd qrvup, taken •• the le••t v.lue of the F-index.s of the -..bel'S

cla••ified into the 2nd group

"3 • P-indn of the 3rd group, taken a. the least value of the "-inde••s ot the ~ra

cla••ified into the 3rd group.

(5)

vbere,

a
2

• ('nle sua of the lataral .he.r torce. beared ty the 2nd group ~re, corre.pond

ing to the d1eplac_nt at the ultUiate strenqth I)f the I.e group ~rs)/(The

._ of the ultwate strenqUl of the 2nd group ~r.), _y t. taken •• the

value. shawn in Table 1.

Q) • (1'htt sua of the l.teral .hear force. beared by the 3rd group ~rs, COl '.spone!

1nq to the d18pla_nt at the ultiaate etrength of the ht group .-ben II (The

eua of the ultiute strength of the ]rd group -':lers// _y be taken ae the

valu.. ehown in Table 1.

1) !a-inde. of the buildinge with extre.Ely brittle oolu.ne

Eo··inde. of the building. with A7.u_ly brittle colU8lll8 .hould be the highe.t of the

t"llovinq thr_ values I

a) The value c~ted by Eq. 4, neglectinq the e.tremely brittle coltane,

b) The value CClIIPuted by Eq. 5, neglectin9 the extr_Iy short ClOI_, and
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c) 'l'tMI vallMl c:c.put.ed by Eq. 5 conaider1nq the extr_ly ahort col~ M the Uret

group.

aow._r, when the ext.r_ly abort ool~t: are tha aeoondary ..i..nc el_t,a, Eo-vallM1a

ehould be COIIIP\It.cs beNd on the condition cl.

3.4 The Third Evaluation Method

1) ~

The leteral load carryinq c~city and failure .cde of vertical etructurel -.abere ..y

be detexwainltd frca conadieration of the flexure or ehear failure of be_ and overturninq

capacity of _lla. 'l'tMI vertical etructural .-bers are than cal..itied into the following

eiqht categoriee. a) flexural colu.ne, bl flexural valle, cl ehear col~. d) ahear valle.

e) extr...ly brittle col~•• f) be.. yield type oolu.na (columne whoee lateral load

carryinq capacity depend. on ~he flexural yield of be...). ql be... ehear failure type

co1'.~e (col~ of vhich lateral load carryin9 capacity depend. on the ehear failure of

be_). and h) overturning type valh (valle of which lateral load carryinq c..pacity

dependa on their overturninq capacity).

r-index for the -.ben c~aaaified into a) and bl _y be determined by the equationa

ahown 1n Section 5 and for othen the F-index ..y be fixed to the followinq valuea.

F • 1. 0 f'.-r ehear ool.-1a and valla

r • 0.8 for extre..ly ahert columna

r • 3.0 for be_ yield type coluana

r • 1.5 for beaD ehear failure type col~a

r • 2.0 for overturninq type valle

2) GroUfin9 of vertical atructural -..bere and deterndnation ofE~

The qrouping of vertical atructural ..-bere in accordance with their F-index and the

detenlination of EO-index _y be perforM<! a. 1n the 2nd evaluation _thad.

4. CAlA:UIATION r;" STREHG'l'H INDEX, C, AND DETERMINATION OF rAILVU MODE

4.1 riret Evaluation Method

The C-index for the ht evaluation _thad at a floor My be detenl1.ned by the follow

inq ~1&t1ona ua1ng the eroaa ••etional area. of C01UBln. and welt. at the floor and the

a••1aed ultiJllate .trenqth in te~ of _an .hear atre•••

I
Cw • ;:r;:; (Tvl • AVI + TV2 • AV2 + TV3 • ""3)

'( A
C • .....£x~

e v f

'( "c: .-!£x.ec
.e v .A

f
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etrength. with eurrounding col_ at both

end.. It _y be a ••~ .. equal to 30 k9/c:a
o1

TW2 • !lean ehear .tr••• of waU. at their etrength, with col~. at one end. It_y

be a..~ .. equal to 20 k9/c:a
2

T
v3

• !lean ehear etre•• of wall. at their strength, without columns. It My be

'1e.uaed ae equal to 10 kg/ca
2

where,

Cw • c-index of _Ue

Cc • C-index of col_

e • C-index of extr_ly .hort col~..c
'T

wl • Mean .hear etre.. of wall. at their

Tc • .....n ehear .tre•• of col_. at their .trength. It may be •••....s ae ~l to

10 k9/ca
2

• except in the ca.e of 7 kg/cm
2

for colUllln. whose holD are BqWIl to or

exce~ 6.0.

T
se

• Mean shear etreee ofaxtr_ly short columns at their .trength. It. uy be

a.euaed as equal to 15 kg/cm
2

"'11 • SIIII of the horizontal sectional area of walle, vit:h eurroundin" col.-na at both

end., which are;effective in the direction under inspection at the floor (c:a
2

)

"w2 • SIIII of the horizontal .ectional area "f walls with .urrounding column at one

end, which are effective in the direction under inspection at tha floor (CIIl
2

)

AW3 .. s .... of the horizontal sectional area cf walls without eurrounding columns, which

are effective in the direction under in~pection at the floor (om
2

)

w

s_ of t:he horizontal sectional area of col~s at the floor in which the

_ctional area of col.-ns included in "WI and A
w2

shall /lOt be considered (cm2 )

.. The ellll of horizontal sectional uea of extr_Iy ehort col..-.e at the floor (cm2 )

Total floor area lIbove the floor under inspection (CSl
2

)

(Total weiqht (including d_d and live load) above the floor under inepection)l

tAf

4.2 Second Evaluation Method

1) The .trenqti! index, C for the second evaillation _thad is obtained !roe the

ultiute .trength of the vertical etructural ~re Wleed on the ...UJIt)t1on of the

infinitively .tiff horizontal diaphr...

'-) The flexural etrenqth of section of the ~re. uy be calculated 'l'roe the

follow!n; ~tions.

a) The flexural strenqth of .ection of rectanqular col_e, may be obtained

frca Sq. 9
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Mu • {D.8 e •.

Por 0.4 bOP >H>O
C!"'"

o . 0 + O.12b • 0 2
Y

} !IIIIax - H
Fc (~O 4bOF l. c

Por O~N~a.;.n,

o '0 + O.SH • 0 (1 __N )}
Y bDP~

(91

where.

MDax, • Ultimate atrength of columna under axial compres.ion • b·O'P
c

+ aq·o
y

(kg)

_in.• Ultimate atrenqth of colUIIIJUI under axi.l t.ension • -a
q

.C1
y

(kg)

N • Axial load of colwan (kg)

• Azea of tension reinforc..ent of column (cm
2

)

• Groll ar.a of longitudinal reinforc...nt of colUBn (~21

• Width of collJlllrl (CWI)

• Depth of cf,1U11lrl (cm)

• Yield atrength of reinforc...nt (k~/ca21

• Cc.prea.ive atrength of concrete Ikg/cm
2

)

bl The ultiJaate flexural atrength of aection of a colUBn with winq walll at both

aidea _y be obtained frc. Eq. 10

0y • 0 + D.5N'U {1 + 26 - a b~D'F
e· c

(10)

For N>{0.5 a
e

(0.9 + S) - llpt} b'O'P
c

' "u ..y be calculated alao by Eq. ~J auppoaing

where,

Q•• A/l"'b

A • total aecti~nal ar.a

lw • total borj &Ontal l_9th __ured out-to-out of wing wall

& • (IAnqth of CCIIFreeaion mne)!D

'l'he ether natationa are the _ a. in Sq. 9.

c) Ult1aate flexural atranqth of wall. with lurrowding col.-ol at both endl

.., be calculated bY' B~, 11
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wtHIre.

31

• Ar.. of lonqitudina1 reinforc..-nt ot ten.ion .ide column

• Yield atrenqth of lonqitudinal r~inforc...nt of tenaion .ide of ool~ Cca
2

)

- A1'ea of vertical reinforc...nt of "all (ca21

- Yield atrenqth of vertical r~1nforc...nt of "all Ckg/ca
2

)

- "'idth of cClll'r•••ion .ide col\lllll (CIDJ

- Lenqth of vall .....ured center to center of ool~.

The uJ.tJ.-ate .hear .trenqth of .ection at -':Jan My be deter-ined by the

following equation.

a) Utlt.ate .hear atrenqth of section of rectanqular column. Bay be ~bteined

by Sq. 12.

where.

o 053 0.23(l80+F I
{ • Pt c + 2.1 r-p • ° + 0.10 }Q.u· M/Q'd + 0.12 {ow' aOvy a xbxj C121

P
t

• Teneile reinforc..-nt rario Ct)

Pw - Shear reinforc...nt ratio. When Pw exceed. 0.012. Pw .hould be taken ••

ecr....1 to 0.012 .

• (Jvy • Yield atrenqth of .hear reinforc_nt Ckq/CIII2)

(J - Axial .ere.. of ool..-n l"-q/cm2
). When 0 ~...~ed 80 kq/ca

2
• ° ahould be

000
taken .. equal to 80 kq/(3I2

d • Effective depth of ool~, - (1)-51 ca

M/Q • May b;I taken a. equal to ho/2. where. h
o

18 clear height of ool.-n.

b) The ultiaat' .hMr .trenqth of .ection of a ool~ with win9 veU. -v be

calculated by Sq. ::'3.

1 tCl -D)".u· 0.8 ~ ChWI tA + 0.5 {p" . 0vy + p•• (Jay -to} b·[)+O.lN (13)
o

wtlera.

Pw • Shear reinforc_t ratio of =1..-.

0wy - Yield .t.renqth of an..r reinforc...nt of col-.n (ltq/ca2J

p. - Lateral reinfor_nt ratio of "iaq _11. - a"lt·.

lfbere a" • Sectional ar_ of a pair of lateral rainfor~nt ot winq ",all (312)
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S • Spacing of lateral reinforc...nt. lcal

t • o.pth of .,ing _11

o • Yield .trenqt~ ot lateral re1n~orc...nt of ~inq .,all (kQ/cm
2

)Iy
II • Axial torce ot col..... (kql

ho • Clear depth of col~ ;c.l

(14)u ..... v J
(J

,"I The ultiJute lhear Itrllnqth of .eetion _1.1.• with lurroundinq colu.n. at L~~;I

end. _y Po' '''' .. ~=,-d by :Jq. 14.

0.2 'l'. 053P t (!';;)+I".;

Q.u· { M/(Q41) + O.~- ; ~.7

"here,

boo • Equivalent 4~:?t" c ~ wall, • A/I (C1II)

" • S... of ~.,ctional are. ot "all and col~ CClll
2

)

1 • !nd-to-end 4iatanc:e between col--..

Pte • 100 x at/(be'll (')

at • TOtal .ectional area. of axial reinforcement of ten.ion lide column (cm21

j

• EquivIlent lateral reinforc..-~t rGl~(J ot "al~, • ~/(be'Sl

Where. s., - oectional are.e of lateral reinforc...nt of .,all (~2:

5 • Spac1n~ of lateral reintorc...nt. «,.1

• Yiel~ .trenqth o~ abOve reinforcement (kq/CIIl
2

1

• LN/(be'll (kq/CIIl21

Where EM repre.ent. the total axial force .ulteinad by wall and ool~1

• Mey be taken •• Iv or 0.8 x I

In the ca.e of walla with opaninq, the u1t~t, iltrenqth of nction _y be o~tained by

au1tip1yill9 tiw followinq reduction facUlra, to the atrenqth .;>bta1nc by Bq. 14.

T • I - (Equivalent o~n1nq perlpheral ratio I (LS)

.,here,

(!qUi-valent opening peripheral ratio I • IArea of opening
h x 1.,

.) Dc!:tel1l1nation of the faUure _chani_ and lateral nrenqt r ot .ach ~r.

al In tho ca•• of col~., lateral .trenqth can be taken a. the ...ller one out

of the ....r force, cOxu at the flexur.l atrenlJth of _etion obtained by Eq. 16 and the

ulttaate .hear torce cO.u obuined by Eq•• 12 and 13.
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Oftt8r.ination of the failure mechani~ and the la~eral .trength of a col~ at

the _chani ... can be performed a8 foHo.....

When CQMU < cQ.u' the membPr is defined as f~e~ural column, and the lateral

.trength of the G'OlUIM, cQu "',... be taken as c~u'

~en c~u ~ cQsu' the member .s Iefined •• shear column, and the lateral strenqth

of the colwnn, cQu -y be tak...n as cQsu'

(161

K • U~t.i1tl&le flexu!'al stre'lqth of section at the top of the colUllVlc uu

cM~ Ultimate flexural .:trength of section at the bottOlll of the column

h • Clear height of coLlIM
0

hI I~ case of walls, the ~hear force at the ultimate flexural strength of sec

tion of Ii Jlelllber, wQMU may be obt<lined by Eq. 17. Ther the f"ilure mechaniS\ll and the

laterr.l load carrying capacit:/ at the mechanism llIa~' I.e c.'r,tenl!ined as follow.:

When w~u < wQsu • the member is defiend as flexural wall. and the lateral strenqth

at the mechanism, cQu may DP taken as WQMU'

When WQMU ::. wQsu • the lIIe11lbEoI' is defined as shear wall, and the lllteral .trengtlt

at the mechanism, wQu lllOIy be j-aken a. wQ.u'

(17)

wMu • Ultimate flex4ral strength of wall at the floor under consideration

hw • Total height of the wall measurp.d from the floor under consideration

e - 2 (When the top portion of vertically continuous wall iB under

consideration, e may be taken a. equal to 1.0.)

4.3 Th i,cd EI.'~ luation Method

I! ~.l

'l'he ; at.-ral load carrying capacity of each vertical structural elelllents _y be obtain-

ee:, based or. the following three failure _chanlslllS in addition to the _chani••

con.idered i-, the 2nd evaluatio~ -:ethod, al beam yield t:ype column., b) beu .hear type

columns a~ c) overturning type wallS.

2) Flp.xural ~~ .r.ear .trength of beam section.

'l'he flexural and shear .trength of be_ sectionoJ MY be COIIlputed by Eq. 10 &."\d Eq. 11,

respectively, sUbstituting N • O·or aD • 0 into thes. equation.. Here, t~e effect of the
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reinforc...nta in slabs, ..y be considered for the ca.putation of the flexural strength of

beau. For the cc.lllutation of the flexural atrength of beam aectiona the following simple

eqlWlt::'on 1a alao applicable,

M - 0.9 . a . a 'd
u t Y

at - Area of tensile r ..i·,,·orc_nt

0y • Yield strength of tensi.le reinfore_nt

d - Effective depth of a be~ croaa-aection

(18)

31 Determinat~:~ of the l~teral load carrying capacity of vertical ~rs and the

failure IIlCde of ctle W1Ilbers.

a) CoIUllltl.

CclUlllna ara classified into the following four typeSI flexural failure oolu=t,

shear failure coll.lllln, bellr:t yield type colUlllll and be_ s'tear type oolUlllll. Baaed on the

ult1lDate .trength of colu::ans and beadlll, the IIIAX:illlUIIl end IIlOIIIent. of 411 -..wer. at all

nodal points are deumin.ed. COlIlparing the sum of the end moments of beUl8 with that

of COL_a at each nodal point. the ultimate ~nt diatribut.ion of coll.lllln. i.

determined by th~ nodal limit analysis. considering the above moment distribution,

the ultimate stre.'\gth of the colUllU\, eQu' may be computed by Eq. 19.

cQu - (Sum of ult:illlate moment capacity at top and bo~tOlll ends at oolumn)/(Clear

heiqtlt of coll.11111l) (19)

b) "aIls

Walls are ideaUzfod by cutting off. from the other frUling ~rs at the IIlid-.pan

of connecting beula. The lateral load carrying capacity of the ieSealized walls uy be

taken as the leaat of the three following lateral loads determined under inverse

triangUlar distribution of lateral loads I rellultant lateral loads acting above the

floor under inspection (at which the wall. reach their flexural yield .trength), shear

strength or overturnlng capacity. The failure mode of wall. corresJV'''''. to the _eh

ani.. on which the detenl1nation of their lateral load carrying capaC1.ty is based.

5. DITEJUlIHATION OF SUB-INDEX or DUCTILITY F

5.1 General

'l'he sub-index of ductility of ~rs except nex\Ual ooll:Bns and flexural walls 18

fixed to the conatant values shown in Article 1) of 3.4. !'-index of flexural oolUIIIDs and

flexural valls may be determined as follows.

5.2 Detenlination of F-index of Flexural ColUllltls and Flexural Walls.

a) !'-index of flexural 001_ may be obtained by equation 20, based on the

ductility factor of the col~s determined by Eq. 22 in 5.3.
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~-l
F· 0.7571 + 0.5 lJ) (20)

bJ F-index of * ,xural walla ia obtained by Eq. 21 using their shear strength,

Qau and flexural atreng ,Qu'

when wQau/wQu < 1.3 • F • 1.0
(21)

vh..n wQaiwQu ., 1.4 u F - 2.0

wQsu
when 1.3 < wQs/wQu < 1.4 • f" • -!:t.0 + 10 x

wQu

5.3 Det..rmination of Ductility Factor ~ of Flexural Columns.

Ductility factor U of flexural collJOl\J\s _y be computed by Eq. 22. However. F srould

be 1.0 provided that anyone of the conditins described in Eq. 23 are corresponded.

(221

• cQu/b· j

• Width of column

• Compressive atrength of concrete

(23)

here 1 < IJ < 5

Kl • 2.0 (kl may be zero provided that shear rein!orcement spacing is l ..ss than

eight times the diameter of longitudinal reinforcement.)

1
k • 30 (~ - 0.1) ., 0

2 Fe

cQsu • Shear strength of column

cQu • Lateral strer.gth of col~

T
c u
b

• Distance between compressive resultant forces and tensile resultant fcrces.

F
c

Conditions in which F' sbo'lld "EO 1. 0,

NslbDFC ., 0.4, (N
s

corresponds to axial forces of columns at their failure mechanism)

ct,fFc ., 0.2

Pt > 1\. where Pt 1S tensile r~intorcement ratio.

holD ~ 2.0, where ho is clear height of columns.

VIII-34



6. SEISMIC SUB-JHDI!:X (J' S'!'IWC'I'URAL PIlOI'ILE, SD

6.1 GeDllral

Thi. index N~. eflective o,-ly in ~ination u.aqe with Eo-index tor eva.luatin'1

the effect of tne atructural proUl. and the diatril.>ution ot _aa or eUttn••• fer the

..iaic aafety ot buildinq.. ThoU'lL ,)n1y one 'alue of SD-index _y he detforained for a

building in the 1st scre_inq, So-index ehou,c be deterained for each floor and each

direction in 2nd acreeninq.

6.2 JudcJ-nt It..a

a) For the ht !Icreeni.ng the following it... may be exlllll1ned.

It..a concerning plan profilel i) irregularlity of plan, ii) length-width roctio

in plan, iii) clearance of expansion joints, iv) presence of open hall and v) other

.pecial protiles in plan.

It..e concerning elevecion profilel vi) preaence of underground atories. Vil; uni

foraity of story heiqht,viiJ) pres.nce of piles, and ix) other special protiles in

section.

b) In the liecoRd ecreening the following it__y be exalllined in addition to

the i~... considered in the let screening.

~.) Eccentricity of t/l.e center of gravity and the center of ri9i~lty in plan.

ii) Weight-etiftne.s ratio at a lItOry to that at the atory di·ectly above.

6.3 Det.~ination of So-index

The influence factor, Ci which reprellente the degre. of influence of each jL~qment item

..y be computed using the grading factor, Gi , which variea 1.0 to 0.8 in accordance with

the situations of each it.. and the adjuatinq tactor tor the range ot the intluence of each

item, Rr Then, the So-iMex is obtained by the mutual 1IU1tiplication of Ci as shown in

Eq. 24.

(24)

7. SEISMIC SUB-INDEX Of' TIME DEPmmED DETDIORATION

7.1 General

This index aims to evaluate the eff@ct of the structural defect., such as cracka,

exc@saive deflectiona,auPerannuations, anrl eo on for the aeiaaic safety of the buildinga.

Only single value for a building is det.~ned in both the ht and 2nd evaluation _thoda,

reapectively.

7.2 Firat EValuation Method

T-index for the let evaluation _thad may be taken a. the ain~ value of reduction

factors deterwdned by checking the prepared questionnaire in accordance with the de9ree

of the atrvctural detecta a. crack3, deflectiona••~rannuatione. and eo on ob••rved in

atructural -t>era.
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7.3 Second E"aluation Method

'l'-index for the 2nd e·,"1uation _thod My be calculated by Eq. 25, where Pal and Pu 1n

Eq. 25 are the .,. of the d_rit point. concerninq about .tructural crack, and cSeflection.

and deterioration and auperannuationa, re'p&ctively. Thea. cS...rit pointa are obtained by

.~hecking the prepared que.tic_ire at each atory and T-factor 18 taken B. the averaqe of

T.l det.erll1ned at i-.tory.

• •• T )IN
n

(25)

where,

T
1

• T-index of i-story

N - NwIlber of atorie, _ined

P
ai

~ The swa of the d_rit point. at i-story concerning about atructurBl cracka

and daflectiona.

P
ti

• The sum of the cSemerit point. at i-atory concernin9 about deterioration and

auperannuation.

In the third evaluation _thod. th.~ slIJI'e value of T-incSex all the value determined in

the aecord evaluation _thod may be uaed.

B. Si:ISMIC INDEX or NOH-STRtJC'l'tJJlAL ELEMENTS. IN

8.1 General

Th1a index a1.llla to evaluate the dangeroulne.. in earthqualtea caused by the collapa.

or the fall of oon-.trllctural el_nta auch al the finiah of exter!.or walla. For thia

index, acreening ..thoda fr<*l let to 3rcS are alao applied. IN-index ia determined for

e and c are 9iven in table.. Sub-index

qH and 9y ' re.pactlvely. The other

(261

H

tI,

every wall lurface in every atory.

B.2 Outline of Detanaination of IN-index

The conatitution of the aub--indexea uud for determination of IN-index ia shown on

the following page.

The value. of aub-indexaa, 9., 9., 9a, 9y '

f and t are 9iven .a _uix of 9. and 9. and of

aub-incSaxaa are calculated by 91.".n equation••

'l'hUl the I.-index _y be COIIPUted by Eq. 26.

"
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Sub-irdu of atn.lctural
type (8)

{

~~:x~~~~t;f (f)

Sub-index of the

(

Grade of flui bill ty
of structures (Bs )

Grade of flexibility
of non-structursl
elellent!; (gPi)

actual condition (t)

Seis.it indu

of non-structural

elellents. IN

l
{

Grade of the trouble -yatory of
n~n-structur~l eln.ents (gH)

Grade of years passed (gy)

S~b-index of wall
surface area (~)

(Length of wall; Li, height of vall; hi
standard story height; hs)

Sub-index of deree
of :l.nfluence (H

{

Sub-index of environments (e)

Sub-index of the arrest of falls (c)

g. SEVERAL Fl!:ATURES OF cte:'!EJUotI

9.1 Adoption of Sei.a1c Index of Non-structural Elements

The _iGll1c safet.y of bll1ldinqs Sho'lld be exaained not only frOlll a ,·iewpoint of the

safety of structural elements from collapse, but also from the vi~~lnt of. the safety

of non-structural elements such as finishing materiale of ext.er~or walls directly facin9

to .treet. frca their fall. Because the reinforced con,rete bullcl.inqs in Japan have

relaUftly larga lateral stranqt.ha, the stractures th_elve. Bflldoal fall lnstantaneou.ly

.".n under the strong eart.hqua!te lOtions. Act._lly, the experience of ; -art earthquake

.s-qe. indicate. that _.t buildings survived. trom c.ta.trophic de.truction.. Even in

the c.... ot bll1ld1ngs which _re unfortunately destroyed and fell, the re.idents of the

buUdinq. M.d enouqht tt.e to e!'capa trom the buildinqs.

Therefore, it~s iJIportant to protect people from injury due to the fall of the

non-structural el..-nte such a. fini.hing ..teriels of exterior valla.

Tbouqh t.hAre is ~ .ufficient. a:~i8ental and -.pirical inforaation concerning the

perfonance of non-structural el_ta Wldar earthquake load., the safaty evaluation of

non-.tructural al_nte by I.-1D4ax 18 att8lllPted. in thi. criterion tolltinq into account the

relative flexibiUty ot .tructure itself and non-.tructual el~ta.
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9.2 Adoption of Scr..ninq Method

Th. structural ..fety evaluation considered in thia criterion conaiatll of a S,'lq1Mlnce of

ateps froe 1st to 3rcS evaluation. TlU.a procedure ia repeated in succesaive cycles, the

a ••u.ptiona and detaill of the calc~lations being refined in each .ucc•••ive cycle vben nec

eaaary for a reliable est~te of structural performance, The repetitive procedure ia called

·Screening,· and is beli'Vftd to be the f..test and the moat practical method for reaaonably

evaluatinq the structural adequacy of a large number of building••ubjected to atrong earth

quake 8OtloR».

9.3 Evaluation and Jud~nt of Seis.ic Safety

The evaluation of the aei_ic safety in a broad sense is taken IIIOre pr.:-:iselY in the

following .enael:

1) Evaluatlon of sei_ic .afety; to expre.. the seismic .afety of .tructures with con

tinuous quantity such as sei_ic index propc,.ed in thia criterion.

2) JudglMnt of seis.ic ..afety; to juclge the adequacy of buildinqs for ••i ....ic safety

taking into account varioue c.onditions such as th.ir uae, their importance and their age,

baaed on the .ei_ic index obtained by tt; pvaluation seismic safety.

This criterion aiJu to evaluate the aei'''IIIlC safety aa defined above and the jud~nt

is left to the engineers who US6 this criter.on.

The reaulU by this criterion applied on dalllaged ana un-dalllllged buildings in the

Tokachioki earthquake of 1968 are ._rized in the appendix of this criterion. These

reault. will be helpful in perfo~ing the jucl~nt of the seismic safety.

9.4 Adoption of Seismic Sub-indexea, So' T and G to Seismic Index, IS

Seismic aub-indexes, So and T which represent the quality of struct'xral design and time

depended deterioration, respectively, are take~ into account in this c~iterion as the sub

indexes of synthesis index representing seismic ..fety, IS' in addition to the seismic sub

index of basic structural performance Eo Which is related to the lateral load carrying ca

pacity and the deformation capacity of structures. In thi£ criterion, the quantitative eval

uation of such sub-indexe.. are attempted using a check list ayst_. Mar_ver, the sellimic

sub-index representir.q the intensity of input ground IIIOHona to the base of a building, which

depends on the sei_icity of ita location and on the relationship between its dynaaic char

acteristic. and the type of soil, is defined a. G in this criterion. The standard value of

tilt. sub-index is taken as equal t:J 1.0 and decreaaine; value with increase of the earth

quake danger in the location is ass-.s. !Iowe"er, G-index i. fixed to 1.0 in this criterion

becauN of the difficulty of the evaluation of the earthquake danqer at present.

9.5 Condderation of Seismic Sub-index of DUCtility, F to Seismic Sub-index of Badc

Structural Perfonwmce, Eo.

In the basic sub-index represent1nq o.JIe earthquake resiltant abUity of structure., Eo,

not only atr_qt.h but sleo defonwation capaci.ty are considered as follows.

1) Czit1cal conditions defined by the failure of brittle -..bars.

The lataral load carrying capacity of a build1nq depends on the failure of brittle

structural ~a, pEOvided thattho building cons1sts of structural ~rs with various

def~tion capacity, and, therefore, is not always the sua of the ultt-Ate lateral etrenqth

of every structural...tler. In qen.nal, critical displa~t.3 at the ultt-Ate strength
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of brittlu .tructural member. are ...11 becauae of their high stiffn•••• and th.n the

ductile m.mber. which have relatively low stiffness might not reach th.ir ultimate strength

at the critical displacements.

Moreover. the brittle members .how significant reduction of load carrying capacity

after they reach their ult~te 8trength.

Therefore. the failure of brittle structural members ~comes one of critical conditions

for evaluating the sei.mic p.rformance of buildinqs. In this criterion. such critical

condit1olU1 are expressed in Eqs. 2. J and 5. In these equations, Cl means one of the

reduction factors of the stren9th for ductile members considerin" the cOlllp&tibllity of the

diaplac...nt at the failure of brittle ~rs. The value of a which is taken as 0.5 to

0.7 in these equations is determined empirically, based on many test results on the yield

displace_nt8.

On the other hand. the failure of brittle members causes often the local collapse

of buildings ~cau.. they become ineffective in sustaining vert1cal loads. Therefore, in

this criter~on. the failure of brittle memebr8 is considered to be one of the critical

conditions on the safety of buildings even if the lateral load ~arrying capacity of the

buildings •• a whole is not affected by it. Such a critical condition is considered in

Eq. 3 or 5.

2) Criticel condition of buil~irgs consisted 0f the structural members which have

various deformation capacity.

It is not always easy to evaluate the seismic safety of the buildings (onsist~ of

the structural member. which have various deformation capacities. In the case c~ n 'uilding

con.i.ted of structural ~rs which have nearly the SlIIIle deformation capacities, i' is

po.sible to evaluate its ear~quake resi.tance. based on the assumption of the equal energy

concept proposed by Blume, et al., which implies that the potential en~r9Y stored by the

ela.tic sy.tem at maximum deflection is the 8l111le as that stored by the elasto-plastic

.yste. at aaxiawD deflection. In the case of a huilding consisted of. for example, some

brittle shear wal18 .nd ~uctile column., its seismic resistance abilitiy changes with change

of the ratio of the lold carrying capacity of vaUs to that of colUllllls or change of

deformation capacity ~. framing -embers. For e-'aluating the lIeisJllic safety of Buch type

of .tructure8. Eq. 4 is propo-.d, based on many non-linear dynamic analylles of combined

.tructures of brittle shear valls and ductile frames respondinq to ground IDOtions recorded

durinq severe earthquakes.

3) Relation batween required ductility factor of non-linear system and .ei..ic

sub- index. 1'.

Non-linear dynamic analy.e. of structure. re.ponding to earthquake .ctionll have shown

that the required ductility !actor of the elaato-pla.tic systems vho.e yield shear factor

i8 Cy ..y be e.tiaated from the ela.tic spectral respon.e acceleration. CEo Blume. et al ••

for e..-ple. have 8hown that the required ductility factor of reinforced concrete structure.

i. given hy the following equation
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wher.,

Cy - Yield .hear factor of .l••to-plaatic .y.t...

Cs - Sp«:tral r.aponae acceler.tion of alaatic .y.t.-.
~ - Required ductility tactor ot ~la.to-pla.tic .y.t...

'!'hi. equation ia baaed on the equal ....rqy conc.pt a. _ntioned in Articl. 2l. coa

paring the a1:love equation with the r ••ulta obtained troll dynaaic AllAly••• on .ingl. d89ree

of treedota ay.t.e_ "ith el••ta-plntio and dtlCJradinq "tlffne•• load-denection relaUonahip,

it i ••vident that the aboYe equation _y be an uppe.< bo\1NS.

For 4ete~niD9 the .eiaa1c .ub-index. r. given in Sq. 20, the epproach aa

_tioned above he. been IIPPUed. ba.ed on the non-linear dyn.-1c analy reapondinq to the

qround laOtian. recorded durin9 aave1. earthquabo. carried out on the ain9le deqr.. of

'r~ o.oillator hev1ng degrading tri-linear load-d.flection r.lation.hip which • ..-ad to

be a typical load-d..f1l1Ction r.lation.hip of r"inforced concrete .tructure••

TbI reciprocal of the .eiamic .ub-index, lfF, in thia criterion h one of the upper

bound tor the ratio ot the yi.ld .hear tactor of dtl9racl.1n'l td-linear Iyat.. to the ela.tic

.pactral reapon.. acceleration.

4) Deter1lining the required ductility .. ,ctor ot .tructural .-ben ot IIUlti.tory

tr_. fre- the reapm.e ductiUty factor obtAined froll non-lin.ar dynaraic analy.e. ot one

••• ay.tAa.

1"I..e ductility d-m obtained fro. the llOII-l1near esyn-ic r ••ponee .maly... on one

.... ayet.- cannot be cl.t.ed to 'live an accurate •••••_nt of the ductility~ of eaoh

atructural ....r of the aultiatory fr_ reapondin9 to non-linearly .tronq earth-

quak... In th1l critarion, ~r, it ia .uppoHd that the ductility~ or ..ch

.truetural ..-ber 11 a ••~ to be tha ._ II the "e.pon.ae ductility ractol: obtained bli'

the non-U~~c &naly.e. of on..... ay.t...

Many uperta.lt&l .tudie. have been carried out recently on the ductility behavior

of the flexural yi.ld type .truetural ..-her.. ao.-ver, there are .till a lack of

infomation CClllcernift9 about the quantiltive ••tiaation of allowble ductility in accordance

with .truc:t:ural deteU. of the -.bar.. 'l'he equation 22 11 PZ'OPO.ed ;'Irovia1onally for

••U_tion of the all.owQle ductility of fl.xural 0>1._ with _ r ••trictiftll oonditi0A8

in wichductU. behavior can not be npected.

In till, c.... of _11., even the ellper~tal .tudi•• on the ductility behavior have

not bean ptlrforMd hrficiently. 'l'hIretore. the !'-index il directly 9i_" by JIq. 24

for walll tor ..fe-d4•••u..Uon in.ataad of the e.tiMtion of !'-index froa the a1101Mbl.

ductiUty flKcor aa in the cu. of 001_.

9.6 aae-nd&tion. for repair. to 1JIprove the eU'tllqlwke real.tent charactariatic. of

buUding.

WheII lnaufficilnt ..i-.1c IIf.ty of buildiftlll ca.a. into queltion a. a re.u1t ot the

IIFI'lication of thJa criterion, IIFI'roprlate r~1n My be required for 1JIproviJl9 the
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earthq\aJle re.i.tant cba1"ae:tu'i.tic. of the 1N1ldil'l9.. The ree:x-ndaUon. tor repair.

are &1_ pzovide4 for thia purp_. '!'he.. r~tiona deal with the procedure. of

r~. 1n accor4anc:e with aUcl?th requ1r_t. or ductility requ1r_nt. ot the .truc:

tllr&1 _~.. The _tJIOd of aveluatinq the .eiaalc ••fety for the repaired building.,

~ ettention for the practice of repair., and aa.a de.ign detail. for repair. are a1ao

provided 1n tha.e r_detiona.

Table 1. Value or ll 2 and a, in Eq. 5

~~ 1st h:treaely Shear co1U1111'rcl P"Oup ~~ short col_ or IIhear wall

Plexura1 co1U1111 0.5 0.1

'lezural _11 0.1 1.0

Shear collllUl or
shear _11 0.1
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TRAIlsrERJUlIG THE 'I'IlICIIHOLDGY FOR WIND-RESISTAN'l'

BUILDIIIGS ro DEVEUlPING COUNTRlES

Noel J. Raufaate, Jr.

Natioll4l Bureau of Standard., Gaithersburg, MAryland

~BSTRACT

The National Bureau o~ ,;te.nclards project to develop improved design criteria for low

rise building. to bette-r resist high winds was recently COIIIpleted. It contained two

•••ential parts. The tirst included developinq technology teo reduce w! nd damage to build

ings through improved building practices. The seco~d part centered around making .ure

the•• 1JIpro'''ed building practice. actually reached the individuals who cx.nstruct and live

in buildinq>1. Th~ l.atter has traditionally received minimUlft attention. This paper presents

a method for getting the results of the NBS wind research to the building community Which

includes building owners and users Who need it most. A 3-level approach to this method is

descr1bed. The method used can be a model for other research projects aimed at technical,

._i-technical, or even _i-literate audiences.

ICEYWORDS. Building., desiqn criteria, developing countries, technoloqy transfer, .,l1nd

loads
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INTP:ODOCTION

Thi- paper discu..es efforts in tr&n8ferring the technical results on the effect of

wind on low-riae bulldh",s in developing count. -ie. to the local ~uildinq COIIBunity and to

~rs and low-technology cr_Iftalan who often b'll ld their dwellinls from lo-=al _terials.

The h~er and craftsmen group generally do not understand the highly technical results

produced bv this project/ but they want a _thod to ke"r their~ fr lIIl :::ollar-Bing in a

stom. one COIIpOMnt of thb project attempted to do just that -- to transfer project

inforration to the general public. Actual use of ".his technology by the general public

will d.-onatrate the real payoff of the re.earch.

The Center for Building Technology, of the U.S. National Bureau of Standards (NBS).

recently completed this three anJ a half year study of the effect of wind on low-rise

buildings. The project sponsored by ~ Agency for International oevelopaaent was au.<! at

illpro·ting building practice. -- in hiqh wind-prone deVeloping nations worldwide. Two

previous papers discuss the technical aspects of this study -- "Hiqh Wind Study in the

Philippines," and "Wind Loads on Low-Rise Buildings," published in the NBS Special Publi

cations 470 and 477, both titled Wind and Seismic Effects. The paper~ were pre.ented at

the 7th and 9th joint _etings of the US/Japan Pl11lel on Natural Resources, respectively.

Most of the data collection activities (full-.cale and wind-tunnel ~rperiments) were

centered in the Philippines. This was the host countryl its envirollDlent pre-vided a

natural wind laboratory. There was a significant technical c:ont.ributicl'\ by the local

Philippine buildinq community. represented by the proJects local coordinating group known

as the Philippine Advisory Committee I (high level officials from the private and qovern

ment building organizations I in all phases of the study. ALSO, the other participating

countries (Jamaica, Banglade.h) con.tant1y asked about the relevance of our research to

local codes and standards, building materials, ar~ socio-economic aspect. of their coun

trie.. The project team recoqniZed that the research results be consistent with, sensitive

to, and relevant to imprO"lnq local building practices.

The projact developed illproved dosign criteria for wind load. on buildings/ provided

technical material to serve as the basi. for batter building practices/ produced a ..~~

to estimate extreme wind speed./ and documented es.ential informa .. ion in the area. of

design wind .peed. and pre.sure ooeffici-nts, economic foreca.tinq, .acio-economic and

architectur.l concern., and construction detai1inq practice.. The.e result. are d••crlbed

in the next section.

PROJECT RESULTS

Three le\".l. of. info~tion _re developed to reach three major audi.nce cl...... At

the fir.t level, highly technical L~forlll&tion is at.ed at technical group. re.ponsible for

producinq .~11ar cc.pl...ntary research and for impl...ntinq dis••ter mitiqation progr....
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Por ~is group a 5-Y01_ report. Buildinq to Res~st the Eff.ct of Wind1 , was produced

which d.tailed the r....rch progre.s and technical outputs.

Th••econd lev-l of infor.ation i. aimed at local build.r. and home owners who hand

craft houses on a liaited scale. Por th_. quidelines were :>roduced, 43 Rule. - How
2

lIouaes can Bett.r "sist High Wind The.. 43 rules wen deaiqned to lUlte the technical

r.s~ts ~r. WBd.r.tandabl. and us.abl. for those concerned with t.pl...nting only 9P~eral

building practice••

Th. third level of information ia au.d at the general public. The nedil8 ia a 2

color postar that illustrate. through sLmpl. and bold graphics, wind haaards. and pre.ents

four methods to reduce damage and injury -- and most ~rtant -- tells where to go for

IIIDre information. ... with th.. 43 Rule,. it was designed to be reprinted in local lanquaqes.

lAv.looOne Information: Hi.,i.hly Technical Audience

Technical results were published in five CCIII'IPll.r1ion vol~.. Conu.nt. of each vr.l~

are s~ized. ·E.timation of Extreme Wind speed. ~d Guide to the Detftrmination of Wind

Fore••• • rwviewa probabilistic technique. for the analysis of existinq data an~ the selec

tion of design wind .peed.. S~lified procedures for the calculation ~f wind pre.sure

acting on building .urfaces were devoloped. These procedure~ and a.sociated desiqn

criteria provide building profe•• ionalK with more reliable design loads. The data can

form the basis for wind load de.ign codes and standards in developing coun~rie••

·A Guide for Improved MaB~~Y and T~r Connections in Ruildinq.,· pre.ents recommen

dation. for good con8truction practices and details. especially for countries experiencing

axtreme wind. The report serves a. a reference for JDProving building practices.

"PorecaBting the Economic. of Housing Needs: A Methodologi. 'al Guide.· presents a

method for a nation'. planner., economistl. pablic ~fficiall. and other decision makers to

a••••• hou.inq need. for up to 20 years into the future.

Information on the cultural and socia-economic factors that affect building practices

was developed al. ·HOu.ing in Extreme Wind.: SOCia-Economic and Architectural Considera

tions." The report discusses how .trong, inexpensive. locally ~vailable buildinq materials

can be ,Integrated with qC'Od buildinq deaiqn. The report addresses the Philippines,

J_ica and Banqladesh.

An "Overvi_" vol... containing an executive s~ serves as an introduction and

background to the technical ..terial. It _s developed for the decision lUlter who ..y not

have the tiJDe to read the substant.ive tec&lical _terial of the other four YOl.... yet is

.ufficiently f.-ilier with the project to direct his staff to particular volumes of

interesL.

lThe Building Science Seri.s 100, Buildinq To Re.ist The Effect of Wind. Volu..s 1-5
aay be purchased fro- the Superintendent of Document•• U.S. Guve~n~ Printing Office.
Wash1nq1:OIl. DC 20402.

2Thi• report aay be ordered .s NBSIR 77-1197 under its title from the National Tech
nical Into~t1on Service. 5295 Port Royal ~. Springfield. VA 22161.
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Ale the technical r ••ulu wr. beincJ dev.loped elllPha.b v•• pl.ced on: 11 producing

data that could be dev.loped into perfo~. criteria (focue.e on uaer requir_nt••nd

the attribut•• nee••eary to ..ti.fy thea) and 2) producing reproducib..e .edele.

Level-'1'VO Inforaatie>n: S-t-Technic.l Audienc.

A second or lnte~iete level of ..teri.l w•• developed for loc.l hou.inq aqencie••

bllilder•• and bllil!~ng owner.. '!'hi. '".~t.ri.l. ",3 Rules - How Hollie. Can Better Resiet

High Wind. is a gulde pr~.enting way. to better de.ign new and exieting building.. The

infor.ation i. pre.ented in a manner for ':an.l.tion into a 10"al country' s lanq"..qe.

The audience can be con3id.red the middle level of the hollsing trade, such .s the

lo~al build.r. contractor. d.elqner, noueing authority. For them. especially ln developing

n.tione. code enfo~c...nt il not the problem, jUlt simple, safe practices are. This

report provide. .\lCJg••Uona to ialpro·.-. bllilding practice.. For eXUlPle, local haus ing

autt.oritiee and lending in.tltution. wlll learn f-cOlll 43 Rules that hou.es with lengthy

roof overhang. witl need epeei.l precaution. euch •• tie-'nwna and l.arn that buldings

with long roof overh&raqs .hould be deeiqned in a manner that perllliU vind to paSll through.

IU 110 , they will find that roof••hould be de.ignad wlth slope. approachi...,. ~O d"<Jr.e.

since thi. angle ainu-iz.s wind da.aqes.

Another intended target of this puDlicatioll 11 the leader (often un(~ff1,,1011) of local

political unite, called in the Philippine., "barrio." -- although such units occur on a

worldwide bad.. It thi. individual read. the !!-Rule. he i. in II qood pol"ition to

encourage hll jurl.dictle>n to adopt .ppropria~e re~ndations to i~rove buildinq

practic•• for n.. buildings and the u.. of c~rtllin r.trofit practices for u.e on existing

building.. TO re.ch this r.ther .peeial audi.nc@, 43 nules could be printed in local

lanqua9... Lik_i.e, 43 Rule. can bet uaad by squatter and nonsquatter ••ttlements and

.l.~ can be uaad to improve public buildinq. (.uch as sc~l. and community cen7.ers: ~rd

multi-family dwelling••

~ 1976 .vard-.inni.n9 16 _. 18 minute color IIIOvie 3
, aleo .a. produced by NB£ to

.ducat. the audience that information 11 available to reduce wind daNges to b" _Jdtnq. and

into~ the audience about how the inforaa~ion vas d.\el~ioe~-

~vel-Thr_ Inforaation: Lay Audienc.

II. po.t.r" va. produced that qraphic:ally depicts ~9•• due to vind. It 11 based e>n

intoraatil)n 'earned durinq thb thr_ and • hal! year r ••earch project. The id.a to

~.v.lop thi. po.ter va. baeed on inforaation learned fro- frequent d1.cu••ion. vith member.

of the v.riou. participatinq countries and on feedback trom two reqiona1 canferene•• vherfl

draft proj.ct re.ults wer. c~ic.ted and diecu.1ed O'an1)_&, Philippin•• and Kingston,

Jaaa1cal.

lA~ailabl. on free loan frca A• .cciation Sterling Filma, 600 Grand Avenue, Ridqefield.
NJ O;o6~"i or ..y be purch...... tr.. the ~tional A~:.,-V1.1lI1 C.nter. Gener.l 3.rv1ce.
Adaini.tr.tion, W.ehinqton, DC 20409.

"'COpie. ot tIw poster are av.ilable fr_ the .uthor at tIw National Bur••u of Standard.,
Cent.r for Building Technology, •••hinqtQn. DC 2023",.
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The conference .udienc•• were ~.ed of r.pr•••ntativ•• of the building eam.unity

(.rchitecta, engineerl' requl..wry, code, and .tandard. offici.h I acad_ia, lIlU1ufacl;urer.,

builder. and contr.ctor., government agenci•• , and building ue.r.). They believed if

r ....rch (any r ••earch) ia to have ••iqnificant impact on t~e entire country. each citi~.n

.uat be ~e to ~efit dire~tly from it and be able to implement the relearch relultl.

The po.ter va. de.ign.J a. an educational tool to illu.trate critical principle. of

t.proved buildinq pr.ctic.~ and -o.t importantly to identify a local contact for additional

inforaation. It il prin~ed in two si&esl the 6maller size for internal office use and the

larger 0". for hangin~ on f.nc•• or telephone poles.

CONCWSI0N

In the United State., Japan and oth.r deve10ped countries, the building codes and

stAndard. IYlt... are .imed at protecting the public health, safety, and general velfale

al th.y relate to the conltruction and occupancy of buildings. Results f~om this project

vill have an illpact on tho.e code. and standards dealing with vind loads. When building

re.earch take. place in dev.loped countries. itl results normally find their vay into

practice. by way of the law. In dev.loping countr ies, this ..sually is not the c•••.

The re.earch cov.red by this project (applicable to both developed and developing

countries) dealt in part with ap.ects that in developing countries has little code enforce

aent. ThuI, for the•• u.ers to 1aIpl.....nt the research, they mU.l; be made avare of the

information, learn how to obtain the data, and be informed how to initiate 1mprovi~Q their

building practice••

Thi. ~ha",,, of the project addre••ed the traditional role of "technology tranlfer."

However, it w•••ided by cl.s.ifying the audience into three level. and then carefully

tailoring the relult. to aMk;t each .udience'l needs.
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