
Analysis of stroDg Illotiou rccords 

of thc CcphaIleuiau shock occurriug 

OD Sept. 17, 1972 ami of its larger aftershock 

,T, nTUKOPOFLOS (*) - ~\. HO"CRROPOl:IDR (**) 

::::'U~D[ARY. - III th,' ]J!·l'SCIll. paper thc tirst HtWIIg" 1lI0i-iOIl m·(·deru· 
g"rallls frolll i-he area or Gn'c('c are annlysed. Tllc gcncral inforllliltion ur 
t.he main sIIU('k U11(1 tlw lilrw'r nft('rshuck ilI"(' also illtl"Ut1ul'l'(l. CUI"I"l'nt data 
prul'cssillg tcchni(IUCS fur strollg; Illutiou a('celerog;rams alld IllOdl'l"1l im· 
I)J"OVl'Ill('Ui-H in data n'('o\"('ry capahiliti(,s arc (lis('uss(·(l. 'l'Ile analysis of tlle 
rC('onlc(1 strung 1IIution a('cclerugn\lIIS wcrc aCl'ulllplishl'd b~' (Ii~it.al (·U1ll· 
put,'r and thc lIlaiu seismic clwrac!cristil's of thc g;nJ1uul IllUtiUIl werc oh· 
taiuc(1 S\l('h aH: ]lcrio(l-fre(I\l('lI('y aualysis, prohal)ilit:r-density (liHi-rilmtiou, 
allto'('olTelation funl'tion, I)()wcr SIW!'Ì.rul (Iensit.y, groun(1 alT(']pratiou, VI'· 
l(wity all'l (lisp}(H'cmcllt., I"CSpUIISC s])ec!rn etc. ~o1lle usdui infol"1l1ution 
ubuut tllC Ilatnrc uf ULC motioll of t.he grullwl ha ve becII takcII rn'1II t.lds 
investigaHuII. 

H[ASSU~TO. Xplla ],re8eni-l' noi-a vengono allaIiJ.;mti l'l'!' la prima 
yolta al'('elnugralllilli • strun~ llIotion» ot1pnuti in Grel'Ìa, cou Il' I"dati\"(~ 

generali illrol"lllaziuui sulla Sl'ussa prilll'i]Hdc c sulle repli('ln' ]d('1 forti. Y('n· 
gouo iuoltn' discnssi Il' te('uichc at.tllali per la trattazione (](·i (Iati (la a('(·(·· 
lel"Og-nllll1lli • 8t1"Unl:' 1IIution " nou('}H:' i modcmi pwgressi raggillilti pel" la 
rCI)('rihilità (lei (lnti steSili. L'analisi (1elle registrazioni . strollg; 1ll0tiOIl ' 
è stata effettnata a IllCZZO di dal,m'atul"(, digitaliz~ato eln' 1m fomito Il' 
priw'ipali ('arath'l"Ìslkhe Si.~lIIi(']IC (lei IIlUyilllento (!t'I ;;uu]o, cioì'; anaJiKi 
])('1'Ìodo-fre!]ul'nJ.a, distrilHl~ionc l'rolHlbilitù.deusiti(, hlllzione (li autO·l'or. 
relaJ.iouc, spl,aro (li ]Jo((onza, il('{'('Jera~iolle (11'1 suolo, \"l'!o('iti( l' "po~t.amcllto, 
spettro di risposta l'li-.. ])a (1Itesta rÌf'cr{'u si SOIlO a\"ut!' utili iuforillaziolli 
sulla na(llra (Ici IIIUyj1llpnto del 8nolo. 

(*) Natiunill UbsnvalOl"y of AllICIIS, Thissioll, AtheuH, Un'Cl·c. 
(**) National Tel'hnicul L.:lli\"('rsity of AUH'ns, .\thens. Uret'''''. 
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J. - TX'I'!lonrc']"[{)ì\ 

S{'i~molog-i~b allfl eal"1hquake eng-ill{'el'S px('ept of 1111' othel' JiP]ds 
of theil" s{"ipn{'es si ILlly Il)(' inlpnsit~· of SBiHltli{- wllves ami Illailll~· 

the gl"ound a('('PiPI'al ilJll lISw('i,11 l'II wil h 1 he,~e, sill('e 1 hey ,\]"e illtel"Psteli 

ill tlm ('lrPl~I~ Ihat ellrthqulIkes han' on Htl"ll('tures. '\P1JnliHalof the,~e 
('Il'e('t~ is pO~Hih]e hy measlu'ing" tlle ya]ue of l\('eelel"atioll. 

Stl"ong" llloi ion imt-nlments olrel" t-hemselyes fOI' suell ltlea~Ul"e­

nWllt~, ns they g"elleraIly l'econ[ fhe ne('e]enl1ioll lIsso("Ình'll wilh Stl'Ollg 
~.!,TOlLllfl lllOn'III{'lltf;. 'l'hl' Ileyclopmelll or instl"llmenlatioll fOl" the 
lIetC'etion anll l"e(,OI"lling or ]0(',11 eal"tilquakeH by stl"ong motion in­
stl"ument-s began just netel' Hl;~~. 'l'he nl"st ne(·elel·o~.!,Tam \\'HS obtainell 
in lfl3:3 dUl'illg tll{' ],ong-Beneh eHI'lhquakp ili nalifomill, and Hill{'(' 
Uu'n nhollt ilOO vlllllllhll' l'('('()rd~ han~ bl'ell ohlaille([ h.\' Ihe F.S. ('oasi 
aIHI Ge()(lC'li(, SILITey or eal"lhqlLlIkes of a llestruetive 01" pot-entiall.\' 
dp~fl"lll'livB sizp .• \bolLl Olw-hnlf of IheSI' r{'('or([~ were ohtllilled llllring 
Ihe San ].'el"1laIlllo ea!-tlllluake or Pehl". il, lWil anll of Ihese ~50 I"e('ol"lls 
some l~O wel"e I"e('or([ell in the IlJlP('1" 1l00l"s or high-I"ise buihlings (.1). 

Smallel" Illutlbel"s or l"eeon!s w{'l'e obtninell fOI" othel" iltlpol"hlllt e~lI-th­
qunkes. 'l'hp lilllitPfI lllllllbel' of sll"Ong ltlotion l'P('I)j"(!S whil'h pxi~1 

giye IlS all illea or I he imporl,\IH'B of thelll. 
Compllter metholls facilitate imllH'llscly the llse or I"e('or([ell llntn, 

theil" ehlHsifiention anll tlle enleulation nllii anal.vsis of Ble lllain Keismie 
ellllTndel"Ì~tics of t-Ile gl·OUlII!. By 1ll01le1"ll Ilntn pmcessing tedlniqne~ 
fili' a('ePipj·o~.!,TnltlS ean he inlegmled to J11'olluee gl"Ount! yeloeifi{'s nnd 
llispla('elllent with a slItisraplory lIN'll1"lley. A Iligitizl'li apePiI'rogrnlll 
ennnot be integrated imnWlliately in nn aHempt to lIetel"mine Kl"Oll1lll 
vplo('ity lIllIl di~J1ll1el'ltH'nl flJl' the following l·eHflons. The inilinl yelo­
eit.y anll llispla('elllellt allii 1 he aelllai zero ha SI' lillP for IIH' Iligit iwd 

aeeelel'ognllll n1"e not known. or these thl"ee Ilnkno"ns, fìnding Ihe 
ZI'I'O ha~l' lilll' of tlH' aeePipj'ogl'nltl is file mOHt- impol"tant step in ae­
eell'l"OKmlll llntn pl"o('esHillK. 

By the me of higll-l"esolntioll lIigitizlItioll alli l digilal fìl1l'ring il 
is J1os~ihle lo n'mOVB l'lIllflolll el"l'OI'H frOIll t-lIe I"eeonls to the point 
that- int-egmtiollH aIHI lIiITel"enl i,l1ions ('1111 he enlTied oul ove1" Pl"{,­
sel"ilwII frmllwney dOlllaim n. 

'l'he mo~1 ('Ompll'tB 111'seriplioll or eal"thquake grolLIlII llwlion is 
the n('celel"Ogmlll it-self whi('h eXl)]"('s~es Ilw flLll tinw hi~lol"y of t-he 
Inw grollnd aeePientlion. 'l'he Illost Silllpll' way lo hlln' in a qUllllli-



.\~.\I.Y~J.~ or ~Tlw"n 'lOT!O~ RECORDS or 'filE (,}:l'IlALLlè~!A~ lèl'C. (lI;, 

t.ati"ve way the elIeel af an t'al'thquake Oli stnH'tul'e is t.he vcak hori­
mntaI grouJl(l ~H'eeIerat io]! whieh is l'cad ily H-yaila ble fl'Om the aef'e!cro­
gnnn alHl it iH commonly lhoughl hl be elo~ely relatl'(] to l1w lateral 
forces (lll a sll'uchll'e. 1'11is is in fad thc caf!l' for high-fl'l'qm']!{'Y sys­
tcms, bul for intCI'llll'diatl' Hnd low Irequency structureH, which in­
chHlc mOHt. buiIdings am! l'l!gillPel'ing work1O, the groUlHl accclCl'ation 
is not even an approximatc iJl(lil'ation of tI!!' ad.uallatl'ral l'aTthquake 
fOI'l~es. A hettel' ovemll pictme woul(] be obt.ainl'd by f!pcl'ifying as 
wP!1 tl1l' llmximulll gnllllld velocity and t.he lllaxilllulll gl'OU1Hl (lis­
plal'cment, as thcsc qllallt:.itips would sample l'es}leetivel~' t'he inter­
me(liat.e Irequcnl'y and the lowcl' fl'Nl1U'IlCy r('ginH's (5). lf Olle sillgle 
ground parameter must bc insiHte(l upon, il appeal'f! Ihal Ih" lll'ak 
ground velocity wouW probahIy be t.he best.. ~\H has been sllOlI'n by 
H1Hlsoll (~) this }leak gl'ound veloeit.y is comlllollly use(1 to eX}ll'ess 
the <lamaging potenti al of Hlu)('ks a\H! is correlated at ll'<lsl roughly 
wit.h t.he ì\-Iodified ì\-Iel'calli int.ensity. 

rll t.he pl'eSellt. pa}ler t.he first. mot.ion accelel'Ogmms Il'Om the 
arl'a of Ol'('l'el' al'(' anal,}'sl'd and eomjHll'l'd. So some usefnl illformation 
about. t.he nat.lU·e oI thc motion oI thc gl'oUlH! have bccn t.'lkcn from 
thif! invcst.igation. 

2. - IXS'l'RUlIIEX'l'A'l'lOX 

80me countries, such as D.S .. A., Japan, D.S.S.R. and othcrs wilh 
high technicaI knowledge alld experienee, have (Ieveloped variouf! 
types of stl'ong-motion inf!trulllcntf! in onh'I' t~) fa('e tlH' dest1'uct.ive 
c~U"t.I!quakcs whil'h OI'CUI'. 

'l'he basic inst.nnnent Io1' st.nlllg mot.ion HeismoIogy if! t.he f!tI'ong 
Illot-ion acceIerogl'aph, whieh records t.hree component.s of ~I'oUJl(l 

al'eelel'H.tion vel'SUS time. The Sì\-IAC-ll typl' al'eelerogl'aph whieh 
has hcen installed on Ccphallenia l'econls ~roUll(l ael'c!l'ration up to 
l g with a l'csoIut.ion oI the onler of 1 gal. .A verEcal electI'o<lynamil' 
shU't('l' is use(l whieh has a flat frcctueney from n·hout l-.1U ('1'8 all(l 
('all III' set to triggl'l' at accc!cl'ation Icvel abovc 5 or .Hl gal. So the 
l'Cl'ol'ding is ma<lc automatieally whell all eal'thquake of more tlwn 
5 gals t.akes pIace alHl the four SUhSl'qlH'1l1 la1'ge eal'thquakes can be 
l'('col'de(1 in the eVPlll that thc SCif!lllO~raph callnot hl' ins}lect'pd im­
llwdiatl'ly followillg the lal'ge eart.hquake. 

A simj)lifie(1 instl'umelltatioll llctwork 1'0nsi1Ot.e(1 of 27 seismoscopes 
have heen ill10talled ill \VcstcI'n Gl'l'ccc. li'our spismoseo}le l'el'ol'ds 

" 



.T. DIL\KOPOlJLO.~ - .l. HOlJSSOPOULOS 

\Verc obtaincd during the Cel)hallenian main shock at sites having 
val'ying loc'al soil ancl W'olog-ical 001HIitions anc1 so some ac1clit.ional 
gl'Ounc1 motion clistributions ,"ere ascel'tainec1 as fol' example tIte at­
tenuation of grounci motion with clistance can be cleal'ly seen. 

This tYl)e of seismos('ol)e eOllsists of a eonipallwlHlulum free to 
move in any hOl'izolltal direet.ion ahout a pivot point. whieh is attaehed 
to the ground. '['he pcndulum has an UlHlampcc1 pCl'iod of 0.75 sc('onds 
and magnctie dmnping oi lO ~ ~ criticaI. TIte t,\"o·climensional horizontal 
reR}lOnse is nmrkec1 out by a st.ylus on a smokec1 sl'hel'ical ,,'a./.eh glasso 
The seismoscol'e can lw regardecl as a cIynamÌl' mode! of typieal 
stl'utture ami hom its reSIIOlISC, one j)oint OlI thc l'PspOllSe sj)cetrum 
curye is d irm:tly (IcI el'minc(l. TItc lImj)li l udc of tlw scismoseope recol'd 
thu.~ indieates tllc relativc scvcrit.y oi thc gnlLlllc1 motion in the 
frequcney rangc of stnwtural interest ("). The scismoscol'e, of ('Oluse 
samplcs t.he grouml mot.ion at just one frequency aHhough t.he 
amount of (Iaml)ing is such thali major lluetuatiolls of rpSI)()ll He 
wit,h frecI1Wnl'X are not usually lo bc cxpcet.cd. 

3. - O:K:\El{AL l;';FORìlIA'l'lON OF THE EAl{THQuAJ\F'~<; 

1\t 14 holU's 07 min, 0.1\1.1'. on Scpt-embcr 17,1972 a large earth­
quake occuned near the Westel'll coast of Cel'hallenia- Islan(t USCOS 
ealeulllted t.he clliecnt.er at. :18.:1Q N, 20.:1 oE; BCIS and the scismologieal 
instilulc of thc ~at.ional Obscl'vatol'y of 1\t.hCllS ealeulat-cd t.hc Ramc 
el'ieenter at 38.2°N, 20A"E. Thc shock l'l'Oc!ucecl l)l'0l)erty (lanmges 
in severa.} localities, in Southwestel'll l'al't of the Cel'lmllellia islancl. 
Aeco]'(lillg to oHieial rel)Orts 108 olcl houses ,"ere clamagecl heyoml 
rej)air and :'):{ \Vcrc eraeked. In addit.ioll 2 sehool huildingR 2 ehul'ehes 
ami 2 briclges were cl'ackec1. 

'l'he rnthel' extensive l)l'Ol)el't.y c!amage only in some olcl buildings 
is attrihut.cd prinl'Ìj)ally to lloor const.nwlion of these buildings ill 
t.he l'egion. Hm"ever the location of some of t.hc villagcs on alluvium 
\,'as a eont.l'ilmt.ing faet.or in these instances. rt is not OUl· intento to 
elabomte fm'ther on tlle c1amage t.o spccifìc buildings. 

In Fig. 1, thc isospismal mal' of the earthquake on l\Iercalli­
Sicberg scale is illustrateci witll somc additionalneeessal'Y seismologieal 
infommt.ion. Al'ea of felt shaking about 720,000 km", 1'5 = 280 lnH. 
j\IlIeroseislllie magni l w lc ~lI. ~11 = 6.8 an(1 lllacl'Oseismic foc'al ùel'tIt 
ea, 60 klll. The instnunental magnit.ude \Vas 6.2. 
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":~.ccelel'Ognuns 01' 1he ea-l"thqllake arp Hhown in Fi~·. 2. These 
reconls al'e trom a S7IL\C-B ty}le strong motion seismognllJh instal1ed 
at '\rgost.olion (38 0 1U'S) 200 3H'E) on Oephallenia ishwd. Calibratioll 
of the S7IL\C nwords were made and results revealed no lJarticular 
dcied .. with eH'elltion oi the ve-l"tie,d eompo11ent ,yhid\ Iailed t.o reeord 
dist.inctly. 

The epieent.ral di8ta11ee was ab(Jllt 30 klll. H lllUSt. he menLiOlwd 
here t.hat the fOlulilat.ion at the site or strong motiOll spiHHlograph is 
lime.~tonc. By thoHe reeonls (fig. 2) the following bet becallle de,H' 
t.lIat. tlle nUl.Xinllllll accelem.tio11 dilW·tly mea,~llred by t.lIe accelero­
grams was 170 gals i11 B-\V eoml10nent wllile 130 gals 'vas the Hlaxirmun 
ill N-S COml)OIwnt a11d dlmltion oi the tremOl' oi ,\·hieh ampliLude 
excpedpd morp tha11 100 gals eontinued fm' mOl'e than ::l.i) seeonds in 
1I0l'izontal cOllllJOnent,~. 

o , , , , , , B sec. 

0.25g 

o ~1NM'Ar"M,I~~IIWI\\I'ìw\/'~~- E - W 

0.25g -

0.25g -

N-S 

0.25g 

l'ig". 2 - Reeol'ùs iol' the uwin shoek of a S:'fAC-B type strong" lllotioll scis· 
mograph at -,\Tgostolion (3l}oIO'!\, 20036'E) on Ccphallcnia Isla1ltl. 

A 12 nllll 1oHoo"E full·s(·a.le def1eetioll of n· SH-1OO WilmoL seismo­
scope 'vas ohserved at. tlle site oÌ the HLnlllg lllot.ion fleislllogml1h 
(fig. 3). 111 :\fesologhi (38 0 3U'N, 21oJi)'E) and Zant.e 37o·l-i)'N, 20°i)6'B) 
t.he reeOl'ding l1en 01 the seiHllloHcoj)es defleeLed by 2.5 mm in }.l150oE 
and ~20oE, respectively. 

Silwe Lhesp two lastly me11tio11ed sit.es al'e in almost eqm),l dis· 
tances rrom the foei and in a dilfprenL orienLatioll relatively t.o tlre 
prohahle ralllt, 've may say t.hat. the "alues aLtenllate with dista11ce 
in a fairly llniform -way. 'l'here is s1Tong evidence by the distribution 



A~ALYns 0 1 STHO'\G ~IO'I'IO'\ lmCOnnS OF T Jl ~; n;l'll.\LLE"l.l'\ ~;TC. B i g 

of the epicentre~ of aftershoeh that tbe fanlt is in a direction XX'Y 
allll if this is true, it is ilifficult to say if tlle motions were more severe 
lJerpflllllienlar to Uw falllt tllan parallel to it. 

A late afters!Hwk oecll\'ed 011 Oel. :10 (14 h :1:3 min) ,,·ith almost 
tlle sa me epicenh'r amI magnitlulc of 5.5. Arca of felt shaking' about 
180,000 km\ 1'5 = 120 km (fig. 4-). Accelerog'ram~ of this aHershock 
hy the sa me Sl\L\.C·g type strong mol·ion seislllograph instnlled nt 
the same plaee are indicateil in fig. G. 

'l'bis afterslloek proiluceil a :N 9UoE full-seale defleetion oi tlle 
SH-I00 \Yilmot ,~(lismoseo]le assigl1ed nt . .i\rgoslolion by 'j 111m. 

N 

t 

l<'ig-. 3 - A 12 IIllll KI0Ù"E full· scale defledioll of 11 SR- 100\Yilmot seislllo­
scope illstall('(l nt t.lre sit.e of tile strollg moti 011 seiSlllog-rllpil . 

. 1. - . .\.I\ALY:--;U; 011 TlIE ACCEI,EltOGlL\.IIlS 

In figs H;), and Hb ]lrobability-ilensity distribntiOI1 of the E-'Y 
allll K-S aeeelerogram are shown corresllOllllillgly. 

In figs 7a anil 7b are sho\\"n the ]lo\\"er spectl'lll density 1)lot8 of 
the E-\V amI X-S eOlll]lOnents. As it is elenI' frOllI these figlll'l's the 
lll"l'(lominallt freqllencies in the two horizOlltnl <'olllponcnts wcrc 2 cps 
for E-\Y amI 4- cps for K-S comlloncnt. Thus thc spectra nt t.he si te 
are cOlwentrated arollnd thc pcriods 0.5 sec in E-\V eOlll]lOnCl1t aJl(1 
0.25 sce in 1\-S componerlt. 
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Vigo 4- - I~08ei8111nl 1I1lip of thc late nftershopk of Odo bel' 30, 1072. 

80 il is dca!' that these i~ not enill('idf'lU,o of j,1Ic ])J'o(lominant 
}}l'J'iods of the eart.hquake in both horizontal component.i>. rn Jigs Sa 
aIHl Rb y011 ea·ll .~ef' /.110 mo(lific(! 1lOweT spectnd density of the }>W 
aIHl ]o;" -8 cnmponcnt~ COl't'Cf!pOIH1illgly. 



A:\ALY~IS or S'llW:\U ~IOTIo:\ HI,:COIWS 01" 'l'ilE CEl'llAI.LE:\LI:\ E T C'. ti21 

']'he Fourier speetral 11emity funetions of the two eOl1lVOn('llt~ 

are illl1Ìeated ili tIw figs 9a and flh for the E-ìY and K-S COmVOIH'llts 
eorrc~pOlIl1Ìngly. ]<'rOlll lhe fig. 9a it is eonduded that the period for 
main max. i~ 0.50 ~N\ while two other ~eeolldarr lllaximUlll nre in 
periQ(ls 0.30 sec anll 0.L3 ~ce. Frolll the fig. 8b it i~ ekar thnt tlw pe­
rimI for mnin max. is 0.25 scc, an(l spectra arc also eonecntratc(l arolUHl 
the periods O.-W sec an(l 0.15 see. 

"re ohtainetl the ~allle plots for the larger aHershoek. "rhat 
it is ,\-orth to lllention frolll the re~lllt~ is that thc )ll'ello111inant pe­

riods are eomparativcly slllallcr in tltc corresponding eomponent~ 
dUl'illg the aftershock. TIw mtio of the maill shoek )ll'edomillflllt 
period to tlmt of the aHershoek for E-ìY eOlllponent was 1.:3..!- amI 
for N-S l'omponent wus 1.47. 

"\notlwr important observution for the aftershock is the ahsence 
of \Vdl expres~('tl secondar)" maxilllulll for other periods. 'L'hat is 
llminly due to the small duration of tlte rceonI. 

0.25g-

o 

o.25g 

0.25 g -

0.25 g 

l"ig. 5 - Rcconls foI' U10 late aftcl'i'hock oi a 8)IAC·B stTOll1; lllot,ion scis­
lllograph at J\rgostolioll (38olO'N, 20<>36'E) OH Ccphallcnill. Islawl. 

5 . - HESPONSE SPECTRUM 

The resvonse ~veetra or earthquake grolllHl motion is deJìllell 
a-s tlw Vlot of lite nmx:imum respollse of u series of a sillgle 11e/.,'1'ee or 
frCl'tlOlll, linear, viscously dam]lI'tl oSl'illalors lo a vrescribell ground 
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motioll, Yel'SU~ l1w nahu'al ]l"l'iod oI the o~C'illatO\' fO\' val'io\ls fraC'­
hOIlH oI C'l'itieal damlling. 'f1H' l'('~]l()nse H}Wetra ean Le eX]ll'!'~s('d in 
l.el'ms oI l'elatiy!' dislllnC'ement, l'elatiy!' v{'IO('il~- alld l'elnti"n 01' ah­
solu1.e llCeelenltion. These uU'\'e~ ]ll'ovide a de~(']'i]lti()n of tlll' he­
quene,\' elw1'Hetel'isties ()f tli" gl'OulH1 motion a[1(l gin' tlie maxinuull 
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l"i,!!". U - FOlIl'iol' SJlodnli dPIlRity f!llH'tioll of thc lllflill shock fOI thc E-W 
(9ft) finti :N-cl (9b) accelcl'ogl'RlllS. 
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l'esponse of simvle sl1·\1('·1n1'I'S to the l,arthqnake. By snllel'vosi1ion 
of aiffnmnt m()(le~ of ]'m;pomc, f\IJCctnuu tcchniqne~ cau be aVplipa 
to thc def\igu allll aualj'f\if\ oI complex structul'C~ sueh a~ l1lultistory 
buildings allll (lam~. ese(1 in this mannel' the slleetnun teehnique 
l'e}ll'esent.s an a}lIll'Oaeh intel'mmliat-e between a design hased on static 
loads and a eomlllete int.eb'1'at.ion of the eqnations of motion of tllll 
eomplex stl'nctlu'cs (2,"). 

StI'Ong-motion cal'thquakc l'ceol'lh Imvc becn obtainca infrc­
qncnt.lr in thc past alHl t.he l'eeluction to (ligit.al IOl'm or equivalent 
analogue IOl'm and suhseqmmt. ealeulation of spectra have heen llllr­
fOl'luc<1 on morc or less an individuai basis (G). However, in l'eCl'nt. 
ycal's thc numher of st.l'Ong-motion inst.l'uments in the seismie region~ 
oI t.he wOI'M, has incnlllscll 1.0 the point wlwl'l' a major earthqnake 
in these a1'l,aS wilI gcnel'ate a largc llIuubcl' oI l'ceol'ds. 'l'hc votcntial 
volnme oI thc aata an(1 the developmcnt oI thc t.ape-l'eeonling ae­
eeleI'Ograllh ilHlieate clem'ly t1lat mIliel and automat.ed data IH'ocessing 
alHl spceh'um ealenlat.ion pl'oeedn1'es am nel'dml. 

Thc l'esponse of a single dngl'ce of frcl,aom, lillllUl', Tisconf\ly 
damllml system, at any instant t, to an al'hitl'al'y tinw dnlJenllcnt 
gl'onlJ(l disIllacemcnt u o is given by 

,I~ 

111...,-;:;- (1' + 1'0) + 
".-

C
, du 

dt + J{1' = O [1] 

\Vhere 

m lllass. 

o ·viscons aamlling coefiicirmL 

K coeflicient. of stiffness of t.he syst.em. 

l' 1'elat.ive dislllaeement of the masso 

UO (I) = dislJlaemnent oI the base from the llOsition of l'est. \Ve ca·n 
simpl1fy equa /:.ion [l J to 

mii + CÙ + 11.1, = - my(t) [2J 

Wherc g(t) 

Fol' t.he stl'ong-motion reeonlf\ it was fonJl(l t.hat. t.he aeeple1'ogram 
t.race conld he approximated quite elosely by a ~l']'icf\ of straight line 
f\cgmcnt~. In that case iL is fol' t l _1 ."ç t. ~ ti, g(t) = (l( (t - ti-.) + IJi, 
wherc (l'i, bi, arc eonstant.<; oI the ith segnwnt. 
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Csing Ihis a-ssumpt ion it i~ ea~iel' anil qlLif'k,'l' lLNing l'OIll]JUtel' 
teehniqlLe to flolyl' tlw l'quation oI molion, 

By getting the gl'olLnd al'cdm'niiOJl in a digiiiNed form equaJion [: .. !] 
can lw wl'itten as folIO\n: 

,dII. _ 
C -,-o + l'LU =-co - '/II lai (t - t,-J) + h.], 

'" 
EqlLation [3J ean be written 

-ai(l-li_J)-b , 

where 
J( (! 

w"~ = - and 21.1('0 
'In '/II 

By geUing the solution of the equation fOl'n (relative ai~plaee­
ment), ù (relative veloeity), 'li" (absollLtl' aeeell'ration), and with Uw 

initial eOJldiiions ,!mO\nl i.I',li. =n = O at t = O these 'l:tllles ean 
be ealen!a1ed by n, file]! b,Y f\le]) ]lI'OeeSs at any requirell instant. 

G. - BARE LI!>;E COlmEC'l'lO!>; 

G,l, Some basùJ assu'/IIptiolls 

It- is a~sumed that. the af'eekrogTam i~ l'oJl~idel'ed ns a f\f'l'ies of 
straight lines ('onneeting eaeh pea-k of it, Thlls starting trom the equa­
tioJl of a. flt.l'aight line ]J!l,~siJlg trom two poiJlts 

the aeee1eration can be ealcula-ted (fig. lO) 

ii (i) = 
iii - iii - l 

(t i - t i_l) + iil_l 
t i - ti-l 

Since the a,cce!ero)"tram i ~ giyen in 1:inw-aeec1el'ation coonlinates, 
the aceelera1:ioJl ('aJl be raleuhted at anr desil'able interyal of timI' (r,), 

rrll\l~ 

ii (t + Llt) (t + Llt -tH) +1i.(-J =ii(i) + 
t, 
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F ig. I O - EXl' lalia l iu li fi)!\ll"e in tilllc- ac,·cl<.:l"a tioli cO\JI·d ill alcs. 

According lo 'l'aylor SGrieH for a flllWt.ioll P(x) 

j,'(x) ;Ix 
F(x + Llx) = P(x) + -

l! 

P(x) ,J.1;2 

-I- + :3 ! 

t 

• t 



Far the ground velocity 

1{ (i) .dl 
'ù (t + /11) = 1~ (I) + 

l! 

= l·lt l + 1 

2 
ii (I) .dl + 

~\nll Ior lltc groulll1 11ii!lllaecnwnl, 

ii, (I) !Jt2 
i) T 

1 
" 'ii (I + ,jl) iII 

u(l + iII) = n (t) 
1i (t) .dt + 
"' 

H (I).éW ., t 40 (I) iff3 

3! 2! 
_ 1 

--, 'II (I) + n (I) 1:11 + -.- 1{ (t) ,Jf2 
1 + ---1{ It 
n d 

By inlcgralion of the ~traight li ne ol 11le a('{'elerntion we w't 
a curvc oI 3111I [or thc vclo('ily antl by a lWW integl.'a1ion of tll!' yelo­
eity wc gct a CtUTC of 31'11 {(l]' Ihc tlis]llappment. Integmt-ion can he 
ealTiell out lllucil morc accuratcly t han d ifl'pl'pnt.ia l ion, sil)(:(' i l is casicr 
l'o l1etCl'mine tile way in whieh thc arca 1111l1cr a comlllieatcl1 eurye 
val'ips ,dt.h lime thanil woull1 be to meaSUl'e the slope o[ the curve, 

}'or [m'thcr inel'casc in aCClU'at:'o' in Ilw eakulal ion of l Il!' aboyc 
quanhhef\ it is necessary to a]lply a basc·line cOl'1'ection to the recon1ell 
aeeelemtion, ~incc no ba~e-linc is ayailable stl'aight Irom the acedel'o­
gl':l1n; Uw bas('-linc eOl'l'(,etion of Ilw aee('lt'l'aiion, inlllU'npP~ thc cal­
eulat.ion o[ groullll vclocily allll tlispiacclllcnt. 

~\fter the calculation oI thc base-linc eOlTection, we can ji1ll1 the 
poinls when, the acedp]'ation be('ome~ ZP]'O, Thpse lloint~ of zel'O 
acC'c]erat.ion eOl'l'ci!ponI1 to maximum yahLCH oI vclocity. 'l'his is yery 
important espeeially [01' the ealculation of the l'espanse spect-ra. \Vp 
ean finl1 in thii! war missing yalues of vP]oeitr ,dlich wc poultl not 
1wfon, al1justing tlw base line ('). 

6,3. Let/st-]l cml-Sq-unrc- Veloei(l! 'fec7I11iq-uc 

Thii! t.cclmique introdueel1 by BPl'g and 11ouSllPl' (1), atltli! a lime­
tlellenl1ent second m'tlel' polynolllial (Co -+ G,I + C~l:l) to the aec('lern­
t.ion, giving by t.his ,ray to t}w accelel'ation base-li ne tl](' ~ha]lp of 
a seeontl degl'CC parabola, The teehnique makes the m('an sqmu'e 
valuc oI thc gl'ounll yeloeity a minilllulll. 'l'llii! is .iu~tilìeI1 mainly 
by file feeling that. most eal'tilquake IP'0U!\(1 motions ol sig-Ililicanl, 
time 11ul'H1ion cOl'1'espo])(1 to gl'ou1ll1 yelotit-i(,s ,dlith oscillatp alllll'Ox-
inlatcly symmetl'ically about a 
at t,he end of thc ea.rthquake. 

zero axis amI approacil zero ycloeity 
A similal' eondit-ion could not be ap-
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l)lied to t,lw gl'OIllHl disl)lacement since permanent ground di~plaee­
ments at t.he cnd of the earthquake could occur. 

It has been shown by l-Iudson (al t,hat the pel'iotls ini.]'(Jllnced in 
thc accelerogram by the lJa.l'aholic hasc-line cOlTcction do not seriously 
aJTect. t.he ,wcul'acy of the resl)onse Sl)ectra calculations for l)el'iods 
Ul) to abont 5 sec. Also the l)arabolic base-line does not, meet, ali of tlle 
l'equil'emcnts for the st,andanI base-line cOl'l'ect.ion, because it deIW!](IR 
lal'gely on the record length, ,\1](1 the low frcqnency COm]lOlH'nts will 
be tl'eatelI ditTenmtly from one af'f'clel'ogmm to another. 

ff 11< is thc f'ol'l'ectetl aceeleration amI u the uncorreeted aecelera­
tion by intl'oducing i.lle time tlepellllent secondo ol'llc!' Jlolynomia.I 

we Imve: 

hcnce 

whel'e uc, u are the conccLcl1 fl.lHl IIlH'Ol'I'cetctl ground velocit.ies and 
uc , u are t,lw eorrectetl amI uneorrected grounlI disl)lacements. 

The minimization of the mean square ground vdoeit,y requires 

"< 
t,he quantity l' = I 1{<~ di t,o be mininnun. 

.J 
o 

So we lUF\re 

R 

fn ucconlanee with the rules of l)artial difIerent.iation 

òB òB 
ÒC2 = O òG

3 
= O 

a!](1 the final eomlii.ions are 

1'" 1" 1" 'T 
- - Cl + C. -:- -=- 0 3 - , ut(7t 

:1 4 o .I 
o 

'1'4 1" T' '" - C, -I- ---;; G~ . '. - 0, - I ùt2 (/t 
± o ' 6 .I 

o 

T~ G 1'& 1" 'T - , + -C, + -C, - J itt3dt. 
5 ti 7 .I 

o 
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l\ssumillg initial COIHlitiOIlS of zero Ydocit-~· aJl(1 diH]lln.crmPllt 
and with u and '1' known the O's values can bc cvaluatcll. 

By this wa.y the cOlTcctcd valucs of acceleration, vclocity and 
dis1)laccment call he calcula.ted. 'l'he ahoye eorrectcd (luantities l))"ov­
ide the lmsis of s]lw·tm.I calC11la.tiolls which, a·s maximum response 
values call be cxprcssed ill terms of lwcelcrn.tioll velodty n.lld llis]llaee­
mCllt for <lifIcrclli. dam]lillgs. 

In figs lla and 11 b the relativc displacemellt for llifIerent <lam]ling 
ratios are indicated Ior E-'\' and N-S components. In ligs .1~a and .1~h 
you call see, for thc samc dam]lillg ratios, the rcla.tive veloeities of t·he 
t-wo COm1JOllclli.s alld ill figs 1:1a allli 1:1h i.he a.bsolutc acc'l'lcrat-iollH. 
All thcsc curvei'! arc valid Ior t-he main shock. 

'Ve ap1)lied the mme teclmique to the accelerograms outnincd 
durillg the largcr aftershoek Hlld wc lmve familics of eurvcs for thc 
t-wo horizollta.I COm1JOlwIlts n.lld thc ~ame <lanl]lillg ratio~ for thc 
rclatiyc <li~]llapcmelli.s, reln.Liyc vclocitie~ allli n.b~olutc acccicrations. 

Thc~e ~]leetr:l arc important for cnginccring pluposes, sillce tlw 
accelerai.ion spcctra enablc us to obtain the higher amI lowcr fn'quell­
des oI ground movement and the velocity spectm. are rclated t-o cllcrgy 
yalues which C:l-ll ue uscd for dcsigll 1Hu"}Joses. 

7. - COXCLUSIOXS 

From thc rccords oI the main shock b~' seismoSC01)eS wc may 
eOllelude that the values a.i·tcllua.te wii.h <lisi.allce ill a fairly ulliform 
wa.y. It was im1Jo~sible to illvc~tigatc if i.hc motions werc morc seycrc 
perpcndietùar t-o the Iault tlmn 1Jarallel to it. 

From the powcr Sl)ectral dellsity ]llots it ·was f01ll1l1 for the maill 
~hoek tlmt thc jlrcdomilllllli. frcqucllcics were ~ cps for E-'V and 4 C1)S 
Ior N -S Cortl]lOIlCllt. 

The ratio oI the main shock jlredomillallt ]Ieri od i·o tllll-t of thc 
la.te aftershock for H-\\' eompollcllt wa~ found L:H and Ior N-S com­
pOllCllt- wa·s fOlllH1 1.17. The absencc oI wclI cX1n·csscd secolldHry 
maxinnull, Ior oi.her period sthall the 1Jredomillallt olle, for i.hc la.t.c 
a.ftershock wa·s attrihui.c<l to thc HmalI <lmai.ion of the rccord. 

Sincc thc initial velocity a·Il(1 dis1Jla.cemellt aJl(1 the adual zcro 
lmse-line Ior the digitized aecelcrogram arc not known in order to 
pro<luce h'l·oUlHI vdocities and disjllacemellts with a satisfnctory ae-

" 
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curac.\' wc apjllicd tI\(; least-mean-square-velocity t.ncltuique wltieh 
was intr0!1uf'ea by Ber.!!:" H·nd Hommer (I). This t.eclmique makes 
the menn square valuc of thc groulld yeloeity a miuiunull. 

Some nsefnl inforlllation about thc natIU'" of tlw motion of fohe 
groluJ(1 have beeu taken from t.he main seiNlllic charact('riNtieN sueh 
as: perÌ()(1-frequency allaly.<;is, probability rlensity distribution, auto­
correlatimI function, power S]leetTal density, gl'Ound acceleratiOlI, 
velocity and displacement, reSj)OIlSe S]lnf'tra l'te. 
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