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Bframamary, — In the presenl paper the tirst sirong wolion aceelero-
grams from the aren of Greece are analysed.  The general information ol
the main shoeck and the larger aftershoek are also introdueed. Current dada
processing lechniques for sirong motion aceelerograms and modern im-
provements in dati recovery eapahilities are dlisenssed, The analysis of the
recorded strong motion aceelerograms were accomplished by digital com-
puter and the wmain seismie characteristies of the ground molion were oh-
tained such as: period-frequeney analysis, probability-density distribution,
anto-correlation funection, power speetral density, ground acceeleration, ve-
loeity awil displacement, respouse speetra cle. Bome usceful information
about the nature of the motion of the ground have been taken from this
investigation.

Riassuxto. — Nella presente nota vengono analizzati per la prima
volta aceclerogrammi « strong motion » otienuti in Greein, con le relative
generali informazioni sulla scossa prineipale ¢ sulle repliche pin forti. Ven-
rono inoltre discussi le tecniche atfuali per la trattaziene dei dadi da acee-
levogrammi « strong motion o, nonché i moderni progressi ragginndi per la
reperibilita dei dati stessi. Lianalisi delle registrazioni « strong mofion »
¢ stata effetiuata a mezgzo di claboratore digitalizzato che ha fornite le
principali earatteristiche sismiche del movimento del suole, ciod: analisi
periodo-frequensa, disirvibuzione prebabilith-densitd, anziene di aute-cor-
relazione, spettro di potenza, aceelerazione el suolo, veloeitit ¢ spostamento,
speltre di risposta ¢le. .. Da questa ricerca si sono avute wili informazioni
sulle natwra del movimenio del suelo.

{(*) National Observatory of Athens, Thission, Athens, Greece.
(**) National Teelmieal University of Athens, Athens, Greece,
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1. = I¥TRoODUCTION

Seismologists and earthguake engineers except of tlwe other fields
of their sciences shwly the intensity of scisinic waves and mainly
the ground aceeleration associnded with tliese, since They are interestedl
in the elfects 1hat earthguakes have on stroetwres.  Appraisal of these
elfects is possible by measuring the value of acceleration.

Btrong molion instriunents olfer themselves [or such measure-
ments, as thex generally record the acceleration associated with strong
growdl movements.  The development of instramentation for the
detection il recording ol loeal earthquakes by strong motion in-
struments Degan just after 1932, The first accelerogram was obtained
in 1833 during the Long-Beach earthquake in California, and since
then about 500 valuable records have been oldained by ihe T8, Cousd
and Geodelic Burvey of earihignakes of a destruetive or potentially
destruetive size. Aboul one-half of these records were obtained during
the San Fernando earthguake of Febr. 9, 1991 aul of these 250 records
some 120 were recorded in the upper oors ol high-rise buildings {4},
Smaller nunbers ol records were obtained for other important earth-
guiakes, The limited number of strong motion records which exisi
give us an idea of the imporianee of them.

Computer methods facilitate immensely the use of recorded data,
their elassification aul the caleulation and analysis of the muin seismic
charneteristies of the ground. By modern data processing techinigues
the accelerograms can be integrated to produce ground velocities and
displacement with o satislacliory acewracey. A digitized aecelerogram
cannot be integrated immediately in an attempt to determine ground
velocity al displacement for the following reasons,  The initial velo-
city and displacement and 1lie aeiual zere base line for the digitized
accelerogram are not known,  Of these three unknowns, linding {he
zuro buse line of the accelerogram is the most important step in ace-
celerogram data processing.

By the use of high-resolution digitization and digital llering il
is possible 1o remove random errors from the records to the point
that integrations and differentiations ean he carried out over pre-
seribed frequency domains (3).

The most complete deseriplion of earthquake grouml motion is
the aceelerogram itsell which expresses the full time history of the
true ground aceeleration, The most simple way 1o have in a quanti-
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tative way the clfcel of an earthquake on structure is the peal hori-
zontal ground aceelerafion which is readily asailable from the aceelero-
gram and it is commonly thonght to be ¢losely related to {he lateral
forces on a strmeture. This is in fact the case for high-frequeney sys-
tems, but for intermediate and low frequeney structures, which in-
elude most buildings amd engineering works, 1he ground aceeleration
is not even an approximate indieation of the actual lateral carthguake
forees. A Detter overall picture would be obtained by specifying as
well the maximum ground veloeity and the maximum ground dis-
placement, as these gquantities would sample respectively the inter-
mediate frequeney and the lower frequency regimes (3}, 1f one single
ground parameter must be insisted wpon, it appears that the peak
ground veloeity would probably be the best. As has been shown by
Hudson (" this peak ground velocity is commonly nsed to express
the damaging potential of shoecks and is correlated at least roughly
with the Modified Mercalli intensity.

In the present paper the first motion uaccelerograms from the
aren of Greece are analysed and compared, So some usefnl information
about the nature of the motion of the ground have been taken from
this investigation.

2. — INSTRUMENTATION

Some countries, such as U.B.A., Japan, U.8.5.R. and others wilh
high technical knowledge and experience, have developed wvarious
types of strong-motion instruments in omler to face the destructive
eartliquakes which occur,

The basic instrument for strong motion seismology is the strong
motion accelerograph, which recorls three components of ground
acceleration versus time. The SMAC-B type accelerograph which
has been installed on Cephallenia records ground aceeleration up to
1 g with a resolution of the order of 1 gul. A vertical electrodynamie
starter is used which has o flat frequency from gbout 1-10 CPS and
ran be set to trigger at acceleration level above 5 or 10 gal. Bo the
recording is made automatically when an earthquake of more than
b gals takes place and the four subsequent large earthqualkes can be
recorded in the event that the seismograph eannot he inspected im-
mediately following the Iarge earthquake.

A simplified instrumentation network consisted of 27 selsmoscopes
have Deen installed in Western Greeee.  Tour seismoscope 1ecords
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were obtained dwring the Cephallenian main shock at sites having
varying local soil and geological conditions and se some additional
ground motion distributions were ascertained as for example the at-
tenuation of ground motion with distance can be clearly seen,

This type of seismoscope consists of o conieal pendulum free to
move in any horizontal direction about a pivot point which is attuched
to the ground. The pendulum has an undamped period of .75 seeonuls
and magnetic damping of 102, eritical. The two-dimensional lorizontal
vespense is marked out by a stylus on a smoked spherical wateh glass,
The seismoscepe can be regarded as a dynamic model of typical
structure and from its response, one point on the response speetrum
curve is directly defermined. The amplitwie of the seismoscope record
thuy inlieates the relative severity eof the ground metion in the
frequeney range of structural interest (?).  The seismoseepe, of course
samples the ground motion at just one frequency although the
amount of dwmping is suech that major lluctuations of response
with frequency are not usually to be expected.

3. = GEXERAL INFORMATION OF THE EARTIIQUAKES

At 14 howrs 07 min, G.M.T. on Seplember 17, 1972 a large earth-
quake occwrred near the Western coast of Cephallenia Island, USCGS
caleulated the epicenter at 38.8°N, 20.3°B; BCIS and the seismological
instituie of the National Observatory of Atliens ealeulated the same
epicenter at 38.2¢N, 20.49E. The shock preduced property damages
in several lecalities, in Bouthwestern part of the Cephallenia island,
Acconling to official reports 108 old houses were damaged beyond
repair and 53 were eracked. In adbidition 2 school buililings 2 ehwrches
and 2 bridges were criacked.

The rather extensive property damage only in some old buildings
is attributed principally to poor consfruction of these buildings in
the region. However the location of some of the villages on alluvinm
wag g contributing factor in these ingtances. Tt is not owr intent to
elaborate further on the damage to speecific huildings.

In Fig. 1, the isoseismal map of the earthquake on Merealli-
SBicberg scale is illustrated with some additional necessary seismologicul
information.  Arvea of felt shaking about 720,000 km? », = 280 km.
Macroseismic magnitwle M .M = 6.8 and macroseismic focal depth
c¢a 60 kim. The instrumental magnitude was 6.2,
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Fig. 1 - Tsoscisnial map of the Cephallenian main shock of Beptember 17, 1872,
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Accelerogramsy of the earthquaike ave shown in Fig. 2. These
records are from a SMAC-B Lype strong motion seismograph installed
at Arvgostolion (38¢10°N, 20036°E) on Cephallenia island. Calibration
of the SMAC recorls were made and results revealed no puarticular
defeet: with exception of the vertical component which Euiled to record
distinetly.

The epicentral distance was ubout 30 km. It must be mentioned
Liere that the fowulation at the site of strong motion seisinograph is
limestone. By those records (fig. 2) the following facl heeame clear
that the maximum acceleration directly measured Dby the accelero-
grams was 170 gals in B-W component while 130 gals was the inaximum
in N-8 component and dwation of the tremor of which amplilude
exceeled more than 100 gals continued for more than 2.5 seconds in
horizomtal components.
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I'igr. 2 ~ Reecords for the main shoek of a SMAC-T type strong mofion sels.
mograph at Arpostolion (38010°N, 20036°L) on Cephallenia Island.,

A 12 mm NI100T8 [nll-seale deflection of a SR-100 Wilimol. seismo-
geope was obgerved at the gite of the slrong motion seismograph
{fig. 3). In Mesologhi (38236'N, 21=245'E) and Zante 37°46'N, 20056 1)
the recoriding pen of the seismoscopes deflecled by 2.5 mm in N1HE
and N20°E, respectively.

Bince these two lastly mentioned sites are in almost equal dis-
tances from the foei and in a different orienlation relatively to the
probable fault, we may say that the values altenuaie with disiance
in a fairly nniform way. There is sirong evidence by the distribution
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of the epicentres of alterslioeks that the fanlt is in a divection NNW
aul if this is true, it is difficult to say if the motions were more severe
perpeislicnlar to the fault than parallel to it,

A late altershock occured on Oet. 30 (14 h 32 min) with almost
the same epicenter and magnitude of 5.5. Area of felt shaking about
180,000 km?, r; = 120 km (fig. 4). Accelerograms of this aftershock
by the same SMAC-B type strong moetion seismograph installed at
the same place are indieated in fig. 5.

This aftershock produced a N 90°E full-scale deflection of the
SR-100 Wilmot seismoscope assigned at Avgostolion by 7 mm,

N

Figr. 3 -~ A 12 mm N10E foll-scale deflection of a BR-100 YWilmot seismo-
geope installed at the site of the strong motion seismograpl.

d. — ANALYHIH OF THE ACCELEROGIRADMSM

In figs 6a and 6b probability-density distribntion of the E-WW
andd N-8 aceelerogram are shown correspondingly,

In figs Ta and Th are shown the power speetral density plots of
the E-W and N-8 components. As it is clear from these firures the
predominant frequencies in the two horizontal components were 2 ¢ps
for B-W and 4 eps for N-8 component. Thus the speetra at the site
are concentrated around the periods 0.5 sec in E-AV component and
0.25 sec¢ in N-8 component,
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CEPHALLENIA ISL.
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Tig. 4 - Isoseismal map of the late aftershock of October 30, 1972

So it is elear that these is not eoincidence of the predominant
periods of the earthquake in bhoth horizental components. TIn figs 8a
and 8b yon can see the modified power spectral density of the 1E-W
anid N-8 ecomponents correspondingly.
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The Fourier spectral density functions of the two components
are indicpted in the figs %a and Ob for the E-WW and N-8 components
correspondingly. From the fig. 9a it is coneluded that the period for
main max. i§ .50 see¢ while two otler seconilary maximum are in
periods 0.30 see and 0.15 see. From the fig. 9b it is clear that the pe-
riod for main max. is 0.25 see, and speetra arve also concentrated around
the pericids 0,40 see and 0.15 sec.

We obtained the same plots for the larger aftershock,  What
it is worth te mentien from the results is that the predominant pe-
riods are comparatively smaller in the ecorresponding components
iluring the aftershoek. The ratio of the main shock predominant
peried to that of the altershock fer E-W cemponent was 1.34 and
for N-5 component was 1.47.

Another important observation for the aftershock is the absence
of well expressed sceondary maximum for other periods. That is
mainly due to the small duration of the recoxnd.
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Iig. 5 — Reeords for the late aftershock of a BMAC.I strong motion seis-
mograph at Argostolion (38010°N, 20036'L} on Cephallenin Island.

5. — RESPONSE SPECTRUM

The vesponse spectra of earthquake ground motion Is defined
as the plot of the maximum response of a series of a single degree of
frecdom, linear, viseously damped oscillators (o o preseribed ground



622 d. DRARKOPOULOS ~ A, ROUSSOPOUIL O3

PROBABILITY DENZITY DISTRIBUTION
STANDARD DEVIATION =10

8 GREECE - E
g
o
“
a)
AN
o] -400 -300 -2 =100 0o 0 30 4 500
PROBABILITY DENSITY DISTRIBUTION
STANDARD DEVIATION = 10
'  GREECE-N
= 5.00 =400 ~=3.00 =200 =100 (o] 1.00 200 3.00 400 5.00

Fig. G —- Probahility density distribution of the main shoek for the W (6a)
and N-S (61) accclerograms,



ANALYSIS 01 STRONG MOTION RECORDS OF THE CEPHALLENIAN BETC. 623

100

POWER SPECTRAL DENSITY

] MAX =0.2645 E - 0.1
PERIOD =0.5000 SEC

a)
¢ z T T T T |
0 1.00 2.00 3.00
FREQUENCY
g B g 4
POWER SPECTRAL DENSITY
0 MAX = 0.12B1E-01
5 PERIOD = 0.2500 SEC
o
0
o - =
0
bie
o
o - - T T T T 1
Q. 2.00 4.00 6.00 28.00 10.00
FREQUENCY

Fig. 7 — Power speetral density of the main shock for the E-W (7a) and
N-5 (7b} aceclerograms.



624 Jo DRAKGPOULOS — A, ROUSSOPOULONS

o
Q
“T MODIFIED POWER
SPECTRAL DENSITY
el MAX = 0.1723 E-01
°T PERIOD = 0.5000 SEC. <
GREECE -E
2
o
9
o
</,/ a)
d T 1 T T L) 1
o 1.00 2.00 3.00
FREQUENCY
o
e
MODIFIED POWER
SPECTRAL DENSITY
’ MAX =0.8334E-02
g PERIOD = 0.2500 SEC

0.50

A
/\/ GREECE - N
"4

A 4

0.25

0. 2.00 4.00 €.00 !.00 . 10.00
FREGUENCY

Fig. 8 ~ Madified power speetral density of the main shoek for the E-W (8a)
and N-3 (8h) accelerngrams.



ANALYSIE OF STHOXG MOTIGN RECORDE OF THE CEPHALLENIAN ETO. 625

motion, versus the natueal period of the oseillator for various frac-
lions of eritieal dumping. The response spectra can be expressed in
lerms of relative displacement, relative veloeily and relative or ab-
solule aceeleration.  These curves provide a deseription of the fre-
queney churacteristics of the ground motion and give the maximum
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response of simple structures to the earthqnake., By superposition
of different modes of response, spectrum technigues ean be applied
to the design awd analysis of complex structures such as multistory
buildings amd dams. TUsed in this manner the spectrum technique
represents an approach intermediate between a design based on statie
loads and a complete integrution of the equations of motion of the
complex strnetures (2.5). i

Btrong-motion ecarthquake records have Dheen obtained infre-
guently in the past and the reduetion to digital form or equivalent
analogue form und subsequent caleulation of spectra huve been per-
formed on more or less an individual basis (3). However, in recent
years the number of strong-motion instruments in the seismic regions
of the world, has incrensed to the peint where a major ewrthognake
in these areas will generate a Inrge number of records. The potentinl
volume of the data and the development of the tape-recording ac-
celerograph indicate elearly that rvapid and automated data proecessing
and spectrum calenlation procedures nre needed,

The response of a single degree of freedom, linear, viscously
damped system, at any instant {, to an arbitrary time dependent
gronnd digplacement #e is given by

m :{ { + w) + C % + fu =0 (1]
Wlhere
M — TMAass.
¢ = wviscons damping coefficient.
i = coefficient of stiffness of the system.
# = relative displacement of the mass.

#o (t) = displacement of the base from the position of rest. We cun
simplify equation [1] to

mit + O + Ko = — myg(l) [2]

2

ik
Where g(l) = T (1s) 18 the gromnd acecleration,

For the strong-motion records it was found that the accelerogrum
trace could be approximated quite closely by a series of straight line
segments. In that ense ibis for top <t <y g{f) = a0l — L) + by
where aq, by, are constants of the ith segment.
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Csing this assumption it is easier and quicker using computer
technique to solve the equation of molion.

By getting the ground acceleration in a digitised form equadion [2]
can be writlen as follows:

2 o
= (d;_f 4 0 T T I et 2 i [3]
o o

LEquation [3] can be written

d-1 du
T + 2w, — + ot = —a; ( —1im) — by
where
e : T
we:=— and Ziw,=—
¥ et

By getting the solution of the equation for u (relative displace-
ment), # (relative velocity), #. {(absolute acceleration), and with the
initial coniditions known ie, # = u =0 at ¢t =0 these wvalues can
be ealeuladed by a siep by slep process at any required instant.

. — BASE LINE CORRLCTION

6.1. Some basic assumptions

It is assumed that the aceclerogram is considered asg o series of
straight lines conneeting each peak of it. Thus starting from the equa-
tion of a straight line passing from two points

Y=
Y — N - — [ - .J'[)

Tz — i

the aceelevation can he caleulated (fig. 10)
iy —— it

Tt — it

i {t) = {t; — ticr) 4 il
Since the accelerogram is given in time-acceleration coordinates,
the acceleration can be enlenlated at any desivable interval of time (5).
Thus
0Tl | . i — -
Aty = 0= (A At — Uy} + de =) + A

f; — {1 ty— 151
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For the ground veloeity

(1) ,51{-_

(A = % ) + 1 ) i (1) _/_]fl-

.I.
L

= () + —.1,— ifl) At + --;1;-- @l 4 Al A

And for the ground displacement.
w{l Aty = n(t) -4
= w{f) + wft) At 4 _i-u ® Az + _-{_15_ w(l | A At

By Integration of the straight line of the acceleration we get
a cwrve of 2nd for the veloeify and by a new integration of the velo-
city we get a ewrve of Swd for ihe displacement., Infegration can be
carried out mueh more aceurately than differentiniion, since il is ensier
to determine the way in whieh the area under a complicated curve
varies with {ime than il would be {o measure the slope of the curve,

For lwrther inerease in aceurney in the ealewlation of 1he above
quantities it is necessary to apply a base-line correction to the recorded
acceleration, since no base-line is available straight from the aceelero-
gram; the base-line correction of the aceeleration, influences the eal-
culation of ground veloecily and displacement.

After the ealeulation of the base-line correction, we can iind the
poinls where the acceleration becomes zero, These points of zero
accelerntion correspomd to maximuam values of veloeity., This is very
important especinlly for the calculation of the response spectra. We
an find in this way missing values of veloeity wlhich we could not
before adjusting the base line (7).

6.2, Least- Mean-8quare-Veloeity Technique

This teehnique introduced by Berg and Housner (1), adds a {ime-
dependent second order polynomial (Cs — Cif 4+ Ca2) Lo the aceelera-
tion, giving by this way to the acceleration base-line the shape of
a second degree parabola.  The technique makes the mean square
value of the ground wvelocity a minimum. This is justified mainly
by the feeling that most carthquake ground motions of signilicant
time duration correspond to ground velocities which oseillate approx-
imately symmetrically aboul a zero axis and approach zero veloeity
at the end of 1he earthquake. A similar condition counld noi be ap-
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plied to the ground displacement since permanent ground displace-
ments at the end of the earthquake could occur.

Tt has been shown by Hudson (%) that the periods introduced in
the aceelerogram by the parabolic hase-line correction do not seriously
aflect the accuracy of the response spectra caleulations for periods
up to about 5 see. Also the parabolie base-line does not meet all of the
requirements for the standard base-line correction, because if depends
largely on the record length, and the low frequency components will
be treated differently from one accelerogram to another.

I #. is the corrected acceleration and # the uncorrected accelera-
tion by introducing the time dependent second order polynomial
we have:

e = — [Cl + 3 Cut + 3 Ca!—')
hence
fe = # — (O1f A Cot® | O3t%)

3]

1 1 )
Ue = u~( Cltz—kTChti‘Jl—LC;,ﬁ)
3 4 _

where #., # are the correeted and uncorrceied ground veloeities and
#e, # are the corrected and uncorrected ground displacements.
The minimization of the mean square ground wvelocity requires
nq
the quantity P = | 4~ dl to be minimum.
-
So we have
It = fﬂ e — (it + Cot? + Cat3)? dl - min.
4]

In accordance with the rules of partial differentiation

2R R B
i N i e B
ol (s ol 0
and the final conditions are
Vi qa 3 2L
--Ch + — € - j}" s = I it
; 4 5] I
o
rj"q. TG TB 1
= =i e - — (1 = w2t
T L A 5 e 0 Fl' 2t
5 Ts T .
TI__ -0 A4 —C + — s = I witdt,
i (4] f I
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Assuming initial comditions of zero wveloeily and displacement
and with # and 7 known the ("s values can be evaluated.

By this way the corrected values of aceeleration, velocity and
displacement can be caleulated. The above corrected quantities prov-
ide the basis of spectral calenlations which, us muaximum response
values can be expressed in terms of aceeleration veloeily amd displace-
ment for different dampings,

In figs 11a and 11b the relative displacement for different damping
ratios are indicated for E-W and N-8 components. In figs 12a and 121
yvou can &ee, for the same damping ratios, the relative velocities of the
Lwo componenls and in figs 13a and 131 the absolute accelerations.
All these enrves are valid for the main shock.

We applied the same technique to the accelerograms obtained
during the larger aftershock and we have fumilies of curves for the
Lwo horizontal components sl the same dumping raties for the
relative displacements, relative veloeities and absolute accelerations.

These speetrn are important for engineering purposes, sinee the
acceleration specira enable ug to obtain the higher and lower frequen-
cies of ground movenent and the velocity spectra are related Lo cnergy
values which can be used for design purposes.

7. = CoXCLUSIONS

From the records ol the main shock by seismoscopes we may
conclude that the values saltenuate with distance in a fairly nniform
wiy. It was impossible to investigate if the motions were more severe
perpendicular to the fault than parallel to it.

From the power spectral density plots it was found for the main
shock that the predominant frequeneics were 2 eps for E-W and 4 eps
for N-8 component.

The raiio of the main shock predominant period Lo ihat of the
late aftershock for E-W component was found 1.34 and for N-S com-
pouent wus found 1.17. The absence of well expressed secondary
maximum, lor other period sthan the predominant one, for the late
aftershock wus atfribuled to the small duration of the record.

Binee the initial veloecity and displicement and the actual zero
buse-line lfor the digitized aceelerogram are nol known in order to
produce ground velocities and displacements with a satisfuctory ac-

10
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euracy we applied the least-mean-square-veloeity technique which
was introduced by Berg and Housner (1). This technique muakes
the mean square value of the ground velocity a mininum.

Some useful information about the nature of the motion of the
ground have been taken from the main seismie characteristics sueh
as: period-frequency analysis, probability density distribution, auto-
correlation funetion, power spectral density, growul acceleration,
velocity and displacement, response spectra ete.
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