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Α Β S Τ R Α C Τ 

Ιη the present study, the results of the analysis of 45 
strong motion records are presented. The accelerograms correspond 
to he time period 1973-1990, recorded at stations of the network 
of the National Observatory of Athens. The processing is based 
mainly οη the standard procedure developed at the Earthquake 
Engineering Research Laboratory of the California Institute of 
Technology. Except the time histories of the corrected 
acceleration, velocity and dispacement as well as the response 
spectra, some important relationships are also derived. 
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ΓΙΑ ΤΗ ΧΡΟΝΙΚΗ ΠΕΡΙΟΔΟ 1973-1990. 

Σταυρακάκης,Γ.Ν., Καλογεράς,Ι.Σ. και Δρακόπουλος,ι.Κ. 

Π Ε Ρ Ι Λ Η Ψ Η 

Στην εργασία αυτή παρουσιάζονται το προκαταρκτικά 

αποτελέσματα της ανάλυσης 45 επι ταχυνσιογραμμάτωντου δικτύου του 

Εθνικού Αστεροσκοπείου Αθηνών της περιόδου 1973-1990. Η μέθοδος 

της ανάλυσης βασίζ9ται κύρια στη διαδικασία που εφαρμόζεται στο 

CALTECH με μικρές τροποποιήσεις σε διάφορες ρουτίνες. Εκτός από 

τις χρονικές εξελίξεις της επιτάχυνσης, ταχύτητας και μετατόπισης 

δίνονται επίσης διαγράμματα που απεικονίζουν διάφσρες 

παραμέτρους. 

INTRODUCTION 

The records are digitized οη an unequal time basis picking 
υρ all significant peaks, points of inflection, points crossing 
zeros, etc. with as many intermediate points which are needed for 
an accurate definition of shape. 

The data contain long-period and high frequency errors. The 
principal sources of long period errors can be divided into 
several groups: (L1} Errors caused by the transverse play of the 
recording paper or film in the drive mechanism, (L2) errors due 
to the warping of records, caused by aging, and errors introduced 
by photographic processing of contact negatives, and translucent 
copies, (L3) errors caused by optical enlargement of film 
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negatives, (L4) systeInatic errors due to imperfect mechanica1 
transverse mechanisrns of the cross-hair system ση the digitizing 
tab1e, (L5) random errors generated during digitization process. 

Οη the other hand, the main sources of high frequency errors 
are: (Η1) Modification of harmonic arnp1itudes and shift of phases 
caused by the finite, natura1 frequency of the acce1erograph 
transducer, (Η2) errbrs resu1 ting frorn the imperfections in 
transducer design, (Η3) randorn digitization errors, (Η4) errors 
caused by inadequate reso1ution of digitizing equipment, and (Η5) 

low-pass fi1tering effects in the optica1-rnechanica1 process. 
Errors L1, L2 and L4 is a set of we11 defined errors. A11 

inforrnation necessary to correct them is avai1ab1e during the 
digi tization process. Corrections for the transverse p1ay of 
recording paper οι fi1m, warping of records and systernatic errors 
in the rnechanica1 systern of the digitization tab1e can a11 be 
performed during processing of reading points of acce1erograrns. 

The second group of errors represented by Η1 and Η2 is rnore 
difficu1t to correct exact1y. They require extensive 
cornputationa1 procedures. Errors resu1ting frorn excitation of 
higher rnodes of transducer are usua11y neg1ected in the standard 
processing. 

The third group of errors represented by L5, Η3 and Η5 is 
the rnost cornp1ex. Typica11y, the nature of these errors is such 
that they cannot be corrected, but have to be e1iminated frorn the 
acce1erograrns. The procedure which has been fo11owed in this 
study, is described in the fo11owing three chapters and is 
i11ustrated in figure 1. 

VOLUME Ι PROCESSING: SCALED UNCORRECTED DATA 

The SMA-1 records (en1argernents) are hand digitized with the 
aid of the DIGIT program οη an unequa1 tirne basis, except the 
tirne mark trace which is digitized in equa11y tirne basis. Once 
a11 traces have been digitized the first stage of acce1eration 
processing is to correct and srnooth the data, to sca1e the data 
into the proper units of tirne and acce1eration, and to fix a 
horizonta1 zero 1ine for acce1eration. Ιη this way the raw 
digitized data are written into a fi1e ready for further 
processing by the Strong Motion Data Analysis Software. Το sca1e 
an acce1eration trace we used either a fixed trace as a reference 
1ine and (or) a time mark trace for time scaling. 

Moreover, the fol1owing sca1ing factors are used; the 
reso1ution of the digitizing tablet (SUMMAGRAPHICS, 10,000 
counts/crn), the rnagnification factor (usual 2.0 or 4.0), the 
record sensitivity obtained frorn the ca1ibration data in units 
of crn/G, and the 1ength, in seconds, of each tirne rnark interva1. 

For this purpose, the SCALE computer program (Kinemetrics, 
1986) is used which processes one fixed (or tirne rnark) trace and 
one acce1eration trace as fo11ows: 

(1) Converts the digitizer coordinates to fi1rn coordinates. 
The acceleration trace data are corrected by calcu1ating the 
ang1e of rotation between the fixed (οι tirne rnark) trace and the 
digitizer horizonta1 axis and then rotating the acce1eration 
trace Χ, Υ points by that ang1e. 

(2) Converts the fi1m coordinates to trace coordinates. The 
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acceleration trace Υ data are further corrected by subtracting 
the corrected fixed (or time mark) trace Υ data (from step 1). 

LDT-------> b ] 

VOL2 <-----­ FILTE:R 

.?A:R 

Θ ------> [Ξj 
RESPONSE 

.PAR 

G ,-----­
Ι 

~'''-
/ .VJ J
Ι . 
\..J 

Γ3 
Fig.1. Flow chart showing the procedure followed in the present 

study. 
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(3) The corrected acce1eration trace Χ data ~s scaled to 
time in seconds. 

(4) The zero 1ine of the acce1eration data is deterrnined. 
The corrected acce1eration trace Υ data are averaged and then the 
average is subtracted frorn each Υ point. These trans1ated va1ues 
are fina11y sca1ed to give acce1eration data in G/10. 

The 6ca1ed acce1eration data are written to a Vo1ume Ι (.V1) 
fi1e. The V1PLOT prograrn a110ws us to view the data graphica11y 
and cornpare the p10t with the origina1 record. The resu1ting 
Vo1urne Ι fi1e is now ready for further processing. 

Instrument Correction 
The acce1eration traces are interpo1ated to equa11y spaced 

points in time with an interva1 Δt=0.01 sec, low-pass filtered 
to reduce digitization noise, and fina11y decimated. The 
acce1erograrns are then corrected for the instrurnent response. 

The existing CALTECH mode1 assumes that the re1ative 
disp1acement response y(t) of a sing1e-of-freedom transducer is 
approximate1y proportiana1 to the ground acce1eration a(t). Thus, 
to derive estimates of the ground acce1eration frorn the recorded 
re1ative disp1acement response, the fol1owing correction is 
applied: 

a(t} = -y(t) - 2ξωnΥ(t) - wn2y(t) 

where, ωη, is the transducer natura1 frequency, and ξ, is the 
viscous darnping ratio. 

The basic prob1ern in designing an instrument correction 
fi1ter is 1inked to the process of differentiation required to 
obtain y(t) and y(t) frorn y(t). The CALTECH mode1 uses a 
second-order centra1 difference approximation for this purpose. 
However it has been shown by Sunder and Connor, (1982) that the 
centra1 difference fi1ter differs considerab1y from the exact 
re1ation, and the nature of the discrepancy is to suppress the 
high-frequency components of the ground acce1eration signa1 at 
frequencies greater than approximate1y 1/4 the Nyquist frequency. 

Ιη order for the centra1 difference instrument correction 
fi1ter to be acceptab1e, the data samp1ing period rnust correspond 
to a Nyquist frequency that is apprσximate1y four tirnes the 
frequency up to which the correction needs to be performed. 

Ιn the present ana1ysis, in most cases, the upper 1irnit of 
25 ΗΖ is adopted. This va1ue defines a Nyquist frequency of 100 
ΗΖ, and thus a sarnp1ing period Τ=0.005 sec is required. For this 
reason, the corrected acce1eration, ve1ocity, and disp1acement 
data are reinterpo1ated using Τ=0.005 sec. However, Sunder and 
Connor (1982) have noted that the standard instrurnent-correction 
a1gorithrn inadequate1y corrects for the instrurnent response at 
high frequencies (15-25 ΗΖ). 

The prob1ern is that the bridging-formu1a approxirnating the 
derivative has an increasing1y 1arge error at frequencies 
approaching the Nyquist frequency. This 6uggests the simp1e 
expedient of performing the instrurnent-correction process using 
that sarne sirnp1e a1gorithrn but app1ying it prior to desamp1ing 
of the data frorn 100 down to 50 points/sec. This shifts the 
inaccuracy σf the bridging operator to frequencies higher than 
the fina1 25 ΗΖ Nyquist freguency. The re1evant modifications 
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have been proposed by Shakal and Ragsdale (1984) and have been 
incorporated in the present analysis of the accelerograms. 

The low-pass filtering using an Ormsby filter is expressed 
by the discrete convolution sum: 

n=l 

y(n) =X(n) 'h(n) =Σ H(k) 'x(n-k) 
k=l 

where, X(n), is the equispaced sequence of the time history to 
be filtered, y(n), is the filtered version of Χ(η)ι and h(n), is 
the sequence of the filter weights of the Ormsby impulse response 
function. 

After the instrument correction has been performed a 
straight-line fit by least-squares is subtracted from the 
acceleration, and trial calculations for velocity and 
displacement are made. More specifically a line (V-=Vo + at, 
V-=velocity, Vo-=initial velocity, a-=slope, t-=time) is least 
squares ι fitted to the velocity and α is subtracted from the 
acceleration. The acceleration is high-passed filtered, and a new 
velocity and displacement are calculated from the adjusted 
acceleration. Further high-pass filtering' is done οη the velocity 
and a new displacement is calculated from the adjusted velocity. 
Finally, a high-pass fi1ter is performed ση the new displacement. 
Alltogether, high-pass filtering is performed three times to 
remove long-period errors that arise from the unknown ini tal 
veiocity and displacement. 

However, Shakal (1982) has noted that the particular method 
of long-period filtering used in the standard Caltech procedures 
(Trifunac and Lee, 1973) can cause spurious long period results 
for certain input frequencies. 

Energy in the accelerogram near 5 ΗΖ and its multiples is 
erroneously introduced through the aliasing associated with 
decimation, at long periods, i.e. 6 to 10 seconds and greater. 
It has been shown that adequate filtering prior to decimation, 
instead of simply applying the running-mean operator, removes the 
problem. Some modifications in the standard code have been made 
by Shakal and Ragsdale (1984) and have been also adopted in the 
present report. The accuracy of the filter is a function οί the 
difference Δf-=fLt-fL (fL, is the low cutoff frequency, fLT, is 
the low cutoff transition width). The error is reduced by making 
Δί larger. The fL frequency is primarily selected οπ the basis 
of l/fL equal to one-quarter οί the record length. The frequency 
Δf may varies from 0.1 up to 0.5 ΗΖ. However , the Ormsby 
high=pass filter introduces errors into the displacement and 
careful consideration must be given to constructing a filter 
response. 

VOLUME 11 PROCESS1NG: CORRECTED ACCELERAT10N,
 
VELOCITY ΑΝΟ D1SPLACEMENT
 

The scaled, uncorrected acceleration data obtained from the 
first stage of processing are now retrieved to be corrected for 
instrument frequency response and base-line adjustment as 
described by Hudson and Brady (1971)ι Trifunac and Lee, (1973), 
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Trifunac et al.,(1973), Hudson (1979), Trifunac and Lee,(1979). 
At the sarne tirne, the accelerograrn is integrated to obtain 

the velocity and displacernent records. Αη input file called 
F1LTER.PAR is prepared which contains the Ormsby filter 
parameters for the bandpass filter. We used the filters proposed 
by Basili and Brady (1978) and have already been applied by other 
researchers for analyzing strong motion in Greece (Carydis et 
al., 1984; Margaris, 1986; Carydis et al.,1988; Anagnostopoulos 
et al., 1986 ί Makropoulos et al., 1989; Lekidis et al., 1991). 
These filters are a linear ramp of 0.05-0.125 ΗΖ and 25-21 ΗΖ. 
For small earthquakes with small duration these filters have been 
appropriately changed. 

Το obtain as much as possible high accuracy at higher 
frequencies, a decimation factor 4: 1 lS used. However, this 
factor requires long run time and large storage space, at the 
Volume 11 stage and at the next one. 

The accelerograrns corrected for instrument response are next 
baseline corrected by high-pass filtering with an Ormsby bandpass 
filter having a low cutoff corner f1, low cutoff transition width 
f2, high cutoff corner f3, and high cutoff transition width f4. 

Το avoid long period errors, for periods longer than 16 sec, 
resul ting frorn the uncertainties involved in estirnating the 
initial velocity and displacernent of ground motion (Hudson 1979, 
Fletcher et al., 1980), the computed velocity and displacernent 
curves are high-pass filtered using the same Ormsby bandpass 
filter as above. 

The corrected acceleration, velocity and displacement for 
each component of an earthquake record are plotted to appropriate 
scales by the prograrn V2PLOT (Kinemetrics, 1986). Details 
concerning identification and peak values of acceleration, 
velocity, and displacernent are given at the top of each plot. 

Finally, the corrected acceleration, velocity and 
displacement data are written in a filenarne with an extension .V2 
ready for further processing. 

VOLUME 111 PROCESS1NG: CALCULAT10N ΟΡ RESPONSE SPECTRA 

The volume 111 stage ο! processing includes the calculation 
of response spectra for up to five user specified values of 
damping, and up to 45 values of period. At the sarne time, the 
Fourier amplitude spectra are also calculated, by means of the 
Cooley-Tukey algorithrn. 

The spectra are computed based οη the exact analytica1 
solution of the Duhamel integral as described by Nigam and 
Jennings (1968).~ 

Calling the prograrn V3PLOT (Kinemetrics, 1986) a plot of the 
Pseudo Velocity Response Spectrum, PSV, together with the 
Relative Displacement Spectrum, 50, and the Pseudo Acceleration 
Spectrum, PSA, in the tripartite logarithmic plot versus period 
is obtained. The units are inch./sec, inch., and g, respectively. 
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ANALYSIS OF ACCELEROGRAMMS RECORDED ΑΤ NOA'S STATIONS 
DURING ΤΗΕ ΤΙΜΕ: 1973-1992 

Th·e Accelerographic Network of ΝΟΑ: 

Figure 2 shows the locations of the accelerograph stations 
of the Seismological Institute of the National Observatory of 
Athens. The permanent stations are shown by solid triangles, 
while the temporarily installed instruments are shown by solid 
circles. These instruments have been installed at specific areas 
for monitoring aftershock sequeηces (Kalamata 1986, Elia 1988). 
Table 1 summarizes all information οη the instruments and the 
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Fig.2. The strong motion network of the National Observatory of 
Athens. Permanent stations are shown by solid triangles, 
temporary stations by solid Circles. 
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stations. 

Earthquake Data 
All data summarized in table 2 are taken from the Monthly 

Bulletins οί the Seismological Institute οί the National 
Observatory οί Athens. MS is the surface magnitude as it has been 
obtained by the relationship MS ML + 0.5 (Kiratzi and 
Papazachos 1984), while Mb is the body wave magnitude taken from 
the monthly bulletins of the I.S.C. 
Interpretation οί the Results 

All available accelerograms recorded by the NOA's network 
have been analysed following the procedure described in the above 
sections. The obtained results are interpreted in the following 
manner. 

For each record is given: the uncorrected acceleration time 
history, the corrected acceleration, , velocitΥ, and displacement 
time histories as well as the response spectrum. The four digits 
at the right top corner of the plot οί the uncorrected 
acceleration depicts the origin time (hour, minute) οί the 
earthquake. 

The peak values for each trace are marked οη the plots and 
listed numerically at the top of the figures showing the 
corrected 

ΟΙ 

"" 16'21.0'21 
() 

Q) 

({) 

""Ε 

() 12'21.00 

u 
u « 80.0'21 

Ι 

"" 
~ 40.00
W 
> 

Ι 

Α ΙΗ "­

• • ~ . 
• 

• ... • 5Ιμ, ,Q,C. Co~d\1:\c\,\~
••-----?--------------- --­

γ .. * •• • 
Ι 

fQ(..!::,.. " .. ",... •.. " COl(d i~iα...;.. • 
• 

o .Θ0 +-τ...-r-r-τ-rτ-m-rτ---rτ-r-τ-rτ-rrτ...-r'T"'rΤ""Τ""1-rτ--,-,--r-τ-r-r-rn"""'t 
0.00 20.130 40.1313 6Θ.ΘΘ 80.0'21 

DISTANCE ( k m) 
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acce1eration, ve10city and disp1acernent. Due to space 1irnitations 
on1y an exarnp1e of the ana1ysis is presented ίη figure 3. Tab1e 
2 surnrnarizes not on1y the pararneters of the earthquakes ana1ysed 
ίη the present study, but the peak corrected va1ues of the 
acce1eration, ve10city and disp1acernent as we11. Figure 3 
inc1udes a1so the response spectra for the sarne as above record. 

Figure 4 shows the peak horizonta1 (Α} and the peak vertica1 
acce1erations (Β}, respective1y, as a function of the distance. 

Figure 5 shows the ratio of the horizonta1 ve10city to 
horizonta1 acce1eration versus distance and an atternpt has been 
rnade to corre1ate our resu1ts to those by Seed et a1 (1976). 
However, the response of the bui1ding seerns to p1ay a quite 
significant ro1e. For exarnp1e, a1though ,figure 5 shows that ΑΤΉ1 

gives the highest va1ue and this, according to Seed et a1 (1976), 
rneans that the geo1ogica1 conditions of the insta11ation shou1d 
refer to deep cohesion1ess soi1, this is not true. This high 
va1ue propab1y contains the response of the fifteen-stores 
bui1ding ίη the twe1fth of which the SMA-1 is insta11ed. 

Figure 6 shows the ratio of peak horizonta1 to peak vertica1 
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acce1eration, which gives an average va1ue of the order of 2.3, 
a1though a wide1y accepted va1ue is of the order of 1.5. This 
cou1d i11ustrate the extrerne1y significant meaning of the 
horizonta1 component for the area of Greece. 
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