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ABSTRACT

Using the empirical Green's function method, ground motion
for large earthguakes can be simulated by summing properly small
event records. During July and August 1921, a network of 60
portable digital stations was installed in the area of
Rio-Antirio (Greece) for the seismo-tectonic study and the
evaluation of the seismic risk of the region. Among them, 12
6-channel portable digital stations (REFTEK) were 1installed
aiming the recording of velocity and acceleration of earthquakes
of different magnitudes in different sites in order to identify
empirical Green's functions. Among the almost 5000 events that
were localised from the seismotectonic group, 600 earthguakes
have been selected that were recorded at least to 4 Reftek
stations with magnitudes M, varying from 1.0 to 4.0 .

In order to be able to compare the synthetics produced by
this method with the observed earthquakes, a strong motion
network of 8 SSAl1 and 7 SMAl stations was also installed in the
same sites and remained in operation until September 1992,
providing 453 accelerograms from 100 earthguakes with magnitudes
ranging between 2.8 and 5.0 .

Simulations of a magnitude 4.5 event have been done for
three stations with hypocentral distances ranging between 10 and
15 km, by using the recordings of a smaller event of magnitude
3 that comes from the same fault, giving a good fit to the
observed recordings. In order to justify the use of the small
events for the construction of a larger earthquake, a study of
their waveform stability has also been done.

EZOMOIQrH IXXYPHYX EAAPIKHY KINHZHY XPHRIMONOIQNTAX THN MEOGOCAO
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OEPIAMNMHYH

Xpnaot oo LWVTIAG TNV HEBoSO Twv EuTeLpLXdV CLVAPTRTEWY Green
uopovpe va eTmLTUXoUNE TNV efouolwon tng edagixnrs nivnong peydiwv
OELOp@Y aBpoilovTas HATEAAANAA TLG AVAYPAPES PULUHpDV OELOpdV. KaTtd
Toug uRveg ToGAio il AdyovoTto 1991, eyuaTaoTAONME OTNV TEPLOXNA
P{ouv-AvTippiou diuTuo amoteloluevo amnd 60 gopntols PneLarodg
OE LOHOYPAPOUG HE OMOTS TNV OELOHOTERTOVLIMN HEAETN nabdg nal Tnv
EXTIUNON TNG CelLoplxiAg EeTMLxnLvduvédInTag 1Tng TNeploxns. Metafd
QUTWV, eyHATAoTAOnMav moLr 12 gopntol YneLaxoi oeLopoypdeot 6
ouvLOoTwoWV, (REFTEK), Tpoodoxwiviag TNV HATAYPXPH Tng TaxOTnIaAg
MAL ETLTAXLVVONG OELOHWY BLQOPETLHMEY peYeBdv ot HLAPOPETLUEG
8€oeLg HE OxOMS TNV AVAYVWPLON EUTELPLMWOYV ouLvVapTHoswv Green.
Avdueoca otoug Tmepimouv 5000 oceilopolg mouv evrtomiocTnurav and TNV
CELOUOTEHTOVI KT Ooudda, Hrai€yxtnuav 600 oL omolol el yav avaypagel
oe mepLoocdtepa and 4 REFTEK, pe pey€bn M, mou smupaivovial avapeoa
oe 1 now 4.

I'ia va eipacte oce B€on va ovyupivovpye Ta ovvleTiUd
EMLTAXVVOLOYPAPHHATA HE TPAYHATLHESG QAVAYPAPES, EYHATAOTABNME
emiong €va 8inTLO emLTa)xLvoLoYpdewy (B8 SSAL nat 7SMALl) otig (dLeg
6€oeLg naL €ueLlve o AelTovpyla €wg Tov ZemTEUPplo 1992, Sivovtag
453 emiTayuvoLoypapiuata ond 100 oeiopolg pe  peyEBn Tou
mupalvovTal avdapeoda oe 2.8 nar 5.0.

Efopordoelg evég oglLopol peyebBoug 4.5 €yivav yvia Tpeig
gTabpolG HE UTOMEVTIPLHEG AMOCTACELG TOL uvpalvovTalL avdusoa ot
10 mae 15 xLAitdpeTpa, XPNOLHOTMOLWVTAG TLG AVAYPUPES HLUPSTEPOL
ogeLopol peyvéboug 3 mpoepyduevo and to (HLo pivpa, mapovoLdlovtag
HEYEAN  OHOLSTINTA HE TLG TPAYTHATLHESG AVXYPAPES. T'ia va
SinaLoroyriooupe TNV XpHon TwY ULMPWY CELOPWY OTNV UNATACHEULN
peydiwv, €yLve emiong HeEAETN TNc xwplxnig otabepdtnrtag Twv
MUUATOHOPPWV . :

INTRODUCTION

The empirical Green’s function method was originated by
Hartzel (1978), and has been successfully developed by combining
it with the scaling law of earthquakes (Irikura, 1983,1986; Wu
et al., 1984; Irikura and Aki, 1985; Houston and Kanamori, 1986;
Joyner and Boore, 1986; Boatwright, 1988; Takemura and Ikeura,
1989).

The idea of this method is that the small earthquakes are
carrying the message of their path and site geologic
inhomogeneities because they are independent of the source-time
function. All the authors inherently assume that the impulse
responses for all portions of the fault area are provided by the
smaller earthqguakes. In modeling, the smaller events are time
delayed, scaled in order to follow the w-squared spectral scaling
model and summed to simulate finite rupture.

In Elastodynamics Green’s function is called the
displacement field produced by the simplest of the sources, (the
unidirectional unit impulse), which 1is localised precisely in
both space and time. In the original idea of the method, the
small earthquake used in the summation should correspond to an
event of a very small magnitude. In that case the source function
can be approached by a Dirac impulse and the recording can be
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considered like a "real" Green'’s function. However, accurate
records from smaller events may be restricted to a narrower and
higher frequency range, because amplitudes at low frequencies
become smaller than those of ground noise. This becomes even
more difficult in the simulation of acceleration because of the
limitations produced by the dynamic response of the
accelerographs. Thus, in order to synthesize large earthquake
motions, we have to use records from small earthquakes larger
than appropriate sizes.

So empirical Green’s functions have generally been defined
as recordings of earthquakes some magnitudes lower than the
earthquake being studied, having corner frequencies higher than
the frequency range of interest and located nearby. They have
been used in order to introduce path and site information in
theoretical calculations.

In this paper ,using the developed method proposed by
Irikura {1986), we show the first results of some simulations for
medium-size events, in order to test the validity of this method
in Greece.

STIMULATION METHOD

In order to determine the total number of the subevents that
have to be summed to synthesize the earthquake, the similarity
scaling laws are used. If we suppose that the small event is
represented by a circular fault of radius a and the target event
by a square fault with 1length L and their displacement
discontinuities d and D respectively, their seismic moments m,
and M, are given by the expressions :

m,=pma’*d and M, =pL®D (1)

Assuming a constant stress drop Ao for the small and the
large event, we have:
Age d.D

T T i

If the fault length L of the large event is N times more
the length 1 of the small event, (L=Na), the constant stress drop
condition implies that the dislocation d of the small event must
be N times smaller than the total dislocation D on the main
fault. Thus, the seismic moments mo and Mo are scaled by the
factor N3 :

M =N’m, (3)
This means that for the modeling of the main shock, the
total number of the subevents that have to be summed is N and
can be found by the ratio of seismic moments M /m . Generally

the similarity scaling laws , ({(Kanamori andoAnderson, 1975;
Geller, 1976) assume :
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where t, and t,; are the rise times of the big and the small
earthquakes respectively.

We consider a rectangular fault (length L, width W) that
represents the fault of the large earthquake to be simulated,
(fig.1l). The fault plane is divided into b x m elements
representing the fault dimensions of the small events used as
empirical Green’s function. In order to built up the seismic
motion of the large event, time delays between the summed
seismograms are computed, considering that rupture propagates
with a constant velocity and with a circular rupture front.

Fig.l. Schematic source model.

In order to model the slip motion at each subevent of the
fault, a non-zero rise time ty; of the small event must be
considered. So the slip function of the large event is built up
by adding the n elementary slip functions lagged by the small
event rise time t,, (fig.2). So the total number of the
summations is b x m x n = N,. Moreover, before the summation, a
correction of the radiation pattern is done for each element of
the fault. Thus, the synthetic motion U for the large earthquake
is given using the observed seismogram u of the small earthquake
as: :

22 ulx,, t-tg-ty) (5)
o

where t, =r /v + £../v_, and t, =(k-1)t; /n, F®, and r,. are the
radiation pattern and the focal distance for™ (i,3j) “subfault
element. For travel time corrections the shear wave velocity v
is used in order to represent correctly the most energetic an

destructive S waves.

In (5), the term of the uniform time shift t, that is used
in order to built the dislocation time function of the large
earthquake, introduces to the synthetic an artificial periodicity

of tD/n. To avoid this artificial periodicity Irikura (1983),
divided ty/n by a n’ in order to shift this periodicity in higher
frequencies out of the frequency range of interest. So the
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summation with respect to k 1in the expression (5) becomes:

_n§ D't_t{(k—l)t'?) (6}
n’ &1 nn’

The synthetics produced by using (5) and (6) gave a good fit
to the observed but only in low frequency motions up to 1/t; .
However, the high frequency motions were underestimated. Muramatu

Distocatian
Y

B ——

P i Risa 1roq

Fig.2. In every elementary source, the Sllp functlon is modeled
by a ramp with dislocation D and rise time L.

and Ohnuma, (1985), and Yoshikawa et al., (1985), instead of
leldlng the term t /n , they assumed random time shifts, that
is, the term t, in the relation (5) is replaced by (k-a, )tD/n,
where a, are unlform random numbers between 0 and 1. Then

the summation with respect to k in expression (5) becomes:

n

Y ulx,, t-tg-

k=1

(k-a,) tD) (7)
n

By this method of random time shifts the high frequency
motions of the synthetics are overestimated. In order to obtain
the synthetic which is consistent with spectral scaling at high
frequencies, only N? records should be summed randomly for the
case with the moment ratio of N2,

Finally Irikura (1986), proposed a revised method combining
(5),(6) and (7) with an expression given by:

Ui{x, t) E: ﬁé

g,ln

m (n-1) s (k-l)tD)

ulox,, b &) +§: E: 2: u(x t-ty-

5
Fg +ij 15
(8]

The first term produces an w? high frequency spectral fall
off, while the second term produces an w> fall off. Therefore,
high frequency motions come from the first term with the
summation of N° records, assuming b = m = n = N. Expression (8)
is the one adopted for modeling in this paper.
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DATA

During July and August 1991, a network of 60 portable
digital stations (26 one-component and 34 three-component )} was
installed in the area of Rio-Antirio (Greece) and has recorded
5000 events. Among them, 12 6-channel REFTEK were especially
installed for the recording of the acceleration of small
earthquakes from different sites in order to test the validity
of the empirical Green’s function method and the study of the
spatial variation of the waveforms of the small earthquakes.
Almost 600 very well-located ( 0.5 km) events have been selected
that were recorded at least by 4 Reftek stations with magnitudes
M ranging between 1.0 and 4.0 (fig. 3).

28.80 T T T .- T T

O  REFTEK+SHA

A REFTEK+SSA
38.40

38.20

BB.OOL

. | | !
21.40 21.680 21.80 22.00 22.20 22.40

Fig.3. Strong motion network-REFTEK data (July-August 1991).

In order to compare the synthetics produced by this method
with some relatively large earthguakes, another network of 8 SSAl
(3-component digital accalarographs) and 7 SMAl (3-component
analogue accelerographs), was installed in the same sites as the
REFTEK stations and remained in operation until September 1992,
providing 453 accelerograms from 100 earthquakes that have been
recorded with magnitudes varying from 2.8 to 5.0 . The
localisations of the SSAl data after August 1991 have been done
using the S-P arrivals of the acceleration recordings (fig. 4).
This big database with very good quality data combined with
detailed seismotectonic information is probably one of the best
dataset for the evaluation of this method. For the first test of
the method the largest recorded earthquake that occurred within
the network, an event of magnitude 4.5 (25 Oct. 1991), has been
chosen as the target earthquake to simulate. Another event of
magnitude 3 (2 Aug. 1991) that was recorded nearby has been
chosen as the element event (fig. 4).

SIMULATION EXAMPLES
For the simulation of the 4.5 event, the model shown in

figure (5) 1is wused for all the examples. The correlation
coefficient, the peak acceleration ratio and the spectral ratio
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between the synthetic and the observed waveforms, are the
parameters used to test the validity of the simulation.
Seismotectonic results have been used in order to define the

38. 69| 1 =] g T T

38. 40

0 <Z<5

38.20—

S <2< 10
© 10 <2< 15

‘
A 15<2<20

38.00|—' A - e
\ o000

37.80 | ! | | | H52 3 & 3
21.40 21.60 21.80 22.00  22.20  22.40

0 3 k=

Fig.4. Strong motion network-SSA data (July 1991-September 1992).

Fig.5. Source model used in all simulations.

geometry of the fault assuming that the length is almost the
double of its width. The total number of summations has been
estimated by the ratio of their seismic moments calculated from
empirical relations, (Tselentis et al., 1988; Kiratzi et al.,
1985). The same focal mechanism is assumed for both events,
(normal fault, dip 45° and strike 280°), where the locations of
their hypocenters (fig.6), propose that they come from the same
fault. For the rise time of the small event the value of 0.011
sec has been adopted and it is 4 times smaller than the target’s
rise time. A sensitivity study of the value of the rise time of
the small event has been done, (keeping the same focal
mechanisms), that verifies the selection of the value, (fig.7).
So the total number of summations are 6 x 4 x 4 =96.
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Fig.6. Cross section across the line shown in Figure 3 (Rigo,A.,
et al., 1992). ‘

Sensitivity studies of the direction of the strike have been
done (keeping constants all the other parameters as well as the
initialisation point), showing that the correlation of the
synthetic and the observed is high within a range of 50 degrees
around the direction of the fault proposed by the seismotectonic
results. In Figure 8 there is an example using the E-W
components of station Sergoula, while similar patterns have been
derived from the E-W and N-S components of stations Kallithea
and Sotena . There are also two other peaks that correspond to
directions perpendicular to the fault direction. The S$-wave
velocity in the depth of the fault, v = 3.5 km/sec, has been
chosen as the appropriate velocity for travel time corrections.
The rupture propagates with a constant velocity ¥ *0.75v, *2.6
km/sec in all directions so that the rupture front is ciredlar.

a7

.8

correlallon coeillzlenl

04 T T T T
0.005 0.009 0.013 0.017 a.021 9.025

rise tima (3eq)

Fig.7. Correlation coefficient versus the rise time of the small
event.

In Figure (9) there are some examples of the simulation in
different stations. There is a good agreement in the waveforms
between the synthesized and the observed ones. 1In the spectrum
there is a good fit in low and high frequencies, but there is an
obvious overestimation of the spectrum in the very low
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frequencies that is probably caused to the digitisation noise and
the dynamic limitations of the accelerographs for recording small
earthquakes. For this range of frequencies it is impossible to
test the validity of the method with so small events that their
energy is distributed in higher frequencies.

Fig.B. Correlation coefficient versus fault’s strike.

WAVEFORM SPATIAL VARIATION

The validity test of this method should not only be
concentrated in the comparison between the synthetics and the
observed waveforms. In order to have the right to use this method
for the prediction of the strong ground motion for the evaluation
of the seismic hazard of a region, the spatial variation of the
waveforms must be studied. If there is a big difference in the
waveforms between the small earthquakes, the simulations can have
large variations. Thus, the waveforms of 25 events (no 1 to 25)
having magnitudes between 2 and 3 that belong to a swarm located
near the two events that have been used for the simulations,as
well as 5 events (no 30 to 34) located a few kilometres nearby,
have been tested, (fig. 10). Every event has been recorded in at
least three or four stations. Therefore, 120 velocity traces
having hypocentral distances ranging from 10 to 37 km have been
compared. The focal mechanisms are known for the 9 events of the
swarm (no 14,16,18,19,20,21,23,25,26) and for all the other five
events. Apart from two events of the swarm (no 14 and 26), the
focal mechanisms are almost the same. The traces have been
filtered with a lowpass filter of 10 Hz, in order tc eliminate
the differences in high frequencies caused by the difference of
the magnitudes. The intercorrelations among all the traces for
every station and component, have been systematically calculated.
The maximum correlation peaks reveal a very good similarity in
the waveforms of the swarm as well as some differences (fig.ll
A-B). The events with almost the same focal mechanism (no
16,18,19,20,21,23,25) have the best correlations ranging between
0.6 and 0.9. The first of the two earthquakes with the different
mechanism (no 14, fig.11-C)}, gives correletions with a big
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scattering (0.3 to 0.8). On the other hand the second gives
generally very good correlations (fig. 11-B). Despite of the
similar focal mechanisms, the intercorrelations among the events
of the swarm and the others are generally bad around 0.3, (fig.
11-D), but the differences in distance must be considered. There
is no similarity among the traces recorded in different stations
showing the strong influence of the site and path effect in the
small earthquakes.

aS0OT
38. 42— -]

38.37

38. 32— 4 .
A
38.27 - ! | |
22.09  22.14 22.13 22.24

Fig.10. Events used in this study; The triangles are the
positions of the 4.5 and 3 that were used for the
simulation; There is also the swarm and the 5 others. The
three earthguakes near Kallithea station have numbers 31,33
and 34.

CONCLUSION

The first results of the validity test of the empirical
Green's function method in Greece are encouraging. The
acceleration spectrum, the peak ground acceleration, the corner
fregquency as well as the waveform of the simulations are in good
agreement with those of the observed earthquakes. More tests must
be done in larger earthguakes where the spatial variation of the
empirical Green's functions is more important. The importance of
this method is the exploitation of the path and site information
that exists in the recordings of the small earthquakes, that are
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not rare in Greece, in order to predict the characteristics of
a future large earthquake.
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Fig.ll. Waveform correlation coefficient for events 1,20,14,31
versus all the events from the swarm.
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