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ABSTRACT 

The e~tim~tlon ot seIsmic hazard of an area is of primary 
importance in earthquake engineer1ng. Thi~ paper deals with the 
applicfttion ot Cornell's cla95icol moOel for the evaluation ot the 
future selsmlC loading In the city of Volos. central Greece. 

The model i9 based on the combination of the maln 
seismotectonic features of small seismic sources with the 
recurrenca model of each 90urce. The assessment of seismic hazard 
involveB rour stages: (1) dellneatlon of potential !lei!lmic sources 
&round the site ot interest. (il) determination of the recurrence 
model of eorlhqua:kes in each source, (iii) attenuation lIlOdel and 
(iv) estimation of the contribution ot all sources to the site. 

TWo attenuatIon models are used in the application, giving 
similar hazard values. A close inspection of the detailed 
numerical results reveols the level at the contrlbution at ee.ch 
source to the estimated he.zard: Source 1, south to the city of 
Volos, contributes about 70% ot the total hazard to the city. 

The sene1tivity of the model to a certain number ot input 
parameters is further investigated using alt~rnative vdlue~ ond 
repeotlng the calculations. 

INTRODUCTION 

The probabillstic method ot seismic hazard analysie developed 
by Cornell (1968) is me.inly b5sed on the dclinedtion at the 
potenti51 seismic sources distributed around the site at interest 
and the seismiclty parameters (b-value. mean activity rote, 
maximum expected earthquake magnitude) of each source. 

The delineation of seismic sources is attained considering the 
geographical distribution at epicenters. Generally, the 
correlation at seismlcity wjth tectonic structures ie not a simple 
task, requiring det5iled knowledge and evaluation of all available 
information. Most commonly. the general geotectonic 
characteristics at the area are subjectively incorporated in the 
model contributing, mainly, to the estimation of geometry and 
depth of source. Three types of seismic sources are uoed by the 
model Identified 09 "point", "linear" and "areal" sources. 
Seismicity in each source 1s considered homogeneous <!llnd on 
earthquake is equally likely to occur at any place over the whole 
length/area of source (Corne 11. 19681 . 
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In the pre~ent model the 9ccurrence of edrthquake~ i~ thought 
to be ~ 'ois90nian process. Thi~ assumption practically introduces 
no limitation in engineering studies and implies that earthquakes 
follow the exponential distribution regarding their magnitude and 
are randomly distributed with regards to time. 

Past ~ar~quake occurrence information is swnmarized by means 
of a recurrence relationship. The parameter b of the 
Gutenberg-Richter (l956) law is so estimated. A high b-value 
implies a small fraction of the total earthquakes at the higher 
magn1tudes, whereas a lower b-value implies a larger such 
fraction. It is therefore obvious that. since the higher levels of 
ground motion at a site are dominated by occurrences of major 
earthquakes. the accurate estimation or b is of great importance 
in seismic hazard analysis. Moreover. there i~ a statistical 
uncertainty about the mean rate of occurrence of earthquakes, 
reduced however as the data increases. indicating that the volume 
of data h~~ a significant effect' ~he quality of estimations. 

A lno~~ -itical point 1n se :..-:: ha%ord analysis il!l the 
choice 0= 'he attenuation model. Usually, attenuation laws are 
empiri~~l derived from regressions of observed motions against 
earthquake magnitude and distance from the causative fault. It is 
evident that the reliability of these laws 1S critically dependent 
upon tre d~ta volume. The variation of the tectonic regime. even 
i ~c~l scale. sUggest9 the reg1onalizc:ion of such laws when 
e h data are available. 

The estimation of the maximum magnitude expected from a 
source is most difficult to be assessed aoong all seismic hazard 
parameters. This 1~ correlated with the tectonic regime. the 
accumulation of stress and energy rele~ ·e. as well os the 
mechanical properties of the fault plane. -_ re have been proposed 
scaling laws correlating earthquake magnitude with the above 
mentioned parameters (Kiratzi et al .. 1985), however associated 
with large unci': ... ~· .o.;1es. since they a.re based on relatively small 
number of measurements and valid only ,~r a predetermined 
~9ni tuj~ _ange. 

The lr,ost coamo;"\ method of estimating t.he large5t pOl!lsible 
earthquake ma.gnitude is the theory of extreme values which has 
been fullY .. "loited by many investigators IDrakopoulos and 
Makropoulo:>, 1983; Makropoulos and Burton, 1984b). This method is 
adopted in the present study. 

The mathematical formulation of the model i~ ana lyzed in 
del.ail in previous studies (Cornell. 1968; Cornell and Merz, 
1974) . 

SEISMIC SOURCE MODEL 

In the central port ot Greece there e.re Borne zones at 
repeated historical seismicity ClIDOng which is ~"e area around the 
city of Volos. However, t., primary source interest with 
respect to the strong motion 10 Volos is the area immediately 
south of the city. This very area is the host of the epicenters at 
the destructive earthquakes ot the periods 1954-1957 and 
1980-1985. 

Figure 1 outlines the seismic epicenter distribution and the 
proposed seismic source model ror the city of Volos. The 
delineation of seismic sources has been attained considering the 
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regional tectonics and the main seismIc fracture zones for sh~llow 

earthquakes in Aegean and surrounding region (Papazachos et al .. 
1985) . 

Source Ft is delineated very close to the south of Volos in 
an almost E-W direction. This area is seismically very actlv~. as 
already mentioned above, characterized by shallow earthquakes. A 
series of shocks with magnitudes UP to 7.0 occurred here durIng 
the period 1954-1957 and later, in the period 1980-1985. However 
no earthquake wi th magni tude 1arger than 6.5 hc"ld occurred III th I S 
source for more than two hundred year~ before 1954. Fault plan~ 

solutions of the latest earthquake sequence of July 9 1980 show a 
N-S extension, in agreement with the expansion of the Aegean 
plate in the same direction (Papazachos et al. 1983). Foults an~ 

normal with a slight sinistral slIP component. 
The epicenter distributIon ln south Thessalid (~ource A~) 1=" 

rather random. while the tectonic regime of thIS area IS 
complicated with no dominating fault direction. ThIs source l~ 

thus characterized areal. 
The tectonjc evolution of the guIt of Corinth (source p.} IS 

mainly characterized by normal faults, ~ny of whIch dr~ atlll 
active today (Mariolakos et al., 1985). The correlatlon of 
epicenters with the well defined fault zone of the gulf justlfles 
the linear identification of the source. . 

1. sm.all seismic sourc@ with low activity IS orIented In 
northwestern Evia (source F.l ThlS source is characterIzed lInear 
due to the approximate correlation of epicenters with a tectonIc 
line of NW-SE direction representing a small part of a large~ 

fault zone of the broader area. 
Sour~e F~ represents the well defined fault zone of AtaJanti. 

It is remarkable to notice that large magnitude events in thIS 
zone have a very long return period. The most destructive known 
earthquake in Atalanti occurred in 1894, 

The area of Theba-Platees (source A~.l presents hIgh 
seismicity. The randomness 1n epicenlral distrIbution and the 
weakness of any correlation with known tectonic structures lead to 
the use of the areal model. However. the large distance of this 
source from the city of Volos (about 90 km) compared WIth Its 
small dimension could as well justify the point source model, 
since the distance may be assumed the same everywllere wilhin the 
source. 

Finally. because of the random epicentral distributlon and 
the complicated tectonic regime in the areas east and north to 
Volos. sources A, and A& are considered areal, 

INPIJT 

The model requires as input the parameter b of the 
exponential distribution of the recurrence model of earthquakes 
estimated by regression analysis of the data of each source, the 
mean annual number (rate) of events above a minimum magnitude in 
each source. mean focal depth. minimum and maximum considered 
magnitude and geometrical characteristics (P. I of each source 
(Cornell. 19(8). All cha.racteristic parameters of the seismic 
sources ot the proposed model are summarized in Table r. 

The attenuation law for peak ground acceleration adopted in 
the preflent study ie the one proposed by Hakropoulos (1978), for 
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TABLE I 

Characteristic parameters of the seismic J!lources of the model 

SeismIc b v Depth Mmin F. • F.· F•• F.· Mmex 
Source rate (km) (km) (kml (" ) (" I 

7.0F. 0.665 1.305 10 4.0 2 -30 35.. 0.743 0.736 10 4.0 50 120 240 276 6.6 
F. 0.703 1.137 10 4.0 eo -40 100 6.e 
F. 0.600 0.333 10 4.0 67 -4 -120 5.6 
F. 0.811 0.089 10 4.0 26 -56 -100 7.0 

0.859 0.946 10 4.0 40 ge e3 126 6.0 
Ay 0.390 0.002 10 4.0 26 eo 66 305 6.e ... 0.651 0.846 10 4.0 110 150 150 lea 7.0 

.. 
• Bee Cornell (1968) 

reasons of comparIson a relatI0nshlP proposed by Papoulia (1988) 
is also used. Both relationships are general and the results 
derived In thiJ!l study are those at a 'base rock level. Soil 
effects. if they eXIst. must be lntroduced to derive expected risk 
on the ground, 

RESULTS 

On the baSIS ot the recurrence model of earthquAkes. 
selsmiclly. geometry ot sources and the attenuation law. the 
return period for dlfterent levels ot meXlmum expected 
acceleratl0n in the city of Volos lS estlmeted. The results of the 
analysis are illustrated in figure 2. Specifically. the return 
period for acceleration 0,29 is 24 and 21 years. using the 
Makropoul08 (1978) and Papoulia (1988) relationships. 
respectively. 

Both attenuation relationships used in the application are 
average and the obtained values represent a mean estimate of the 
return perlod. This estimation probably encloses some uncertainty. 
Incorporation of local attenuation laws could lead to more 
realIstIC hazard values. but these must await for more strong 
motIon data. not available at present. 

11. close Inspection of the detai'led numerical results reveals 
the level of the contribution of each source to the total expected 
seismic hazard. Specifically. about 70% of total hazard is 
contributed by source 1. south and relatively close to Volos, 
Source 7 contributes about 15%. while sources 2 and 3 contribute 
about 5% and 2% each. 
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UNCERTAINTIES ANALYSIS
 

Because of the inherent uncertainty in several of t 
por~eterB in such an analysis, alternative parameter valueg a 
used and the analysis repeated to define their influence to t 
estimated hazard. 

First. the sensitivity of lhe model to the physic 
relationship describing the attenuatIon or sei~mic waves 
investigated. The use of two different attenuation laws in t 
present dPplication dOes not seem to strongly effect the resut 
(figure 2). However, both laws are average. as mentioned betar 
Previous studies for the area of Greece for the seismic intensi 
distribution (Papoulia and Stavrakakis, 1990l have emphasized t 
importance of use of local attenuatIon laws. 

The dependance of hazard on the seismicity parameter b 
then examined. To represent statistical uncertainty in b. a me 
value of 0.7 was chosen with alternate value~ of ~ 0.2 unlts. 
is shown (figure 3) that this small variation in b signifIcant 
differentiates the obtained hazard values. The parameter b may 
estimated from historical se1sm1c1ty and uncertainty could 
reduced if en infinlte data set was available.' However. be 
estimates of 'seismic hazard can be obtained using a mean b- valu 
as demonstrated here, overcom1ng the ditticulty of its mo, 
relieble estimation. 

The model seems to be very sensitive to the estimation of t 
mean focal depth. Thus. a ~km 1ncrea~e in focal depth results 

Seis.lc Hazard in Voloa (Cornell 1968 model) 
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Figure 2:	 Maxi.u. acceleration in the city ot Volos 

.. ".1n" different attenuation relationehips 
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Figure J: Maxi.um acceleration in the city of Volo~ 

for dJfferenl b-valu6s 

high voriotlon3 In the calculated hazard. e~pecjally at the higher
levels of ground motion (tigure 4) 

Finally. the influence of the maXlmum possible e~rthquake 

magnitude expected trom " source IS Investigoted. It i3 remarkable 
to not 1ce t ha t a 0 . 2 increase in magn i tude leads to large 
uncertainties In the expected acceleration, these increasing at 
hJgher levelS (figure ~). This f"ct emphasizes the n~ed to 
consider all available information. b"sed on both seismologic,,} 
and geological dot". for a most accurate estim"tlon of the upper 
bound m"gnitude. 

CONCLUSIONS 

In the present study. Cornell' s cl"ssic"} model for selsmic 
hazard analysis is applied in the city of Volos. centr"l Greece. 
tor "n estimation of the maximum acceleration on rock. expected 
over a certain time period. 

The results of the "nalysis show a good correlation to tho~e 

obtained from previous studIes (Makropoulos and Burton. 1984b) 
The necessary seismlcity parameter "9sumptions and their 

Inf luences are discussed through an uncel'tainties an"lysis. 
~mphas IZJ ng the mode I' s sens i t l vi ty la these porameters. 
3ignificant improvement of the seismic hazard estimates requires 
increase of the time duratIon at the seismological dat~. 

lerivation of IOCdl attenuc'ltion laws and good knowledge of the 
le ismotecton ic char"cter ist i cs of the 1"vest j9"';a"t"."'L~r••"aL'i.·o";;.__~_'-''-' _ 
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Seismic Hazard in Volos (Cornell 1968 model) 
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Figure 4:	 Maximum acceleration in the city of VolQS 

for different focal depths 
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Seismic Hazard in Volos (Cornell 1968 model) 
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