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Seismic hazudassessment and its contribution to the ancient monument
protection - A case history in Greece
Evaluation du risque de tremblement de terre et sa contribution h la protection des
anciens monuments-Un cas en Grdce

K.C.Makropoulos & J.K.Drakopoulos
Department of Geophysics,University of Athens, Greece
G.A.Tselentis
D epartment of Engineeing, Tolqo M etropolitan U niversity, Japan

ABSTMCT: In the present study the estimation of the "clesign valuest'for protective works
against  fu ture seismic l -oaci  of  the ancient  monument of  Knossos (Crete)  is  at tempted.  I t
is  based on the analys is  of  h is tor ica l  and.  inst rumental  se ismic data by the methocl  of
extreme value stat is t ics and the semi-stat is t ica l  method proposed by Corne11.  The maxi-
num hazard parameters expected. to occur at the si.te within the next 50 and 100 years
with probabil ity 90% resulting from these methoils are then used as inputs and the res-
ponse spectrurn is constructed. for 2% and, 5/, of crit ical damping following the technique
of  Newmark and HaI1.  Fur thermore,  the mean spectra l  accelerat ion as a funct ion of  pe-
r iod for  a 5% of  cr i t ica l  damping is  presented.  Taking in to account  the 1ov per iods of
osc i l a t i on  ( i . e .  0 .1  -  0 .2  sec )o f  such  a  r i g i d  s t ruc tu res  l i ke  t he  Knossos  monumen t , t he
values of  spectra l  accel -erat ion of  0.21 g and0.21+ g for  the next  50 and 1OO years and
with probabil ity of 9o/' to be the maximum respectively are the ones found and recomment-
ed for  possib le protect ive work of  th is  monument.

RESUME:Dans cet te etude nous avouns essay6 1 'est imat ion de Ia "valeur  d. 'appl icat ionj 'pour
les t ravaux de protect ion,  contre les s6ismes,  d 'aneien monument d.e Knossos(Crbte) .
Cet te etud.e est  bas6e sur  1 'analyse h is tor ique et  inst rumentale d.es i ionn6s s ismiquesrpar
l-a m6thode statistique d.e Ia va1eur extr6ne et par la m6thod.e semi-statistique, f"opo.6"
par Cornell .Les parambtres maximaux du risque sont prevus d.'arriver b1a 

"it,e 
frisior-iq.."

en t re  l es  p rocha ines  50 ;100  ann6es ,  avec  une  p robab i l i t 6  de  90% ,qu i  r esu l t e  pa r  l es
m6thodes c i -d"essus ment ion6es.  Les paramEtres sont  ut i l is6s comme des in t rants et  1e
qncn r ro , r ^ .  - i ^ ^ - . es  es t  cons t r r r i t  nou r  l ' e f f acemen t  c r i t i o r re  dc  2 / , 6  \%-  c i ' a .n r i s  l a .f  s t l o L g l l l g l f u  c ^ -

technique des Newmark et  Ha1I .  Plus avant ,  l 'acc616rat ion cr i t ique essent ie l le  est  pr6-
sent6e,  comme une fonct ion de 1 'ef facement  cr i t ique d.e 5%. Avour en vue 1es p6r iod.es bas-
ses  d ' osc i l l a t i on  (ex .0 .1  -  0 .2  sec )  d ' une  s t ruc tu re  r i g i de ,  t e l l e  qu 'e11e  so i t  I e  monu-
ment  de Knossoso les valeurs du spectre d 'acc616rat ion de 0.21 g 6 O.Z\  g,  pour  1es pro-
chaines 50.et  100 ann6es et  avec une probabi l i t6  de 90%, eales sont  ce l les d6couver ies
et recommend6es par 1es travaux de protectioneventuelles, concernant ce monument.

4"-
1 INTRODUCTTON

The assessment of the future seismic load
due to an earthquake occurrence is an en-
gineering usefull tool not only for an a-
seismic design of  a new st ructure but  a lso
for protective neasurements of existing
ones.Fur thermorerwhen we deal  wi th ancient
monuments such a load could be crit ical to
these rigid strucrures ancl may trigger
geological hazard. l ike rockfalls,land s1i-
i les subsidense etc. resul t ins in  more exte-
nsive damages.

fhe evaluation of the maximum d.ynamic
load to vhich a structure vi11 be subject
during its l i fe is basecl on the estimation

of the maximum expectecl earthquake magni-
tude and the resulting maximum grouncl mo-
t ion parameters at  the s i te . Ihat  isron the
seismic hazard assessment .

Def in i t ion of  se ismic hazard as " the pro-
babil ity of occurrence of an earthquake in
the  fu tu re "  (Lomn i t z , l pJ l+ rUnesco r1979 ) ,
implies a degree of future uncertainty.
Hence pr inc ip les of  probabi l is t ic  foreca-
sting and decision making are essential in
any seismic hazard analys is .T 'he choise of
the appropriate statistical model is how-
everrbased. on the degree by which the ex-
isting seismic data fulf i1 the requirements
of that specifie moclel.[hus before going
into the statistical analysis for the
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Fig.1 Earthquakes in Greece s ince 1900
(Makropoulos et  a1. ,  1986)

hazard est imat ion the seisnic i ty  and seis-
mie h is torw of  the area around" the ancient
monument wil l be first examined in the next
sect ion.Then, two stat is t ica l  methods wi l l -
be employed and the results be further pro-
cessed leading thus to the response spectra
values.fn the last part and after taking in
to account the monunent characterestics ,
the design values for future protective
measurements vil- l be eiven.

2 SEISMICITY-SEISMIC HISTORY

Figure 1 shows the spatial distribution of
earthquakes vhich occured in the area of
Greeee (Makropoulos et  aI . ,1986).From th is
figure it is clear that the island of Crete
is  character izet l  by a h igh seismic at iv i ty
espeeia l ly  at  i ts  sourhern coast . I t  be longs
to the southern segment of the ve11 defined
Hellenic arc which is the front of the
col l is ion of  the Afr ican-Eurasian p lates.
(Mckenz ie  , 1972 ,  1p78  :  M .e rc ie r  e t  

"1  
-  , l g7g ;

Makropoulos and. s"ti3"li9BU-a"e"ii"r et
aI . ,1982). f f r is  a lso expla ins the h igh deg-
ree of  tectonisn of  the is land (Fi t ro lak is ,
1980 ) ,D rakopou los  e t  a l . ,  1983 ) .

The Knossos s i te  is  s i tuated in  the He-
raclion graben which along with its south:
ern extensionrMessara grabenrare the areas
vith the highest'soneentration of inland
foci .Moreover i t  is  s i tuated near to the
Heraclio-Tibaki t i l t ing axis of the island
vith the vestern part l i ft ing up whereas

the eastern part remains stable or submer-
ges wi th re lat ive ly  s low rate (F i t ro lak is ,
1980 ;  Thommere t  e t  a l . ,  1980 ;  De l i bas i s  e t
a l - . , 1 9 8 1 ) .

This br ie f  d.eser ibt ion in  a cer ta in d.eg-
r a a  a v n ]  a - i n e  t . h c  r e n e t i t i n n  n f  e e t : s t r o n h q

well d.ocumented by the long history of the
area (Georgiadis ,  1pO)+;  Sieberg,  1)J2: '  GaIa-
nopou los  , 1960 ) .A  l i s t  o f  t he '  h i s to r i c
earthquakes hitted the Knossos area from
2100 BC to 1900 AD can be found in Makro-
nnrr ]  os -  1q8? - r l 'he h ' i .s tor ica l  d.ata are a v i -

,  
'  

/ v  |  .

taI background" factor for the seismic be-
haviour  of  the area.However,  the main de-
mand of mod.ern seismology for seismic ha-
zard assessment  is  the ex is tence of  an
earthquake d.ata set as accurate homogeneous
and complete as possib le. fhese requi rements
restr ic t  thus,  usage to main ly  inst rune -

n ta11y  reco rded  even ts  ( i .E .a f t e r  1900 ) .
Tn the a.ne. lwsis  t r  be fo l lowed the ear th-

quake s whiclr--oc cur::ed..9ift er 1 900 nca_r the
Knossos s i te  are extracted f rom the cata-
logue of  Makropoulos et  aI . ,  1pB6 and form
the data set  used.

3  M E T H O D O L O G I E S

Tvo rnethodologies wilf be applied here to
indicate seismic hazard.Fi rs t  the "  paf t
process " asymptotic distribution of ex-
treme values (Gumbel, 1966) wil l be used
to obtain estimates of maximum magnitutle
recurrence .  Second- lyr the sei r i -s tat is t ica l
method.  proposed.  by Cornel l  ( t958)wi l f  be
deployed to estimate the expectations of
leve1s of  peak ground accelerat ionrvelo -

city and d-ispacement exeeed.anee.

3.1 Magnitud.e recurrence - Gumbel fII me -

thod

Seismic hazard. and related earthquake en -

gineering purposes usually require esti -

mation of return periods or probabil it ies
of  exceeclance of  speci f ic  levels  of  de-
sign load criteria on extremal safety con-
ditions. fhus vrhat is of primary impor -

tance in earthquake engineering is compa-
tible r.rith a neecl to consider extreme va -

lue d.istributions separately from the sta-
t is t ics of  the whole process.Extreme value
stat is t ica l  theory seems to sat is fy  most
of the above problems and sinee Gumbel's
(193r ,  1965) aevelopments the theory has
been applied to many fields such as hyd.ro-
logical and climatic evaluations (Jenkin -

son ,  1955 ;  Gr ingor ten,  1p53)as wel l  as
to the analysis of earthquake occurrence
(Epstein anci Lomnitzrl)55;Sehenkova and
Karniko 19'lB ; Makropoulos and tsurtonrlg85
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arb) .  Fur thermore, the extreme value d is-
tributions have the advantages that detail-
ed. knovledge, of the parent distribution
is not required and the extreme val-ues
themsel-ves are usually better known than
the smaller events in a catalogue or t imes
se r i es  o f  da ta .

The extreme value distribution vith an
unner  ho t tnd  ' i  s  r rsed  hcrc .  on ' l ' l  cd  Gumbel
f f l ,  a n d  i s  o f  t h e  f o r m  ;

.  f  r -  1 L " l- .  P(m)  =  exp l - l (w  -m)  /  (w  -u  ) l ^  Lk>O,m(w ( t ). L L  J  J '

with parameters :the upper bouncl magnitu-
de w,  a character is t ic  ext reme magni tude
value u,  and k (= 1/ l )  which re lates to
curvature of  the d. is t r ibut ion.P is  the pro-
babil ity that a magnitude m is an annual
extreme. The principles by vhich we fit
( t ) to the observecl clata are described. in
d.eta i l  e lsewhere (e.g. ,Makropoulos 1978;
Drakopoulos and Makropoulos, 1983)and we
sha1l not elaborate here. The basic re-
la t ions used are : (a) t t re T-year  modal  ma-
ximum:

m ( T ) = w - ( i r - ' , )  f ( r - ' t ) / r l t r  ( e )4 l  
L \ '  

L l t L J

and (b) the earthquake magnitude with pro-
babil ity P of bei.ng a maximum or not being
exeeeiled in the next T years is :

mp(r)=w-(w-")  [ ( - r "e)Zr ] r  ( : )

vith a corresponding average
T'-  years :

1
T '=  1 /  ( r  -  p r  )

return period

3.2 Peak ground motion parameters-Cornell
methocl

For the estimation of the peak ground mo-
t ion parameters ( i .e .  accelerat ion,  ve lo -
c i ty  ,d isp lacement)  at  the s i te  due to
an earthquake occurrenee, the methocl pro-
posecl  by Cornel l  ( tg58)  is  appl ied here.
This method combines the statistical mo-
d.el of Poisson type behaviour d.istribution
with the geological and tectonic pattern
of the region under study .

Basecl on the seismotectonic regirne of
the area the seismic source geometry is
first modeled. Next the contribution of
each source to the seismic 1oad. at the
site is evaluated by estimating the sour-
ce's potentiality and transfering that
to the site through an attenuation fun-
ction . The final stage consists of con-
volving the eontribution of all seismic
sources giving thus the probabil istic Ioad.-
ing at the site. The noclel accepts three

,,r.-+ Atl3 of mqln rupture zono

r.- Probqblc qxb of rupturc zonc

O Shol low Gqrthguok.

! Intcrmcdiotc Gq?thquokG

Fig.2 Tectonic futures of the area(Drako-
p o u l o s  e t  a 1 . ,  1 9 8 3 ) .

types of  sources :point ,  l ine and area
sourees. For more details the read.er is
refered to Cornell-, 196110orne11 ancl Merz,
197)1 , McGuire , 1977 ; Stavrakakis et a1-1,
1987. In the present study the l ine source
( faul ts)model  is  used.  f t  is  based on the
tectonic features of  the area, f igure 2,g i -
ven by Drakopoulos et  a1. ,  1983.  The at te-
nuation formulae for the peak ground acce-
leration, velocity and d.isplaeement used

1 .  A  =  1 2 5 \ . e 0 ' 7 M  1 j + 2 0 ) - 1 ' B  i r ,  
" r / " e " 2  

( 5 )

z .  y  =  o . 7 z 6 , 1 o o ' 5 2 M  R - l ' 3 1 +  i n  c m l s e c  ( 5 )

3 .  D  =  o . o l + T i .  t o 0 ' 5 7 M . n - 1 '  1 8  
i n  c m  ( ? )

respectiveJ-y .Equation(5) is from Makropou-
l-os anit Burton, 1!Sl,whereas equations

( l + )
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Fig.3 Gumbel III asymptotic d.istribution of
extremes for an area 10 arounci Knossos mo-
numen.E

(6)  ana (7)  are f rom Orphal  and Lahoud,1974.

3.3. Response spectra -Nevnark ancl HaI1 me-
,thod

fhe peak ground nrotion parameters vith a
given probabil ity of.oiurrence P within the
next T years, resulting from the previous
stage, are then used to construct the res-
ponse spectra. The technique followed is
the one proposed. by Newmark and Hal1 ,1969.
The peak grouncl parameters are multiplied
by given appropriate factors depending of
the parameter  (e.g.  accelerat ion)and the
percentage of the crit ieal damping select-
ed (e.g.  2/ '  or  5/ ' ) .  .A.11 val -ues are then
plotted on triple logarithnic paper as a
function of the period.

)+ NESUi,TS AND DISCUSSION

Figure 3 shows the Gurrbel III asymptotic
distri.bution for the area around Knossos
monument.There is a ve1l third-type be-
haviour of the data.The rnaximum earthquake
magnitudes which rith probability 37-"/o(vioae),
Bo% ana 9Q% are egpecteil to occur within
the next 501100 and 150 years are tabulat-
ed in table l.Table 2 l ists the probabil ity
of having an earthquake of magnitude great-
er or equal of m in the next 501100 ancl
200 years.

Fron tabl-es 1 ancl 2 it can be seen that

Table 1. Eatlthquake magnitude vith probabil '
l i ty P to be the maximum in the next T

Time Probabi l i ty

, o
1 0 0
1 5 0

A 1

5 . ) 1 o .  f

o
E
5

:
C'
(t

Table 2. Probabil ity for an earthquake oc-
currence with magnitude greater than M
vithin the next T years

Magnitude Time

q n

q q

o . u

1
n o o

u .  o o

0 . 9 9  1
0 . 6 9  o . 9 0
0  . 2 3  0 . 1 +  1

vithin the next l0 years there is a 307'
probabil ity that the area near of Knossos
vi1l experience,l arr i ea;f.'thouake bigger
than 5.9 while the probabil ity for an
earthquake b igger  than 6.3 is  only  1O/ ' .
Furthermore,it is almost certain that dur-
ing the next 100 years an earthquake of
magnitud.e above 5 wilt take place whereas
vith a probabil ity \O% an earthquake with
magnitude above 5 is expectecl to occur
within the same time period..Looking back
to the seismic history of the arear$"lakro-
nor : los 1q87)the walues of  both tables are
in good. agreement vith the alreacly occur-
rence of such a magnitude earthquakes.

Fron the above consid.eration and taking
into account that the nean depth of the
earthquakes around the Knossos area is
about 30-l+0 km,from the point of maximum
expectetl- magnitud-e the area could be cha-
racter izecl  by a moderate seismic hazard.

Tab1e.3 contains the values of expectecl
peak grouncl acceleration,velocity and dis-
pacement with the probabil ity 9of' of being
the maxinum vithin the next 50 and. 100
years. These aine the results after apply-
i ng  t he  equa t i ons  ( l ) , ( 6 )  ana  (7 )  respec -
tively and the above described method.

From tabl-e 3 it can be seen that the
seismic hazard from the naximum ground
arnplitude point of vier+'is of low to mode-
rate level.Comparing the results tabulated
in tables 1 and. 2 vith those in table 3
it is clear that the hazard basecl on ex
pected. grountt amplitudes is much less
than the one basecl on magnitude distribu -
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iF ig.4.  Smoothed response spectra f ro Knos-
sos  s i t e .

Table 3. Peak ground motion amplitudes with
90% probabil ity of not being exceeded in
T  yea rs .

Time Accelera i ion
GEGJ---1fr6"-z- cm

Veloci ty  Dispacement
cm/ sec

q 3  0 5  q l  q 2 0 3  q 5  l p  2 9 p
P e r i o d ,  s e c

Fig.5.  Mean accelerat ion response spectra
for  Knossos s i te .

sed for the peak grouncl amplitud.e esti-
m a t i o n  a t  t h e  s i t e  ,  e q s ( 5 ) , ( 5 )  a n d ( T )  a r e
valid for rock type soil conditions , so
the values of tabl-e 3.

Although there is a significant diffe -

rence in response for different soil con-
di t ions for  large per iod of  osc i l - la t ion,
1et 's  say above 0.)  sec,  for  smaI l  per iods
th is  d i f ference is  d imin ished (Seed et .  a1.
197\  ) .  f f re  Knossos monument consists  of
rigid col-umns of 1ov hight and thus periods
of  the range 0.1 -  0.2 sec c isminate the
structure. Hence the val-ues of tabl-e 3
may serve as ground pararneters for the de-
s ign response sneetrum.

Figure^ l+ show-s the smoothed. response spe-
ct ra for  the Knossos s i te .  I t  has been
constructed by making use of the peak
grouncl parameters vhich have a probability
9A% of not being exceeded. in the next 50
yea rs  ( i . e .  l + t :  yea rs  re tu rn  pe r i od .  eq . ( l + ) ) ,
f irst rov in table 3rancl the proced.ure sug-
gested by Newmark anil Hall, 1969, for tvo
d.anping rat io  of  0.02 and 0.05 of  cr i t ica l  .
In  addi t ion,  the smothecl  accelerat ion res-
ponse spectra at d.ifferent period.s was
d.ravn. The spectra vere normalizecl to peak
acceleration vith 90/' probabil it ies of not
being exceed.ed in the l0 years. The mean
peak value of peak acceleration lras multi-
plied by the average acceleration amplif i-
cations given by Mohnaz, 1)'16o for hori=
zontal components vith the largest peak
ground accelerat ion for  0.05 of  cr i t ica l
damping. Ihe results are shown in figure l.

From figures l+ ancl ! it can be seen that
for  the per iod of  0.1 to 0.2 which is  un -

q n

1 0 0
B2
> l

6 .8 2 . 3
z . a

t ion.  However,  th is  d iscrepancy is  to  be
expectect because alL: high magnitude earth-
quakesare far from the site. But this
factor cou1d. not be taken into account clu-
ring the magnitud.e hazard. estimation. This
is beeause for the magnitud.e, being a mea-
sure of.the enerry rel_eased. at the focus,
there is no tranfering function l ike those
d.iscribing the grouncl notion propagation
( e. g. eq. ( 5 ) ) . nence the magnitucle hazarcl
estimates are equally applicable to the
whole area from which the tlata are taken;
which in our case is the area with rad.ius
ot  1/2 c legree around Knossos s i te .  Thus,
while the magnitude d.istribution ind.icates
the potentiality of the whole area arouncl
the site to generate large earthquakes rthe
calculation of seismic hazarcl basecl on
grouncl amplitud.e distribution at the site
gives more specific ansvers for clesign pur-
poses in cases where the potential earth-
quake sources are distant ones as in the
area under consicleration. The formul_ae u_
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clerstoocl to be the fundamental period' of
the monument, there is a 10 percent chan-
ce that in the next 50 years the spectral
accelerations wil l exceed the value of
0 .21  g (0 .05  c r .  damp ing ) .  Fo r  t he  nex t  100
years th is  becomes 0.21+ g;  Last  but  not
least the shape of the curve in figure 5
and the similar one for d.ifferent d'amping
ratios shows that the maximum values of
acceleration spectra are observed for the
per iod rang between 0.1 and 0.2 sec vhich
eharacter ized.  the r ig id s t ructures.  This
means that for this kind of structures to
which most of the ancient monuments are
part of,the most important factor of the
ground. motion is the acceleration rather
than the velocity or the clisplacement.

To summarize the hazard. analysis per-
formed by this study for the area of Knos-
sos monument shows thatl
'1 . From the expected. earthquake magnitutle

point,-of seisnichazarcl,the area can be
classified as moderate one. In an area

' of9.5:@rc radious around the site'the
::c'proba.bility..that an ,earthquake with

magnitucle exceeded 6.5 in the next 50
years wi}J- occur is less than 1O%.

2. From the point of maximum expecteclgrouncl
motion, the area beJ-ongs to the 1ov to
nod.erate seismic hazard category. Hov-
ever, because tbe monument is a rigid
structure with low perioo.s of oscilation
where the spectral acceleration takes
its maximuno, see Figurs 't5t the hazarcl
for the Knossos monument is relatively
high.

3.  Wi th in the cr i t ica l  per iod.s of  0.1-0.2
sec and with probabil ity 90% ot not
being exceedeil in the next 50 and 100
years the values of spectral- accelera-
tion are founcl to be 0.21 and 0.21+ C
resneef.iwelw -These values can serve- v v P v v v r t v r J

as ttdesign valuett for future protective
measurenents concerning the Knossos mo-
nument.
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