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Abstract. Seismic hazard assessment represents a basic toolg the earthquake damage potential and provide the earth-
for rational planning and designing in seismic prone areasguake engineers with crucial design criteria.
In the present study, a probabilistic seismic hazard assess- Earthquake damage potential increases with amplitude
ment in terms of peak ground acceleration, peak ground vehowever the relation is complex because of the nonlinear
locity, Arias intensity and cumulative absolute velocity com- inelastic response of sedimentary deposits and structures to
puted with a 0.05 g acceleration threshold, has been carriedamaging levels of motion. Structures, and in some places,
out for Greece. The output of the hazard computation pro-sedimentary deposits responding to ground shaking in a reso-
duced probabilistic hazard maps for all the above parameteraant manner cause relatively large deformations and stresses
estimated for a fixed return period of 475 years. From thesdo result if the shaking include several cycles of motion with
maps the estimated values are reported for 52 Greek municifrequencies close to the resonant frequencies of the structure
palities. Additionally, we have obtained a set of probabilistic or deposit.
maps of engineering significance: a probabilistic macroseis- Ground shaking poses a hazard not only for structures,
mic intensity map, depicting the Modified Mercalli Intensity but may also trigger tsunami, landslides, liquefactions, rock-
scale obtained from the estimated peak ground velocity andalls, fire, and in many cases these secondary effects account
a probabilistic seismic-landslide map based on a simplifiedfor a significant proportion of the total earthquake damage.
conversion of the estimated Arias intensity and peak ground=rom an engineering perspective, there is a continuous trend
acceleration into Newmark’s displacement. to improve the measures of the ground shaking damage po-
tential and these improved measures of ground shaking can
provide the input for a more appropriate decision making
process in earthquake risk mitigation research.
1 Introduction In recent years, two ground motion parameters have got

extensive geotechnical and structural application: Arias in-
Probabilistic seismic hazard (PSHA) maps are particularlytensity (a), Arias (1970) and cumulative absolute velocity
useful to present the potentially damaging phenomena asiCAV), (EPRI, 1988). I, was proposed as a measure of
sociated with earthquakes. One important consideration irffarthquake intensity based on the instrumental records and
compiling such maps is which set of ground shaking mea-Was found to be the most efficient intensity measure of the
sures shall be mapped to best serve future engineering need@@rthquake induced landslide as well as liquefaction poten-
Current]y, the majority of hazard maps are based upon peaHaL I correlates well with the Newmark’s diSpIacement and
ground acceleration (PGA). This is a simple and convenienfidequately characterizes the stiff, weak slopes (Bray, 2007).
way to characterize the ground Shaking for many purposes{a is calculated through the integration over the entire Iength
but it is often found that PGA fails to furnish informa- ©f the acceleration time history described by:
tion about the important characteristics of ground shaking. T
Characteristics such as duration, frequency energy contenlt _ 1/a2(t)dt
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and seismic pulse sequences are very important for measur® —

) wherea(r) is the recorded ground acceleratignis the ac-
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The second ground motion parameter namely CAV, was2 PSHA methodology
found to be related with the onset of structural damage and
can be used for determining the exceedance of the Operath this study a probabilistic approach initially proposed by
ing Basis Earthquakes (OBE) described by (Reed and KasCornell (1968) and improved by Esteva (1970), is used to
sawara, 1990) whereby the calculation implies the sum of thééstimate the seismic hazard in Greece in terms of various
absolute value of the recorded acceleration. A recent studground motion parameters. Detailed review of the existing
of Mitchell and Kramer (2006) has shown that a modified PSHA methodology is given by the extensive literature on
version of CAV, computed with a 0.05 g acceleration thresh-this subject (Kramer, 1996; McGuire, 2004; Reiter, 1990;
old hereby indicated as CAY appears to better reflect the Thenhaus and Campbell, 2003) and only some basic ele-
longer period (low frequency) components of the motions.ments of the PSHA will be recalled for the scope of this in-
Since pore pressure generation is known to be closely relatedestigation.
to strain amplitude, which is proportional to particle veloc-  The methodology follows the four steps: 1) sources identi-
ity reflecting longer period components of a ground motion fication; Il) assessment of earthquake recurrence and magni-
than PGA, CA might have a closer relation to pore pres- tude distribution; 11l) selection of ground motion model and
sure generation than PGA arg CAVs can be calculated V) the mathematical model to calculate seismic hazard. The

as: state of the practice is to represent the temporal occurrence

. of earthquakes as well as the occurrence of ground motion at

n 0— if |a(r)]<0.05¢g a site in excess of a specified level by a Poisson process. We

CAVS:Z/ (x)la(®)ldt (X):{ 1— if la(1)[>0.05g (®  also assume that: () earthquakes are spatially independent;
=1 (ii) earthquakes are temporally independent; and (iii) prob-

In the f K of landslides h d Visi ability that two seismic events will take place at the same
n the framework of landslides hazard analy#sis con- location and at the same time approach zero.

Z'diﬁd e:s onte ?f t2hoeogaks]|c ground Todtlons nt;eislyrtgs. Ab' Assuming a Poissonian model, the probability
ra hma %ve e}. (. . t) ave ﬁc;m_pugtap_r:) fa Itlhs '(; Se.'S'P(Y>y*;t) that at a given site a ground motion pa-
fory of Kyrgyzstan, and Pab et al. (2005) for south-casiem 2TSLS" V2 Will exceed a specified valuey', during a
: oo ; ) i ified ti iod, is given by th ion:
Spain. In addition Del Gaudio et al. (2003) have proposed aSpeCI 1ed ime period, 1S given by the expression

way to incorporate the time factor in seismic landslide haz- p (Y >y t) =1— exp[—vY (y*)] (3)
ard assessment, based on a predictive modé},oéritical ) )
acceleration and Newmark displacement. wherevy (y*) is the annual frequency of exceeding ground

It is well known that Greece is characterized with high Motion level y* and this may alternatively be expresses as:
seismic hazard (e.g. Stavrakakis and Tselentis, 1987), and ( *)
the assessment of seismic hazard in termgaind CAVs
will provide additionally insight to understand the hazard as-  y..,ces
sociated to ground shaking as well as to the possible trigges Z A(mi)/ / / P[Y > y*|m’r’8]

u
m= Fmax €max

of landslides or liquefaction. i=1 A
A first attempt in this respect was performed by Tselen- e,
tis et al. (2005) who developed probabilistic seismic hazard  fiy (m); fr (r|m)i fe(e)idmdrde 4)

maps in terms ofl; for Greece. The seismic hazard maps ) o
were determined using rock site conditions for a period of 50Where M’f’i’) is the frequency of earthquakes on seismic
and 100 years with 90% probability of non-exceedance wereOUrces “i” above a minimum magnitude of engineering

based on a ground motion predictive model empirically de-Significance #io); P[Y > y*|m,r,e] is the probability that,
rived from a limited number of records. given a magnitudé/; earthquake at a distand@g from the
The major aim of the present investigation is to incorporateSite; the ground motion exceeds a valfe fu (m); repre-
the engineering ground motion parameters into a consistert€Nts the proba_tblllty density function associated to thg like-
seismic hazard analysis. In additionfipand CAVs we also  ihood of magnitude of eventsngi <M <m,;) occurring in

have selected PGA and peak ground velocity PGV, becausg0Urce “i"; fr(rlm)i is the probability density function used

of their common and widespread usage. Results referring t&° describe the randomness epicenter locations within each
the acceleration response spectra (SA) and elastic input erfOUrce ", andfe(e)i is the probability density function that

ergy spectra (VH are presented in Part 2 of this investigation the ground motion deviates epsilos) standard deviations
(Tselentis et al., 2009). from its median value. The later, represents the number of

standard deviations above or below the median ground mo-
tions estimated from a predictive equation of the following
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form: The generally accepted assumption in the PSHA method-
ology is that past seismicity predicts future seismicity and
IN(Y) = f (M, R, bauitsite) +€0In(r) (5) this relies heavily on the quality of the employed seismicity

catalogues for such investigations. The seismicity of Greece
motion predictive model as a function of maanitude. dis- has been extensively studied, and the major sources of earth-
P 9 ' guake data are the catalogues and bulletins of ITSAK and the

::?:Zgﬁﬁ“;fgﬁg;?;;ntssoﬁl ;’:gggg :(rpe“scsit dTgSiLEglrzgst'hresearched catalogues of Papazachos et al. (2000) and Burton
slip distribution, etc.)gy,(y) is the standard deviation of the étal. (Burton et al 2004). These catalogues span the twenty

L . . ) century for Greece giving an accurate description of seismic-
predictive model and epsilom)is expressed as: ity in the region and are shown to be sufficiently homoge-
In(y*) —In(Y) neous in magnitude to facilitate the application to PSHA and
= (6) seismic zoning for Greece.
The catalogue used in this study comprises information
The functional form of fiyy(m); is derived from the un- on a large number of Greek earthquakes with the time span
bounded Guttenberg-Richter (1954), relation, which impliescovering from 550 BC through June 2008, as was published
that the earthquake magnitudes are exponentially distributetdy the Geophysical Laboratory of the University of Thessa-
and leads to infinite energy release. In practice, this relajoniki. The catalogue consists of a large number of shallow
tionship is truncated at some lower and upper magnitude vaevents, homogeneous in term of moment magnitude, herein
lues which are defined as the truncation parameters related tbenotedM. For the region of investigation, the catalogue is
the minimum o) and maximums,) values of magnitude, complete for magnitude& >8.0 since 550 BC, foM >7.3
obtained by different methods in the region under analysissince 1501M >6.0 since 1845) >5.0 since 1911M >4.5
(Cornell and Vanmarcke, 1969). The truncated exponentiakince 1950M >4.3 since 19640 >4.0 since 1981.

wheref (M, R, 6faursite) is the functional form of the ground

OIn(y)

density function is given by: The reported uncertainty for the epicenters associated with
the historical (prior to 1911) and instrumental events in the

fn(m) = pexpl—p (m —mo)] mo<M <mmax  (7)  Catalogue is 30 km and 20 km, respectively. The uncertainty
1—exp[—B (mmax—mo)] in magnitude estimation is 0.25 magnitude units for the in-

The function fz(rjm)i for source-to-site distance is com- strumental catalogue, while for the historical catalogue the

puted conditionally on the earthquake magnitude and is obYncertainty of magnitude may rich 0.5 magnitude units (Pa-

tained by discretization of the cumulative distance probabil-pazfalChOS etal., ,2000)' . N .
ity relationship using a suitable step size. Figure 1, depicts the high seismicity of Greece, and this

Equation (4) gives the total annual frequency of ex- information cannot be related always to specific faults pre-
ceedance, or its reciprocal return period, of each dif'ferentgIsely eROUQh for use ”; ST'Sm'C hazt;drd a;naly5|s. f-lf-hr:S IS
ground motion level for each ground motion parameter of ue to the occurrence ot a fargé number o evgnts ofishore.
interest. This relationship between ground motion level andTherefore, the location of possible earthquakes is represented

annual frequency of exceedance is called ground motion hafgy seismic zones. Papaioannou and Papazachos (2000), on

ard curve — which is traditionally the standard PSHA output.the basis 9f 'the aval'lable seismicity, geologlcgl ,a”P' geo-
Another output is the constant-probability, or uniform hazard morphologic |nfprmat|on, _have_ proposgd a dell_mltatlon of
spectra (UHS) which illustrates the variation of the responseGreece and adjacent regions in 67 SEISMOgenic sources of
spectra amplitudes at a constant return period. shallow egrthquakes. We h.ave selected these seismic zones
as an optimum representation for adequate spatial distribu-

tion of the seismicity in the region. Moreover, we have in-

3 PSHA model vestigated the type of faulting in each seismogenic source
zone and the dominant fault mechanism was accordingly as-
3.1 Seismic sources signed. A map depicting these seismogenic source zones

were adopted herein and the geographical boundaries of the
The broad area of Greece constitutes the overriding plate ofones and delimitations along the dominant fault mechanism
the Africa-Eurasia convergent plate system, defining one ofor each one are present in Fig. 1. Epicenter locations and
the most active plate tectonic regimes in Western Europe andhagnitudes of all earthquakes from the entire catalogue with
is characterized with high seismic hazard. In brief, the mostmagnitude of 5.0 M or greater are also shown.
prominent features of tectonic origin are from south to north, Surface sources instead of point or line sources are used
the Mediterranean Ridge, the Hellenic trench, the Hellenicin the present PSHA analysis. Seismic sources are mod-
arc, which consists of the outer sedimentary arc and the ineled with the parameters reflecting the characteristics of each
ner volcanic arc, and finally the back-arc Aegean area, whiclsource. These seismicity parameters include: the a- and
includes the Aegean Sea, the mainland of Greece, Albaniay-value parameters of the Gutenberg-Richter frequency re-
south FYROM, South Bulgaria and Western Turkey. lationship in the area of each source, the lowep)(and
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all source zones, because earthquakes bellow this magnitude
are not potentially damaging for well-engineered structures
Recently, the study by EPRI (2006) indicates that the PSHA
results are sensitive to the selection of the lower bound mag-
nitude, and they have proposed a criterion based on CAV to
cut-off these small non-damaging events. This CAV param-
eter was found to be the most suitable parameter for use in
predicting the threshold of ground motion damage potential
(Reed and Kassawara, 1990).
The damage potential threshold was conservatively formu-
. lated to ensure that no damage will occur to buildings of suit-
able design and construction and a CAV value of 0.16 g-s was
found. In the framework of PSHA, the probability of exceed-
ing a CAV value of 0.16 g-s is used to remove earthquakes
36" that are not potentially damaging from the hazard analysis.
The CAV filtering procedure requests region specific rela-
tionships to estimate CAV from few independent parameters
; : ) including PGA, duration, amplification factors, magnitude
20 2 26 2 e e and distance. At this time, it is pointed out that there are
no previously published results on such relationships for the
Fig. 1. Geographical distribution of the major shallow earthquakes region of Greece.
(Mw >5) and the seismogenic sources proposed by Papaioannou
and Papazachos (2000). Grey filled sources correspond to thrug§ 3 Maximum magnitude
and strike slip faulting style. Historical events are shown by solid
marks.
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This is an important source parameter which can dominate
the ground motion assessments particularly at long return pe-
riod hazard (low-probability hazard). Despite of its impor-

exceedance of earthquakes with-5. An attempt was done tance, the estimation of the maximum magnitude expected
to compute these seismicity parameters for the selected catd] @ Source zone is not a straightforward task. Several ap-

logue. The adopted parameters to characterize the seismicifyf0aches have been proposed including the maximum his-

of each seismic zones were obtained from the study of Pa;oncal earthquake procedure and the likelihood method pro-
sed by Kijko and Sellevoll (1989). For the present in-

paioannou and Papazachos (2000). Because their cataloglf?é’

is until December 1999 and we wanted to investigate thevestigation the maximum magnitude for each source region

influence that later events might have on the final values ofVa@S rétained from the study of Papaioannou and Papaza-
the seismicity parameters. chos (2000). _ _

For this purpose, we have declustered only the instru- Following the rule-of thumb in the hazard analysis we
mental catalogue using the algorithm proposed by Reaserhav? increased Fhe values by haIf—umt_ in the magnitude scale
berg (1985). Working on the declustered instrumental catal® y'?ld the maximum expecteq magnitude. The eff_ect of'the
logue we have computed the earthquake recurrence statistié8@ximum magnitude on the final PSHA results will be in-
for the most active seismic zones using the unequal obserestigated using a sensitivity analysis of the hazard results.
vation period for different magnitude ranges and the maxi- Another source parameter is tfagal depthof the earth-
mum likelihood method (Weichert, 1980). Surprisingly, we duakes. This parameter is poorly known for historical events,
found that the differences between the selected and the nefiue to lack of data. However this investigation focuses on
values of the seismicity parameters are negligible. Therefordhe shallow earthquakes and we have neglected deep events,
we have selected for each source the seismicity parametef€cause few data is available for them. A mean depth of ap-
proposed by Papaioannou and Papazachos (2000). No uRroximately 10 km was assigned to all sources.
certainty was taken into account in the magnitude-frequency .
parameters therefore these relationships only provide a me3-4 Ground motion model
dian estimate of seismicity rates.

upper bound magnituden(,) and the annual rat&(m) of

The selection of ground motion predictive equations suitable
3.2 Minimum magnitude for a region of interest is of great importance, and a seismic
hazard analysis must consider all the potentially applicable
The lower bound earthquake magnitude represents thground motion predictive equations for that region. Cotton
threshold to remove the non-damaging earthquakes from thet al. (2006) have defined a set of criteria to justify the se-
hazard analysis. In this study this threshold is sétab for lection of appropriate ground motion models for a particular
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target area. The criteria of selecting ground motion mod-or velocity compared with the former due to the increased
els were selected on the basis of rejection reasons: (i) thgariance.
model is derived from a clearly irrelevant tectonic regime; (i)  In recent years, an increased number of predictive equa-
the model is not published in an international peer-reviewedions were reported fo; based on the data from vari-
journal; (iii) the documentation of the model and the under-ous seismotectonic regions. Faccioli (1983), Sabetta and
lying dataset is insufficient; (iv) the frequency range and thePugliese (1996), Paciello et al. (2000), Zenno and Mon-
functional form of the model is not appropriate; and (v) the taldo (2002), Pedron et al. (2003), Bragato and Slejko (2005),
regression method and regression coefficients are inapprddanciu and Tselentis (2007), Massa et al. (2008) have pro-
priate. We have adopted these criteria as guidance in ouposed predictive equations valid for Euro-Mediterranean re-
selection process and the selected ground motion models agion, Kayen and Mitchell (1997) for California, Hwang
described in the next paragraphs. et al. (2004) for Taiwan and Travasarou et al. (2003) for
In Greece, the number of reported predictive ground mo-worldwide data. Among these candidate predictive mod-
tion equations has rapidly increasing due to the improvementls we have selected the predictive equations proposed by
and expansion of the strong motion networks in recent year§ravasarou et al. (2003).
(Danciu and Tselentis, 2007; Koutrakis, 2000; Koutrakis et For CAVs, the only alternative predictive model avail-
al., 2002, 1999; Margaris et al., 2002, 1990; Papoulia andable is the one adopted herein and proposed by Kramer and
Stavrakakis, 1990; Skarlatoudis et al., 2003; Theodulidis andMitchell (2006). It has to be mentioned that these alternative
Papazachos, 1992, 1994). predictive models foi; and CAV; were in agreement with
According with the aim of the present investigation, we the selection criteria mentioned above. The models are ac-
have primarily selected the regression models proposed byually similar and, well documented and were obtained from
Danciu and Tselentis (2007), as appropriate to estimate tha large dataset. The models have the same functional form,
set of ground motion parameters. They have empirically deincluding the fault mechanism factor, and are homogeneous
rived from a set of 335 records from 151 shallow earthquakesn terms of moment magnitude. The models have used the
a set of predictive equations for various ground motion pa-arithmetic mean of the two horizontal components and the
rameters, including PGA, PGY,, CAV, CAVs, SI, SA, and  same regression technique. In the following sections the next
VE;. For a reliable PSHA, the rule of thumb is to consider at acronyms will be used to refer the selected predictive equa-
least two alternative predictive equations. It is worth notic- tions: Margaris et al. (2002) denoted as MA02; Skarlatoudis
ing that for the region of interest, there is a lack of regional et al. (2004) denoted as SK04, Danciu and Tselentis (2007)
predictive equations for ground motion parameters, such aslenoted as DTO7, Travasarou et al. (2003) denoted as TR03,
Iz or CAV, and therefore alternative equations might be con-Mitchell and Kramer (2006) denoted as MKO6.
sidered. For PGA and PGV we have selected the regression The main differences between the TR02 and MKO05 pre-
models proposed by Margaris et al. (2002) and Skarlatoudiglictive equations and DTO7 arises from different source to
et al. (2003). These candidate predictive equations were ensite distance definition. The former uses source-to-site dis-
pirically derived from the data recorded in Greece in the lasttance defined as the closest distance to the seismic fault,
decades. which is the rupture distance, whereas the later uses epi-
The selected ground motion predictive equations are comeentral distance. This difference may lead to major differ-
patible in terms of magnitude scale and source-to site-ences in the resulted ground motion in the near field and large
distance definition and no additional conversion is required.events. Scherbaum et al. (2004) have presented a statisti-
The magnitude scale involved in the ground motion predic-cal model to convert different source-to-site distances for ex-
tive equations is moment magnitudé, and the source to tended sources. They have shown that the conversion of dis-
site distance is reported as the epicentral distance. The equéances increases the variability of the modified ground mo-
tions also take into account the local site conditions. Thetion predictive model and so become magnitude and distance
main difference between the equations appears from the typdependent. To overcome this, they have proposed empirical
of-faulting parameter. laws for metrics conversion based on simulated scenarios.
The model proposed by Margaris et al. (2002) was de- Although this method is promising, we have not consid-
rived mainly using events with normal fault mechanism, ered it in this investigation mainly because it implies defini-
whereas the other two models explicitly incorporate the type-tions of scenarios based on converting magnitude and rupture
of-faulting parameter. Another difference between the twocharacteristics (length, width and area) and surface displace-
models may arise from the way the horizontal componentsament which is not always evident for the region of Greece
are treated in the regression process, i.e. arithmetic mean afominated by offshore events. These objections are valid
the two components (Danciu and Tselentis, 2007), includ-mainly for near field and large magnitude events, for small
ing both components as individual data points (Margaris etevents, the epicentral distance is equal to or larger than the
al., 2002; Skarlatoudis et al., 2004). This implies that therupture distance. This will imply that the predictive equa-
later two predictive models would generally bias as to the in-tions which uses the epicentral distance will yield a higher
crease the results in the estimated peak ground accelerati@stimated ground motion than that if the rupture distance pa-
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Table 1. Functional form and regression coefficients of the selected predictive equations in this study.

Authors Functional Form Distance/Magnitude
Ranges
In(PGA) = 3.52+0.70M— 1.14In(\/R2 +72) (onPeAz) =0.7)
Margaris et 45<M<7.0
al.(2002)  IN(PGV) = ~2.08+113M—111In(vRZ+72) (o1npav-=) =08) 1<R<150km
logyo(PGA) = 0.86+0.45M— 1.27log;q (\/R2+ 72) +0.1F (a|ogm(PG n= 0.286)
Skarlatoudis 45<M<7.0
etal. (2004) l0gio(PGV) = —1.66+0.65M— 1.224loglo(\/ R2+ 72) 10.03F (mogw(PG 5= 0.321) 1<R<160km
logyo(PGA) = 0.883+0.458M— 14278I0gh0(\/ R2+ 11.5152) +0.116F (mogw(pGA) = 0.291)
logyo(PGV) = —1.436+0.623M— 1.152log;q (\/R2+ 10.5862) +0.09F (mogw(pev) = 0.309)
Danciu and 45<M<7.0
Tselentis  logig(la) = —2.663+1.125M—2.332log <\/R2+ 1340922) +0.2F (cr|oglo( I = 0.524) 1<R<136km
(2007)
log0(CAVs) = —1.665+ 1.138M—2.304l0g;q (\/ R2+ 13.4702) +0.234F (amgw(CAVS) = 0.595)
In(l2) = 2.799— 1.981(M — 6) +20.724In(M /6) — 1,703In(\/ R,2+8.7752)
+ (0.454+0.104M — 6)) Sc + (0.479+0.334M — 6)) Sp — 0.166Fy + 0.522F
otot(M, Ia, site) = /T (M)2+0 (Iq,Site)2
0.611 for M <4.7
Travasarou 4.7<M<7.6
etal. (2003) (M) = 1 0.611-0.0466M —4.7) for 47<M <76 1<R<250km
0.476 for M>7.6
o1 for I5<0.0132nys
o (I3,site) = { 01—0.1064(In(I3—In(0.0132 for 0.0132< I5<0.1245nys
02 for Ia>0.1245nys
_ IN(CAV5) = 3.495+ 2.764(M — 6) — 8.539In(M /6) — 1.008In<\/ Ri2+ 6.1552>
Mitchell 4.7<M<7.6
and Kramer —0.464Ry +0.165F (Ulogm(la) = 0'708) 1<R<250km
(2006)

M — moment magnitude® — epicentral distance — rupture distance] — focal distance, F — fault mechanism.

rameter is used (Reiter 1990). In this case the equations ofvhereRg is the epicentral distance amR{ is the rupture dis-
TRO3 and MKO06 would evidently underestimate theand tance in km.

CAVs values at near field distances. The predictive equations involved in the present hazard
A simplified attempt to convert the rupture distance to the computation are described in Table 1. Since the input of haz-
epicentral distance is also made in this study. A dataset ohrd computations is required as a matrix of median estimated
112 horizontal components recorded in Greece with reportedround motion predictive equations, we have represented the
epicentral and rupture distances was gathered. We then fijredictive equations as 3-D surface plots, rather than as a
a linear regression on the selected dataset and we have olpg-log representation, as depicted in Fig. 2, which shows the
tained the following relations between the two distance defi-overall behavior of the selected predictive equations and also

nitions: reveals the feasibility of identifying regions of equal intensity
for different combinations of magnitude and distances.
logyo(Re) = 0.5492+0.7238logo(Rr);10910(Rr) An important aspect regarding the predictive equations
= —0.5277+1.228log o(RE) (8) is the inherent uncertainties associated with their functional
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Fig. 2. 3-D plots of the predictive equations for PG@&) DT07, (b) MA02, (c) SKO5; for PGV:(d) DT07, (e) MAO2, (f) SKO5; for Ia: (9)
DT07,(h) TROS; for CAVs: (i) DTO7,(j) KMO6. Median values are estimated for rock and normal focal mechanisms.
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8 G-A. Tselentis and L. Danciu: Probabilistic seismic hazard assessment in Greece

form. The uncertainties associate to the ground motion can 990 vy
be characterized as aleatory variability and epistemic uncer- —@® — DT07.PGA ’
tainty and it was found to have great influence of the final ek ::: i
PSHA results, particularly at low annual frequencies of ex- osd |—4 — biv7.cavs
ceedance (Bender, 1984; Bommer and Abrahamson, 2006) 001
Aleatory variability is introduced by true randomness in na-
ture while epistemic uncertainty is due to lack of knowledge.
These types of uncertainties are treated differently in ad-
vanced PSHA: aleatory variability is explicitly integrated in
the hazard calculation, while epistemic uncertainty is treated™ ;]
by multiple hypotheses, models, or parametric values. The
later, was already quantified by considering various ground 5]
motion predictive models, which were incorporated in a
pseudo-logic tree approach. For the purpose of this study 11

robability
2

A . . < ' 5

it is called pseudo-logic tree approach because it has only o ) Notmal - 95%6 Q1
one decisional node, at the level of predictive equations. The ' R o ; P B B
logic tree approach requests that the sum of the probabilities Standard Deviation[log(obsv)-log(estinated)]

associated to each branch to approach unity. Therefore, for
PGA and PGV models, a 0.35 probability to SK04 and DTO7 Fig. 3. Normal Probability plot prepared from the logarithmic resid-
and a 0.3 probability to MAO2 was attributed; fiymodels  uals of the strong motion dataset used to derive the equation of Dan-
the DTO7 was assigned to a 0.60 probability while TRO3 tociu and Tselentis (2007) for the prediction of PGA, PG¥,and
a 0.40; for CAV models the probability associated DTO7 wasCAVs.
0.40 while for MKO5 was 0.40.

The aleatory (random) variability associated with the
ground motion predictive equations can be characterized by
sigma. Sigmad) is the standard deviation of the residuals, Figure 3 depicts the probability plot of the residuals of the
which are generally assumed to follow a log-normal distribu- DTO7 predictive equations. It can be observed that the resid-
tion. It has a great influence on the final PSHA results, for auals follow a lognormal distribution very closely, right up to
given level of seismicity, effectively controlling the shape of values of+30. However, for the present investigation we
the seismic hazard curve. have imposed the truncation levelsat3 for all the selected

It has become an obligatory practice to incorpoeaiato ~ ground motion predictive equations.
the PSHA calculation, and to impose some limits on the max-
imum value ofs. More specifically, ifo is incorporated into
the hazard integral it was found that the lognormal distributed
ground motion does not saturate but grows infinitely particu—4
larly at long return periods. As a result, the lognormal distri-
bution for ground motions is truncated at a specified numbedn order to obtain the probability of exceedance of the se-
of standard deviations, lected ground motion parameters, it is necessary to convolve

Thee values are arbitrary adopted and most often values obver all possible magnitudes, distances and values of ground
2 to 4 have been proposed, however there is a lack of consermnotion parameters in a probabilistic manner. The com-
sus concerning the physical basis of these values. The studylete treatment of these aspects requires complex specialized
conducted by EPRI (2006) concluded that there is no basisomputer packages and the widely accepted and used are
of truncating the ground motion distribution at an epsilon EQRISK (McGuire, 1976), SEISRISK Il (Perkins, 1998),
value of less than 3 and there are observations wdlues  FRISK (McGuire, 1978) and Crisis2003 (Ordaz et al., 2003).
greater than 3. Similar findings were recently highlighted In the present investigation, we have selected the software
by Strasser and Bommer (2008) and Abrahamson and BomErisis2003 version 3.1. This software allows assigning dif-
mer (2008). They have investigated the physical basis foferent predictive equations to different seismic source zones.
choosing the maximum number afby examining the large We have decided to estimate the ground motion parame-
residuals from the dataset used to derive one of the grountkrs in 50 year time period, corresponding to the design life-
models of the Next Generation Attenuation (NGA) project. time for buildings and we have chosen 10% of exceedance
Their conclusions were that it is not possible to obtain directthat would lead to a return period of 475 years. We have not
physical constrains on the epsilon, even for well-documentincorporated the local site condition on the hazard compu-
data. Both studies have emphasized that the probability plotation therefore the results are valid for an ideal “bedrock”
of the residuals may provide insight and give guidance abou{Vs>800 m/s) local site conditions. Since the predictive
the level of truncation. equations take into account the fault mechanism, we have

Seismic hazard computation
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|dentlfled the predomlna-nt type-of-faultmg for each.sels.mo-.rable 2. Probabilistic engineering ground motion parameters va-
genic source, as shown in Fig. 1. The fault mechanism is thg,qs for major Greek municipalities.

criterion used to assign the predictive equations to the cor-
responding seismogenic sources. Since the seismic hazard PGA PGV  Ia  CAVS
is site specific, rather than region specific, the geographical Cities Lat Long oy (cmis) (mis) (m-s)
territory of Greece spanning the are& ¥Y8-30° E and 34 S

to 422 N was divided into a mesh of grid points with an in-

Mean Mean Mean Mean

: . ; Athens 2372 37.97 026 196 096 13.18
terva] of O.I’_(about 10 km) bth in !antude and Ipngltude. Thessaloniki 2295 40.64 029 192 088  11.39
The integration over all the grid points was carried out by Ppatras 2173 3825 043 283 1.60 2216
running the Crisis2003 computer package and the results are Iraklion 2513 3534 023 178 087 1411
resented in the next section. Larissa 2242 39.64 0.37 25.0 1.27 15.56
P Volos 2293 3936 046 309 175 2200
loannina 2086 39.67 030 196 093 13.36
Kavala 2441 4094 020 161 067 1054
Korinth 2293 37.94 042 383 317 46.65
5 Seismic hazard results Alexandroupolis 25.87 40.85 0.23 18.9 1.05 16.24
Komotini 2540 4112 018 132 050 835
. . , : Xanthi 2488 4113 017 132 048  7.96
PI:IOI’ .to the presentation of.the f|r_1al PS.H.A results, the M- prama 2415 4115 027 182 077  10.29
plication of some factors, including minimum and maxi-  serres 2355 41.09 032 234 121 1519
mum magnitude, uncertainty in the ground motion estima- Kilkis 22.87 40.99 049 323 187 2345
tion, truncation levels have to be quantified. Among all these EZR’%”OS 22:’-24;‘ ;‘8-2357 c?f’f 32;;3 31'3982 5103"?5
factors, it was foqnq that the strongest mfl_uence on the haz- gjassa 2204 4080 021 130 046 569
ard results is exhibited by the uncertainty in the ground mo- \veroia 2220 4052 020 124 042 550
tion estimates. An average increase of almost 35% in all Katerini 2250 4027 020 127 043 590
ground motion estimates was observed when the standard "'°ina 2140 4078 022 134 049 588
deviat £ th dict del ken i Kozani 2179 4030 020 121 042 547
eviation of the predictive model was taken into account. icagioria 2127 4052 024 141 052 637
However, it has become a mandatory practice to incorporate Grevena 2142 40.08 026 150 056  6.96
the ground motion variability into the PSHA. Increasing the Arta 2098 39.16 046 404 325 47.94
; ; N ; in.  lgoumenitsa 20.27 3950 0.31 26.6 171 25.30
maximum maognltude by half-unit we find thg hazard to in- Severa 2075 3896 044 430 367 5466
crease by 18 %, whereas by_ lowering the minimum magni- Tyikala 2256 4059 020 140 051  6.81
tude by half-unit the hazard is found to increase by 10%. A Karditsa 21.92 3936 042 276 144 1761
decrease of 5% of the seismic hazard was also observed whenHalkis 2360 3846 051 335 194 2450
: ; ; Lamia 2243 3890 043 288 156 20.07
the rupture d|stange was converted to an epmeptral d|st§mce. Levadia 9288 3843 049 374 285 4018
The corresponding hazard maps were obtained by inter- amfissa 2238 3853 049 399 329 4750
polation between the grid points with the contouring algo- Karpenision 21.79 3891 039 260 132 17.18
rithm implemented in the GMT mapping package (Wessel Messolongion  21.43 3837 043 284 167  22.26
and Smith, 1998) Nafplio 2281 3757 031 224 127 1821
' °)- ) ] . Pyrgos 21.44 3767 033 251 151 2281
From the derived hazard maps we can identify regions of Tripoli 2237 3751 030 198 0.88 1239
high seismic hazard: (i) in the western Hellenic arc with the Sparta 2243 3707 028 191 087 1205
maximum hazard reported for various ground motion param- Eg:i?ata 2252'7111 3357'10; 00'2363 2203'28 11'1325 11685%7
etersin the C;ephaloma I§Iand; (i) in thg nort_hern Aegean, at Rethimno 2447 3537 024 230 153 24.60
the intersection of two different tectonic regimes in the ex- chania 24.02 3551 025 247 179 2855
tension of the Aegean Arc and the North Anatolian Fault; Mythilini 2655 3911 034 247 130 1644
(iii) in central Greece which includes the region of Corinth )S(;);OS 226;;7 3;3766 062390 1%65 0(')7884 gl'g 25
Gulf; and (iv) in the South-Western part of Cr_ete Island. 1t gmoupolis 2494 3744 013 86 025 385
has to be mentioned here that the ground motion parameters Rodos 2823 3644 028 224 139 2055
estimated in the South-Western part of Crete Island may be Kerkyral 1992 3962 023 201 114 17.08
; : ; ; : . Argostolion 2048 3818 058 608 7.01 103.82
undgrestlma}ted since intermediate dgpth earthqualfes which Lefkas 5071 3883 046 451 402 5997
dominate this region, were not taken into account since that za.ynthos 20.90 37.79 049 485 449 67.89

only shallow events were considered.

Additionally to the hazard maps we have determined and
present in Table 2 the estimated ground motion parameters
for 52 Greek municipalities. Among these municipalities, Table 2 allow rapid comparison with previous hazard assess-
the most prone to high seismic hazard is the municipality ofment proposed by various studies. All the results are cal-
Argostolion, with the highest values for the estimated groundculated having 10% chance of being exceeded over 50 year
motion parameters. The seismic hazard results presented Exposure period corresponding to 475 year return period.

www.nat-hazards-earth-syst-sci.net/10/1/2010/ Nat. Hazards Earth Syst. Sci.13XR0%0
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Fig. 5. Seismic hazard zonation of Greece according to the Greek

Fig. 4. Probabilistic Seismic Hazard Maps for PGA. Seismic Code — EAK (2003).

Figure 4 illustrates the spatial distribution of the mean . . .
PGA values computed at each grid point based on the Comparing these values with those presented in Table 2

weighted predictive models MA0O2, SKO4 and DTO7 and pro- and given the differences in the various components of
) ) the analyses, the results are notably similar and corrobora-
duced for a return period of 475years. The region of the

. : : tive. The updated version of the Greek design code (EAK,
highest estimated values, greater than 0.45g is observed |51003) divides the country in three seismic zones, namely

the region of the lonian Islands, which is the most seismic, (PGA=0.16g) Zone Il (PGA=0.24g), and Zone Ill

active region in Greece. (PGA=0.36 g) as can be seen in Fig. 5. Comparing this map

A.t th|s point it mlght. be of interest to vahQate our prob- with the probabilistic estimated mean PGA map it can be ob-
abilistic hazard analysis by a comparison with other studies o : o
served that the latest highlights an increased seismic hazard.

that have used different approaches. In this respect, we have The PGV maps presented in Fig. 6 show a similar pat-

selected the studies of Burton et al. (2003) ariniyniemi tern with the mean PGA maps and minor differences exist

et a!. (2004). Bgrton et al. (2093) assesse_d S.elsmlc.hazfowards the southern part of Crete Island. High hazard how-
ard in Greece using the Gumbel’'s asymptotic distributions

) ._Tever is also observed in the lonian Islands, as is observed for
of extreme values, and two different completeness penod?he case of PGA. The probabilistic PGV maps are more sen-
for the Greek catalogue: 1900-1999 and 1964-1999. The )

. : . fsitive to high magnitudes than the PGA maps, relevant for a
median PGA values were estimated for a return period o o X
gequency band of about 1 Hz and thus provide information

475years (they reported as 90% non-occurrence in 50 years . .
4 . . . . 'on the relative levels of expected shaking for larger, more
for six Greek cities. The corresponding median PGA esti-_ . . )
flexible structures with lower resonant frequencies. How-

mated on stiff soil with the aim of the predictive equations .
- ver, PGV was found to be a very good descriptor of earth-
proposed by Theodulidis and Papazachos (1992) were foun . : . .
guake intensity, and a versatile parameter to compute instru-

to be: Athens —0.24g, Thessaloniki —0.22g, Patras - 0.23 g, . intensity for rapid damage assessment tools such as
Corinth — 0.36g, Rodhos — 0.28, and Heraklion — 0.29 g'ShakeMaps (Wald et al., 1999).

Mantyniemi et al. (2004) have proposed probabilistic seismic

hazard curves in terms of PGA for five Greek cities including insvt\:grrhglﬁalsir:w?le(ﬁgil;pc:ﬁ%rg?ggo?n rﬁglhdegs\’/'\[/limeﬂloenhzfl tr:;i
Athens, Thessaloniki, Patras, Volos and Heraklion by usin P P

S ; Yhe estimated PGV in a fictitious network. With the help of
the parametric-historic procedure. The corresponding me;

dian PGA values are based on the Margaris et al. (zoozi.he recently_ denveq relationships between PGV and_ Modi-
- - - 1ied Mercalli Intensity scale-MMI proposed by Tselentis and
predictive model and the result for each one of these citie

are: 0.24g for Athens, 0.53 for Heraklion, 0.30g for Pa- anciu (2008) we can convert the probabilistic PGV values

tras, 0.35 for Thessaloniki, and 0.30 g for Volos. tq a pr(_)bat_)lllstlc MMI map. Without neglecting the Iarg_e_
dispersion introduced in such an approach, the probabilis-

tic intensity map was obtained by applying the following

Nat. Hazards Earth Syst. Sci., 10,15-2010 www.nhat-hazards-earth-syst-sci.net/10/1/2010/
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equation at each grid point:

MMI = 3.3+ 3.358l0g,,(PGV) 9)

The probabilistic MMI map obtained from the estimated me-
dian PGV values is presented in Fig. 7. This type of MMI
maps are useful in comparing the hazard results with histori- o
cal information, because the later spans a long time period. It |
is of our interest to compare the present estimated MMI va- . =
lues for several cities with the probabilistic MMI values ob- i
tained by Papaioannou and Papazachos (2000). We observs i
that the values reported in the present study are slightly larger ||
than the probabilistic MMI. For Athens and Thessaloniki, we 37 g| ™
obtained respectively 7.41 and 7.38 while Papaioanou and
Papazachos (2000) reported 7.12 and 7.17 for the same cities®
The highest MMI value, 9.08 was obtained for the city of
Argostolion, which is slightly larger than the value of 8.43 . ot
reported on the same study.

Another engineering significance of the probabilistic PGA
and PGV maps arises from the investigation of the PGV/PGAFig. 6. Probabilistic Seismic Hazard Maps for Mean PGV estimated
ratio, defined as a frequency index (Tso and Zhu, 1992).  on rock with 10% exceedance in 50 years (475 years) based on the

The PGV/PGA ratio is direct proportional with the width DT07, MAO2 and SKO7 predictive equations.
of the acceleration region of an elastic response spectrum in
the tripartite logarithmic format and it is directly connected | 2% 22" 2 2 2 2 == 27 2 32
to the corner period() of the design spectrum. As a result :
a higher PGV/PGA ratio provides for a wider acceleration-
sensitive region. Itis also observed that the near-field records
with directivity effects tent to have high PGV/PGA ratio
which can influence seriously their response characteristics.
Based on the two probabilistic mean PGA and PGV maps
the range of the PGV/PGA ratio was found to be ranging
from 0.05s to 0.15s. That is a relatively moderate value 4
covered by the width of the acceleration region presented in
EAK (2003) for rock local site condition. aw’

The maps depicting the mean of the estimattgdre pre-
sented in Fig. 8. There is not much spatial variation of the ®”
distribution of the seismic hazard estimated in term&afs
compared with the PGA and PGV parameters. The nigan |
exceedance values for the entire region oscillate from 0.1 m/s%,
to 7m/s. Keefer and Wilson (1989) proposed three groups of
slope instability based on the threshold value£,00.11 m/s
— falls, disrupted slides and avalanches; 0.32 m/s — slumps,
block slides and earth flows; and 0.54 m/s — lateral spreadsgig. 7. Probabilistic MMI map obtained from the probabilistic PGV
and flows. Considering these values, it appears that in th@mean values) map and using the relations of Tselentis and Dan-
regions where high topographic relief is combined with the ciu (2008).
high I, estimated values there is significant slope instability
potential. However, the mealy map shown in Fig. 8 rep-
resents a rather simplified way to characterize the seismicbe predicted through the following empirical relation Jib-
landslide hazard, because there is not an immediate conne&0n (2007):
tion between the level of shaking and its effects on slope in- _
stability. Also, factors such as the local ground conditions 9P = 0-56110g/a—0383loglac/PGA) ~1.474+:0616 (10)
and topographic relief have to be taken into account. where Dy, is the Newmark’s displacement; is the Arias

A measure of the permanent displacement caused by shalnatensity in meters per seconds; is the critical accelera-
ing along a slide surface was proposed by Newmark (1965)tion defined as the threshold ground acceleration necessary
The Newmark’s displacement caused by earthquakes cato overcome basal sliding resistance and initiate permanent

417
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740" B

36"
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Fig. 8. Probabilistic Seismic Hazard Maps fiy. Fig. 9. Hybrid Newmark’s displacement hazarB{) based on the
probabilisticla hazard map.

down-slope movement, and PGA is peak ground acceleration
in g. We have arbitrary assumed that the ratio betweeadthe
and PGA is fixed at 0.5, and for each grid point we have esti- 4 g=
mated theD, using Eq. (10) and the previously estimatgd
and PGA values for a return period of 475. a2

The probabilistic Newmark’s displacement map obtained ||
as a function of ground shake intensitig)(and dynamic 4
slope stability (ratio between critical acceleration and PGA) |
is presented in Fig. 9. Wilson and Keefer (1985) suggested*
threshold values oD, equal 10cm, for triggering coher- e
ent slides (slumps, block slides, slow earth flow) and 2cm *'|
for disrupted slides (rock falls, rock slides, rock avalanches).
Judging from theD, map it appears that the whole region ex- _
hibits a prone landslide risk, particularly for disrupted slides, - '
since the threshold value of 2 cm is exceeded everywhere. i
can be observed that in the region of Corinth Gulf there is .
a high risk of coseismic landslide hazard for both coherent
and disrupted slides (Tselentis and Gkika, 2005). However,ss
the landslide hazard estimation is heavily slope-driven, be-
cause the dynamic slope stability has large spatial variability 15 20 210 22 25 240 25 25 27 28 200 a0
in nature even within geologic units.

Due to the arbitrary assumption of the acceleration ratio,F19- 10. Probabilistic Seismic Hazard Maps for CAV
the presented seismic-landslide hazard map is only an ap-
proximation. A genuine seismic-landslide hazard evaluation
relies on (i) a detailed inventory of slope processes, (ii) the
study of those processes in relation to their environmental The spatial distribution of the ground shaking described by
setting, (iii) the analysis of conditioning and triggering fac- CAV5 is illustrated in Fig. 10. As was expected, due to the
tors, and (iv) a representation of the spatial distribution offact that hazard is governed by the seismic zonation, there are
these factors (National Research Council, 1996). This is beno large difference between the pattern of GA¥lues and
yond the aim of the present study, whereas we have portrayethe other ground motion parameters. The spatial distribu-
an example of rapid conversion of probabilistic PGA dgad  tion of the high seismic hazard is corroborative with the pre-
maps into an engineering product: a landslide susceptibilityious hazard maps, with the maximum hazard occurring in
map. the Cephalonia Island. Very high values, as large as 100 m/s

Nat. Hazards Earth Syst. Sci., 10,15-2010 www.nhat-hazards-earth-syst-sci.net/10/1/2010/
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were obtained in the region of lonian Islands, as well as inengineering significance: a probabilistic macroseismic in-

the region of Corinth Guilf. tensity map, depicting the Modified Mercalli Intensity scale
Because CAY was found to be a suitable liquefaction (MMI) obtained from the estimated PGV and a probabilistic

descriptor, the probabilistic CAYmap may be seen as a seismic-landslide map based on a simplified conversion of

liquefaction-assessment map that depicts how often a level oéstimated; and PGA into Newmark’s displacement.

ground shaking, sufficient to cause liquefaction, is likely to  The present study relies on the seismogenic source zones

occur. The CA¥ map can be combined with a liquefaction- and compares well with the free zoning approach used by

susceptibility map that shows the distribution of sedimen-Burton et al. (2003), and with the parametric historic proce-

tary units, and therefore to obtain a probabilistic map of thedure used by Mntyniemi et al. (2004), despite the difference

liquefaction-potential for the given region. in the hazard assessment methodologies. The major limita-
Papathanassiou et al. (2003) focused their study on the caion of the present methodology is that the PSHA relies on

seismic effects such as ground failures like rock falls, soilthe seismogenic source zones and the associated statistics.

liquefaction, ground cracks and slope failures over the is-A rigorous estimation of the maximum potential magnitude

land of Lefkada in the lonian Sea. They have observed thatind the consideration of the local site conditions could lead

these phenomena appeared all over the island, rock falls ar® more realistic results.

more concentrated on the northwestern edge and liquefaction

on the quaternary deposits at the northern and eastern islangjited by: M. E. Contadakis

coasts, which are considered to be of high potentially lique-Reviewed by: Anonymous referees

fiable type. Also, they observed evidences of liquefaction

occurrence as sand boils and ground fissures with ejection of

mud and water mixture at the waterfront areas in the townReferences
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