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ABSTRACT

Within the framework of four research projects (RISK-EU, EUROSEISRISK, SRM_LIFE and
LESSLOSS) extensive calculations were carried out assessing the seismic hazard in the Thessaloniki
and surrounding area. The main results were derived from probabilistic and deterministic approaches
taking into account rock site conditions for each examined site in the Metropolitan area of
Thessaloniki. The expected strong-ground motions were calculated applying different methodologies.
Two different groups worked for the assessment of the seismic hazard, the first one constituted of the
INGV (Istituto Nazionale di Geofisica e Vulcanologia, Italy) and LSMF (Laboratory of Soil
Mechanics and Foundation Engineering, Thessaloniki, Greece) and the second one of LSMF and
ITSAK (Institute of Engineering Seismology and Earthquake Engineering, Thessaloniki,
Greece).
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INTRODUCTION

Safety against earthquake hazard potential has two main aspects, structural safety against earthquake
dynamic loading and the safety of a site itself related to geotechnical potential phenomena such as
amplifications, landslides etc. For this reason, seismic zoning is one of the most fundamental aspects
of seismic hazard assessment and the estimation of future strong ground motions. Earthquake ground
motions are affected by several factors such as seismic sources (regional/ local seismicity),
propagation path (attenuation of ground motion) and site effects (local site and geological conditions).

The seismotectonic model adopted combines faults and background area sources. The geometries of
the faults were proposed from Papazachos et al. (2001). These are the faults that are responsible for all
historical earthquakes (with a magnitude M>6) that occurred in Greece from the 5™ century BC till
present. The seismotectonic data (seismicity rates, b parameter, M,.x values, etc.), were defined by
Papaioannou and Papazachos (2000) for Greece. The background seismicity of the area sources used
has been defined by Karakaisis (personal communication) and has been accounted for earthquakes
with magnitudes between 4.0 and 5.9 proposing finally 12 area sources in Greece. Only faults and
background area sources at a distance of 150 kilometers or less has been included. The studied area
along with the two sites of specific interest and the neighboring faults are shown in Figure 1.
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Figure 1. Study area, sites of interest (points 1 and 2), neighboring faults (left) and background
area sources (right)

In this paper, an analytical description of the assessment of seismic hazard for the area of Thessaloniki
is presented, based on the two different approaches proposed by the two working groups examining
two specific sites in the Metropolitan area of Thessaloniki. The first site is located in downtown
Thessaloniki (point 1, 22.999E-40.503N) and the other one in the eastern part of the area studied, near
Anthemountas seismic fault (point 2, 22.905E-40.648N). The estimation of strong motion was carried
out taking into consideration rock site conditions for both sites. Comparison and discussion of the
results were attempted considering the different approaches applied by the two working groups.

GROUND SHAKING SCENARIOS
Probabilistic Approach

Peak ground acceleration (PGA), is the strong ground motion parameter for which the calculations
were performed. The empirical predictive relations that were used, are the ones proposed by
Skarlatoudis et al., (2003). Figure 2 shows the results of the probabilistic seismic hazard analysis for
the studied area for two different values of return period, 50 and 475 years.

Figure 3 is shows the contributions to the PGA hazard of the faults and background seismicity sources
that affect the two sites of interest (point 1 and point 2 of Figure 1). In both cases, there are a large
number of faults and background sources with negligible contributions to the seismic hazard. In fact
the number of faults with significant contributions to the hazard at each point is rather small.

Seismic hazard in the case of site 1 is dominated by the Anthemountas fault at medium to large values
of PGA, as should have been expected, due to the proximity of this point to the aforementioned fault.
This fault is the only contributor to seismic hazard for values of PGA around 100 cm/sec’.
Background source XI, that represents the small earthquakes of the area which are not connected with
the seismicity of any of the well defined faults, appears the largest contributor for small values of
PGA. Finally, the Volvi, Stivos and Sohos faults mainly and Ierissos fault in a lesser extent, show
around equal contributions to hazard for small to medium values of PGA.

The case of site 2 is different. Instead of lying in the proximity of a single fault, as is the case for point
1, this particular point lies at around equal distances from 3 different faults (Stivos, Anthemountas and
Sohos). This fact is depicted in Figure 3 where it can be seen that the three aforementioned faults show
around the same contribution to the hazard for this point. Again, background area source XI dominates
the hazard for low values of PGA. At the same low range of PGA values, the contribution of the Volvi
fault is also significant.



The next step of this analysis was the deaggregation of seismic hazard. During this procedure, the pair
of magnitude and distance values that show the largest contribution to the hazard at the particular site
can be determined. This pair (or pairs in case there exist more than one maxima) of M-R values may
be assumed that comprise the most probable earthquake scenario for the specific site. The
deaggregation was carried out for two values of return periods, 50 and 475 years. The results are
shown in Figure 4.

Figure 2. Distribution of expected PGA values at the study area, for two different values of
return period, 50 years (top) and 475 years (bottom).

In the case of site 1, the return period of 50 years represents an expected PGA value of 51 cm/sec’.
From Figure 4 can be observed that for this value of PGA the largest contribution to the hazard is
derived from the fault of Anthemountas, but almost equally significant is the contributions from the
faults of Sohos and Stivos and to a lesser extent the one from Volvi. The results of the deaggregation
confirm these conclusions. The maximum contribution appears at M=6.05 and R=32.5 km. Both faults
of Sohos and Stivos lie at around this distance from point 1 and so this maximum represents their
combined contribution. Another significant contribution at M=6.05 and R=2.5 represents the
contribution of the Anthemountas fault. Some small contributions to the hazard exist for magnitudes
of less than 6 and very small distances, which represent background area source 1X.

The return period of 475 years represents an expected PGA value of 358 cm/sec” and from Figure 3
can be seen that at this value the total hazard is contributed by the Anthemountas fault. The same
conclusion can be drawn from Figure 4 where only a single maximum can be observed at distances
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Figure 3. Contribution to the PGA hazard of point 1 (top) and point 2 (bottom) of the various
faults and area sources of the area.

that are approximately equal to the distance between site 1 and Anthemountas fault (M=6.05 and
R=2.5 km).

In the case of site 2, the return period of 50 years represents an expected PGA value of 55 cm/sec”. For
this value of PGA, the major contribution to the seismic hazard results from the combined contribution
of the Anthemountas and Stivos faults with a smaller contribution from the Sohos fault (Figure 3).
Indeed, the same conclusion can be drawn from Figure 4. The maximum contribution appears at
M=6.15 and R=12.5 km which is approximately the minimum distance between site 2 and both
Anthemountas and Stivos faults. There is also a smaller contribution at a distance of around 20 km,
which represents the Sohos fault. The return period of 475 years represents an expected PGA value of
167 cm/sec® and in Figure 3 can be observed that the total amount of hazard is derived from the
combined contribution of Anthemountas and Stivos faults. Again, the same conclusion can be drawn
from Figure 4, where the unique and maximum contribution is located at M=6.25 and R=12.5. This
distance represents approximately the minimum distance between site 2 and the two aforementioned
faults.
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Figure 4. Deaggregation results for points 1 (top row) and 2(bottom row) and for two values of
return period, 50 years (left column) and 475 years (right column).

Time histories are then estimated through the SmSim (Boore, 1996) code, based on point source
ground motion model (PSM). The stochastic ground motion model (PSM), in which the energy is
distributed randomly over the duration of source and path, has proven remarkably effective in
correlating with a wide range of ground motion observations. Time-domain measures such as peak
acceleration, velocity, Wood-Anderson magnitudes as well as frequency domain measures such as
relative velocity response and Fourier amplitude spectra have been predicted with reasonable accuracy
(Boore and Joyner; 1991; 1997). The ground motion model employed here uses a w-square Brune
source model (Brune, 1970; 1971) with a single corner frequency and a constant stress parameter
(Boore, 1983). This methodology has been used in various applications in Greece (Margaris and
Boore, 1998; Margaris and Hatzidimitriou, 2004).

This model estimates the times series and spectral values for each examined site utilizing the
parameters of the faults and background area sources (Figure 1), which are given in the
EUROSEISRISK report (Margaris and Koutrakis, 2004). Considering the deaggregation results
(Figure 4) and the estimated M-R pairs time histories and 5% pseudoacceleration spectral values are
computed. The appropriate input parameters of PSM model have been presented in the same
aforementioned report proposed by Margaris and Koutrakis (2004). Figure 5 depicts the PGA and 5%
PSA spectral values based on the deaggregation pairs of magnitude and distance, M-R, for each
examined site of the probabilistic seismic hazard assessment.
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Figure 5. Simulated time histories and spectral values for the two examined sites, based on de-
aggregation results.

Deterministic approach

The deaggregation performed at sites 1 and 2 showed that Stivos fault largely contributes to the hazard
for expected PGA values at 50 and 475 years return periods. These sites have a fault distance within 2
times the fault length, and they can experience ground shaking affected by the details of the rupture
propagation on the fault, such as directivity effects. A hybrid stochastic-deterministic technique
(DSM-Deterministic-Stochastic Method; Pacor et al., 2005) was then used to compute the high-
frequencies (f>0.5-1 Hz) ground motions due to extended fault. DSM allows computing synthetic time
series for direct S-wave field at bedrock sites, and is suitable to generate shaking scenarios near an
extended fault whereby the direct S wave-field is generally dominant in amplitude with respect to the
reflected and superficial phases. Different rupture propagation models on the selected faults can be
hypothesized and, even when input data regarding earthquake source, propagation medium, and site
characteristics are of a very schematic nature, the complexity of near-source ground motion can be
adequately reproduced. Extended fault simulations performed with different, but equally probable,
rupture models generally produce a high variability in the ground motion, mainly dependent on the
assumed position of the hypocenter on the fault plane, which controls the rupture directivity.

Several ground motion scenarios have been performed in the Thessaloniki area within the LessLoss
EU project (Deliverable 80, 2005). The 1D crustal model for S-waves velocity was inferred from the



3D tomographic image of the crust-uppermost mantle in the Aegean area using the group velocities of
Rayleigh wave fundamental mode (Karagianni et al., 2005); P-velocities and density results from
Papazachos and Nolet (1997), with the exception of the first layer of the model which was taken from
project RISK-UE (Table 1) (Karagianni, personal communication; Pitilakis et al., 2004). The spectral
attenuation was defined in terms of quality factor Q and diminution parameter ko, which controls the
high-frequency decay of the spectrum. We used Q(f) = 88 f 0.9, in good agreement with Q values
obtained with data from local earthquakes that occurred in the Thessaloniki area (Hatzidimitriou,
1995), and the diminution parameter ko=0.035s as suggested by Margaris and Boore (1998). This
value ko was considered as representative of class A sites and it was employed to perform bedrock
simulations.

Table 1. 1D crustal model for the studied area

Depth Vp Vs Rho
(km) (km/s)  (km/s) (g/cm®)
0 4.5 2 2.4
1 6.06 3.44 2.7
5 6.07 3.46 2.8
11 6.37 3.64 2.9
21 6.96 3.98 3
31 7.64 4.36 3.2

The fault geometry was taken from the geodetic study of Stiros and Drakos (2000), as in Table 2 and
Figure 6. Deterministic shaking scenarios for Stivos fault have been computed for a uniform slip
distribution on a normal fault with bilateral rupture starting from the hypocenter location. The
simulations were done considering the variability of the kinematic source parameters (e.g. rupture
velocity and nucleation point). Three different rupture velocities were assumed on the fault,
corresponding to 75%, 80% and 90% of shear-weave velocity (VR =2.625, 2.8 and 3.15 km/s).
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Figure 6 - Position and dimension of the1978 source fault. The focal mechanisms of 1978
earthquake and of the two main aftershocks are also reported. Site 2 is close to THE
accelerometric station. Triangles indicate the grid points where the synthetic time series were
simulated.

Table 2. Fault parameters
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Figure 7 shows the PGA maps obtained by considering the minimum and the maximum values of the
hypothesized VR. Both scenarios represented in Figure 7 are influenced by the source location respect
to the Thessaloniki area and by directivity effects. In fact, increasing values of PGA can be observed
as source-to-site distance decreases from West to East. Peak accelerations ranging from 30 to 60 gals
or from 50 to 100 gals are obtained in Thessaloniki area depending on the assumed rupture velocity.
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Figure 7. PGA values on the Thessaloniki metropolitan and surrounding area (bedrock
scenarios) for the 1978 Thessaloniki earthquake with VR = 2.625 km/s (left panel) and VR =
3.150 km/s (right panel).

In order to verify the input parameters for modeling, such as crustal model and rupture velocity on the
fault, we tried to reproduce the wave field of the 1978 Thessaloniki earthquake (M=6.5). The
Gerakarou-Stivos fault is associated to the June 20, 1978 Thessaloniki earthquake with the epicentre
located at a distance of about 25 km NE from the city (Stiros and Drakos, 2000 and references
therein). Moreover, the earthquake was recorded by one accelerometric station (THE-City Hotel,
Figure 6) located in the basement of an eight-story building at the shoreline of the city (PGA ~0.15g;
Pitilakis et al., 2004).

The accelerogram recorded at the THE-City Hotel station was compared with synthetic time series,
considering an average value of rupture velocity (VR =2.8 km/s) and introducing the combined effects
of site amplification and attenuation. We considered the representative transfer function of class C
sites and assumed ko=0.056 s (Margaris and Boore, 1998). Figure 8 shows the horizontal components
of recorded and simulated accelerations at station THE-City Hotel. Synthetics are performed to
reproduce only the stronger of the two sub-events as they are separated in Margaris and Boore (1998).
The waveform comparison shows that the strong motion phase is rather well reproduced both in
amplitude and shape, although synthetic accelerations appear to be more reach than recorded in the
high frequency content.
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Figure 8. Waveforms comparison at station THE: left panel, North-South component; right
panel, East-West component. The accelerogram recorded at the THE-City Hotel station in
downtown Thessaloniki shows the double event of June 20, 1978, earthquake (M=6.5).

DISCUSSIONS AND CONCLUSIONS

The probabilistic approach accounts for the likelihood that a range of small and large earthquakes may
occur along the seismic faults and seismic sources in the broader area of the two examined sites. It
combines information on earthquake size, location and probability of occurrence with the resulting
ground motion to give results in terms of PGA and the associated annual probability of exceedance. In
addition to this, deaggreagation analysis is attempted and the most probable M-R pair from seismic
sources and faults affecting the two examined sites is defined.

The deterministic approach is justified for specific and major seismic faults generating characteristic
earthquakes of similar size. In the hybrid stochastic-deterministic technique (DSM: Deterministic-
Stochastic Method) the target earthquakes are usually selected through considerations on historical
seismicity and geological and physical characteristics of the seismic sources. This methodology more
realistically approaches characteristics of the extended faults and describes the near-field effects on
ground motion.

Figures 9 and 10 show the comparison of time series and spectral acceleration obtained from the two
different approaches applied to sites 1 and 2: the DSM simulations for the 1978 Thessaloniki
earthquake (two horizontal components, NS and EW) and the SmSim synthetics associated to the
magnitude-distance bins of the deaggregation results (two return periods, TR=475 and 50 years).

The deaggregation defined the most probable design magnitude and distance (M-R bin) for the two
return periods, taking into account all the seismic sources in the broader area which actively affect the
examined sites. The resulting distance allowed then the identification of the closest probable seismic
sources (fault or area), which mainly contribute to seismic hazard of each site. However, the SmSim
ground motions refer to a point source located at the defined distance from the site. For site 1 the
maximum contribution to PGA with Tr=50 years return period (Figure 9, bottom time series to the
right) is due to M=6.05 and R=32.5 km, which can be related to Sohos and Stivos faults. Moreover,
for site 2 (Figure 10) both return periods individuate sources at distance R=12.5km (combined
contribution of Anthemountas and Stivos faults) but with M=6.25 (Tr=475y) and M=6.15 (Tr=50y).

The DSM model estimated synthetic ground motions for the M=6.5, 1978 Thessaloniki earthquake,
which ruptured the Stivos fault. The DSM synthetics are more realistic in time and frequency domain
taking into account the kinematic behavior of the rupture on extended fault and 1-D propagation
effects (Figure 9 and 10). However, the deterministic approach do not account for the seismic activity
of the broader examined area and its likelihood occurrence, while the probabilistic approach estimates
only mean reliable ground motion values without using refined source, path and site parameters.



The discrepancies of the two approaches are depicted by the spectral value comparisons in the bottom
plot of Figures 9 and 10. These discrepancies are due to different approaches of the estimate of ground
motion which produces different seismic scenarios for the two points (1&2) and in some minor
differences in the seismotectonic settings adopted in two approaches. For example, in the DSM
simulation the hypocenter of the extended source earthquake refers to the one of 1978 earthquake, i.e.
about 30 km far from the 2 sites, whereas in the SmSim simulations the point source is about 13 km
from site 2 and it can be approximated as a nucleation point located a left edge of the fault (closest
distance from site to fault).

Both methodologies can be reliably used to estimate potential earthquakes for which no strong-motion
records from similar historical seismic events exist. Moreover, synthetics may be prove useful for
filling gaps in empirical data.
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TR=475 (top) and 50 years (bottom); spectral values from the simulated time series (bottom).
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