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Figure 2 -Region and seismotectonic setting. Fault lines follow features of the topo-
graphic relief Circles show epicenters of historical earthquakes greater than M6 since
1694 (Ambraseys and Jackson, 1997).

an insignificant town, the records
offer an account of rather severe
earthquake damage to the city on
September 3rd, 1705. The earth-
quake caused considerable damage
to various structures in and around
the Acropolis that had been weak-
ened by the Venetian siege of 1687.

No buildings collapsed, and no casualties
were reported in Athens.

terial for the construction of the Par-
thenon. The flat part of the city lies
on neogene lacustrine deposits
blanketed by terrestrial formations
and recent deposits.

The lack of historical reports of heavy
earthquake damage in Athens, and the
fact that many ancient monuments in the
city are still standing, resulted in the
placement of Athens in the zone of low
seismicity in the seismic code of 1959.
The recent seismic code, adopted in
1995, places Athens in a higher seismic
zone (Zone II), where the effective peak
ground acceleration is 0.16 g.

Of special interest are the recent
deposits. They persist along the
Kifissos and Ilissos Rivers, consist-
ing mainly of low plasticity clays and
clayey sands with a maximum esti-
mated thickness of 10-15 m. simi-
lar deposits are also encountered in
the meizoseismal area of the recent
earthquake (e.g., Ano Liosia and
Menidi), but their thickness there
rarely exceeds five meters.

Topography and Geology of
Athens

Subsequent small earthquakes have
caused panic and some damage to
precarious stone monuments. On
April 20 and 27, 1894, two large
events of magnitude 6.4 and 6.7,
respectively, caused minor damage
to several buildings and ancient
monuments. The earthquakes origi-
nated in the north Euboea Gulf,
around 100 km from Athens. At
that time the city numbered 140,000
inhabitants. The modern city was
damaged by an earthquake in the
eastern Gulf of Corinth. On Febru-
ary 24, 1981 a M6.7 earthquake
centered 77 km away caused se-
vere damage to 500 buildings and
minor damage to the Parthenon.

Greater Athens is growing on hilly ground
surrounded by mountains. The plane is
open to the sea to the south and is acces-
sible through passes between the moun-
tains from the east, the north and the
west. The mountains are made up of pre-
neogene rocks: massive limestone and
dolomites overlie softer schists, conglom-
erates and limestone. The marbles in
Mount Penteli provided the building ma-

The Earthquake

The main shock registered 5.4 ML
(5.9 Ms). The preliminary location
of the epicenter was placed at
38.12N, 23.64E, at a distance of
about 20 km from the center of Ath-
ens. The estimated seismic moment
was 7x1017Nm and the moment
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The earthquake fault has not been ac-
curately located yet. There are no re-
ports of surface fault traces. The area
NW of Athens is dominated by NW-SE
lineaments, clearly visible on landsat
images and in broad agreement with
the fault plane solution. One of them
passes close to the 5th century BC
castle of Fili, north of the modern vil-
lage of Fili in Figure 1. The eastern
extent of this lineament passes near
the villages of Ano liosia and Menidi.
Widespread rock falls and gravitational
cracks have been observed and
mapped all over the south flank of
Mount Parnitha and especially along
the Fili structure and the Aspropyrgos-
Elefsis recent fault, the most pro-
nounced feature on the relief of the
area. Neotectonic fault surfaces in
marbles show systematically the NW-
SE trend, dipping to the SW. The

measured faults are dip-slip normal
structures, though some of them show
a small left lateral component. The
search for the fault is in progress and
includes dense seismological arrays,
field geology and interferometry.

Strong- Motion Recordings

magnitude Mw=5.9. The focal depth
was placed at 9 to 14 km, and the pre-
liminaryfault plane solutions show
WNW-ESE nodal planes dipping to
the NE or the SW. The main shock
was followed by hundreds of after-
shocks. The strongest of them
(Ms=4.7) occurred on September 7 at
20:44 and September 8 at 12:54 GMT.

Strong-motion recordings of the main
shock are available from 14 sites in the
wider Athens area at epicentral distan-
ces of 10-20 km (see Figure 1 and
Table 1). According to these data, the
range of significant frequencies is
approximately 1.5-10.0 Hz, while the
range of the horizontal peak ground
accelerations is between 0.04 and 0.35
g. A record near the city center (Mo-
nastiraki), giving an isolated peak value
of 0.53 g, was probably affected by the
complicated foundation conditions and
the response of a steel structure cover -

ing an archaeological excavation close
to the accelerograph. Sampled strong
ground motions of the main shock are
shown in Figure 7. Response spectra
of the horizontal components of these
records are shown in Figure 6. Super-
imposed on these spectra is the elastic
design response spectrum of the cur-
rent seismic code for the area of
Athens.

The meizoseismal area included the
industrial area of Chelidonou along
the Kifissos River and the suburbs of
Ano Liosia, Menidi and Thrakomak-
edones (see Figure 1). In this area
the macroseismic intensity reached
IX on the MM scale. The earthquake
intensity decreased towards the SE
part of Athens, where, at epicentral
distances of about 15 km, it fluctu-
ated around VI.

Reported soil conditions at the record-
ing sites show that the majority of the
stations lay on soft rock or on shallow
(less than five meters thick) deposits of
firm soil overlying the rock. However, a
number of the stations lay on deeper
soil deposits, which may have amplified
recorded motions at frequencies be-
tween 3 and 15 Hz. Recordings at
shorter epicentral distances are not
available for direct assessment of the
strong-motion characteristics in the epi-
central zone. Nevertheless, an indirect
estimation, based on observed move-
ments (sliding and overturning) at cem-
eteries close to epicentral area, sug-
gests that horizontal peak accelerations
may have exceeded 0.50 g.

Measured sliding and toppling of ob-
jects along the western bank of the
Kifissos River show a predominant
movement in the E-W direction. This
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Figure 3 -Failure of a four-story building due to the collapse of the columns
of the soft ground floor. (Photo: Sunday Ethnos newspaper)
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PLACE EPICEN.

DIST. Km
CODE SITE GEOLOGYNo.

Free field 17MNSA1 Monastiraki

Neo Psychiko 18 0.083 0.121 0.1042 ATHA1

J-~ 0.042 1~3-
0.086 0.046 0.122

0.051 0.239SMGA1 Syntagma 18 0.146

0.088 0.092Syntagma Limestone I schist 18 0.1156 SMGB1

0.248 0.093

0.204

0.226157 SPLA1

15 0.356 0.326SPLB1

DFN1

8

21 0.038 0.041 0:1129 Dafni Schist

19 0.090 0.057 0.08010 PNT1 Papagos Tertiary deposits

17 0.130 0.190 0.11011 ATHO2 Chalandri Alluvial deposits

Alluvial deposits 16 0.290 0.350 0.19012 ATHO3

Schist 16 0.140 0.120 006013 ATHO4

Soft rock 15 0.186 0.220 0.15714 KERA Keratsini

Table 1 -Strong-motion records data,

is normal to the direction of the fault
slip. However, the observed move-
ment is perpendicular to the Kifis-
sos River and could be attributed to
the local geology.

as green. Out of approximately
2500 surveyed schools, 65 (2.5%)
were found heavily damaged, while
230 (9%) suffered moderate dam-
age that could be repaired in one or
two weeks.

a number of industrial buildings along the
west bank of the Kifissos River (Chelido-
nou), which were constructed on the crest
of a steep slope of about 60 m in height
(Figure 5). In such cases, the ground
acceleration may be considerably ampli-
tied. A number of these buildings suf-
fered partial or total collapse, while many
others were severely damaged.

Damage to Buildings

Most of the damage occurred within
12 km of the epicenter. Structural
damage decreased rapidly with the
distance from the epicenter. In
most areas of Athens damage was
nonstructural, consisting n:lainly of
cracks to infill brick walls. The dis-
tribution of damage was not regular
and in some places may have been
influenced by the local site condi-
tions.

The day following of the ear1hquake, the
Ministry of Environment, Urban Planning
and Public Works organized numerous
two-person teams of engineers, which be-
gan surveying the affected areas for a
rapid damage assessment. The buildings
were marked as green (no visible damage
affecting the structural capacity), yellow
(minor damage to structural elements and
significant damage to nonstructural ele-
ments; the building should not be used
temporarily), and red (heavy damage to
structural elements; the building should
not be used until it is repaired). The sur-
vey is still in progress, but data from the
first six days indicate that out of almost
70,000 inspected buildings, 11% were
marked as red, 35% as yellow, and 54%

~i

Site conditions might have affected
the extent of the damage, but for the
moment this correlation is not clear.
In individual cases, however, it is
evident that the poor foundation
conditions (e.g., artificial fill) or the
local topography played a critical
role. This seems to be the case in

Figure 4 -Damaged joint due to
inadequate reinforcement. The
lack of stirrups is evident.
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Reinforced Concrete Frame

Structures: A number of RC

buildings sustained severe structural
damage and some of them col-

lapsed, totally or partially. Most of

the severely damaged structures

were designed according to older

seismic codes, with significantly low-
~ er seismic forces than those experi-

: enced during the earthquake. The

overall behavior of RC structures was

satisfactory.

The first seismic code in Greece was
applied in 1959. According to this
code and for the area of Athens, the
seismic force in each floor was 4%,
6% or 8% of the corresponding
weight for firm, medium and soft soil,
respectively. In 1984, the code was
slightlyaltered. The modifications
concerned the distribution of the
seismic forces along the height of
the building, details for construction,
and a simple capacity check to en-
sure the formation of plastic hinges,
primarily in the beams.

Figure 5 -The valley of the Kifissos River. Industrial buildings Ion

the crest of the west bank (Chelidonou, on the right) suffered severe damage.

dium soil (type B) and soft soil (type
C), respectively (see Figure 6). Athens
is in seismic zone II, and the design
effective peak ground acceleration is
0.16 g. The design forces for build-
ings are calculated for a behavior
factor of q=3.5 (analogous to the
reduction factor R used in ATC-3).

In 1995 the new seismic code

(NEAK) was adopted. The seismic

forces are calculated using a design

spectrum with a flat branch up to

periods of 0.4, 0.6 or 0.8 sec for

hard soil conditions (type A), me-
Some of the recorded ground accel-
erations show elastic spectral accel-

A TH4 Long.

A TH4 Trans

A TH2 Long.

A TH2 Trans.

ATH3 Long.

-A TH3 Trans.

Damping=5%

erations on the order of 0,6 to 0.8 g
for structures with periods in the
range of 0.15 to 0.3 sec, correspond-
ing to two- to five-story buildings in
Athens. Most of these buildings were
designed according to the old code,
with about ten times lower seismic
forces. This factor is expected to be
significantly higher in the epicentral
area, where the effective ground ac-
celeration should have exceeded the
value of 0.5 g. The majority of the RC
structures in the broader area of
Athens suffered only minor structural
damage because they had strength
reserves such as infill walls, over-
strength and redundancy.
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The most common damage to RC
frame buildings can be classified
according to the cause as follows:

1) Damage to column-beam joints
due to bad concrete quality and in-
sufficient reinforcement: In many
cases, stirrup reinforcement was
almost nonexistent (see Figure 4).
Such damage was common in less
prosperous areas, as for example in
Ano Liosia, where many of the struc-
tures were constructed without legal
permission, and it is doubtful whether
a structural design was applied.

New Greek Seismic Code
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Figure 6 -Elastic response spectra of the accelerograms of Figure 7, and

comparison with the elastic design spectrum of the CUfTent seismic code.
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2) Damage to columns due to
the short column effect: Damage
due to the short column effect (Fig-
ure 8) occurred in many industrial
buildings, in which brick infill walls
had been raised between the col-
umns of the perimeter up to Y2 to
213 of the story height. As a result,
the columns along the perimeter
became short columns compared
to the interior ones. The damage
was due to shear failure, which in
many cases caused a total deterio-
ration of the columns. These col-
umns could not bear vertical loads
and settlement of the upper floors
occurred.

dustrial buildings"

Masonry Structures: In the mei-
zoseismal area, most adobe houses
and stone masonry structures with
undressed stones, constructed in
the first half of the century, suffered
significant damage (Figure 9). This
included partial collapse of external
walls, collapse of corners, separa-
tion of the two walls converging at a
corner, and extensive cracking.

common practice in Greece. Significant-
ly less rigidity in this floor, compared to
the rest of the building, leads to large de-
formations of the soft story. The damage
occurred mainly to the joints, which were
totally destroyed in a number of cases.
As a result, the structural system became
a mechanism, and large permanent hori-
zontal displacements were observed. In
some cases, collapse of the soft story
was occasioned by P-8 effect, combined
with high vertical accelerations (see Fig-
ure 3). The soft-story effect was more
pronounced in buildings without shear
walls.

Brick masonry houses with RC lintel
bands or concrete roof slabs, built
in recent years, survived with much
less damage. The exceptions were
cases in which one or two stories,
supported by an independent RC
frame, were added on the top of the
masonry house. This is common in
Greece, in order to extend the build-
ing vertically without demolishing the
old house. Although the RC struc-
ture is statically independent from
the masonry building, the slab of the
first floor (U.S. second floor) is
usually connected to the masonry
walls. In such "mixed" systems, se-
vere damage occurred to the walls of
the masonry house, while the RC
structure did not suffer any damage

(Figure 10).

Other conditions negatively affected the
behavior of the structures: bad soil condi-
tions, the influence of site effects, inad-
equate foundations, and heavy loads or
machinery placed in upper floors in in-
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3) Damage to buildings with a
soft ground floor (pilotis): Build-
ings with a soft ground floor are a

ATHO3
.., Classical Monuments and Histori-

cal Buildings: Classical monuments
in the area of Athens are made of
marble blocks placed one on the top
of the other, without mortar. During
strong ground shaking, the stones
can slide or rock, usually followed
by large displacements at the top of
the structure. In spite of their appar-
ent instability, however, such struc-
tures are impressively safe against
collapse, assuming that there are not
significant initial imperfections such
as missing pieces from the base or
structural inclination.

~
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All classical monuments survived the
earthquake almost without damage,
and only minor effects were reported
in some cases. On the Acropolis,
small rotations of some columns of
the Parthenon and the Erechthion
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Athens-Corinth, was damage ob-
served in the abutment head, caused
by the impact of the deck, and the
bridge was closed to traffic for a few
hours to allow a thorough check.

No damage was reported to the road
or rail network, except the road lead-
ing to the summit of Mount Parnitha,
which was very close to the epicenter.
In many places, the road was con-
structed partly on excavation and
partly on fill. Severe landslides in
these fills caused collapse of the ma-
sonry barrier of the road. Also, large
pieces of rock fell on the pavement.
The road is still closed to traffic. No
damage was reported to the under-
ground metro of Athens.

Figure 8 -Damage to short columns of an industrial building in Chelidonou

were observed, which were consid-
ered of minor importance by the
archaeologists. Small pieces of mar-
ble fell from the Parthenon due to the
intense shaking and probable impact
between adjacent stones. At the
monument of Zeus Olympios, an old
crack in the middle of an architrave
opened significantly, causing a small
permanent deflection at this point.

Historical masonry buildings of the last
century did not suffer significant dam-
age, either. Among those in which
some damage was reported is the Na-
tional Archaeological Museum, where
cracks appeared on the walls of the
first floor. On this floor, a number of
the exhibits, mainly pots, fell and
broke. Cracks were also reported in
Iliou Melathron, the Byzantine Mu-
seum, and the Metropolis (the capital
church) of Athens.

Utilities: Underground pipelines

behaved well during the earthquake.

The recently built natural gas network

did not suffer any damage at all, al-

though there were pipelines of high

pressure crossing the meizoseismal

area at a depth of approximately 1.5 m.

Older monuments, which were already
in bad condition before the earth-
quake, sustained significant damage.
This was the case with the 11th century
monastery at Dafni and the Sth century
BC fortress at Fili, in which large
cracks appeared, and some sections
are close to collapse.

Lifelines

Transportation: No major damage
was reported to bridges. In some
cases, the joints between the deck and
the abutments were damaged, showing
large displacements of the deck during
the shaking. In one fly-over at the Met-
amorfosis Interchange of the National
Road Athens-Lamia, a permanent
oversetting of the deck occurred, on
the order of few centimeters; however
it did not affect the serviceability of the
bridge. Only in one case, the bridge at
Aspropyrgos on the National Road

Figure 10- Damage to the brick ma-

sonry ground floor of a three-story

building in Menidi. The upper two

floors are supported by a statically

independent RC frame. The new and

old houses share the first-floor con-

crete slab (U.S. second floor}.

Figure 9 -Partial collapse of a

stone masonry house in north

Filadelphia.
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In the water supply network, only
minor leakage was observed to ser-
vice connections and some larger
pipelines (0=1100,1700 and 1800
mm) in regions close to the epicen-
ter. The damage was repaired
quickly. There was not any prob-
lem in the water supply of Athens,
although the main aqueduct runs
along the Aspropyrgos-Elefsis fault
and through the meizoseismal area.
The wastewater network did not
suffer any significant damage.

vating state and local services and NGOs
(Hellenic Red Cross, for example), and
the application of the emergency plan for
earthquake disaster.

The significant aftershock activity
created fear among the people, who
hesitated to sleep indoors even
when their houses had minor
(mainly nonstructural) damage, or
none at all. Speculations about an
impending large earthquake added
to the fear and insecurity.

The Firefighting Service conducted the
main rescue operation with 1200 firefight-
ers and 300 members of the Special Res-
cue Team; backup assistance came from
the Police Services and the Army. In a
few hours, 150 rescue squads were oper-
ating in 32 sites of collapsed buildings.
Starting the next day, rescue efforts were
supported by specialized teams from Tur-
key, France, Israel, Cyprus, Hungary and
Switzerland. Eighty-five people were ex-
tricated alive from heavy debris; 140 were
confirmed dead.
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Forthe 100,000 homeless, special relief
procedures were launched, including the
erection of 20 well-organized tent camps
and a number of smaller ones, and the
use of hotels and docked passenger ships
(see Figure 11). In total, 16,000 tents,
4,000 beds and 8,000 blankets were dis-
tributed. Immediate financial support was
arranged for those with damaged houses.

Emergency Response

At the time of the quake-about
3:00 pm-many people were at
work, which is why most of the fa-
talities were in collapsed factories.
Half an hour after the earthquake, it
was impossible to cross the center
of the city due to an incredible
traffic jam. In a large portion of the
broader area of Athens, including
downtown, there was a power sup-
ply interruption. In the epicentral
area, this interruption lasted for
several hours. The telephone com-
munication system, both cable and
cellular, crashed due to overload.

Immediately after the earthquake,
the main response and relief effort
focused on search and rescue op-
erations in the collapsed buildings,
the restoration of the electricity and
communications, and the establish-
ment of an information feedback
system. This was accomplished by
the immediate alert of the Civil Pro-
tection Coordination Center, moti-

Figure 11 -An organized tent camp set up by the Army.

(Photo: Sunday Ethnos newspaper)
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