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Abstract Larissa, the capital of Thessaly, is located in the eastern part of Central Greece,
at the southern border of a Late Quarternary graben, the Tyrnavos Basin. Palaeoseismolog-
ical, morphotectonic, and geophysical investigations as well as historical and instrumental
records show evidences for seismic activity in this area. Previous investigations documented
the occurrence of several moderate to strong earthquakes during Holocene time on active
faults with recurrence intervals of a few thousand years. The historical and instrumental
records suggest a period of seismic quiescence during the last 400–500 years. The present
archaeoseismological research, based on a multidisciplinary approach is devoted to improve
the knowledge on past earthquakes, which occurred in the area. This study focuses on dam-
ages observed on the walls of the scene building of the Great Theatre of Larissa. The Theatre
was built at the beginning of the third century BC and consists of a semicircular audito-
rium, an almost circular arena and a main scene building. Archaeological and historical
investigations document a partial destruction of the theatre during the second to first cen-
tury BC. Recent excavations show that the building complex after it was repaired suffered
additional structural damages, probably from seismic loading. The damages investigated in
detail are displacements, rotations and ruptures of numerous blocks at the walls of the scene
building. In order to test the earthquake hypothesis as cause of the damages a simplified
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seismotectonic model of the Tyrnavos Basin and its surroundings was used with a composite
earthquake source model to calculate synthetic seismograms at the Larissa site for various
earthquake scenarios. Horizontal to vertical seismic ratio (HVSR) measurements in the the-
atre and its vicinity were used to estimate local site effects. The synthetic seismograms are
then used as input accelerations for a finite element model of the walls, which simulates
seismically induced in-plane sliding within the walls. Results show that some of the sur-
rounding faults have the potential to produce seismic ground motion that can induce in-plane
sliding of blocks. Model calculations were used to constrain the characteristics of the ground
acceleration and infer the causative fault and earthquake by comparing the calculated and
observed distribution of the displacements of the blocks. Ground motions with a PGA at
the site of 0.62–0.82 g, which could be induced by an M 5.8–6.0 earthquake on the nearby
Larissa Fault, would be sufficient to explain the damage.

Keywords Archaeoseismology · Thessaly · Ancient theatre · Cultural heritage ·
Seismic hazard

1 Introduction

Archaeoseismology is a young, ambitious discipline, which integrates contributions from
a wide range of scientific fields. Early studies on archaeoseismology of the Mediterranean
Region were first published during the turn of the nineteenth to the twentieth century (e.g.
De Rossi 1874; Evans 1928). Later on scientists began to use some archaeological informa-
tion to improve the knowledge about ancient earthquakes and to study seismogenic reasons
as a possible cause for the destruction and abandonment of settlements (Nikonov 1988, 1996;
Stiros and Jones 1996; Korjenkov and Mazor 1999; Galadini et al. 2006a,b; Caputo and Helly
2008). For a long time different perspectives hampered the development of an archaeoseismo-
logical methodology (e.g. Ambraseys 1971). However from multidisciplinary projects and
works a foundation for Archaeoseismology was developed (Stiros and Jones 1996). Since
then also quantitative measures for the proposed seismic load at an archaeological site or the
dimension of the causative earthquake(s) have been the focus of several studies (i.e. Stiros
and Jones 1996; Hinzen and Schütte 2003; Hinzen 2005; Fäh et al. 2006; Decker et al. 2006).

This study presents archaeoseismological results from the Great Theatre of Larissa in
Thessaly, Greece (Fig. 1), which has been systematically excavated in the past 15 years,
using a multidisciplinary quantitative approach. This monument shows clear evidences of
ground-motion-induced damages, which have been attributed to a Medieval-time historical
earthquake (Caputo and Helly 2005a).

The Great Theatre is located in the Pinios River alluvial plain (Fig. 1b) flooring the
Middle-Late Quaternary Tyrnavos Basin (Caputo and Pavlides 1993). The graben is bor-
dered by few major active faults (Fig. 2) previously investigated by Caputo (1995) and
Caputo et al. (2006, and references therein). Based on a qualitative approach, Caputo and
Helly (2005a) conclude that one of the faults bordering the Tyrnavos Basin was possibly
responsible of the observed damages at the Great Theatre. The present research represents
an attempt to quantitatively answer the following key questions. First, are earthquakes in
the Tyrnavos Basin strong enough to explain the observed damages in the Great Theatre of
Larissa? Second, do block displacements observed in the walls of the scene building allow
narrowing down the ground motion parameters? Third, are the existing input data sufficient
to use deterministic engineering seismological models to explain the damages in the theatre
building?
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2 The Great Theatre of Larissa

The monument is the largest example of a theatre built entirely from stone in Central Greece
(Fig. 1). It was built following the traditional plan and architecture of the Classical time but
during the beginning of the third century BC (Early Hellenistic). The monument consists of
a semicircular area of stepping seats (koilon) ending at, and laterally supported by, two thick

Fig. 1 a Aerial photo of the Great Theatre of Larissa during the initial stages of the ongoing excavations. The
major architectonic elements of the monument are indicated. (Photo, A. Efthimiopoulos). b Location of the
theatre within the modern town of Larissa expanding on the Late Quaternary alluvial plain and the northern
slopes of the Central Hills (Caputo 1990). Pinios River (thick line) and contour lines a.s.l. (thin lines) are
drawn on a GoggleEarth photo. The ancient course of the river corresponds to the eastern branch meandering
closer to the theatre
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Fig. 2 Digital elevation model of the Tyrnavos Basin and surrounding areas in Thessaly, Greece. Major
active faults in the basin are: LF Larissa Fault, KF Kastri Fault, AF Asmaki Fault, DF Dimitra Fault,
GF Gyrtoni Fault, RF Rodia Fault, and TF Tyrnavos Fault. Location of the major towns of Larissa and
Tyrnavos are shown. The white star indicates the location of the quarries for the Triassic crystalline limestone
used for the Great Theatre of Larissa. The box enclosing Larissa indicates the location of Fig. 1b. The inset
map shows the general tectonic setting of the broader Aegean Region and the location of the Tyrnavos Basin
(TB). NAF North Anatolian Fault, KF Kefallinia Fault

walls (analemma). Fourteen series of seats have been preserved and only the higher part
(epitheatron) is almost completely lost due to later spoliation. During its operation, the Great
Theatre could receive as much as 10,000 spectators. At the centre, there is a circular open
space (orchestra) and in the southern sector the main building (scene). The scene building
consists of two central and two wing rooms. The walls of the scene building are made of
seven courses of blocks (assises), with a total thickness of about 1.2 m. The northern walls
of the two central rooms have been particularly strengthened and reach a thickness of 1.9 m.
The koilon is located on the gentle slope of an artificial hill consisting of several meters-high
stratified anthropogenic layers (Fig. 1b), while the orchestra and scene were built on the
flat-lying alluvial deposits of the Pinios River with possible sedimentary contributions from
the streams running off the northern Central Hills (Fig. 1b).

The koilon and the visible parts of the scene building were built from Triassic crystalline
limestone cut from quarries 20–25 km west of Larissa (Fig. 2). The remaining stone blocks
were extracted from the Pliocene Tyrnavos Formation (Caputo 1990) mainly consisting of
oolitic calcarenites and referred to by archaeologists as ‘porolithos’ (i.e. porous rock). During
the second century BC in the frontal section of the scene building a Doric style proscenium
was added. At the beginning of the Imperial time (last 10 years of the first century BC),
the theatre underwent a deep re-handling due to a partial destruction attributed to a seismic
event (Caputo and Helly 2005a). This event occurred between the second half of the second
century, and the middle of the first century BC.

The operation of the Great Theatre lasted until the end of the third century AD. The fact
that after this time the building was not dismantled for its marbles and squared stones or
for the lead within the junctions between blocks, which commonly occurred in ancient and
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modern times, suggests that the monument was partially covered starting soon after its aban-
donment. Radiocarbon analyses of samples collected from a stratigraphic section excavated
few metres south of the scene building consisting of alternating alluvial and anthropogenic
deposits provide ages between 430 and 1220 AD, thus supporting the suggested evolution
(Caputo and Helly 2005a).

3 Building and damage

Excavation of the theatre revealed several direct evidences of damages that can be subdivided
into five groups (Fig. 3). Figure 3a shows the widespread horizontal in-plane sliding effects
of blocks of the scene building. While unaffected blocks are in perfect contact with their
neighbours, displaced blocks show opened gaps between 1 and >30 mm. Several monolithic
columns from crystalline limestone (Fig. 3b) of the proscenion, 2.8 m high, show identical
oblique shear fractures dipping to the North. These ruptures have all in common that they
occurred at a height of ca. 0.5–1 m. Besides in-plane sliding, block rotations and off-plane
sliding also contribute to the damage pattern (Fig. 3c). Blocks from the scene building and
the analemma show rotations up to 2.5◦, corresponding to 8 cm of absolute movement, as
well as fracturing. The example in Fig. 3d is the sill of the western central room. This massive

Fig. 3 Typical structural damages in the Great Theatre of Larissa: a in-plane block sliding at the scene
building, b shear fractures in columns of the proscenium, c rotation of blocks, d tensional fracturing of blocks
and sills, here at the door to the central western room, and e spalling of block corners. The arrows indicate the
direction of movement. (Photos, R. Caputo)
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Fig. 4 Floor plan and wall structure, as seen from outside, of the western wing room (left) and the western
central room (right) of the scene building of the Great Theatre of Larissa. The still existing blocks of the
individual walls are indicated. Circles: opening (in-plane sliding) between blocks; crosses: tensional fractures
across block; triangles: rotated block (off-plane sliding). See also Table 1. Not all damages shown in Table 1
are visible in Fig. 4

Table 1 Damage categories

Scene building wall In-plane
sliding (%)

No. of
joints

Block rotation
and off-plane
sliding (%)

No. of
blocks

Block
fracturing
(%)

No. of
blocks

Western wing room, N wall 47.5 28 12.5 8 12.5 8

Western wing room, E wall 76.1 35 17.3 9 32.7 17

Western wing room, S wall 42.7 13 0.0 0 23.5 10

Western wing room, W wall 23.2 13 3.0 2 8.3 5

Western central room, N wall 6.3 3 15.8 9 1.8 1

Western central room, E wall 18.8 4 6.4 3 16.5 6

Western central room, S wall 4.0 1 0.0 0 0.0 0

Western central room, W wall 79.2 19 10.0 3 3.0 1

The three major damage categories recognized in the scene building of the Great Theatre of Larissa (Figs. 3, 4).
Values indicate the percentage of the affected blocks for each wall

block shows a tensile fracture with a gap opening of ca. 55 mm indicating strong horizontal
forces exceeding the tensile strength of the material. Another strong indicator for seismogenic
origin of the damages is spalling at the edges of blocks (Fig. 3e), most likely due to dynamic
interaction with the neighbouring blocks. In summary, all the above described damages are
likely associated with a seismically induced ground motion because none of the observed
and described features can be simply attributed to creep movements, static settling nor to
human activities.

The present research focuses on the two western rooms of the scene building because they
are the most well preserved. Figure 4 shows the structure of the walls and floor plans of the
western wing room and the western central room of the scene building. After all damages
had been documented in the field, a database with the location and damage situation for each
individual block was set up. Table 1 summarizes the extent of the damage to the walls of
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Fig. 5 Histogram (gray bars)
and cumulative curve (black line)
of the measured in-plane sliding
of blocks in the outer walls of the
two western rooms (Fig. 4) of the
scene building of the Great
Theatre of Larissa. Dashed and
dashed-dotted lines represent the
cumulative distribution of the
NS- and EW-trending walls,
respectively

these two rooms for three damage categories: in-plane sliding, block rotation and off-plane
sliding, and block fracturing. The values reported in Table 1 represent the percentages of the
affected blocks, while their location relative to the external blocks of the walls are repre-
sented in Fig. 4. The walls of the western wing room suffered more damage than those of
the western central room, for two main reasons: the western central room is more ‘internal’
within the building, while the northeastern corner of the western wing room was connected
to the analemma of the theatre and this might have caused a differential behaviour and hence
additional damage during earthquakes.

Figure 5 shows the frequency of occurrence of gap openings, which range from 1 to
35 mm, for all outside walls of the two rooms. The sum of all openings is 524 mm for the
eight walls. The peak in the distribution at a gap opening of 10 mm must be regarded as an
artifact; here openings close to 1 cm were documented as 10 mm. However in the sum over
all readings this artifact should even out.

While all walls suffered some damage, a clear directional pattern cannot be recognized.
Indeed, Fig. 5 also shows the cumulative gap opening separately for the NS- and EW-trend-
ing walls. The difference in the two perpendicular directions is most probably caused by
differences in the wall structure, though ground motion directivity could also have played a
role.

At this regard, we focus on the cumulative gap opening because it is a much more gen-
eral parameter than individual block movements. The use of a more robust parameter like
this is recommended due to the uncertainties in the input parameters and the simplifications
applied to the models. Similarly, due to the overall damage distribution we modelled the
general behaviour of the in-plane sliding in the two rooms, rather than regarding each wall
individually.

4 Historical and instrumental seismicity

Historical and instrumental seismicity of the Thessaly and the Tyrnavos Basin has been
recently revised and described in detail (Caputo and Helly 2005a; Caputo et al. 2006). Inscrip-
tions dated at the end of the third century BC give the oldest known written hints to Thessaly
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earthquakes. Among the historical earthquakes with written evidence three are listed with
their epicenter in the Larissa area in 1731, 1781, and 1892 with maximum macroseismic
intensities between VI and VII (Papaioannou 1981; Papazachos and Papazachou 1997). The
instrumental record starts in 1911 and lists 9 earthquakes with magnitudes 6.0 or above. The
strongest among these is the 1954 Sophades earthquake with a surface wave magnitude Ms

of 6.7. In 1941 an earthquake with the epicenter in the Larissa area and Ms 6.1 is the only
instrumental event that certainly occurred in the Tyrnavos Basin. The cumulative distribution
of both instrumental and historic seismicity suggests a good catalogue completeness for M
> 6.0 within Thessaly, since the seventeenth century (Caputo and Helly 2005a). Taking also
into account that during the fifteenth century AD the city of Larissa, which was almost aban-
doned at that time, was occupied by the Ottomans and renamed Yenisheir (meaning “new
town” in Turkish) and no specific record exists concerning strong earthquakes, it is likely that
the Tyrnavos Basin and particularly Larissa were not affected by important ground shaking
events in the past 4–5 centuries, with the only exception of the 1941 event.

5 Modelling procedure

Deducing the characteristics of ground motions from the associated structural damages is a
complex and challenging task. Due to the complex nature of the three-dimensional ground
motion, soil-building interaction and the strong non-linear behaviour of the structure, it is
unpromising to interpret structural deformation in detail (Hinzen 2008). However a general
understanding of vibration levels, duration and frequency characteristics may be achieved if
the response of structural elements is studied more macroscopically. In this study we try to
estimate a lower bound of the seismic ground motion that is necessary to induce horizontal
block sliding in the walls of the Great Theatre. As an overall measure for the deformation
level, we regard the cumulative gap opening in the two western scene buildings considering
only the outer walls, as only these are completely accessible. Accordingly, all gap openings
measured for the outer walls are summed up. The shape and total cumulative gap opening
(Fig. 5) is a much more general expression of the damage than individual gap openings that
could be influenced by local effects.

Different strategies can be followed in order to model site-specific seismic ground motions.
One way of estimating the dynamic load of the theatre could be scaling records from smaller
earthquakes (i.e. Andrews 1986; Boatwright et al. 1991) or using empirical attenuation rela-
tions based on previously recorded earthquakes (Atkinson and Boore 2003; Scherbaum et al.
2006; Bommer et al. 2007).

However both procedures suffer from large uncertainties in the site specific loading from
unknown geometry of the rupture with respect to the site, the recorded earthquake magni-
tude, seismic moment and stress drop of the recorded event versus the damaging earthquake
and geologic conditions of the recording site(s) compared to the design site (Keaton 1999).
As a comprehensive probabilistic treatment of the problem was beyond the scope of this
study, we decided to follow a deterministic approach in which there is control over the model
parameters even though they might be uncertain or an expert’s guess.

In order to narrow down location and size of earthquake sources which might have been
causative for the observed and documented damages, we followed a three-step deterministic
approach: (1) develop a seismotectonic model of the main active faults affecting the Tyr-
navos Basin, (2) calculate site specific strong motion seismograms for the site of the Great
Theatre, (3) estimate the permanent displacements of blocks of the scene building under
seismic loading and compare these displacements to the observations.
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Table 2 Fault parameters

Fault Latitude Longitude Length ( km) Width ( km) Dip Strike

Rodia RF 39.83◦N 22.25◦E 15 10 50◦S 109◦
Ghyrtoni GF 39.74◦N 22.44◦E 12 8 60◦S 101◦
Tyrnavos TF 39.73◦N 22.16◦N 13 9 50◦N 282◦
Larissa LF 39.66◦N 22.23◦E 18 12 60◦N 285◦
Asmaki AF 39.66◦N 22.49◦E 10 7 60◦N 272◦
Dimitra DF 39.69◦N 22.49◦E 10 7 60◦N 276◦
Kastri KF 39.63◦N 22.53◦E 12 8 60◦N 269◦

Surface location and principal geometrical parameters of the active faults in the simplified seismotectonic
model of the Tyrnavos Basin (Fig. 2). Latitude and longitude are referred to the western corner of the fault
trace. Dip and strike are in the convention of Aki and Richards (1980) source orientation for all earthquakes

6 Potential earthquake sources

The seismotectonic model of Thessaly (Fig. 2) was developed on the basis of geological,
morphotectonic, palaeoseismological and geophysical researches (Caputo 1995; Caputo and
Helly 2000, 2005b; Caputo et al. 1994, 2003, 2004, 2006). It is shown on a digital ele-
vation model (DEM) from data of the NASA Shuttle Radar Topography Mission (SRTM;
http://www2.jpl.nasa.gov/srtm/). The principal seismotectonic parameters of the seven major
active faults are listed in Table 2. Fault dimensions are given on the basis of instrumental
data from the US Geological Survey, the Geodynamic Institute of the National Observatory
of Athens and Kementzetzidou (1996), the estimated depth of the seismogenic zone is 5–
15 km. All faults are assumed to be emergent structures, and hence associated with linear
morphogenic earthquakes (Caputo 2005).

Based on these active faults several earthquake scenarios were developed. The maximum
magnitudes and seismic moments of each source were derived from the empirical relations
between the surface rupture length and magnitude proposed by Pavlides and Caputo (2004)
and Wells and Coppersmith (1994) assuming that the entire fault was reactivated. Table 3
lists the parameters of 10 selected earthquake scenarios, which were used in the numerical
modelling.

7 Composite source model

Synthetic strong motion seismograms of the scenario earthquakes in the Tyrnavos Basin
were calculated with a composite seismic source model (Zeng et al. 1994; Keaton 1999). The
approach follows two steps: we first calculate the elastodynamic Green’s function between
the source and the site of interest and subsequently superimpose the wavelets from circular
subsources distributed on the rupture plane. Green’s functions are based in on a one-dimen-
sional model of the crust (Fig. 6). Depth distribution of velocities, densities, and quality
factors for the 1D model were taken from CRUST 5.1 and 2.0 (Mooney et al. 1998; Bassin
et al. 2000) for the general structure of the crust in North-West Greece and regional data for
Thessaly from Seber et al. (2001), Zelt et al. (2005), Drakatos et al. (2005) as well as Press
(1966) and Knödel et al. (1997).

Based on stratigraphic information from the archaeological excavations and HVSR
measurements within the Theatre and its surroundings, a low velocity layer of a total
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Table 3 Modelled faults

Fault Modelled
Mw

Rupture length
( km)

Epicentral
distance( km)

Hypocentral
depth ( km)

PGA (g) Cumulative gap
opening ( mm)

Tyrnavos 6.5 13.0 20 10.6 0.73 128

Rodia 6.6 15.1 14 9.8 0.58 119

Gyrtoni 6.4 12.0 11 9.9 0.76 69

Dimitra 6.3 10.0 14 10.6 0.59 300

Larissa 6.7 18.0 10 11.9 1.32 5700

6.0 5.6 7 10.7 0.83 1278

5.9 4.7 7 10.1 0.72 372

5.8 3.9 7 10.0 0.65 280

5.7 3.3 2 10.0 0.28 188

5.6 2.7 2 10.0 0.27 54

Fault parameters used for the composite source model and producing the ten selected earthquake scenarios.
See also Figs. 7 and 8. Dimensions given at a +100 m are those used in the calculations, though uncertainty
is obviously larger than that. Epicentral distance is measured assuming the hypocenter is located at the center
of the reactivated fault plane

Fig. 6 Distribution of P- and S-wave velocities, quality factors, and density with depth for the Tyrnavos
Basin based on the data referenced in the text (see text for details)

thickness of 5 m was introduced where the upper 2 m, representing artificial fill show a
shear wave velocity of 170 m/s. Underneath partially compacted sediments with velocities
above 1,000 m/s were assumed based on regional geological studies of the Tyrnavos Basin
(Sogreah 1974; Caputo 1990; Caputo et al. 1994; Oliveto et al. 2004).

In order to simulate extended sources, circular subsources are distributed on a rectangular
rupture plane. The size and location of the subsources is varied randomly between predefined
limits. The activation time of the subsources during the rupture process is dependent on an
assumed rupture velocity, in our case 80% of the shear wave velocity, and the location of the
hypocenter on the rupture surface. Through variation of the latter, uni- or bidirectional rupture
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Fig. 7 Synthetic accelerograms of six earthquake scenarios on faults in the Tyrnavos Basin for the site of the
Great Theatre of Larissa. Numbers at the right side of the seismograms give the moment magnitude and the
PGA in g. The gray-shaded sections are the time windows between 5 and 95% of the Arias intensity. Fault
names are indicated. In the right column the distribution of the subsources on the rupture plane is shown for
each earthquake. For clarity of the plot only ca. 10% of the total number of subsources is plotted

spreading can be modeled. Size and number of the subsources are adjusted to finally meet
the target seismic moment or moment magnitude. Dip values were assumed to be 50◦–60◦
(Table 2), while based on faults’ strike and present-day stress field orientation (e.g. Reinecker
et al. 2005), the rake is assumed −85◦ in the convention of Aki and Richards (1980) for all
earthquakes. Stress drop of the subfaults was varied between 6 and 8 MPa. Figures 7 and 8
show the synthetic seismograms for the earthquake scenarios from this study and the sub-
source distribution on the fault plane. The seismograms in Fig. 7 were calculated for the
Kastri, Gyrtoni, Tyrnavos, Rodia, Asmaki, and Dimitra Faults, assuming the largest possible
rupture plane in each case and producing peak ground accelerations at the Larissa site from
0.58 to 0.79 g. In Fig. 8, seismograms for earthquake scenarios on the Larissa Fault are shown
for six different magnitudes ranging from 5.6 to 6.7, causing peak ground accelerations at
the Great Theatre of Larissa between 0.27 and 1.32 g, respectively.

8 Finite elements model

The Finite Element (FE) model of the scene building walls is based on 2D linear elastic
elements representing the blocks, and contact elements between the blocks. The latter are: a)
interface elements, connecting the block elements vertically to their neighbours and the earth
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Fig. 8 Synthetic accelerograms of six earthquake scenarios on the Larissa Fault for the site of the Great
Theatre. Numbers at the right side of the seismograms give the moment magnitude and the PGA in g. The
gray-shaded sections are the time windows between 5 and 95% of the Arias intensity. In the right column the
distribution of the subsources on the rupture plane is shown for each earthquake. For clarity of the plot only
ca. 10% of the total number of subsources is plotted

surface, respectively, which account for monolateral contact and friction along horizontal
surfaces (Psycharis and Jennings 1983; Grimaldi et al. 1991), and b) gap-elements which
account for the monolateral contact between blocks of the same course along their vertical
surfaces (D’Asdia and D’Ayala 1991).

The FE model employed can be regarded as an adaptation to the problem under study of
the more general Discrete Element Model (DEM), which in addition accounts for general
changes of system configuration, as well as births and losses of contacts between blocks
(Cundall and Strack 1979). Examples of application of the DEM to ancient block struc-
tures can be found in (Giuffrè et al. 1995; Pagnoni 1995; Chetouane et al. 2008). The FE
calculations were made with the program ADA developed by Liberatore et al. (1998).

The modulus of elasticity of the block material was set to 186.7 GPa, with a density of
1.7·103 kg/m3 and a Poisson ratio of 0.16.

The horizontally oriented interface elements are combinations of vertically and horizon-
tally oriented springs. The vertical springs transmit the normal forces between the stacked
blocks. Frictional forces of the in-plane sliding are modeled by the horizontal springs accord-
ing to a reduced Coulomb law

sh = f rv
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Fig. 9 A simple 3-block FE
model (bottom) was used to study
the movements due to simple
excitation functions. Large
numbers are block labels and
small numbers are node labels,
which are in italics for auxiliary
nodes for the interface elements.
The three diagrams in the top
show the relative displacement of
nodes 2, 6 and 10, on the lower
left corner of the first, second,
and third block, respectively due
to excitation by a spike-function,
reversed sinusoidal impulses and
a monochromatic sinusoidal
acceleration with a frequency of
5 Hz (top to bottom), all with 1 g
maximum amplitude

where sh is the strength of the horizontal spring; rv is the force in the vertical spring and f
is the friction coefficient, set to 0.6 according to the results of sliding tests on inclined plane
carried out on small scale marble blocks collected from the same ancient quarry used for the
construction of the Great Theatre of Larissa (Fig. 2). On the other hand, based on numerical
modelling, Hinzen (2008) showed that for numeric models of two columns, one composed
of 7 drums and one monolithic, a variation of the static coefficient of friction between 0.3
and 0.9 does not significantly influence the toppling behaviour.

Finally, the gap-elements account for the opening and closing of gaps between blocks of
the same course, due to differential sliding. The FE model of the walls of the scene building
was developed by Sarubbi (2005).

Before the dynamic loading is applied to the model, a static analysis is carried out under
vertical loads and all static forces are calculated.

Prior to the calculation of the deformations in the scene building walls induced by the
scenario earthquakes, test calculations were made to study the performance of the 2D-FE
model with a simple structure of only three blocks resembling the size of a typical scene
building block (137 × 32 cm). Figure 9 shows the test FE model of 3 blocks and the calcu-
lated deformations from simple excitation acceleration functions: (1) spike, (2) sinusoidal
pulses, and (3) monochromatic sinusoidal movements. The impulse of 1 g amplitude results
in permanent horizontal displacements of the stack of blocks of 2.5 mm with respect to the
ground-surface, blocks 1 and 2 show no differential movement and block 3 is displaced in
total 3.5 mm.

In case of the sinusoidal impulses of 1 g maximum amplitude, the maximum relative dis-
placements are almost exactly those of the spike excitation, however only a small permanent
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Fig. 10 The bottom shows the 2D FE model of the northern wall of the western wing room. The diagrams
in the top of the figure show the opening of selected gaps versus the horizontal movement of the block at the
left side of that gap. The corresponding gaps are indicated by the heavy lines in the block model, labeled b,
m, and t for bottom, middle and top row of blocks, respectively

displacement of 0.1 mm is calculated for the lower two blocks in the opposite direction as the
induced movement. Otherwise the blocks slide back into their original position. During the
excitation with a monochromatic sinusoidal acceleration of 1 g maximum amplitude, 5 Hz
frequency and 5.44 s duration, the blocks 1 and 2 (Fig. 9) show a slight steady movement into
the opposite direction of the initial ground motion, while inertial forces keep block 3 almost
in a constant position.

The next test was performed with a model of a complete wall (northern wall of the western
wing room) excitated by the same ground motion. During this test the blocks at the left side of
the wall shift to the left up to 160 mm (Fig. 10). The gap opening is largest in the middle with
125 mm; at the top the gap between blocks 36 and 37 opens only 12 mm. The movements on
the right side are less than 100 mm and the gap width is similar to the left side, however here
the largest gap is observed in the top course. In the center of the wall, movements and gap
openings are significantly smaller than towards the edges. The blocks slide 50 mm maximum
and gap openings are less than 80 mm. This result confirms typical seismic in-plane failure
and damage patterns of masonry walls (Sarubbi 2005; Mistler et al. 2006).

9 Calculation results

The acceleration time series shown in Figs. 7 and 8 were used as excitation functions for
the FE model. The actual length of the excitation function was 11.15 s in all cases, however
assuring that the time window between 5 and 95% level of the Arias intensity was completely
covered.
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Fig. 11 Results of the model calculations of the displacements of blocks in the walls of the two western
rooms of the scene building of the Great Theatre in Larissa. The cumulative displacements of all gaps on the
walls for the six labeled earthquake scenarios are compared to observed values, which are shown as the light
gray surface

Figure 11 summarizes the calculation results for the earthquake scenarios on the
Kastri, Gyrtoni, Tyrmavos, Rodia, Asmaki, and Dimitra faults in form of cumulative dis-
placement curves. These seismic sources have Joyner-Boore distance (i.e. Abrahamson
and Shedlock 1997) between 6 and 12 km. Compared to the measured cumulative
displacement curve, all calculation results show significantly smaller values of block
sliding. For example, the largest earthquake on the Kastri Fault produces only 7%
of the observed total displacement of 524 mm; the earthquakes on the Tynavos and
Asmaki faults show ca. 24% of the total displacement, while the largest cumulative
displacement is induced by the assumed maximum earthquake on the Dimitra Fault with
57% of the observed value. In contrast with the previous possible seismic sources, the sources
assumed on the Larissa Fault all have 0 km Joyner-Boore distance. Figure 12 summarizes
the results for the earthquake scenarios on the Larissa Fault. The total displacement induced
by the earthquakes with magnitudes 5.6–5.9 increases from 10–70% of the observed value.
Between magnitude 5.8 and 5.9 the number of gaps, which open a small amount increases
significantly. For M 5.9 the cumulative displacement in the range of the smaller displace-
ments (1–10 mm) is above the observed value (Fig. 12), however the additional wider gap
openings, which further increase the cumulative value is not reached in the calculation. A
further increase in the earthquake size to 6.0 leads to a calculated total displacement of the
blocks of 2.4 times the observed value. Assuming the largest possible earthquake with a
magnitude of 6.7 results in a 10-fold value of the calculated displacements, meaning that
the ground motion from such an event would have destroyed the walls. It is evident, that
any attempt to fine-tune parameters of the earthquakes, i.e. between Mw 5.8 and 6.0, to
achieve a better fit between the calculated and observed cumulative displacements would be
an overstressing of the model due to the overall uncertainties. As only the in-plane horizontal
sliding of the blocks is covered by the FE-model and the strengthening effects of the corner
stones are ignored, the comparison of observed and calculated displacement has to remain a
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Fig. 12 Results of the model calculations of the displacements of blocks in the walls of the two western
rooms of the scene building of the Great Theatre in Larissa. The cumulative displacements of all gaps on
the walls for six earthquake scenarios on the Larissa Fault with Mw between 5.6 and 6.0 and for the largest
assumed event with Mw 6.7 are compared to observed displacement values, which are shown as the light gray
surface

coarse indicator of the building reaction. However, following the calculation results, none
of the more distant faults bordering the Tyrnavos Basin (Fig. 2) has the potential to produce
the observed block displacement with one event on the fault, even if the maximum rupture
size of these faults is taken into account. On the other hand, an earthquake on the Larissa
Fault, especially with a rupture extending in the eastern part of the fault and a Joyner-Boore
distance of 0 km with a PGA of 0.65 g and a duration of the strong ground motion of 9 s
(Table 3) is strong enough to displace the blocks in the scene building as much as observed in
situ. There is a clear trend of increase of the total cumulative displacements with increasing
peak ground acceleration for the earthquakes modeled on the Larissa Fault, at least above a
threshold of 0.6 g, which probably depends on the assumed coefficient of friction. While a
magnitude 5.6 earthquake on the Larissa Fault opens 11% of the modelled joints, a M 6.0
earthquake opens 80% and the worst case event of M 6.7 activates 94%.

10 Discussion

Seismogenic causes of the building damages observed and documented in the Great Theatre
of Larissa were suggested and discussed qualitatively by Caputo and Helly (2005a), but no
causative fault was proposed. The present research provides a step forward improving knowl-
edge of the seismotectonics of the area. Indeed, based on a simple deterministic approach,
the possible local earthquakes sources (Fig. 2; Table 2) and their dynamic loading at the site
of the Great Theatre of Larissa (Figs. 7, 8; Table 3) are modelled. This allows constraining
seismic scenarios to explain the observerd damages. Geometry and size of the major active
faults in the Tynavos Basin surrounding the town of Larissa are relatively well constrained
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(e.g. Caputo 1995). However, in order to model site specific ground motion scenarios for the
Theatre location, additional data about the subsurface structure and wave spreading condi-
tions are necessary. Due to the lack of measurements like deep seismic profiles we had to
make several assumptions about these data, introducing model uncertainties, which might be
reduced in future studies.

As described previously (Caputo and Helly 2005a) and summarized above, several types
of damages were observed in the Great Theatre of Larissa, which are typical for seismo-
genic causes (Mazor and Korjenkov 2001; Korjenkov et al. 2006; Galadini et al. 2006a).
However in this paper only the in-plane sliding of blocks from the scene building was mod-
eled to get a start on numerical analysis of the building behaviour as the physics of the
horizontal sliding is easier to describe than block rotation and the breaking of the columns
(Fig. 3). The FE model of the scene building walls contains several simplifications and
assumptions, which have to be taken into account when the calculation results are inter-
preted. For example, some of the blocks in the scene building wall are connected by vertical
and/or horizontal iron anchors welded with lead to the stone block. It is not known, where
exactly all of these are located within the walls and how many of these anchors are present in
the building. These anchors have certainly influenced the sliding behaviour of wall blocks.
Anchored blocks probably move as a unit at least up to a certain, so far unknown ground
motion threshold, before the link is weakened or broken. Effects of these clamps are not
considered by the model calculations in this paper. Although the comparison with similar
ancient Greek monuments suggests that anchoring was applied only to some of the external
blocks, the estimated damaging ground motion levels have to be regarded as a lower bound.
Looking at the cumulative gap opening independent of the wall orientation is also a sim-
plification, however acceptable as only the in-plane sliding of blocks was considered in the
model.

All calculations for the faults more distant than the Larissa Fault were made for worst-
case scenarios. Possible accumulation of block movements from several earthquakes were
not studied in detail. However during the test calculations with a 3-block model (Fig. 9)
and simple excitation functions for a wall of the scene building, we observed that it is
not likely that a series of smaller earthquakes generates the same cumulative block slid-
ing curves as a single strong earthquake. The complex ground motion from several earth-
quakes does not necessarily increase initially small gaps to larger gaps. This is also sup-
ported by the observation that a certain ground motion threshold has to be exceeded to
generate gaps in the order of 30 mm or more. Indeed, for the earthquakes with rupture planes
on the Larissa Fault only gaps smaller than 10 mm were calculated for magnitudes below
5.7. Ground motion from earthquakes with magnitudes less than 5.5 only produced gaps
of 1–3 mm. The model calculations do not completely exclude the possibility that the cur-
rent damage pattern is the result of several earthquakes, however in case of an activation
of the Larissa Fault at least one of these earthquakes must have had a magnitude larger
than 5.7.

In addition to the local faults bordering the Tyrnavos Basin, we also tested the possibil-
ity of block sliding at the scene building of the Great Larissa Theatre induced by a rather
strong earthquake but on a more distant fault. Attenuation along the larger distances leads
to smaller PGAs than the regional earthquakes, however, we wanted to test possible effects
from the changed frequency content of the signals. The two tested examples are a magnitude
7.5 earthquake assumed on the Marmara Sea segment of the North Anatolian Fault and a
magnitude 7.3 earthquake on the Kefallinia Fault along the western Ionian coast. In both
cases ground motions were not large enough to produce the observed block movements due
to the large distances of 400 and 150 km, respectively (Fig. 2).
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The simplifications and uncertainties of some input parameters of the model do not allow
deducing precise parameters of the causative earthquake, which damaged the Great Theatre
of Larissa. However, a close earthquake, i.e. on the Larissa Fault with a minimum magnitude
of 5.8–6.0, best explains the block-sliding distribution of the scene building walls.

11 Concluding remarks

The multidisciplinary quantitative approach presented in this paper and the results obtained
from the numerical modelling, allow responding to the key questions posed in the Introduc-
tion. In particular, the first answer is certainly positive because most of the faults affecting
the Tyrnavos Basin are capable of producing damages at the Great Theatre of Larissa, though
not all of them are capable to generate the same distribution of cumulative gap openings in
the walls.

Also for the second question posed, the answer is positive but only up to a limited degree
of confidence due to the uncertainties intrinsic in the followed procedure and in the original
information that was available. Based on the modelling results, an earthquake on the Larissa
Fault is the most probable among the tested scenarios, while it is unlikely that any of the other
faults bordering the Tyrnavos Basin caused the earthquake producing the observed damages
at the Great Theatre of Larissa.

As concerns the third question, the input data were sufficient to study certain aspects of the
reaction of selected parts of the building (in-plane sliding of blocks in two rooms). However
this first simplifying approach neglects effects of clamping devices, off-plane movements as
well as rotations and fractures. In order to study these more complex building behaviours more
sofisticated models and in situ tests i.e. on the frictional parameters of the limestone blocks are
necessary. Additionally the effect of uncertainties in the input data like the inelastic damping
properties of the crust and the ground amplification as well as source parameters and model
simplifications have to be further investigated. For future studies a probabilistic approach is
desirable in which uncertainties of the model parameters are treated systematically.

The proposed high probability of re-activation of the Larissa Fault during the seventh to
fifteenth century (Caputo and Helly 2005a) and the low probability that co-seismic move-
ments on more distant faults caused the damage observed in the Great Theatre of Larissa
should be considered in future local seismic hazard assessments. This also makes the Larissa
Fault a target for future palaeoseismological investigations.
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