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Abstract—This paper deals with the evaluation of the seismic capacity of a stone masonry lighthouse at Paphos in
Cyprus using various levels of earthquake actions, according to seismic performance-based procedure that has been
proposed by Eurocode EN 1998. Two-dimensional shell finite elements with suitable strength were used for the
simulation of this lighthouse. In order to obtain an evaluation of the envelope of the stresses and the displacements of
the lighthouse under strong earthquake excitations, a number of models were examined. In order to estimate the
seismic response of this special case of lighthouse, the linear response history analysis and the response spectrum
analysis have been considered as the most suitable procedures for use, because the using of various non-linearity (and
plasticity) 2D-shell elements often lead to doubt results. It is worthy note that the strain-state of the structure is
defined by the simultaneously two principal normal stresses on the shell elements and for this reason a suitable failure
criterion has to introduce. One such failure criterion is the known Von-Misses failure criterion that has been
introduced to calculate the response numerical results. Finally, by the evaluation of these results, the vulnerability of
this lighthouse is studied under various levels of earthquake excitations.
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I.  INTRODUCTION

From the ancient era until now, the major part of the communication and the trade were taking place both via sea. For
leading of ships, particularly during the night, it was common to set fires to coastlines. Such references exist from
Homer’s ancient era. According to historical evidences, the first torch-tower built by Ptolemy at island Pharos, opposite
to Alexandria town in Egypt, about 280-247 BC, and for this reason it was called “Lighthouse of Alexandria” or in
ancient Greek “Pharos of Alexandria”. This lighthouse was one of the Seven Wonders of the ancient World, while its
traces had been lost by 1300 AD. Afterwards of the construction of the “Lighthouse of Alexandria”, many others
lighthouses have been built until nowadays, which were called “Pharos” in various languages (Pharos, Phare, etc). From
the structural point of view, lighthouses are classified in the two following categories: (a) Independent lighthouses, which
have circular or rectangular cross-section reduced in elevation gradually. Inside, these lighthouses possess a stone or a
metal staircase that leads to upper part of the lighthouse. External, the aforementioned lighthouses possess small
windows. At the upper part of these lighthouses, a metal canopy that is filled with pane, where inside the mechanism of
flame or shine has been protected. (b) Lighthouses where are connected (along one horizontal direction) with a single-
storey (or a two-storey more rarely) stone masonry building or other stone masonry walls; thus, from this point of view,
these lighthouses do not consider as independent structures, since consist of a structural set of structures (lighthouses
with adjacent buildings and the stone masonry walls). It is worth noting that, the lighthouse-keepers stayed into these
buildings and they care for the continuous operation of the lighthouse, as well as the preservation of all structural groups.
During the last thirty years, automatic systems have been inserted gradually into lighthouses to operate them, so
employers at lighthouses have been stopped to employ, in the majority of those. Simultaneously, the support of these
automatic systems was not frequent, as was in the past; thus an accumulation of attritions and damages are appeared
today. Besides the inserting of various electronic systems in the field of navigation (such as GPS etc), where the
importance of the lighthouses has been reduced gradually, the international organization I'YALA, which protects the
international network of lighthouses, decided that all lighthouses have to remain at full operation under care by the
national countries. Moreover, lighthouses with their buildings should be exploited for various others activities such
shelter, observation station, guest-house, area of cultural events etc. Therefore, important relevant actions have been
taken place in the frame of the European Research Program, entitled “Holistic Strategy for the Restoration, Preservation
and Integration in the life of the modern societies of Old European Masonry Lighthouses — PHAROS (2004-2007)”,
which is placed between the Culture/2000 [1]. Indeed, an international attempt for the systematic study (marking of
various problems, structural pathology/integrity of lighthouses, proposals for preservation and strengthening/retrofit) of
the European lighthouses has been developed recently, where five European countries have been participated into the
above-mentioned research program; Greece, Cyprus, Italy, Great Britain and Norway.

Into the frame of the abovementioned research program, the present paper deals with the evaluation of the seismic
capacity of the Lighthouse of Paphos in Cyprus. This lighthouse is an independent structure, without connection with
others adjacent buildings or stone masonry walls. In order to collect the necessary information and characteristics about
the construction of this lighthouse, many local/personal inspections had been taken place by authors and other
collaborators [2].
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Moreover, in order to define the natural and mechanic properties of the lighthouse, an extended investigation on
materials, which had been used in construction of this lighthouse, has been carried out. The seismic vulnerable areas
(points) of the lighthouse due to earthquake loadings can be appeared via seismic linear response history analysis using
suitable ground accelerograms as well as response spectrum one. It is worth noting that in order to estimate the dynamic
characteristics of an existing lighthouse, we can apply a suitable method about the identification of mode-shapes, circular
eigenfrequencies and modal ratios damping, such as the “modal time-histories method” that has been analytically
presented in [3], [4] articles. Furthermore, from the structural-analysis point of view, the case of a lighthouse appears
many similarities with the case of a wind turbine tower, where special exact solutions based on their continuous models
can be applied [5], [6].

Il. DESCRIPTION OF THE LIGHTHOUSE, SIMULATION, MODAL ANALYSIS, DESIGN BASIS EARTHQUAKE & MAXIMUM
CAPABLE EARTHQUAKE

The Lighthouse of Paphos built 1888 AD, while has been constructed from stone masonry wall and is located into the
archeological area of Paphos in Cyprus (Fig.1,2). The high of the stone masonry structure reaches 11.35 meters and
possesses four reinforced concrete (r/c) floors that play the role of diaphragms about a vertical axis. More details, after
the major earthquake with magnitude Ms=6.5 on October 9, 1996, a suitable retrofit/strengthening of this lighthouse was
carried out. In the r/c floors inserted pre-stresses, therefore these floors play the role of diaphragms around a vertical axis.
At the upper part of the lighthouse, a horizontal cantilever of r/c plate has been constructed, where steel fence with a steel
canopy with its pane protect the shine mechanism (Fig.3). This lighthouse is an independent tower with circular cross-
section that is reducing gradually in elevation. At the lower part of the tower, its width of the circular cross-section is
larger than the width of the rest tower (Fig.4).
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Fig. -3 The steel canopy at the top of Lighthouse
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In order to simulate the stone masonry lighthouse, shell finite elements have been used. Moreover, the simulation of
the r/c floors as well as of the steel canopy at the top of the tower has been simulated by other suitable shell finite
elements. On the contrary, the steel fence has been simulated using beam elements.

The first two mode shapes of the lighthouse have eigen-period 0.17s and represent the translational vibrations along
the two horizontal directions x and y (Fig.5a), while the third mode shape has eigen-period 0.06s and represents the
torsional vibration around vertical axes mainly (Fig.5b), as these have been resulted by the modal analysis. Moreover, the
abovementioned mode shapes represents global vibrations of all lighthouse. On the contrary, many other mode shapes of
the lighthouse have been revealed, where several important mode shapes represent local vibrations of the steel canopy at
the upper part of the tower. Indeed, the later local mode shapes have high importance, because they can be excited easy
under strong wind-press and wind loading; thus many panes frequently smash, issue that is very common at the
lighthouses. In order to avoid such phenomena and damage, the steel canopy must have higher stiffness with well-down
fixed at its base into the stone masonry wall of the lighthouse, while the panes has to be had high strength and large width

(Fig.3).
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Fig. 4 Details of the Lighthouse of Paphos
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Fig. 5 (a) The first mode shape (with period 0.17s) of the lighthouse. (b) The third mode shape (with period 0.06s) of the lighthouse. (¢c) The maximum

seismic demand displacements of the lighthouse due to Design Basis Earthquake
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In the frame of the Seismic Performance Matrix that is described by sect. 2.1 of Eurocode EN 1998-01 [7] and sect.
2.1 of Eurocode EN 1998-03 [8] and for the needs of the present paper, the following two earthquake levels were used in
order to evaluate the seismic capacity of the lighthouse:

(1)

The Design Basis Earthquake (DBE), where the level has a P, = 10% probability of being exceeded in t = 50
years, where t is the lifetime of examinable building. With reference to Design Basis Earthquake that has been
used in the seismic analysis, the microzonation study of the Paphos Area has been taken into account [9]. More
details, the Peak Ground Acceleration (PGA) has been received equal to 0.35g, while the scheme of the elastic
acceleration spectrum for equivalent viscous damping ratio 0.05 is shown on Fig.(6), where the spectral
magnification factor is equal to b =2.75. The abovementioned Design Basis Earthquake has mean return period
Tn=475 years, so the importance factor has been taken equal to unit, 2#1.00, [7]. In addition, e behavior
factor of the stone masonry lighthouse has been considered as unit (q=1.00), because there is not adequate post-
elastic branch of the lighthouse’s capacity curve due to brittle stone masonry wall. Moreover, for this reason, the
non-linear response history analysis is not suitable for seismic analysis of this structure, thus the linear response
history analysis has been applied in the present paper. In order to perform this analysis and for the needs of the
present paper, three artificial accelerograms have been developed (Fig.7), where their elastic response
acceleration spectra (for equivalent viscous damping ratio 3=0.05) are calculated via “SeismoSignal software
[10]”, so that to be fully compatible with the target elastic acceleration spectrum by the microzonation study
(Fig.6). That three accelerograms, which are called (“01P”, “02P” and “03P”), per pairs have not importance
correlation (practically are uncorrelated) as it is defined by the contemporary seismic codes (i.e. sect. 3.2.2.1(3)P
of Eurocode EN 1998-01, [7]). Therefore, three pairs of accelerograms have been formed, namely (01P, 02P),
(01P, 03P) and (02P, 03P), and have been inserted simultaneously in the model of the lighthouse along the two
horizontal directions, where the direction of the first accelerogram along the first horizontal direction is
perpendicular to other horizontal direction. For each pair of accelerograms, all possible sign combinations have
been considered. These combinations (++, +-, -+,--) lead to twelve different loading cases totally. It is worth
noting that, the normal stresses of the seismic linear response history analysis have been combined using the
Von Misses failure criterion that has been modified suitably for stone masonry wall. Afterwards, the envelope of
the results of analysis has been calculated for the checking of stresses and displacements of this lighthouse.
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Fig. 6 Elastic Response Acceleration Spectra for equivalent viscous damping ratio 0.05 by the three artificial accelerograms and according to
microzonation study of Paphos Area with §=0.35g, b =2.75, 9=1.00, q=1.00 (Design Basis Earthquake)
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Fig. 7 The three uncorrelated artificial earthquake accelerograms
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(2) The Maximum Capable Earthquake (MCE) of a seismic hazard area gives the level of seismic ground motion
refers to the maximum capable earthquake that may ever be expected at the structure ground location (e.g.
earthquake with mean turn period greater than 2425 years). That level is dependent, on the one hand, on the real
seismotectonic characteristics of the structure location and, on the other hand, on the important category of the
structure. Microzonation Study of the Paphos area gives that that MCE has PGA equal to 0.90g [9].

I1l. RESULTS OF SEISMIC RESPONSE HISTORY ANALYSIS

The maximum seismic demand displacements, which have been resulted by response spectrum analysis from the
spatial action of the Design Basis Earthquake (via SRSS rule on the results of analysis of each horizontal seismic
component, where the elastic acceleration spectrum of Fig.(6) along horizontal x & y-direction has been used), are shown
on Fig.(5¢). It is worth noting that, the results -by the linear response history analysis- verify the initial results of the
response spectrum analysis of Fig.(5c), since are close to those.

With reference to maximum seismic displacements for DBE, we can conclude that those are small rather; therefore, none
excess of material’s deformations happens. Note that the most unfavorable slope in elevation of the lighthouse is 0.001
about only, namely five times smaller than the permissible inclination according to Seismic Codes (i.e. sect.4.4.3.2(1) of
Eurocode EN 1998-01, [7]).
With reference to seismic stresses on the shell finite elements for DBE we investigated the combination of the seismic
normal stresses. For this reason, the Von Misses failure criterion is adopted, where it has been modified suitably for stone
masonry wall, using strength of the wall as it arise from the in-site tests, as well as, the laboratory ones. From the
abovementioned test, had been resulted that the mean compressive strength of the lime-mortar was equal to B =
250 /2 = and the mean compressive strength of stone was equal to By= 20.00 / 2 = thus, according to Eurocode EN
1996 [11] , the mean compressive strength B of the stone masonry wall has been calculated:

B= 055 @& '° @&'®% 055 ®0*'° @5046%= 485 /2=
Afterwards, the failure criterion of Von Misses has been modified taking into account the above mean compressive
strength B of the stone masonry wall (Fig.8).
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Fig. 8 The Von Misses failure criterion for stone masonry wall
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Fig. 9 The most unfavorable areas, where the stress is accumulated, are located near r/c diaphragms and under from the r/c cantilever-plate
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According to Von Misses failure criterion there are four failure areas, the z1, z2, z3 and z4 (Fig.8). Consider that the
normal stresses along the horizontal direction is symbolized with &; 5 and the normal stresses along the vertical direction
is symbolized with &;¢ At a selected point of the model of the lighthouse, taking the time-histories of & sand &;gfor
each loading case of analysis, we can to obtain the stress-diagram versus to Von Misses failure criterion (Fig.8) for the
Design Basis Earthquake. When an excess of the Von Misses criterion is happened then a possible damage appears.

The most unfavorable areas, where the stress is accumulated for the DBE, are located near the r/c diaphragms and under
from the horizontal r/c cantilever-plate, as it is shown on Fig.(9), while the critical quarter of the Von Misses failure
criterion is always z3. At this quarter, a combining of the low compressive normal stresses and the high tension normal
stresses is described for a point. One such case is shown on Fig.(9), where the seismic normal stresses and the gravity
normal ones are considered simultaneously.

Finally, using the Maximum Capacity Earthquake of the Paphos Area (it is the extreme scenario that is described by the
microzonation study with PGA=0.90g), then the most unfavorable slope in elevation of the lighthouse is 0.0026. Namely
it is smaller per 50% than the permissible inclination according to Seismic Codes (i.e. sect.4.4.3.2(1) of Eurocode EN
1998-01, [7]); thus it means no collapse of the lighthouse. However, many damages can be occurred, where vertical and
horizontal cracks (failure of lime-mortar) must be occurred. However, the criterion of the seismic performance about the
performance level of “Significant Damage” is satisfied, because the slope of 0.0026 is smaller than 75%x0.005=0.00375
according to sect.A.3.2.3 of Eurocode EN 1998-03 [8]. Therefore, the seismic retrofit of the lighthouse is necessary to
protect it against of the Maximum Capable Earthquake. The seismic retrofit consists of an external reinforced concrete
(r/c) cloak around of the lighthouse. However, Architects and Archeologists do not accept this solution.

IV. Discuss oF RESULTS - CONCLUSIONS
Summarized all the above results, we conclude in the following conclusions:

1. The higher values of stresses are appeared at the external stone masonry wall of the lighthouse, at levels of its
horizontal r/c diaphragms. Moreover, higher values of stresses appeared at the masonry wall under from the
horizontal cantilever-plate, at upper higher part of the lighthouse. First, the seismic checking of the lighthouse
has been taken place for the Design Basis Earthquake of Paphos area according to microzonation study of
Paphos area. According to it, the PGA has been taken equal to 0.35g, the spectral magnification factor has been
taken equal to 2.75, and the behavior factor of the lighthouse has been taken equal to a unit. This earthquake has
been defined as the Design Basis Earthquake, which has mean return period 475 years. With reference to results
of the earthquake analysis, from the combination of the seismic normal stresses and using the Von Misses
failure criterion, which has been modified suitably for stone masonry wall, seismic damages will appear in area
z3, where the combining of the low compressive vertical normal stresses and the high tension horizontal normal
stresses is described. On the other hand, the level of this seismic damage is not very wide, therefore seismic
damage is not extended on to masonry skeleton of the lighthouse; thus, seismic strengthening or retrofit is not
necessary.

2. The seismic demand displacements of the lighthouse are enough small for the Design Basis Earthquake, so that
excess of the material’s deformations is not observed. The most unfavorable inclination on the lighthouse is
0.001 about, namely five times smaller than the permissible inclination according to Seismic Codes (i.e.
sect.4.4.3.2(1) of Eurocode EN 1998-01, [7]).

3. The seismic demand displacements of the lighthouse are smaller than the level of “Significant Damage” for the
Maximum Capable Earthquake according to sect. A.3.2.3 of Eurocode EN 1998-03, [8]. The most unfavorable
slope on the lighthouse is 0.0026 about, namely 30% smaller than the permissible inclination for the level of
“Significant Damage” according to sect.A.3.2.3 of Eurocode EN 1998-03 [8]. Therefore, collapse of the
lighthouse is not going to occur for the MCE.

4. For this MCE, many damages are going to occur where many vertical and horizontal cracks due to failure of the
lime-mortar must be occurred.

5. Therefore, the seismic retrofit of the lighthouse is necessary in order to protect it against of the Maximum
Capable Earthquake. The better solution from economical point of view is that, the seismic retrofit consists of an
external r/c cloak around of the lighthouse. However, Architects and Archeologists do not accept this solution.

6. These abovementioned conclusions about the seismic capacity of this lighthouse are expectant thanks to its large
cross-section. Thus, other special actions, as is the daily alteration of the temperature due to Sun, are more
critical maybe for damage, but it is beyond of the goal of this paper.
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