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1. Introduction 

1.1. Scope of work 

The island of Lefkas (or Lefkada), located in the Ionian Sea on the west side of Greece, is one 
of the most earthquake prone areas of the Mediterranean Sea. Due to the high seismic risk, 
the traditional houses built at the historical center of the city are constructed with a 
“special” timber-framed masonry system, which is not encountered in other places. In 
previous strong earthquakes (1953, 1973, 2003), this structural system behaved quite 
satisfactorily, although there were several cases of severe damage, or even collapse. 

In this report, the seismic risk assessment of this structural system is performed, based on 
the seismic performance of three typical buildings. First, a seismic hazard analysis is 
performed following two approaches: a probabilistic one, in which the ground acceleration 
is estimated versus the annual frequency of occurrence (inverse of the return period); and a 
deterministic one, based on the characteristic of a large fault that exists at the west side of 
the island. Then, the capacity curves of the selected buildings are derived through pushover 
analyses. Finally, the results are combined to assess the seismic risk. 

1.2. Timber-framed masonry system 

Unreinforced masonry buildings, in general, cannot resist strong earthquakes. In fact, the 
low tensile, and hence the shear strength, and the low ductility of the structure’s 
components result, in most cases, in poor seismic performance with local out-of-plane 
mechanisms before the in-plane capacity of the masonry is reached. However, the 
performance of vulnerable unreinforced masonry can be enhanced if a wood frame is 
combined with the masonry, which can provide the necessary seismic capacity. Timber-
framed masonry is a traditional structural system that in seismic areas has proved to 
effectively resist earthquakes (Kouris and Kappos 2009), Vieux-Champagne et al. 2014).  

An important evolution of the timber-framed masonry structural system is the inclusion of 
diagonal timber members in the wooden frame. This diagonally braced timber-framed 
masonry has been used as an anti-seismic construction since the 18th century in seismic-
prone areas, as well as in regions without considerable seismic risk to resist wind actions 
or, when the buildings were founded on soft soils, differential settlements (Vieux-
Champagne et al. 2014). A similar, but more advanced from the structural engineering 

point of view, timber-framed masonry construction appears in Lefkas Island (Figure 1).  

The structures in the historical part of the city of Lefkas can be distinguished in two broad 

categories: (i) the pure timber-framed masonry system, in which the building is a single-

storey house; and (ii) the dual system, in which a multi-storey building is constructed 

according to the traditional structural system of Lefkas: the multi-storey buildings consist 

of an unreinforced masonry ground storey and one or two (maximum) timber-framed brick 

masonry storeys. The intermediate floors and the roof, which is covered with tiles, are 

made of timber. The openings, usually symmetrically arranged along the facades of the 

buildings, have a rectangular shape of approximately 1.0 m width (Vintzileou and Touliatos 

2005). 
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1. Inclined timber stiffness 

elements 

2. Anchoring of the timber 

frames In masonry 

3. Secondary system 

supporting upper stories 

4. Stiffness elements of the 

bearing system of the 

wooden roof 

5. Strengthened connections 

6.  Angular timber elements for 

adding stiffness at the 

connections 

Figure 1. Typical two-storey building of traditional architecture in Lefkas Island (Vintzileou 
and Touliatos 2005). 

 

Figure 2. Foundation grid of trunks of the traditional buildings in Lefkas. 

The foundation of the traditional building is implemented on low strength alluvia, leading to 

the construction of a grid of trunks at a depth of 0.6 to 1.0 m under the ground, in order to 
increase stability Figure 2. The space between the trunks is filled with sand, rubble stones 
and hydraulic mortar. 

The stone masonry walls in the ground floor have a maximum height of 3.0 m and consist of 
two leaves-facades and an infill material. The external façade is made with semi-cut stones, 
while ashlars are used at the corners of the building and along the perimeter of openings. 
Rubble stones in irregular courses are used in the internal leaf of the ground floor walls. The 
space between the two leaves is filled with small size stones mixed with pieces of bricks and 
mortar. The binding mortar between the stones comprises of lime together with straw 
whereas, in poorer structures, clay mortar was used. It should be noted that this mortar 
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replaced the natural pozzolan, which was used in the buildings constructed up to the end of 
the 19th century (Vintzileou and Touliatos 2005). 

The total thickness of the stone masonry walls varies among the traditional buildings of 
Lefkas, from 0.5 m to 1.0 m. Given their limited height, stone masonry walls in the ground 
floor can be considered as thick enough, well interconnected in the corners of the buildings, 
and pierced by a limited number of openings. Thus, they are conceived to provide the 
stiffness that is necessary for the building to be able to bear rather small deformations 
during seismic events. This favorable behavior is enhanced by the floor, consisting of closely 
spaced timber beams and timber roofing, carefully connected to each other, as well as with 
the stone masonry.  

The perimeter walls of the upper floors are made of timber-framed masonry (typically, 10 to 
20 cm thick) and they are connected to the ground masonry through timber beams 
arranged along the perimeter of the stone masonry walls. The timber frame has spans that 
vary from 1 up to 2.2 m. Diagonal members join opposite corners, but sometimes one of 
them may be missing or be halved (Figure 3). 
 

 

Figure 3. Timber-framed wall of traditional buildings in Lefkas. 

Metal ties are used to connect the timber elements of the floor with the stone masonry 

and/or with the timber frame of the upper floors. Due to the small thickness of the upper 
floor perimetric walls, a significant reduction to the total weight of the building is achieved. 
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On the other hand, the stiffness of timber-framed walls is ensured thanks to the closely 
spaced horizontal, vertical and diagonal timber elements and their connections. 
Furthermore, the limited dimensions of brick masonry panels, well confined by the timber 

elements, ensure their satisfactory in-plane and out-of-plane behavior and reduce the 
possibility of failure of several brick masonry panels. In order to stiffen the connection of the 
timber columns (posts) with the beams, curved timber elements, of L-shape for single-sided 
connections or T-shaped for double-sided connections, are used. 

To protect timber-framed masonry from humidity, the upper storeys are covered along their 
perimeter by timber planks. The high cost for the replacement of this cover (decayed with 
time) led to their replacement by plane or corrugated metal sheets. 

In addition to masonry walls, a secondary timber bearing system is constructed also at the 
ground floor (Figure 4). It comprises of timber columns arranged close to the masonry walls, 
with rectangular or square cross section of 0.10 m to maximum 0.20 m side length. The 
typical distance between consecutive timber columns is 2.0 m to 3.0 m. Normaly, a single 
timber post corresponds to each pier, placed a few centimeters away from the wall. These 
timber posts are connected with the floor beams and, at the same time, are embedded into 
the unreinforced masonry walls of the ground storey. Moreover, the timber-framed 
masonry walls of the upper storey are also connected with the floor beams. Hence, the 

beams and the timber-framed masonry walls are supported by both the primary (masonry 
of the ground floor) and the secondary (timber frame) system. 
 

 

1)  Secondary bearing system of timber elements next 
to the masonry of the ground floor supporting 
upper floor beams.  

2)  Secondary bearing system of timber elements next 
to the masonry of the ground floor which is 
parallel to the upper floor beams.  

3)  After the appearance of cracks in masonry, the 
secondary supporting timber columns start 
carrying the vertical loads of the upper floors 

4)  Timber-framed walls of the upper floors. 
5)  Bearing masonry walls of the ground floor 

supporting the timber-framed walls which are also 
supported by the secondary timber system 
consisting of timber columns and beams parallel 
to the masonry walls 

6)  Bearing system of roof base on timber-framed 
walls. 

7)  The right-angled wooden element that connects 
the horizontal with the vertical wooden elements 
ensuring the connection and the necessary 
stiffness. 

8)  Anchoring of the wooden beam of the timber-
framed wall which is parallel to the floor beams. 
This wooden beam which supports the timber-
framed walls is not directly connected to the floor 
beams as is the case with the wall which are 
perpendicular to the floor beams. 

Figure 4.  Structural system of a typical traditional house in Lefkas, comprising of the 
main and secondary bearing system. 
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Due to its flexibility, compared to the masonry walls, the secondary system cannot 
contribute immediately and significantly to the seismic response of the building. 
Nevertheless, its presence and its sophisticated construction in the totality of the buildings 

of the historical center of Lefkas indicate that it plays an important structural role in the 
earthquake behaviour of the building.  

More specifically, during a seismic event, the interstorey drift of the ground floor is large 
and, therefore, the brittle stone masonry may be cracked or even partially collapsed, which 
can be classified as severe damage (Figure 5). In such a case however, the secondary system 
will be activated and it will carry the vertical loads (mainly, the self-weight of the building) 
until the stone masonry of the ground floor will be reconstructed or repaired. Thus, the 
building will be able to sustain the next earthquake. The importance of the secondary 
system was fully confirmed by the observed pathology of the buildings after the earthquake 
of 2003.  

It should be noted that, due to the much higher deformability of the timber columns compared 
to the unreinforced masonry walls, this secondary system has displacement reserves, able to 
accommodate the increased displacement demand of the earthquakes, at the expense, of 
course, of significant damage. Consequently, the building will be able to avoid collapse, but 
damage will be high or possibly irreparable due to permanent displacements after the 

earthquake; however, adequate life safety is ensured. 
 

 
A  The ground masonry supporting the floor beams 
B  After the appearance of cracks on masonry or of partial collapses due to the occurrence of earthquakes, 

the vertical timber columns support the upper floors 
Γ  The walls that are parallel to the floor beams together with the ground timber columns bear the upper 

floors loads 
Δ  After any partial collapse of the ground masonry due to earthquake, the beams of the upper floor are 

supported by the timber columns through the wooden beams. 

 
Figure 5. Survival of the upper level timber-framed walls while the masonry walls of the 

ground floor collapse (Vintzileou 2003). 
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2. Seismic Hazard analysis 

2.1. Seismicity of Lefkas 

The Ionian islands present an exceptionally intense seismicity, since they are located at the 
transition zone between the Hellenic subduction and the continental collision between 
northwestern Greece and the Apulian platform in the west. Lefkas is located close to this 
westernmost termination of the Hellenic subduction bounded to the north by the Apulian 
continental collision zone. The high seismicity of the area is due to the intense crustal 
deformation, the highest in the whole Aegean area. Seismological evidence suggests strike 
slip motion in the area. The use of accurate aftershock location and fault plane solutions for 
the March 1973 event in the area permitted the identification of the so called Cephalonia 
Transform Fault, CTF, and suggested that the strike slip motion continues further north in 
the area of the Lefkas Island. This northern portion has been indicated as the Lefkas 
segment of CTF. This segment starts from the northern part of Cephalonia, strikes in the 
NNE-SSW direction and has a length of 40 km. This fault length is compatible with a largest 
6.8 earthquake magnitude, equivalent to the largest event that struck Lefkas during the last 
four centuries. This Lefkas segment is characterized by dextral strike slip motion and the 
typical focal mechanism for an earthquake has strike 14°, dip 65° and rake 167°. This fault, 

along with its Cephalonia segment and other smaller faults, connect the thrust belt along 
the Hellenic arc in the south and the Apulian thrust belt along northwestern Greece and 
western Albania in the north. GPS results show that the sites at the Apulian thrust belt north 
of Lefkas and the Amvrakikos gulf present very small motion, whereas the Ionian islands 
show a homogeneous rapid southwest oriented movement, reaching 3.5 cm/year relative to 
southeast Italy.  

The earthquakes of Lefkas are attributed to: 

 the Lefkas segment of CTF such as the events of 1914, 1948, 2003 and 2015 

 the thrust structure offshore northwestern Lefkas associated with the Apulian plate 

as the 1973 event, and 

 the non-well identified faults between Lefkas and Ithaca Islands. 

The earthquake documentation exists since the 16th century. Table 1 and Table 2 present 
the historical seismicity up to 1869 and events recorded by instruments from 1911 up to 
2003. 
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Table 1. Events up to 1869 with different surface magnitude estimations. (Fokaefs and 
Papadopoulos, 2004) 

 

Table 2. Instrumentally recorded events up to 2003. (Fokaefs and Papadopoulos 2004) 

 

 

Local chroniclers and other sources describe the earthquake effects for the referred events: 

 1577 – The event caused serious damage at Lefkas’ castle walls. 

 1612 – Two strong shakings struck the island causing the collapse of many houses as 
well as ground failure at different sites 

 1613 – According to local witnesses many buildings collapsed, arcades among them. 

A better behaviour was shown by buildings with timber framing where only roof tiles 
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fell while adjacent stone buildings were heavily damaged. A lot of aristocratic 
residences collapsed. 

 1625 – Arcades at the center of the city as well as many stone and brick masonry 

buildings collapsed. Widespread damage occurred at the city and its suburbs. There 
was report of extensive damage at the coasts of Amvrakikos gulf. 

 1630 – Arcades and many buildings collapsed at the city and its castle. Many people 

were killed. Ground rupturing was reported. Damage and casualties were reported 
from the islands of Cephalonia and Ithaca. 

 1704 – Masonry buildings were mainly damaged. Timber-framed structures resisted 

the shaking. 34 people were killed and many wounded. The event was felt at Corfu, 
Zakynthos, Preveza and Arta. 

 1722 – Two shakings struck the island and many houses collapsed. 

 1723 – A violent shaking caused the collapse of many houses. A lot of damage, 
especially in churches, is reported at the city of Lefkas. 

 1769 – From a total of 826 houses at the city 497 collapsed. All the churches and the 

eastern walls of the fortification presented extensive damage. Only seven people 
were killed. 

 1783 – Many villages were destroyed. There were extensive landslides. In total 855 

houses and 7 churches collapsed although the number of casualties was small. 

 1815 – A lot of buildings collapsed and there were many casualties. 

 1820   –   All masonry buildings, including churches, collapsed. 

 1825 - The earthquake destroyed many villages and the whole city with the 

exception of one house. Since then buildings started being constructed with a timber 
framing more resistant to ground shaking. 

 1869 – Only 20-25 buildings remained safe. Masonry buildings collapsed but those 

with timber framing suffered slight damage. 15 casualties were reported. 

 1914 – Mainly the western part of the island was damaged. There were 16 

casualties. Timber-framed structures behaved very well with only tiles falling and 
minimum cracking. In many parts of the island ground failure was reported. A 
tsunami was also observed. 

 1948 – The southwestern part of the island was mainly affected. 244 buildings 
collapsed, 998 presented serious damage 2 people were killed and 45 wounded. 
Ground failing was observed. 

Since then the large events of 1973, 2003 and 2015 present mainly extensive ground failing, 

although there is no extensive building damage because of adequate construction 
regulations. A good description of the earthquake mechanism exists for the November 15, 
2015 event. The NNE-SSW alignments of aftershocks suggest rupture of the CTF which 

accommodates thrust motion at its two ends by a right lateral slip motion at a rate of 2-3 
cm/yr. The majority of the destructive Lefkas earthquakes occurred towards the 
northeastern part of the fault, while the southwestern part experienced fewer. The main 

slip area for the 2003 event has been associated with the northern end of the fault. This 
event left a seismic gap in the southern part of the Lefkas part of CTF, which was filled by 
the 2015 event. For this event, focal mechanism solutions suggest major right lateral slip, 

with minor dip slip on the steep SE dipping fault offshore, the imposing cliffs of western 
Lefkas. There appear to exist two major slip patches at shallow depth and unilateral rupture 
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propagation SSW of the Lefkas part of the fault. It appears that the 2015 earthquake 
ruptured the shallow part of the fault, although the main slip patch goes down to 25 km 
depth. A slip model for the 2003 event suggests two slip patches on a deeper part of the 

fault, suggesting a thicker brittle crust for this region. The SW end from the uniform slip 
model of the 2003 event is adjacent to the northern slip patch of the 2015 earthquake.  

 

Figure 6. Seismotectonic setting of the Ionian sea region. From south to north are 
depicted the western end of the Hellenic arc, the Cephalonia Transform fault 
with its Cephalonia and Lefkas segments and the Apulian collision zone that gave 
the 1973 event (Bie et al. 2017). 
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Figure 7. The focal mechanisms of the 2003 and 2015 events. The grey northern area is 
associated with the 2003 event slip. Black dashed lines suggest the coseismic 
rupture of the 2015 event. Blue dots depict the recorded aftershocks. The major 
slip areas of the 2015 event are shown. The thick red dashed line indicates the 
surface fault rupture just offshore western Lefkas (Bie et al 2017). 

 

Figure 8. Slip distribution along the southern segment of the Lefkas fault for the 2015 
event. Histograms present moment releases along the striking and the dipping 
direction of the fault (Bie et al 2017). 
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2.2. Probabilistic evaluation of the seismic hazard 

The probabilistic approach is based on the European Facilities for Earthquake Hazard and 

Risk (EFEHR). EFEHR is a non-profit network of organizations and community resources 
aimed at advancing earthquake hazard and risk assessment in the European-Mediterranean 
area. Among its key objectives is to enable national and local hazard assessment by 
providing access to contemporary software and expertise as well as to provide access to 
state of the art data, models and information on earthquake hazard harmonized across 
Europe. 

The hazard evaluation is based on the 2013 Euro-Mediterranean Seismic Hazard Model 
(ESHM13), which is the result of a probabilistic hazard assessment for the region carried out 
within the SHARE Project (Giardini et al 2014). The Model is based on the European 
Database of Seismogenic Faults (EDSF), a compilation of fault sources capable of generating 
moment magnitude earthquakes equal or larger than 5.5. The events equal or larger than 
6.5 are considered to occur on the geometry of the faults, while for smaller events a 
background seismicity is taken into account, meaning a region containing a system of faults. 

The referred model was used for the corresponding town of Lefkas with geographical 
coordinates of 38.83 degrees latitude and 20.70 degrees longitude. The site was considered 

on rock and the hazard arithmetic mean was evaluated for the peak ground acceleration 
and the 0.2 and 1.0 sec spectral values. It must be noted that, according to EFEHR, the main 
event source for Lefkas is considered the CTF fault. The hazard curves are given in Figure 9 
to Figure 11 for the peak ground acceleration, the spectral acceleration at 0.2 sec period, 
characteristic of the constant spectral acceleration region, and the spectral acceleration at 
1.0 sec period, characteristic of the constant spectral velocity region. The hazard curves are 
given for a rock site. Following the IBC seismic loading regulations the values are 
transformed in Figure 12 to spectral values for a Vs,30 = 250 m/sec ground class. 

 
Figure 9. Peak ground acceleration hazard curve for rock site. 
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Figure 10. Spectral acceleration at T = 0.2 s, SA(0.2), hazard curve for rock site. 

 

 

Figure 11. Spectral acceleration at T = 1.0 s, SA(1.0), hazard curve for rock site. 
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Figure 12. Uniform hazard spectra for the city of Lefkas. The spectra are given for a Vs,30 = 
250 m/sec site class. The spectra exceedance probabilities are 10, 20 and 40% in 
a 50 year time corresponding to return periods of 475, 225 and 100 years. 
Spectral values are adjusted from rock site values according to IBC.  

 

From the hazard curves, the values shown in Table 3 were evaluated for the peak ground 
acceleration, PGA, and the spectral accelerations Sa(T=0.2 s) and Sa(T=1.0 s). 

 

Table 3. PGA and Sa values for T = 0.2 s and T = 1.0 s for rock sites (VS,30 = 760 m/s) 
according to EFEHR hazard curves and for soft soil sites (Vs,30 = 250 m/s) 

according to IBC. 

Probability of 
exceedance in   

50 years 

PGA Sa(T=0.2 s) Sa(T=1.0 s) 

Rock Soft soil Rock Soft soil Rock Soft soil 

40% 0.26 g 0.30g 0.55 g 0.75 g 0.14 g 0.31 g 

20% 0.40 g 0.40g 0.85 g 0.99 g 0.22 g 0.43 g 

10% 0.57 g 0.47g 1.10 g 1.17 g 0.35 g 0.60 g 
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2.3. Fault specific seismic hazard analysis 

For geologically active faults, the seismic hazard assessment can be evaluated by a fault 

specific approach and geological data, in order to overcome the scarcity of historical 
records. 

The 'New Generation Attenuation Relationships' (NGA project) were used in this seismic risk 
analysis. The NGA project is a multidisciplinary and multi-year research program presented 
in 2008 for the first time while the last improved version was given in 2014 (Power et al., 
2008, Bozorgnia et al., 2014). The results of the original project presentation contain an 
extended worldwide database with earthquakes records and metadata, a set of five ground 
motion attenuation models and several supporting research projects. Attenuation models 
are constituted by ground motion prediction equations for shallow crustal earthquakes in 
active tectonic regions. The use of the NGA project is expanded for a wide range of 
applications, from research to seismic design codes, site-specific earthquake design and 
evaluation and financial loss estimation. A more detailed presentation of the NGA 
relationships and relevant parameters is presented in Appendix A. 

In the present analysis, the Lefkas segment of the CTF fault is taken into account. Its 
characteristics are presented in Table 4. Based on these parameters, the peak ground 

acceleration, PGA, and the spectral values Sa(T=0.2 s) and Sa(T=1.0 s) are calculated for the 
different methodologies of NGA (see Appendix A) and three scenarios, specifically:  

 Scenario 1: extreme event of magnitude Mw=7.2 (Table 5)  

 Scenario 2: Moderate to extreme event of magnitude Mw=6.8 (0)  

 Scenario 3: Moderate event of magnitude Mw=6.3 (0).  

The corresponding response spectra are presented in Figure 13 to Figure 24. 

Table 4. Parameters considered for the fault and the attenuation relationships. 
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Table 5. PGA, Sa(T=0.2) and Sa(T=1.0) (median values) for Scenario 1 (Mw=7.2) 

Method PGA (g) Sa(T=0.2) (g) Sa(T=1.0) (g) 

ABS13 0.463 0.945 0.440 

ITA10 0.642 1.613 0.927 

ASK14 0.394 0.847 0.388 

BSSA14 0.527 1.056 0.616 

CB14 0.518 0.975 1.057 

CY14 0.514 1.012 0.810 

IM14 1.088 2.556 0.733 

AS08 0.512 0.889 0.631 

BA08 0.399 0.981 0.488 

CB08 0.369 0.782 0.639 

CY08 0.447 0.856 0.552 

I08 0.404 0.966 0.434 

 

Table 6. PGA, Sa(T=0.2) and Sa(T=1.0) (median values) for Scenario 2 (Mw=6.8) 

Method PGA (g) Sa(T=0.2) (g) Sa(T=1.0) (g) 

ABS13 0.455 0.937 0.384 

ITA10 0.448 1.310 0.921 

ASK14 0.368 0.802 0.317 

BSSA14 0.508 1.049 0.540 

CB14 0.500 0.967 0.915 

CY14 0.462 0.934 0.677 

IM14 0.828 1.944 0.510 

AS08 0.450 0.812 0.487 

BA08 0.395 0.974 0.460 

CB08 0.361 0.779 0.532 

CY08 0.404 0.786 0.462 

I08 0.325 0.734 0.275 
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Table 7. PGA, Sa(T=0.2) and Sa(T=1.0) (median values) for Scenario 3 (Mw=6.3) 

Method PGA (g) Sa(T=0.2) (g) Sa(T=1.0) (g) 

ABS13 0.363 0.761 0.244 

ITA10 0.351 0.939 0.437 

ASK14 0.303 0.695 0.205 

BSSA14 0.485 1.041 0.457 

CB14 0.480 0.845 0.570 

CY14 0.387 0.815 0.505 

IM14 0.604 1.392 0.322 

AS08 0.331 0.641 0.288 

BA08 0.352 0.776 0.319 

CB08 0.303 0.678 0.349 

CY08 0.348 0.692 0.349 

I08 0.248 0.521 0.155 
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Figure 13. Response spectra for the three scenarios according to the ABS13 attenuation relationship. 
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Figure 14. Response spectra for the three scenarios according to the ITA10 attenuation relationship. 
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Figure 15. Response spectra for the three scenarios according to the ASK14 attenuation relationship. 
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Figure 16. Response spectra for the three scenarios according to the BSSA14 attenuation relationship. 
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Figure 17. Response spectra for the three scenarios according to the CB14 attenuation relationship. 
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Figure 18. Response spectra for the three scenarios according to the CY14 attenuation relationship. 
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Figure 19. Response spectra for the three scenarios according to the IM14 attenuation relationship. 
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Figure 20. Response spectra for the three scenarios according to the AS08 attenuation relationship. 

 
  



Seismic risk assessment of the historical center of Lefkas 25 

 

 

 

    

Figure 21. Response spectra for the three scenarios according to the BA08 attenuation relationship. 
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Figure 22. Response spectra for the three scenarios according to the CB08 attenuation relationship. 
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Figure 23. Response spectra for the three scenarios according to the CY08 attenuation relationship. 
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Figure 24. Response spectra for the three scenarios according to the I08 attenuation relationship. 

  



Seismic risk assessment of the historical center of Lefkas 29 

 

3. Capacity analyses of the considered buildings 

3.1. Introduction 

In the following sections, timber-framed masonry buildings, with the previously described 
dual system, are examined for the determination of their capacity curves. The selected 
buildings have geometrical and mechanical characteristics that are typical of the timber-
framed masonry structures found in the old town of Lefkas and can be used for the 
understanding of how the secondary bearing system is activated after the partial failure of 
the primary one. In order to examine at least one typical case of all the traditional buildings, 
two and three-storey buildings were analyzed. It should be noted that small alterations to 
the geometrical or material characteristics have also been examined, so as to cover a variety 
of structures in Lefkas. Moreover, one-storey buildings do not have two bearing systems but 
only one, that of the timber-framed masonry. 

3.2. Description of the considered buildings 

3.2.1. Three storey building 

The first structure examined is a three storey building comprising of a ground floor with 
masonry walls and two upper stories with timber-framed walls. A typical example of a 
three-storey structure is the “Verikiou” building (Figure 25) which was constructed during 
the 1860 decade in the central square of the Lefkas city. Its size and its careful construction 
testify that it has been an important building, a mansion. During the rapid post-damage 
survey after the Lefkas 2003 earthquake, only low damage faults were observed in the 
building. 

 

  

Figure 25. The Verikiou building at the central square of the Lefkas city. Left: the façade, 
right: architectural survey (Touliatos and Gante 1995). 
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The masonry of the ground floor is made of limestone, while the first upper storey is a 
timber-framed masonry which is assumed to have a configuration consisting of two 
diagonals. For the protection of the timber against weathering and dry rot, considering the 

vicinity to the sea, the upper storey walls are covered with thin galvanized iron sheathing. 

For the analysis purposes, the cross section of the timber elements and the infill material of 

the timber-framed masonry were assumed 10 cm × 10 cm and 10 cm thick, respectively 

(Kouris, 2015) and their mechanical properties were considered to correspond to those of 
timber class C24. Additionally, timber columns (posts) of the secondary system were 

considered with a square cross section of  15 cm × 15 cm, while the distance between 

them was assumed about 2.5 m. The L and T-shaped angles between the beams and the 
posts, together with the carpentry joints and the masonry infills, result in a moment 
resisting connection of the timber frame. Thus, the connections of beams and posts were 
considered stiff, in contrast with the connections of the diagonals of the timber-framed 
masonry which were set free to rotate. 

For the ground masonry, two different cases of material characteristics were examined. 
According to the first one, the ground masonry was assumed of low elasticity modulus E=2 
GPa (Vintzileou et al. 2007, Kouris 2012) and a small width (0.40 m) while the second one 
describes a more stiff masonry having 0.9 m width and greater elasticity modulus E=4 GPa 

(Vintzileou 2003). The mechanical properties of the masonry and the timber elements are 
presented in Table 8. 

For the simulation of the structure’s seismic response, a beam model was utilized (Figure 26) 
which considers the possible crack mechanisms of a pier submitted to bending with 
vertical load. Masonry was considered isotropic in this beam-modelling approach as the 
strength differences in the two axes are not substantial, however timber was treated as 
orthotropic. 

Table 8. Material characteristics of masonry and timber elements of the three storey 
building. 

 Masonry (1st case) Masonry (2nd case) Wood 

Compressive strength fc,x (MPa) 3.50 3.50 18.9 

Compressive strength fc,y (MPa) 3.50 3.50 4.77 

Tensile strength ft,x (MPa) 0 0 18.9 

Tensile strength ft,y (MPa) 0 0 4.77 

Modulus of elasticity Εx (MPa) 2000 4000 11000 

Modulus of elasticity Εy (MPa) 2000 4000 370 

Shear modulus G (MPa) 833 1665 690 

Weight (kN/m3) 20 20 3.5 

Poisson ratio v 0.2 0.2 0.3 
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Figure 26. The numerical model of the three storey building and its façade. 

 

 

Figure 27. Piers and timber columns of the primary and secondary systems respectively. 
The timber columns are 10cm behind the ground masonry wall. 
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As it is easily noticed from the façade (Figure 27), the upper storeys were based on the 
masonry piers of the ground plan (cross section in Figure 27, named primary system) while 
the floor stands on the secondary system (cross section in Figure 27, named secondary 

system). 

3.2.2. Two storey building 

The second examined structure belongs to Lefkas two storey buildings and was based on the 
geometry of “The Zambelion” house (Figure 28) located in the heart of the traditional Lefkas 
town. Today it is owned by the Municipality of the Island and it has been declared 
preserved. Opposite the Zambelion House is the temple of St. Nicholas, one of the central 
temples of the old town with particularly Architectural features. The house has so far been 
rescued by all major earthquakes of the last 200 years, especially the 1825 earthquake 
which was particularly devastating. The earthquake of August 14, 2003, just like the 
previous catastrophic earthquakes, had little impact on the wonderfully structured building.  

 

 

 

Figure 28. The Zambelion house. Top: the façade; bottom: plan view of the ground floor 
(Papadatou-Giannopoulou 2014).  



Seismic risk assessment of the historical center of Lefkas 33 

 

The ground floor has an area of 294.64 m2 and the upper floor is 259.74 m2. However, for 
the analysis purposes, the two floors were considered to have the same area. The ground 
walls are made of 0.60 m width stone masonry and the outer/inner walls of the upper floor 

are timber-framed masonry of 20 cm thickness. Apart from the ground masonry walls, the 
upper floor was also based on a system of timber columns with 3.0 m distance between 
them. The mechanical properties of the masonry and the timber elements are presented in 
Table 9. Similar to the three storey building, for the simulation of the structure’s seismic 
response, a beam model was utilized (Figure 29). 

Apart from the “Zambelion house”, another two-storey building having the same 
geometrical and material characteristics of ground and upper floor with the three-storey 
presented in the previous section, was analyzed for comparison reasons (Figure 30). 

Table 9. Material characteristics of masonry and timber elements of the two storey 

building. 

 Masonry Wood 

Compressive strength fc,x (MPa) 3.50 18.9 

Compressive strength fc,y (MPa) 3.50 4.77 

Tensile strength ft,x (MPa) 0 18.9 

Tensile strength ft,y (MPa) 0 4.77 

Modulus of elasticity Εx (MPa) 4000 11000 

Modulus of elasticity Εy (MPa) 4000 370 

Shear modulus G (MPa) 1665 690 

Weight (kN/m3) 20 3.5 

Poisson ratio v 0.2 0.3 
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Figure 29. The numerical model of the two storey building (geometry based on the 
Zambelion House) 

 

Figure 30. The numerical model of the two storey building (geometry based on the 
three storey presented in the previous paragraph after removing one floor). 
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3.3. Capacity curves 

A numerical model with yielding beam elements, simulating the seismic response of the 

entire structure, was developed in order to determine the capacity curves of the examined 
structures. The model comprises of strut elements and non-linear hinges on the diagonals of 
the timber-framed masonry to accommodate all plastic deformation of the timber-framed 
walls. A set of empirical formulas were used to determine the nonlinear law of the axial 
hinges (Kouris 2012) in the diagonal struts in terms of axial load versus displacement, and 
then they were inserted in the diagonals as point plastic hinges. In fact, these formulas have 
been derived from the nonlinear analysis based on Hill-type plasticity of a detailed model of 
timber-framed masonry panels subjected to horizontal loading and computing the 
corresponding displacements. The nonlinear law of the plastic hinges in terms of axial load 
versus deformation was formed using the yield and ultimate shear and displacement from 
the following expression 
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where uu is the maximum axial deformation, udiag,max the axial deformation at maximum 

axial force, Nres is the residual axial force after the drop in strength, Ndiag,max is the maximum 
axial load and μd is the displacement ductility, as well as the ductility in terms of axial 
deformation. 

Moreover, the axial stiffness of the diagonals was modified in order to take into account 
their sliding according to the following equation [Kouris et al 2014] 
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where H, L are the height and the span of each timber frame, E is the elasticity modulus, A is 
the cross section area, uy and Vy is the horizontal displacement and shear yield, respectively 

The nonlinear law (Figure 31) set to the struts depends mainly on the geometrical 
characteristics of each timber frame, the strength of the timber elements and the vertical 
loads. Therefore, a discretization of the building into individual timber-framed panels and 
separate examination of them was performed before setting the nonlinear law. 

The unreinforced masonry piers of the ground storey were modelled using moment-rotation 
lumped plasticity hinges (Figure 32) according to Kappos et al (2002) and Penelis (2006). This 

model and more specifically the determination of the strength of the masonry with respect 
to bending requires the estimation of the axial load of the piers from a preliminary linear 
elastic analysis. As a result, the constitutive Μ-θ law of the critical sections (top and bottom) 

of each pier is defined. It is important here to note that the failure of the piers depends 
significantly on the vertical load from the upper storeys. In fact, due to the low vertical load 
of the upper storeys, masonry is likely to fail due to out or in plane bending.  
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Figure 31. Nonlinear law of the plastic hinge set to the diagonals of three-storey building. 

 

 

Figure 32. Presentation of nonlinear hinges set on masonry piers and diagonal elements of 
timber-framed masonry. 
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Concerning the boundary conditions of the piers and the timber columns (posts), masonry 
piers and timber columns are assumed to be fixed and hinged, respectively. The timber 
posts, which are next to the masonry walls in a distance of 5 to 10 centimeters, stand on a 

curved masonry base which has a nail in its center to achieve the connection with the 
timber column. Therefore, the choice of hinged support is justified. 

Timber columns are not subjected to gravity loads under service conditions of the building 
and support to the upper floors gravity loads is provided solely by the primary system (i.e. 
the unreinforced masonry ground storey). Moreover, during the first phase of the seismic 
response (primary system) the contribution of the timber posts to the lateral capacity is 
negligible compared to that of the ground masonry. In fact, their contribution to the seismic 
response of the structure mainly starts after the partial collapse of the walls. However, both 
systems are considered in the same numerical model, simulating therefore the actual 
condition of the structure. As it is presented in the following sections, where the capacity 
curves are derived for each structure, the partial collapse of the masonry becomes 
noticeable during the pushover analysis due to the sudden reduction of the total base shear 
and the structure’s stiffness. 

3.3.1. Three-storey building 

The total geometry of the structure was modeled using beam elements. Elastic dynamic 
analysis of the structure, assuming fixed supports for the masonry elements and hinges for 
the timber ones, was performed and the first eigenperiod was computed equal to T1=0.27 
sec for elasticity modulus E=2 GPa and masonry width 0.40 m and equal to T1=0.23 sec for 
elasticity modulus E=4 GPa and masonry width 0.90 m. The first eigenmode corresponds to 
translation along the small side of the structure, namely direction x (Figure 33). It is noted 
that similar results were obtained from Kouris (2015) who developed two numerical models 
of the façade of the structure (2-d analysis); one for the primary system (masonry walls of 
the ground floor with thickness 0.80 m) and the other for the secondary system (ground 
timber columns). 

It is noted here that both the primary and secondary systems were included in the same 
structure in order to reduce the assumptions of the numerical model and obtain results 
closer to the actual behaviour of the structure. Therefore, the eigenperiods calculated 
correspond to a structure where the two systems coexist. The simulation of both the 
primary and secondary system increase the accuracy of the analysis, since the second one is 

activated automatically when the earthquake has led the first one to failure. However, many 
times, the subsequent activation of the two systems with significant difference in their 
stiffness may prone to numerical instabilities that can cause error and/or early termination 
of the analysis. The possibility for these instabilities is minimized when displacement control 
pushover analysis is applied. 

Two different pushover load patterns were applied to each direction corresponding to the 
first mode of the structure (mode proportional loads) and the mass contribution of the 
structure (mass proportional loads). Capacity curves from the non-linear static analyses of 

the two cases of modulus of elasticity of the ground masonry, in terms of base shear versus 
top displacement, are presented in Figure 34.  
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Figure 33. First eigenmode, corresponding to translation along direction x of the model. 

 

  

Figure 34. Capacity curves of three-storey buildings with modulus of elasticity of the 
masonry of the ground floor equal to: (a) E=2 GPa (1st case) and (b) E=4 GPa (2nd 
case). 

In Figure 34, Point A on the capacity curves corresponds to the first yield of the masonry 
piers and therefore plastic deformations raise in the structure. The stress condition which 
corresponds to the point A, namely the first plastic hinges of the structural members, are 

presented in Figure 35, where the different colors indicate their damage state (pink color 
indicates the yield rotation of the cross section contrary to red color which shows the upper 
limit of possible rotation of the hinge).  

Subsequently, due to the stress redistribution, new hinges appear in the structure. Point B 
on the capacity curves shown in Figure 34 corresponds to the maximum base shear that can 
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develop in the structure; in that state, most of the piers are already in the plastic zone 
(Figure 36). In fact, point B can be treated as the limit where partial collapses appear in the 
masonry wall of the ground floor, because although the upper limit of rotation of the plastic 

hinges has not been reached, the appearance of plastic deformation at the bottom and 
upper node of the pier can cause collapses. Finally, point C corresponds to the failure 
mechanism of the primary system (Figure 37). At the same time the secondary system is 
activated and plastic deformations start to appear at the upper nodes of the timber columns 
as it is depicted in Figure 38. It should be reminded that the support of the timber posts is 
set as free to rotate (hinged supports). 
 

  

Figure 35. First hinges appearance at the base of the masonry. 

  

Figure 36. Hinges at the base and the top of the masonry at the time when the maximum 
base shear is reached.  
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Collapse of the building is due to the development of a ground storey mechanism. However, 
damages have already appeared in the upper timber-framed masonry as it is indicated by 
the appearance of hinges along diagonal elements (Figure 36). The evolution of the plastic 

deformation in the ground storey is rather quick and, finally, the failure mechanism 
dominates.  

 

Figure 37. Failure mechanism of the ground masonry wall. Hinges correspond to point C 
on the capacity curves. 

 

Figure 38. Activation of the secondary system and appearance of hinges in the timber 
elements. 

The following segments are depicted in the capacity curve’s diagrams: (i) the quasi-elastic 

part (O–A) where, in principle, no plastic deformation appears; (ii) the second part (A–B) 
where non-linear deformation occurs in both the ground storey and the timber-framed 
masonry upper storeys; (iii) the sudden drop in the base shear capacity during the third 
part of the capacity curve (B–C) due to the collapse of the ground storey unreinforced 
masonry piers; and (iv) the residual capacity during the fourth part of the response (C–D) 
wherein the building has a reserve displacement capacity under a small increase in the 
base shear. The relatively low axial force on the unreinforced masonry piers resulting from 
the overturning moment leads to almost simultaneous failure of the unreinforced 
masonry piers of the ground storey. 

Based on the ATC-40 method, the capacity spectra in terms of Sa – Sd for the two examined 
cases of modulus of elasticity are presented in Figure 39. 
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Figure 39. Capacity spectra along x direction of the three storey building for: (a) E=2 GPa 
and (b) E=4 GPa of the masonry walls of the ground floor. 

3.3.2. Two storey building (Examined Structure No 1) 

The two storey building, which was based on the Zambelion plan view, has three masonry 

walls at the ground floor along y direction and two along x direction of total span 22.3 m. 
Elastic dynamic analysis of the structure, assuming fixed supports for the masonry elements 
and hinges for the timber ones, was performed and the first and the fourth eigenperiods 
were computed equal to 0.09 sec and 0.07 sec respectively, with eigenmodes corresponding 
to translation along the directions y and x respectively (Figure 40). The second and the third 
eigenmodes also correspond to translation in direction y. 

  

Figure 40. First and fourth eigenmodes, translational along directions y and x of the model, 
respectively. 

It is noted that both the primary and secondary systems were included in the same 
structure in order to reduce the assumptions of the model and obtain results closer to the 
actual behaviour of the structure. Therefore, the eigenperiods calculated correspond to a 
structure where the two systems coexist. 
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 Capacity curves from the non-linear static analyses of the structure along y and x direction, 
in terms of base shear versus top displacement, are presented in Figure 41. Due to the 
significant stiffness and mass of the structure, the base shear reaches higher values 

compared with the three-storey building. Moreover, the observed sudden reduction in the 
base shear corresponds to the collapse of the intermediate wall, while the remaining walls  
can still carry the larger horizontal zones. 

 

  

Figure 41. Capacity curves of the two-storey building in directions (a) y and (b) x. 

In Figure 41, Point A corresponds to the first yield of the masonry piers and therefore plastic 
deformations raise in the structure. The first plastic hinges of the structural members are 
presented in Figure 42, where the different colors indicate their damage state (pink color 
indicates the yield rotation of the cross section contrary to red color which shows the upper 
limit of possible rotation of the hinge).  

Subsequently, due to the stress redistribution, new hinges appear in the structure. Point B 
correspond to the maximum values of the base shears before the collapse of any of the 
masonry walls of the ground floor (Figure 43). In fact, point B can be treated as the limit 
where partial collapses appear in the masonry wall of the ground floor. It should be noted 
that, although the upper limit of rotation of the plastic hinges has not been reached, the 
appearance of plastic deformation at the bottom and the upper node of the pier can cause 
collapses. However, even if the middle wall collapses, the rest of the masonry walls of the 

ground floor can carry horizontal forces, therefore, the base shear force increases. Finally, 
point C corresponds to the failure mechanism of the middle wall (Figure 44) and due to the 
large area of the ground storey, the vertical loads are carried by the secondary system.  
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Figure 42. Deformation and distribution of hinges corresponding to point A on the 
capacity curve along y direction. 

 

Figure 43. Deformation and distribution of hinges corresponding to point B on the 
capacity curve along y direction. 

 

Figure 44. Deformation and distribution of hinges corresponding to point C on the 
capacity curve y along direction. 
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3.3.3. Two -storey building (Examined Structure No 2) 

As it was mentioned in the previous paragraph, a second two storey building, having the 

same geometrical and material characteristics of ground and upper floor with the three 
storey building presented before, was analyzed for comparison reasons. 

Elastic dynamic analysis of the structure, assuming fixed supports for the masonry elements 
and hinges for the timber ones, was performed and the first eigenperiod was computed 
equal to T1=0.21 sec for elasticity modulus E=2 GPa and masonry width 0.40 m and equal to 
T1=0.17 sec for elasticity modulus E=4 GPa and masonry width 0.90 m. In both cases, the 
first eigenmode corresponds to translation along the small side of the structure, namely 
direction x (Figure 45).  

  

Figure 45. First eigenmode, translational along direction x of the two – storey structure. 

Capacity curves from the non-linear static analyses of the two cases of modulus of elasticity 
of the masonry of the ground floor, in terms of base shear versus top displacement, are 
presented in Figure 46. 

 

  

Figure 46. Capacity curves of the two-storey buildings with modulus of elasticity for the 
masonry of the ground floor equal to (a) E=2 GPa (1st  case) and (b) E=4 GPa 
(2nd case). 
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Similar conclusions can be drawn with the analysis presented for the three-storey building 
(Figure 47 to Figure 50). However, it important to notice that the maximum base shear is 
reduced due to the reduction in vertical loads, which leads to smaller bending strength of 

the masonry walls of the ground floor. 

  

Figure 47. First hinges at the base of the ground masonry piers. 

 

  

Figure 48. Hinges at the base and the top of the masonry walls of the ground floor when 
the maximum base shear is reached.  
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Figure 49. Failure mechanism of the masonry wall of the ground floor. The hinges 
correspond to point C of the capacity curves. 

 

 

Figure 50. Activation of the secondary system and appearance of hinges at the timber 
elements. 



Seismic risk assessment of the historical center of Lefkas 47 

 

Based on the ATC-40 method, the capacity spectrums in terms of Sa – Sd are presented in 
Figure 51 for the two examined cases of modulus of elasticity. 

 

  

Figure 51. Capacity spectrums along x direction of the two storey building for (a) E=2 GPa 
and (b) E=4 GPa of the masonry walls of the ground floor. 
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4. Seismic risk assessment 

4.1. Procedure 

The structures considered for the assessment of the seismic risk are shown in Table 10. For 
each considered building two cases were examined, corresponding to directions x and y. In 
each case, the following limit states were set according to Giovinazzi and Lagomarsino 
(2006): 

 Slight damage ............................... d = 0.7dy 

 Moderate damage ....................... d = 1.5dy 

 Extensive damage ........................ d = 0.5(dy+du) 

 Collapse ........................................ d = du 

where dy is the yield displacement and du is the ultimate displacement at collapse. For the 

types of buildings considered, the above limit states were calculated for the values of dy and 
du that correspond to their capacity curve in the longitudinal x and the transverse y direction 
as shown in Figure 52, Figure 55, Figure 58, Figure 61, Figure 64 Figure 67, Figure 70 and 
Figure 73. The resulting limit state displacements are given in Table 11.  

Table 10. Types of structures considered for the assessment of the seismic risk. 

Case Type of structure 

1 
Three storey building with walls of 0.4 m width and a 

modulus of elasticity E = 2 GPa 

2 
Three storey building with walls of 0.9 m width and a 

modulus of elasticity E = 4 GPa 

3 
Two storey building with walls of 0.4 m width and a modulus 

of elasticity E = 2 GPa 

4 
Two storey building with walls of 0.9 m width and a modulus 

of elasticity E = 4 GPa 

Table 11. Capacity displacements that correspond to the considered limit states. 

Case 
Slight 

damage 
Moderate 
damage 

Extensive 
damage 

Masonry 
failure 

1 – dir. x 0.711 1.525 2.328 3.639 

1 – dir. y 0.677 1.452 2.086 3.204 

2 – dir. x 0.211 0.452 0.940 1.579 

2 – dir. y 0.183 0.392 0.932 1.602 

3 – dir. x 0.307 0.658 1.655 2.871 

3 – dir. y 0.322 0.697 1.545 2.626 

4 – dir. x 0.053 0.113 0.763 1.451 

4 – dir. y 0.048 0.102 0.763 1.458 
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The displacement that will develop during each seismic scenario was estimated using the N2 
method (Fajfar and Gašperšič 1996) and the above calculated response spectra for the 
probabilistic hazard and the fault-specific hazard using the different NGA methodologies.  

Comparing the seismic displacement with the damage limit states, the seismic risk was 
assessed. The results are given in Table 12 to Table 19 and, in diagrams, in the 
corresponding figures in the following. 

4.2. Case 1x  

Three storey building: b=0.4 m, E=2 Gpa, x direction 

 

 

Figure 52. Capacity curve and equivalent bilinear model for case 1x. The three consecutive 
points at the yield acceleration level refer to the yield displacement, dy, the 
displacement at the higher point of the capacity curve, dm, which is used to 
define the bilinear model according to the equal energy concept, and the 
displacement at the masonry failure level, du. 

Table 12. Seismic displacement and expected damage for case 1x. 

Probabilistic hazard 

Probability of 
exceedance in   50 

years 

Estimated 
displacement 

[cm] 

Expected damage 

10% 2.73 
Extensive damage to 

masonry failure 

20% 1.98 Moderate to extensive 

40% 1.31 Slight to moderate 

  

dy dm du 
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Fault specific hazard – Scenario 1 (Mw = 7.2) 

Method 

Estimated 
displacement 

[cm] 

Expected damage 

ABS13 1.99 Moderate to extensive 

ITA10 4.93 Masonry failure 

ASK14 2.06 Moderate to extensive 

BSSA14 2.85 
Extensive damage to 

masonry failure 

CB14 2.23 Moderate to extensive 

CY14 2.31 Moderate to extensive 

IM14 3.40 
Extensive damage to 

masonry failure 

AS08 2.17 Moderate to extensive 

BA08 2.76 
Extensive damage to 

masonry failure 

CB08 1.55 Moderate to extensive 

CY08 2.38 
Extensive damage to 

masonry failure 

I08 1.94 Moderate to extensive 

Fault specific hazard – Scenario 2 (Mw = 6.8) 

Method 

Estimated 
displacement 

[cm] 

Expected damage 

ABS13 1.79 Moderate to extensive 

ITA10 3.99 Masonry failure 

ASK14 1.77 Moderate to extensive 

BSSA14 2.61 
Extensive damage to 

masonry failure 

CB14 2.14 Moderate to extensive 

CY14 1.81 Moderate to extensive 

IM14 3.08 
Extensive damage to 

masonry failure 

AS08 1.72 Moderate to extensive 

BA08 2.64 
Extensive damage to 

masonry failure 

CB08 1.46 Slight to moderate 

CY08 1.98 Moderate to extensive 

I08 1.24 Slight to moderate 

Fault specific hazard – Scenario 3 (Mw = 6.3) 

Method 

Estimated 
displacement 

[cm] 

Expected damage 

ABS13 1.27 Slight to moderate 

ITA10 1.90 Moderate to extensive 

ASK14 1.29 Slight to moderate 

BSSA14 2.35 
Extensive damage to 

masonry failure 

CB14 1.55 Moderate to extensive 
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CY14 1.27 Slight to moderate 

IM14 2.22 Moderate to extensive 

AS08 1.07 Slight to moderate 

BA08 1.73 Moderate to extensive 

CB08 1.04 Slight to moderate 

CY08 1.52 Slight to moderate 

I08 0.80 Slight to moderate 

 

  

Figure 53. Attained limit states for case 1x, for fault specific hazard. 
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Figure 54. Attained displacement for case 1x, for probabilistic hazard. 

4.3. Case 1y 

Three storey building: b=0.4 m, E=2 Gpa, y direction 

 

Figure 55. Capacity curve and equivalent bilinear model for case 1y. 
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Table 13. Seismic displacement and expected damage for case 1y. 

Probabilistic hazard 

Probability of 
exceedance in   50 

years 

Estimated 
displacement 

[cm] 

Expected damage 

10% 2.73 
Extensive damage to 

masonry failure 

20% 1.97 Moderate to extensive 

40% 1.30 Slight to moderate 

Fault specific hazard – Scenario 1 (Mw = 7.2) 

Method 

Estimated 
displacement 

[cm] 

Expected damage 

ABS13 1.98 Moderate to extensive 

ITA10 4.91 Masonry failure 

ASK14 2.08 
Extensive damage to 

masonry failure 

BSSA14 2.86 
Extensive damage to 

masonry failure 

CB14 2.28 
Extensive damage to 

masonry failure 

CY14 2.34 
Extensive damage to 

masonry failure 

IM14 3.36 Masonry failure 

AS08 2.20 
Extensive damage to 

masonry failure 

BA08 2.76 
Extensive damage to 

masonry failure 

CB08 1.60 Moderate to extensive 

CY08 2.39 
Extensive damage to 

masonry failure 

I08 1.94 Moderate to extensive 

Fault specific hazard – Scenario 2 (Mw = 6.8) 

Method 

Estimated 
displacement 

[cm] 

Expected damage 

ABS13 1.78 Moderate to extensive 

ITA10 3.99 Masonry failure 

ASK14 1.78 Moderate to extensive 

BSSA14 2.61 
Extensive damage to 

masonry failure 

CB14 2.18 
Extensive damage to 

masonry failure 

CY14 1.83 Moderate to extensive 

IM14 3.04 
Extensive damage to 

masonry failure 

AS08 1.73 Moderate to extensive 

BA08 2.64 
Extensive damage to 

masonry failure 
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CB08 1.48 Moderate to extensive 

CY08 1.99 Moderate to extensive 

I08 1.23 Slight to moderate 

Fault specific hazard – Scenario 3 (Mw = 6.3) 

Method 

Estimated 
displacement 

[cm] 

Expected damage 

ABS13 1.25 Slight to moderate 

ITA10 1.89 Moderate to extensive 

ASK14 1.28 Slight to moderate 

BSSA14 2.35 
Extensive damage to 

masonry failure 

CB14 1.57 Moderate to extensive 

CY14 1.29 Slight to moderate 

IM14 2.17 
Extensive damage to 

masonry failure 

AS08 1.07 Slight to moderate 

BA08 1.73 Moderate to extensive 

CB08 1.05 Slight to moderate 

CY08 1.52 Moderate to extensive 

I08 0.78 Slight to moderate 

 

Figure 56. Attained limit states for case 1y, for fault specific hazard. 
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Figure 57. Attained displacement for case 1y, for probabilistic hazard. 

4.4. Case 2x 

Three storey building: b=0.9 m, E=4 Gpa, x direction 

 

Figure 58. Capacity curve and equivalent bilinear model for case 2x. 
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Table 14. Seismic displacement and expected damage for case 2x. 

Probabilistic hazard 

Probability of 
exceedance in   50 

years 

Estimated 
displacement 

[cm] 

Expected damage 

10% 1.32 
Extensive damage to 

masonry failure 

20% 0.89 Moderate to extensive 

40% 0.51 Moderate to extensive 

Fault specific hazard – Scenario 1 (Mw = 7.2) 

Method 

Estimated 
displacement 

[cm] 

Expected damage 

ABS13 0.90 Moderate to extensive 

ITA10 2.56 Masonry failure 

ASK14 0.96 
Extensive damage to 

masonry failure 

BSSA14 1.41 
Extensive damage to 

masonry failure 

CB14 1.10 
Extensive damage to 

masonry failure 

CY14 1.12 
Extensive damage to 

masonry failure 

IM14 1.67 Masonry failure 

AS08 1.04 
Extensive damage to 

masonry failure 

BA08 1.35 
Extensive damage to 

masonry failure 

CB08 0.70 Moderate to extensive 

CY08 1.14 
Extensive damage to 

masonry failure 

I08 0.87 Moderate to extensive 

Fault specific hazard – Scenario 2 (Mw = 6.8) 

Method 

Estimated 
displacement 

[cm] 

Expected damage 

ABS13 0.78 Moderate to extensive 

ITA10 2.05 Masonry failure 

ASK14 0.79 Moderate to extensive 

BSSA14 1.27 
Extensive damage to 

masonry failure 

CB14 1.03 
Extensive damage to 

masonry failure 

CY14 0.83 Moderate to extensive 

IM14 1.49 
Extensive damage to 

masonry failure 

AS08 0.77 Moderate to extensive 

BA08 1.28 
Extensive damage to 

masonry failure 
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CB08 0.63 Moderate to extensive 

CY08 0.91 Moderate to extensive 

I08 0.47 Moderate to extensive 

Fault specific hazard – Scenario 3 (Mw = 6.3) 

Method 

Estimated 
displacement 

[cm] 

Expected damage 

ABS13 0.48 Moderate to extensive 

ITA10 0.85 Moderate to extensive 

ASK14 0.50 Moderate to extensive 

BSSA14 1.11 
Extensive damage to 

masonry failure 

CB14 0.68 Moderate to extensive 

CY14 0.52 Moderate to extensive 

IM14 0.94 Moderate to extensive 

AS08 0.39 Slight to moderate 

BA08 0.76 Moderate to extensive 

CB08 0.38 Slight to moderate 

CY08 0.64 Moderate to extensive 

I08 0.21 Slight to moderate 

 

 

Figure 59. Attained limit states for case 2x, for fault specific hazard. 



Seismic risk assessment of the historical center of Lefkas 58 

 

 

Figure 60. Attained displacement for case 2x, for probabilistic hazard. 

4.5. Case 2y 

Three storey building: b=0.9 m, E=2 Gpa, y direction 

 

Figure 61. Capacity curve and equivalent bilinear model for case 2y. 
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Table 15. Seismic displacement and expected damage for case 2y. 

Probabilistic hazard 

Probability of 
exceedance in   50 

years 

Estimated 
displacement 

[cm] 

Expected damage 

10% 1.26 
Extensive damage to 

masonry failure 

20% 0.85 Moderate to extensive 

40% 0.49 Slight to moderate 

Fault specific hazard – Scenario 1 (Mw = 7.2) 

Method 

Estimated 
displacement 

[cm] 

Expected damage 

ABS13 0.86 Moderate to extensive 

ITA10 2.44 Masonry failure 

ASK14 0.93 Moderate to extensive 

BSSA14 1.36 
Extensive damage to 

masonry failure 

CB14 1.08 
Extensive damage to 

masonry failure 

CY14 1.09 
Extensive damage to 

masonry failure 

IM14 1.57 
Extensive damage to 

masonry failure 

AS08 1.00 
Extensive damage to 

masonry failure 

BA08 1.29 
Extensive damage to 

masonry failure 

CB08 0.70 Moderate to extensive 

CY08 1.10 
Extensive damage to 

masonry failure 

I08 0.83 Moderate to extensive 

Fault specific hazard – Scenario 2 (Mw = 6.8) 

Method 

Estimated 
displacement 

[cm] 

Expected damage 

ABS13 0.74 Moderate to extensive 

ITA10 1.96 Masonry failure 

ASK14 0.76 Moderate to extensive 

BSSA14 1.22 
Extensive damage to 

masonry failure 

CB14 1.01 
Extensive damage to 

masonry failure 

CY14 0.81 Moderate to extensive 

IM14 1.40 
Extensive damage to 

masonry failure 

AS08 0.74 Moderate to extensive 
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BA08 1.23 
Extensive damage to 

masonry failure 

CB08 0.62 Moderate to extensive 

CY08 0.88 Moderate to extensive 

I08 0.45 Moderate to extensive 

Fault specific hazard – Scenario 3 (Mw = 6.3) 

Method 

Estimated 
displacement 

[cm] 

Expected damage 

ABS13 0.45 Moderate to extensive 

ITA10 0.81 Moderate to extensive 

ASK14 0.48 Moderate to extensive 

BSSA14 1.06 
Extensive damage to 

masonry failure 

CB14 0.66 Moderate to extensive 

CY14 0.51 Moderate to extensive 

IM14 0.88 Moderate to extensive 

AS08 0.37 Slight to moderate 

BA08 0.73 Moderate to extensive 

CB08 0.37 Slight to moderate 

CY08 0.62 Moderate to extensive 

I08 0.20 Slight to moderate 

 

 

Figure 62. Attained limit states for case 2y, for fault specific hazard. 
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Figure 63. Attained displacement for case 2y, for probabilistic hazard. 

4.6. Case 3x 

Two storey building: b=0.4 m, E=2 Gpa, x direction 

 

Figure 64. Capacity curve and equivalent bilinear model for case 3x. 
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Table 16. Seismic displacement and expected damage for Case 3x. 

Probabilistic hazard 

Probability of 
exceedance in   50 

years 

Estimated 
displacement 

[cm] 

Expected damage 

10% 2.44 
Extensive damage to 

masonry failure 

20% 1.73 
Extensive damage to 

masonry failure 

40% 1.16 Moderate to extensive 

Fault specific hazard – Scenario 1 (Mw = 7.2) 

Method 

Estimated 
displacement 

[cm] 

Expected damage 

ABS13 1.55 Moderate to extensive 

ITA10 3.69 Masonry failure 

ASK14 1.72 
Extensive damage to 

masonry failure 

BSSA14 2.46 
Extensive damage to 

masonry failure 

CB14 2.39 
Extensive damage to 

masonry failure 

CY14 1.92 
Extensive damage to 

masonry failure 

IM14 2.43 
Extensive damage to 

masonry failure 

AS08 1.72 
Extensive damage to 

masonry failure 

BA08 2.44 
Extensive damage to 

masonry failure 

CB08 1.62 
Extensive damage to 

masonry failure 

CY08 1.90 
Extensive damage to 

masonry failure 

I08 1.06 Moderate to extensive 

Fault specific hazard – Scenario 2 (Mw = 6.8) 

Method 

Estimated 
displacement 

[cm] 

Expected damage 

ABS13 1.55 Moderate to extensive 

ITA10 3.69 Masonry failure 

ASK14 1.72 Moderate to extensive 

BSSA14 2.46 
Extensive damage to 

masonry failure 

CB14 2.39 
Extensive damage to 

masonry failure 

CY14 1.92 
Extensive damage to 

masonry failure 

IM14 2.43 
Extensive damage to 

masonry failure 
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AS08 1.72 
Extensive damage to 

masonry failure 

BA08 2.44 
Extensive damage to 

masonry failure 

CB08 1.62 
Extensive damage to 

masonry failure 

CY08 1.90 
Extensive damage to 

masonry failure 

I08 1.06 Moderate to extensive 

Fault specific hazard – Scenario 3 (Mw = 6.3) 

Method 

Estimated 
displacement 

[cm] 

Expected damage 

ABS13 1.02 Moderate to extensive 

ITA10 1.70 
Extensive damage to 

masonry failure 

ASK14 1.16 Moderate to extensive 

BSSA14 2.14 
Extensive damage to 

masonry failure 

CB14 1.65 Moderate to extensive 

CY14 1.37 Moderate to extensive 

IM14 1.61 Moderate to extensive 

AS08 1.02 Moderate to extensive 

BA08 1.61 Moderate to extensive 

CB08 1.08 Moderate to extensive 

CY08 1.42 Moderate to extensive 

I08 0.61 Slight to moderate 
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Figure 65. Attained limit states for case 3x, for fault specific hazard. 

 

Figure 66. Attained displacement for case 3x, for probabilistic hazard. 
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4.7. Case 3y 

Two storey building: b=0.4 m, E=2 Gpa, y direction 

 

Figure 67. Capacity curve and equivalent bilinear model for case 3y. 

Table 17. Seismic displacement and expected damage for Case 3y. 

Probabilistic hazard 

Probability of 
exceedance in   50 

years 

Estimated 
displacement 

[cm] 

Expected damage 

10% 2.54 
Extensive damage to 

masonry failure 

20% 1.80 
Extensive damage to 

masonry failure 

40% 1.21 Moderate to extensive 

Fault specific hazard – Scenario 1 (Mw = 7.2) 

Method 

Estimated 
displacement 

[cm] 

Expected damage 

ABS13 1.85 
Extensive damage to 

masonry failure 

ITA10 4.50 Masonry failure 

ASK14 2.14 
Extensive damage to 

masonry failure 

BSSA14 2.86 
Extensive damage to 

masonry failure 

CB14 2.68 
Extensive damage to 

masonry failure 

CY14 2.52 
Extensive damage to 

masonry failure 
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IM14 2.79 
Extensive damage to 

masonry failure 

AS08 2.32 
Extensive damage to 

masonry failure 

BA08 2.67 
Extensive damage to 

masonry failure 

CB08 1.94 
Extensive damage to 

masonry failure 

CY08 2.39 
Extensive damage to 

masonry failure 

I08 1.79 
Extensive damage to 

masonry failure 

Fault specific hazard – Scenario 2 (Mw = 6.8) 

Method 

Estimated 
displacement 

[cm] 

Expected damage 

ABS13 1.61 Moderate to extensive 

ITA10 3.83 Masonry failure 

ASK14 1.79 
Extensive damage to 

masonry failure 

BSSA14 2.56 
Extensive damage to 

masonry failure 

CB14 2.49 
Extensive damage to 

masonry failure 

CY14 2.00 
Extensive damage to 

masonry failure 

IM14 2.52 
Extensive damage to 

masonry failure 

AS08 1.79 
Extensive damage to 

masonry failure 

BA08 2.54 
Extensive damage to 

masonry failure 

CB08 1.69 
Extensive damage to 

masonry failure 

CY08 1.98 
Extensive damage to 

masonry failure 

I08 1.11 Moderate to extensive 

Fault specific hazard – Scenario 3 (Mw = 6.3) 

Method 

Estimated 
displacement 

[cm] 

Expected damage 

ABS13 1.06 Moderate to extensive 

ITA10 1.77 
Extensive damage to 

masonry failure 

ASK14 1.22 Moderate to extensive 

BSSA14 2.23 
Extensive damage to 

masonry failure 

CB14 1.72 
Extensive damage to 

masonry failure 

CY14 1.43 Moderate to extensive 
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IM14 1.67 
Extensive damage to 

masonry failure 

AS08 1.07 Moderate to extensive 

BA08 1.68 
Extensive damage to 

masonry failure 

CB08 1.13 Moderate to extensive 

CY08 1.49 Moderate to extensive 

I08 0.64 Slight to moderate 

 

 

Figure 68. Attained limit states for case 3y, for fault specific hazard. 
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Figure 69. Attained displacement for 3y, for fault specific hazard. 

4.8. Case 4x 

Two storey building: b=0.9 m, E=4 Gpa, x direction 

 

Figure 70. Capacity curve and equivalent bilinear model for case 4x. 
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Table 18. Seismic displacement and expected damage for Case 4x. 

Probabilistic hazard 

Probability of 
exceedance in   50 

years 

Estimated 
displacement 

[cm] 

Expected damage 

10% 1.07 
Extensive damage to 

masonry failure 

20% 0.74 
Extensive damage to 

masonry failure 

40% 0.47 Moderate to extensive 

Fault specific hazard – Scenario 1 (Mw = 7.2) 

Method 

Estimated 
displacement 

[cm] 

Expected damage 

ABS13 0.76 Moderate to extensive 

ITA10 1.96 Masonry failure 

ASK14 0.92 
Extensive damage to 

masonry failure 

BSSA14 1.25 
Extensive damage to 

masonry failure 

CB14 1.21 
Extensive damage to 

masonry failure 

CY14 1.11 
Extensive damage to 

masonry failure 

IM14 1.14 
Extensive damage to 

masonry failure 

AS08 1.01 
Extensive damage to 

masonry failure 

BA08 1.15 
Extensive damage to 

masonry failure 

CB08 0.87 
Extensive damage to 

masonry failure 

CY08 1.03 
Extensive damage to 

masonry failure 

I08 0.73 Moderate to extensive 

Fault specific hazard – Scenario 2 (Mw = 6.8) 

Method 

Estimated 
displacement 

[cm] 

Expected damage 

ABS13 0.65 Moderate to extensive 

ITA10 1.67 Masonry failure 

ASK14 0.75 Moderate to extensive 

BSSA14 1.10 
Extensive damage to 

masonry failure 

CB14 1.11 
Extensive damage to 

masonry failure 
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CY14 0.87 
Extensive damage to 

masonry failure 

IM14 1.03 
Extensive damage to 

masonry failure 

AS08 0.76 Moderate to extensive 

BA08 1.09 
Extensive damage to 

masonry failure 

CB08 0.73 Moderate to extensive 

CY08 0.84 
Extensive damage to 

masonry failure 

I08 0.42 Moderate to extensive 

Fault specific hazard – Scenario 3 (Mw = 6.3) 

Method 

Estimated 
displacement 

[cm] 

Expected damage 

ABS13 0.39 Moderate to extensive 

ITA10 0.73 Moderate to extensive 

ASK14 0.48 Moderate to extensive 

BSSA14 0.94 
Extensive damage to 

masonry failure 

CB14 0.74 Moderate to extensive 

CY14 0.60 Moderate to extensive 

IM14 0.65 Moderate to extensive 

AS08 0.42 Moderate to extensive 

BA08 0.69 Moderate to extensive 

CB08 0.46 Moderate to extensive 

CY08 0.61 Moderate to extensive 

I08 0.20 Moderate to extensive 
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Figure 71. Attained limit states for case 4x, for fault specific hazard. 

 

Figure 72. Attained displacement for case 4x, for probabilistic hazard. 
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4.9. Case 4y 

Two storey building: b=0.9 m, E=4 Gpa, y direction 

 

Figure 73. Capacity curve and equivalent bilinear model for case 4y. 

Table 19. Seismic displacement and expected damage for Case 4y. 

Probabilistic hazard 

Probability of 
exceedance in   50 

years 

Estimated 
displacement 

[cm] 

Expected damage 

10% 1.04 
Extensive damage to 

masonry failure 

20% 0.71 
Extensive damage to 

masonry failure 

40% 0.46 Moderate to extensive 

Fault specific hazard – Scenario 1 (Mw = 7.2) 

Method 

Estimated 
displacement 

[cm] 

Expected damage 

ABS13 0.74 Moderate to extensive 

ITA10 1.89 Masonry failure 

ASK14 0.89 
Extensive damage to 

masonry failure 

BSSA14 1.21 
Extensive damage to 

masonry failure 

CB14 1.18 
Extensive damage to 

masonry failure 

CY14 1.08 
Extensive damage to 

masonry failure 

IM14 1.10 
Extensive damage to 

masonry failure 
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AS08 0.98 
Extensive damage to 

masonry failure 

BA08 1.11 
Extensive damage to 

masonry failure 

CB08 0.85 
Extensive damage to 

masonry failure 

CY08 1.00 
Extensive damage to 

masonry failure 

I08 0.71 Moderate to extensive 

Fault specific hazard – Scenario 2 (Mw = 6.8) 

Method 

Estimated 
displacement 

[cm] 

Expected damage 

ABS13 0.63 Moderate to extensive 

ITA10 1.62 Masonry failure 

ASK14 0.73 Moderate to extensive 

BSSA14 1.07 
Extensive damage to 

masonry failure 

CB14 1.09 
Extensive damage to 

masonry failure 

CY14 0.85 
Extensive damage to 

masonry failure 

IM14 0.99 
Extensive damage to 

masonry failure 

AS08 0.74 Moderate to extensive 

BA08 1.05 
Extensive damage to 

masonry failure 

CB08 0.72 Moderate to extensive 

CY08 0.81 
Extensive damage to 

masonry failure 

I08 0.41 Moderate to extensive 

Fault specific hazard – Scenario 3 (Mw = 6.3) 

Method 

Estimated 
displacement 

[cm] 

Expected damage 

ABS13 0.38 Moderate to extensive 

ITA10 0.71 Moderate to extensive 

ASK14 0.46 Moderate to extensive 

BSSA14 0.91 
Extensive damage to 

masonry failure 

CB14 0.72 Moderate to extensive 

CY14 0.59 Moderate to extensive 

IM14 0.62 Moderate to extensive 

AS08 0.41 Moderate to extensive 

BA08 0.67 Moderate to extensive 

CB08 0.44 Moderate to extensive 

CY08 0.59 Moderate to extensive 

I08 0.20 Moderate to extensive 
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Figure 74. Attained limit states for case 4y, for fault specific hazard. 

 

Figure 75. Attained displacements for case 4y, for probabilistic hazard. 



Seismic risk assessment of the historical center of Lefkas 75 

 

5. Conclusions 

 The seismicity of Lefkas is dominated by the Northern segment of the Cephalonia 

Transform fault. For the estimation of the seismic hazard a probabilistic and a deterministic 
approach were considered. According to the probabilistic approach three levels of hazard 
were evaluated for a return period of 100, 225 and 475 years accordingly. The hazard values 
were given for a rock site and through the use of amplification parameters given by IBC for 
different soil types and levels of rock ground motion these values were translated in ground 
and spectral accelerations for a soil of Vs30 velocity of 250m/sec accounting for the soil type 
at the site of Lefkas city center. The values for 0.2 structural period approximating the 
constant spectral acceleration period range, and 1.0 sec period accounting for the constant 
velocity period range, permitted the construction of demand spectra for the probabilistic 
scenarios. The deterministic approach was based on the characteristics of the Lefkas 
segment of CFT for three levels of event magnitude, a) an event of 7.2 magnitude 
considered as the extreme case of an event on the fault, similar to the assumptions inherent 
in the already referred probabilistic approach, b) a 6.8 event considered as the maximum 
magnitude occurring at the fault during the last four hundred years and c) a 6.3 magnitude 
event compatible with a 100 years return period and considered as comparatively a 
common event for the considered site. For each of the referred deterministic cases a set of 

attenuation relationships were used. Most of them were taken from the NGA 2008 and NGA 
2014 research programs The main exception is the ITA10 attenuation relationship compiled 
in 1910 for the events of the Italian peninsula and used by the probabilistic EFEHR 
methodology for the Lefkas fault. Accordingly, the relationship was used in order to 
associate the probabilistic and deterministic approaches. From the attenuation relationships 
peak ground accelerations as well as spectral accelerations for 0.2 and 1.0 periods were 
evaluated. The spectral values for the constant acceleration and constant velocity regions 
permitted the compilation of demand spectra to be used with the structural capacity curves 
for the estimation of the expected risk. 

The methodology for the estimation of the attained structural risk is the following. For each 
of the four structural types an estimated pushover curve is translated to a capacity curve in 
terms of spectral acceleration versus spectral displacement. A characteristic of the capacity 
curves is that at a displacement close to that of the maximum attained acceleration, 
considered as the yield acceleration Say, the masonry fails with a degradation of its bearing 
capacity of more than 30%. This point is considered associated with masonry failure and the 

relevant displacement is considered as the ultimate masonry displacement du. The yield 
displacement dy is evaluated from a bilinear approximation of the capacity curve up to the 
point of maximum attained acceleration Say. The upper point of the approximated elasti 
branch defines the yield displacement dy. The values of the considered limit states of slight, 
moderate, extensive masonry damage and masonry failure are evaluated from the 
relationships given by Lagomarsino and Giovinazzi. After the point of masonry failure and 
the following bearing capacity degradation the timber framing stabilizes the structural 
capacity for further deformation avoiding structural collapse up to its consequent failure. 
This final state of timber frame failure is never reached even in the cases of extreme 

calculated risk values. The N2 method proposed by Fajfar is used for the estimation of the 
attained displacement with the use of the demand and capacity curves. The results 
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produced for the probabilistic hazard refer to the three return periods for each of the 
structural cases. The results show that: 

 For cases 1x and 1y, the structural risk exceeds slight damage for the 100 years 

period earthquake, moderate damage for the 225 years period earthquake and 
extensive damage for the 475 years period earthquake. 

 For cases 2x, 2y, 4x and 4y, the structural risk exceeds moderate damage for the 100 

years period and the 225 years period earthquakes and extensive damage for the 
475 years period earthquake. 

 For cases 3x, and 3y, the structural risk exceeds moderate damage for the 100 years 

period earthquake and extensive damage and for the 225 years and the 475 years 
period earthquakes. 

For the deterministic risk assessment, the following results were obtained: 

 Case 1x. The only attenuation relationship that presents constantly extreme values 

of risk, exceeding the masonry failure limit state for the 7.2 and 6.8 events, is the 
ITA10 relationship which can be finally disregarded. According to the remaining 
attenuation relationships, for the extreme case of a 7.2 event, masonry failure 
occurs in one case, the extensive damage limit state is exceeded in six cases and the 

moderate limit state is exceeded in four cases. For the 6.8 event, the extensive 
damage limit state is exceeded in four cases, the moderate limit state is exceeded in 
six cases and the slight damage limit state is exceeded in one case. For the 6.3 event, 
the extensive damage limit state is exceeded in two cases, the moderate limit state 
is exceeded in three cases and the slight damage limit state is exceeded in six cases. 

 Case 1y. Disregarding the extreme case of ITA10, for the remaining relationships the 
following limit states are attained: For the extreme case of a 7.2 event, the extensive 
damage limit state is exceeded in seven cases and the moderate limit state is 
exceeded in four cases. For the 6.8 event, the extensive damage is exceeded four 
times, the moderate damage is exceeded six times and the slight damage is 
exceeded once. For the 6.3 event, the extensive damage is exceeded twice, the 
moderate damage is exceeded three times and the slight damage is exceeded six 
times. 

 Case 2x. Disregarding the extreme case of ITA10, for the remaining relationships the 

following limit states are attained: For the extreme case of a 7.2 event, the masonry 
fails in one case, the extensive damage limit state is exceeded in six cases and the 

moderate limit state is exceeded in four cases. For the 6.8 event, the extensive 
damage is exceeded four times and the moderate damage is exceeded seven times. 

For the 6.3 event, the extensive damage is exceeded once, the moderate damage is 
exceeded seven times and the slight damage is exceeded three times.  

 Case 2y. Disregarding the extreme case of ITA10, for the remaining relationships the 

following limit states are attained: For the extreme case of a 7.2 event, the extensive 
damage limit state is exceeded in seven cases and the moderate limit state is 
exceeded in four cases. For the 6.8 event, the extensive damage is exceeded four 

times, the moderate damage is exceeded six times and the slight damage is 
exceeded once. For the 6.3 event, the extensive damage is exceeded once, the 
moderate damage is exceeded seven times and the slight damage is exceeded three 
times.  
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 Case 3x. Disregarding the extreme case of ITA10, for the remaining relationships the 

following limit states are attained: For the extreme case of a 7.2 event, the extensive 
damage limit state is exceeded in all eleven cases. For the 6.8 event, the extensive 

damage is exceeded eight times and the moderate damage is exceeded three times 
and the slight damage is exceeded once. For the 6.3 event, the extensive damage is 
exceeded twice and the moderate damage is exceeded nine times.  

 Case 3y. Disregarding the extreme case of ITA10, for the remaining relationships the 

following limit states are attained: For the extreme case of a 7.2 event, masonry 
failure occurs in four cases and the extensive damage limit state is exceeded in seven 
cases. For the 6.8 event, the extensive damage is exceeded ten times and the 
moderate damage is exceeded once. For the 6.3 event, the extensive damage is 
exceeded five times, the moderate damage is exceeded six times and the slight 
damage is exceeded once.  

 Case 4x. Disregarding the extreme case of ITA10, for the remaining relationships the 

following limit states are attained. For the extreme case of a 7.2 event, the extensive 
damage limit state is exceeded in nine cases and the moderate limit state is 
exceeded in two cases. For the 6.8 event, the extensive damage is exceeded six 
times and the moderate damage is exceeded five times. For the 6.3 event, the 
extensive damage is exceeded once and the moderate damage is exceeded ten 

times.  

 Case 4y. Disregarding the extreme case of ITA10, for the remaining relationships the 

following limit states are attained: For the extreme case of a 7.2 event, the extensive 
damage limit state is exceeded in nine cases and the moderate limit state is 
exceeded in two cases. For the 6.8 event, the extensive damage is exceeded six 
times and the moderate damage is exceeded five times. For the 6.3 event, the 
extensive damage is exceeded once and the moderate damage is exceeded ten 
times.  

From the referred observations it can be stated that, generally, the structural risk is below 
the limit of masonry failure and, even in few cases in which this limit state is attained, the 
timber frame remains intact and, thus, preserves structural collapse. This conclusion is 
compatible with post event recent reports, as well as chroniclers’ descriptions.  
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APPENDIX A 
NGA relationships 

 

The NGA database, used by the developers, consisted of 3,551 publicly available multi-
component records from 173 shallow crustal earthquakes by 1,456 recording stations. The 
aforementioned numbers were significantly raised in 2014 with 21,336 three-component 
records from 600 earthquakes by 4,147 recording stations. Apart from the earthquakes 
records, the database contains supporting information about the location of the recording 
stations, source parameters, source-to-site distance and local site conditions at the 
recording stations. 

All the attenuation models estimate peak ground acceleration (PGA), peak ground velocity 
(PGV), 5% damped elastic pseudo-response spectral accelerations (Sa) in the period range of 
0 to 10 seconds and the corresponding standard deviations. Ground motion prediction 
equations can be applied for the average horizontal component ground motions. The 
applications thresholds and the independent parameters that are involved in the prediction 
equations differ among the five models. For the development of the NGA relations 

database, records were analyzed in combination with basic seismological theory, simple 
seismological models and supplemental analyses. The following effects on ground motions 
were taken into account: 

 moderate to large magnitude scaling at close distances 

 distance scaling at both close and far distances  

 rupture directivity 

 footwall and hanging wall for dipping faults  

 style of faulting 

 depth to faulting 

 static stress drop 

 site amplification relative to a reference 'rock' condition 

 sedimentary basin amplification and depth to basement rock 

The consideration in the statistical analysis of data pertained to the following: 

 uncertainties in predictor variables 

 dependence of standard errors on magnitude 

 distance 

 soil type 

 shaking level 

Each developer decided which effects should be incorporated in the attenuation model and 
which parameters should be included in the ground motion prediction equations. The 
directivity effect is not yet adequately analyzed in order to be inserted in the attenuation 
models. The developers of the attenuation models in 2008 version were: 

 Norman Abrahamson and Water Silva (AS08  model) 

 David Boore and Gail Atkinson (BA08 model) 

 Kenneth Campbell and Yousef Bozorgnia (CB08 model) 
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 Brian Chiou and Robert  Youngs (CY08 model) 

 Izzat Idriss (I08 model) 

In the latest version of 2014, in the first team, participated Ronnie Kamai  (ASK14 model), 
and in the second team Jonathan Stewart and Emel Seyhan were added (BSSA14 model). 
The other teams remained unchanged (CB14 model, CY14 model and IM14 model 
respectively). 

Ground motion prediction equations include parameters for a particular seismic scenario. 
The definitions of the parameters are given in Table A10 and Table A11. The number of used 
parameters as well as the complexity varies for the different attenuation models 
(Abrahamson and Silva 2008, Boore and Atkinson 2008, Campbell and Bozorgnia 2008, 
Chiou and Youngs 2008, Idriss 2008, Abrahamson et al. 2014, Boore et al. 2014, Campbell 
and Bozorgnia 2014, Chiou and Youngs 2014, Idriss 2014). The models with greater 
complexity and number of parameters are ASK, CB and CY while BSSA and IM have a simpler 
form. Furthermore, the model of Akkar and Bommer as well that developed for Italy in 2010 
are included. The parameters can be divided in the following categories: 

 Earthquake's magnitude (M) 

 Fault style and geometry (strike-slip/normal/reverse fault, δ, λ) 

 Distance between fault and examined site (RJB, RRUP, RY0, RX, CRJB) 

 Soil type and depth to basement bedrock (VS30, Z1.0, Z2.5) 

 Depth of the rupture (ZTOR, ZHYPO) 

 Hanging wall effect (FHW) 

 Earthquake classification (mainshock/aftershock)  

 Modeling region (California/Japan/China/Taiwan/Italy/Turkey) 

 

Table A-1. Abbreviations of ground motion prediction equations’ names. 

 

 

 

 

 

 

 

 

 

 

 

 

Abbreviation Name of the model 

AS08 Norman Abrahamson &  Water Silva , 2008 

BA08 David Boore & Gail Atkinson , 2008 

CB08 Kenneth Campbell & Yousef Bozorgnia , 2008 

CY08 Brian Chiou & Robert Youngs , 2008 

I08 Izzat Idriss , 2008 

ASK14 Norman Abrahamson,  Water Silva & Ronnie Kamai  , 2014 

BSSA14 David Boore, Jonathan Stewart, Emel Seyhan & Gail Atkinson , 2014 

CB14 Kenneth Campbell & Yousef Bozorgnia , 2014 

CY14 Brian Chiou & Robert Youngs , 2014 

IM14 Izzat Idriss , 2014 

ABS13 Sinan Akkar, bbdulah Sndikkaya & Julian Bommer , 2013 

ITA10 Bindi et al. , 2010 
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Table A-2. Parameters used by the new generation attenuation relations (NGA 2008). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Parameter/Model AS08 BA08 CB08 CY08 I08 

Moment 
Magnitude 

Μ X X X X X 

Soil 
Classification 

VS30 (m/s) X X X X X 

Fa
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’s

 c
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U - X - - - 

SS - X - - - 

NS - X - - - 

RS - X - - - 

FRV X - X X - 

FNM X - X X - 

F - - - - X 

W (km) X - - - - 

Dip/δ () X - X X - 

λ () - - - - - 

D
is
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RJB (km) X X X X - 

RRUP (km) X - X X X 

RX (km) X - - X - 

CRJB (km) - - - - - 

RY0 (km) - - - - - 

REPI (km) - - - - - 

RHYPO (km) - - - - - 

ZTOR (km) X - X X - 

Z1,0 (m) X - - X - 

Z2,5 (km) - - X - - 

ΔΖTOR (km) - - - - - 

ΔΖ1,0 (m) - - - - - 

ZHYPO (km) - - - - - 
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Table A-3. Parameters used by the new generation attenuation relations (NGA 2008). 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

  

Parameter/Model AS08 BA08 CB08 CY08 I08 

Directivity 
DPP - - - - - 

ΔDPP - - - - - 

Earthquake’s 
classification 

FAS X - - X - 

Event 
Type 

- - - - - 

Hanging wall 

FHW X - - X - 

HW 
Taper 

X - - - - 

R
eg

io
n

 

Region - - - - - 

FCL - - - - - 

FCN - - - - - 

FJP - - - - - 

FTW - - - - - 

SJ - - - - - 

Estimation of VS30 
FINF - - - X - 

FMEAS X - - X - 
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Table A-4. Parameters used by the new generation attenuation relations (NGA 2014). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Parameter/Model ASK14 BSSA14 CB14 CY14 IM14 

Moment 
Magnitude 

Μ X X X X X 

Soil 
Classification 

VS30 (m/s) X X X X X 

Fa
u

lt
’s

 c
h

ar
ac

te
ri

st
ic

s 
U - X - - - 

SS - X - - - 

NS - X - - - 

RS - X - - - 

FRV X - X X - 

FNM X - X X - 

F - - - - X 

W (km) X - X - - 

Dip/δ () X - X X - 

λ () - - X - - 

D
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n
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w

e
en

 s
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d
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lt

 

RJB (km) X X X X - 

RRUP (km) X - X X X 

RX (km) X - X X - 

CRJB (km) X - - - - 

RY0 (km) X - - - - 

REPI (km) - - - - - 

RHYPO (km) - - - - - 

ZTOR (km) X X X X - 

Z1,0 (m) X X - X - 

Z2,5 (km) - - X - - 

ΔΖTOR (km) - - - X - 

ΔΖ1,0 (m) - - - X - 

ZHYPO (km) - X X - - 
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Table A-5. Parameters used by the new generation attenuation relations (NGA 2014). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Parameter/Model ASK14 BSSA14 CB14 CY14 IM14 

Directivity 
DPP - - - X - 

ΔDPP - - - X - 

Earthquake’s 
classification 

FAS X - - - - 

Event 
Type 

- X - - - 

Hanging wall 

FHW X - - X - 

HW 
Taper 

- - - - - 

R
eg

io
n

 

Region - X - X - 

FCL X - - - - 

FCN X - - - - 

FJP X - - - - 

FTW X - - - - 

SJ - - X - - 

Estimation of VS30 
FINF X - - X - 

FMEAS - - - X - 
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Table A-6. Parameters used by Italian ground motion prediction models. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Parameter/Model ITA10 ABS13 

Moment 
Magnitude 

Μ X X 

Soil 
Classification 

VS30 (m/s) X X 

Fa
u
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’s

 c
h

ar
ac
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U X X 

SS X X 

NS X X 

RS X X 

FRV - - 

FNM - - 

F - - 

W (km) - - 

Dip/δ () - - 

λ () - - 

D
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RJB (km) X X 

RRUP (km) - - 

RX (km) - - 

CRJB (km) - - 

RY0 (km) - - 

REPI (km) - X 

RHYPO (km) - X 

ZTOR (km) - - 

Z1,0 (m) - - 

Z2,5 (km) - - 

ΔΖTOR (km) - - 

ΔΖ1,0 (m) - - 

ZHYPO (km) - - 
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Table A-7. Parameters used by Italian ground motion prediction models. 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

  

Parameter/Model ITA10 ABS13 

Directivity 
DPP - - 

ΔDPP - - 

Earthquake’s 
classification 

FAS - - 

Event 
Type 

- - 

Hanging wall 

FHW - - 

HW 
Taper 

- - 
R

eg
io

n
 

Region - - 

FCL - - 

FCN - - 

FJP - - 

FTW - - 

SJ - - 

Estimation of VS30 
FINF - - 

FMEAS - - 
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Table A-8. Limits for new generation attenuation models’ implementation (NGA 2008). 

 

Table A-9. Limits for new generation attenuation models’ implementation (NGA 2014). 

 

Parameter/Model AS08 BA08 CB08 CY08 I08 

Moment Magnitude 
M (Strike slip fault) 

5≤M≤8,5 

5≤M≤8 

4<M<8,5 4≤M≤8,5 5≤M≤8,5 

Moment Magnitude 
M (Reverse fault) 5≤M≤8 

 

4<M<8 

4≤M≤8 

5≤M≤8 

Moment Magnitude 
M (Normal fault) 

4<M<7,5 5≤M≤8,5 

Rupture Distance 
RRUP (km) 

0≤RRUP≤200 - 0≤RRUP≤200 0≤RRUP≤200 0≤RRUP≤200 

Joyner-Boore 
Distance RJB (km) 

- 0≤RJB≤200 - - - 

Velocity VS30 (m/s) 150≤VS30≤2000 180≤VS30≤1300 150≤VS30≤1500 150≤VS30≤1500 
450≤VS30≤900 
και VS30>900 

Depth Z2,5 (km) - - 0≤Z2,5≤10 - - 

Depth ZTOR (km) - - 0≤ZTOR≤15 - - 

Dip angle δ () - - 15≤δ≤90 - - 

Reference Velocity 
Vref (m/s) 

1100 760 1100 1130 - 

Parameter/Model ASK14 BSSA14 CB14 CY14 IM14 

Moment Magnitude 
M (Strike slip) 

3≤M≤8,5 
 
 

3≤M≤8,5 

3,3≤M<8,5 3,5≤M≤8,5 

5≤M≤8 Moment Magnitude 
M (Reverse fault) 

3,3≤M≤8 

3,5≤M≤8 
Moment Magnitude 

M (Normal fault) 
3,3≤M≤7 3,3≤M<7 

Rupture Distance 
RRUP (km) 

0≤RRUP≤300 0≤RRUP≤400 0≤RRUP≤300 0≤RRUP≤300 0≤RRUP≤150 

Velocity VS30 (m/s) 180≤VS30≤1500 150≤VS30≤1500 150≤VS30≤1500 180≤VS30≤1500 450≤VS30≤2000 

Depth ZTOR (km) - - - ZTOR≤20 - 

Reference Velocity 
Vref (m/s) 

1100 760 1100 1130 - 
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Table A-10. Limits for European attenuation models’ implementation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Moment Magnitude 
M (Strike slip) 

ITA10 ABS13 

Moment Magnitude 
M (Reverse slip) 

4≤M≤6.9 
 
 

4≤M≤8 
 

Moment Magnitude 
M (Normal fault) 

Rupture Distance 
RRUP (km) 

Joyner-Boore 
Distance RJB (km) 

0≤RJB≤200 0≤RJB≤200 

Velocity VS30 (m/s) - 0≤RHYPO≤200 

Depth Z2,5 (km) - 0≤REPI≤200 

Depth ZTOR (km) 180≤VS30≤1500 150≤VS30≤1500 

Dip angle δ () - - 

Reference Velocity 
Vref (m/s) 

1100 750 
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Table A-11. Definitions of the parameters used by attenuation relations. 

Parameter Definition 

Moment 
Magnitude 

Μ Moment Magnitude 

Soil 
Classification 

VS30 (m/s) “Average” shear wave velocity for the upper 30m at the site 

Fa
u
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’s

 c
h

ar
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te
ri

st
ic

s 

U Flag for unspecified fault type 

SS Flag for strike-slip fault type 

NS Flag for normal-slip fault type 

RS Flag for reverse-slip fault type 

FRV Flag for reverse and reverse/oblique fault type 

FNM Flag for normal fault type 

F 
Refers to source mechanism, 0 for stike-slip and normal mechanisms and 1 for 

reverse and oblique mechanisms 

W (km) Fault’s width 

Dip/δ () Fault’s dip angle 

λ () Fault’s rake angle 

D
is
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RJB (km) 
Joyner-Boore distance, the shortest distance from a site to the surface projection 

of the rupture surface. 

RRUP (km) Rupture distance, the shortest distance from a site to a rupture surface. 

RX (km) 

Distance Rx, the shortest horizontal distance from a Site to a line defined by 
extending the fault trace (or the top edge of the rupture) to infinity in both 

directions. Values on the hanging-wall are positive and those on the foot-wall are 
negative. 

CRJB (km) 

Centroid Joyner-Boore distance, which is the shortest distance between the 
centroid of Joyner-Boore rupture surface of the potential Class 2 earthquakes 
and the closest point on the edge of the Joyner-Boore rupture surface of the 

main shock 

RY0 (km) 
RY0 distance,  the horizontal distance off the end of rupture measured parallel to 

strike, only for sites on the hanging wall side 

REPI (km) 
Epicentral distance, the distance between the site and the earthquake’s 

epicenter 

RHYPO (km) Hypocentral distance,  the distance between the site and the earthquake’s focus 

ZTOR (km) Depth to top of rupture 

Z1,0 (m) Depth to rock with shear wave velocity = 1.0 km/sec 

Z2,5 (km) Depth to rock with shear wave velocity = 2.5 km/sec 

ΔΖTOR (km) ZTOR centered on the M-dependent average 

ΔΖ1,0 (m) Z1.0 centered on the VS30-dependent average 

ZHYPO (km) The hypocentral depth of the earthquake measured from sea level 

http://www.opensha.org/glossary-hangingFootWall
http://www.opensha.org/glossary-hangingFootWall
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Table A-12. Definitions of the parameters used by attenuation relations. 

Parameter Definition 

Directivity 
Earthquake 

classification 

DPP Direct point parameter for directivity effect 

ΔDPP DPP centered on the site- and earthquake specific average DPP 

Earthquake’s 
classification 

 
 

FAS 
Flag for aftershocks,0 for main shock (Class 1) and 1 for aftershock 

(Class 2) 

Event Type 
Flag for aftershocks,0 for main shock (Class 1) and 1 for aftershock 

(Class 2) 

Hanging wall 

FHW 

Flag for hanging wall sites, 1 for sites on the hanging wall side (HW) 
of the fault, 0 otherwise. The boundary between the foot wall (FW) 

and HW is defined by the vertical projection of the top of the 
rupture. For dip of 90 degrees is 0. 

HW Taper 

To choose the hanging wall taper to be used in AS08. Enter 0 to use 
the hanging wall taper as published in Abrahamson and Silva (2008) 

or enter 1 to use the hanging wall taper suggested by Norm 
Abrahamson. 

 
R
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Region 

Flag for region, is 0 if no regional correction is to be made(default 
value),1 for California, New Zealand (this also provides no 

correction), 2 for China and Turkey and 3 for Italy, 4 for Japan and 5 
for Taiwan 

FCL 
Is an indicator variable representing regional effects, where 1 is for 

sites located in California and 0 otherwise 

FCN 
Is an indicator variable representing regional effects, where 1 is for 

sites located in China and 0 otherwise 

FJP 
Is an indicator variable representing regional effects, where 1 is for 

sites located in Japan and 0 otherwise 

FTW 
Is an indicator variable representing regional effects, where 1 is for 

sites located in Taiwan and 0 otherwise 

SJ 
Is an indicator variable representing regional effects, where 1 is for 

sites located in Japan and 0 otherwise 

Estimation of 
VS30 

FINF 
Is an indicator variable which shows if VS30 is estimated or 

measured. 1 for estimated VS30 and 0 otherwise 

FMEAS 
Is an indicator variable which shows if VS30 is estimated or 

measured. 1 for measured VS30 and 0 otherwise 
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