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ABSTRACT 

 

The walled city of Famagusta, located in the northeastern part of Cyprus, was once the 

richest city in the world. However, a long series of invasions, in combination with other 

factors, such as wars, earthquakes and political instability, led the city to its utter decay. The 

past richness of the port is today reflected in its severely deteriorated architectural heritage; 

reason why, in 2008, Famagusta was placed on the World Monuments Watch List of 100 

Most Endangered Sites by the World Monument Fund. At present, one of the biggest issues 

threatening the remaining heritage comes from the seismicity of the region. Famagusta 

belongs to the most seismic prone area of the island; and its vulnerability is increased by the 

ground conditions, which make the region likely to have strong impact of earthquakes. 

This thesis addresses the study of the condition and structural stability of the medieval 

Armenian Church in Famagusta, which is valuable because of its still surviving frescoes. In 

general, three main research steps are done. First, a historical analysis of the old damage 

and previous restoration works is carried out, along an evaluation of the current structural 

condition based on an in-situ visual inspection. Subsequently, non-destructive tests are 

performed, namely dynamic identification analysis and sonic tests, in order to characterize 

the masonry condition and the dynamic properties of the building. Finally, a numerical 

evaluation of the church is performed using a 3D finite element model. The non-linear 

behavior of the structure is measured under vertical and horizontal loads. In particular, the 

static pushover and dynamic time-history methods are applied to assess its seismic 

performance. The results of these analyses are studied in terms of the generated capacity 

curves and the structural damage patterns; and used to justify the old observed damage and 

present condition of the edifice, and to discuss its safety. 

The present work was able to justify numerous important, old and current damage features of 

the Armenian Church. Particularly, good consistency was obtained regarding the damage 

pattern of the transversal west and east sides of the edifice. Furthermore, the results indicate 

that the building presents a considerable safety level in terms of vertical loading, as well as a 

good overall seismic performance. These characteristics can be attributed to the regularity of 

the masonry structure and to the high stiffness and moderate height of the masonry walls. 

Nonetheless, further investigation and numerical analyses are required in order to have an 

adequate judgment regarding, mainly, the seismic capacity of the church. 
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RESUMO 

Título: Estudo da Igreja Arménia em Famagusta 

A cidade amuralhada de Famagusta, localizada na parte nordeste do Chipre, já foi a cidade 

mais rica do mundo. No entanto, uma longa série de invasões, em combinação com outros 

fatores, tais como guerras, terremotos e instabilidade política, levou a cidade à sua 

decadência total. A riqueza do porto no passado é refletida no seu património arquitetónico 

atualmente severamente deteriorado; razão pela qual, em 2008, Famagusta foi colocado na 

lista “World Monuments Watch List of 100 Most Endangered Sites” pelo “World Monument 

Fund”. Atualmente, um dos maiores problemas que ameaçam o património restante advém 

da sismicidade da região. Famagusta pertence à área da ilha mais propensa a sismos; e sua 

vulnerabilidade é aumentada pelas condições do solo, o que torna a região num foco de 

terremotos de elevado impacto. 

Esta tese aborda o estudo da condição e da estabilidade estrutural da medieval Igreja 

Armênia em Famagusta, valiosa pelos seus frescos ainda sobreviventes. Em geral, três 

etapas de pesquisa principais são feitos. Em primeiro lugar, uma análise histórica de danos 

prévios e obras de restauração anteriores é realizada, é efetuada igualmente uma avaliação 

da condição estrutural atual com base numa inspeção visual in-situ. Posteriormente, ensaios 

não destrutivos são realizados, nomeadamente, análise de identificação dinâmica e ensaios 

através da aplicação de ondas sonoras, de modo a caracterizar a condição de alvenaria e as 

propriedades dinâmicas do edifício. Finalmente, uma avaliação numérica da igreja é 

realizada utilizando um modelo de elementos finitos 3D. O comportamento não linear da 

estrutura é medido sob cargas verticais e horizontais. Em particular, são aplicados métodos 

estáticos, pushover, e dinâmicos, time-history, para avaliar o seu desempenho sísmico. Os 

resultados destas análises são estudados em termos das curvas de capacidade geradas e 

dos padrões de danos estruturais; sendo usados para justificar os danos observados, a atual 

condição do edifício, e discutir a sua segurança. 

O presente trabalho foi capaz de justificar inúmeras características de danos importantes, 

antigos e atuais, da Igreja Arménia. Foi obtida uma particularmente boa consistência em 

relação ao padrão de dano dos lados transversais este e oeste do edifício. Além disso, os 

resultados indicam que a construção apresenta um grau de segurança considerável em 

termos de carga vertical, assim como um bom comportamento sísmico global. Estas 

características podem ser atribuídas à regularidade da estrutura de alvenaria e à elevada 

rigidez e à altura moderada das paredes de alvenaria. No entanto, uma investigação mais 

aprofundada e análises numéricas são necessárias, a fim de ter um apreciação adequada 

sobre, principalmente, a capacidade sísmica da igreja. 
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1. INTRODUCTION 

1.1 Motivation 

The city of Famagusta, located in the northeastern part of Cyprus, possesses a very rich 

history. For many centuries, Famagusta was the crossroad between West and East, and 

played an important role in the history of Christianity and Islam. The Cypriot port of 

Famagusta was once the main center of commerce and Latin activity in the region. Its 

cultural richness, which once rivaled Constantinople and Venice, is reflected in its 

architectural heritage combining medieval Christian churches, mosques and military 

buildings with some impressive city walls, among other treasures. 

Cyprus Island is located at a confluence of Western Asia, Southern Europe and Northern 

Africa and has had periods of influence of several dynasties such as Byzantine, Lusignan, 

Genoese, Venetian, Ottoman and British (Walsh, 2007). In particular, the city of Famagusta 

has played a pivotal role due to its key location along the busy shipping lanes of the eastern 

Mediterranean (World Monuments Watch, 2008). This fact has made the port to endure a 

long succession of invasions and several cycles of destruction and reconstruction of the city. 

The most magnificent period of the city occurred after the fall of Acre in 1291. Famagusta 

became the largest distribution center of western products to the East. Between 1300 and 

1370, the prosperity of Famagusta was so great that around 300 churches were built during 

this period (Walsh, 2007); among them the Cathedral of St. Nicholas, the coronation church 

for the crusader kings of Jerusalem after the fall of Jerusalem; and the Armenian Church, 

valuable because of its still surviving, but highly damaged, frescoes and considered by some 

historians as a memorial of Armenian war refugees in Famagusta. 

The splendor of the port started diminishing during the middle of the 14th century after the 

epidemic Black Death. Also, in 1374, the Genoese seized the city and destroyed a huge part 

of it. However, it is the Ottoman siege against the Venetians in 1571 that marked the 

imminent fall of Famagusta. The Ottomans slaughtered the population of the city, looted, 

burned and destroyed everything in their path, leading Famagusta to an inevitable decline 

(Municipality of Famagusta, 2014). These events were followed by three centuries of neglect 

which, combined with environmental elements, earthquakes, floods and plagues, left the city 

almost in ruins by the time the British arrived in 1878 (Langdale et al., 2007). 

After the Second World War, a new era started in Famagusta. The agriculture, industry and 

business activity of the city were reactivated; the population increased and the city 

expanded. In particular, the tourism sector notably helped the revival of the city. However, 

this tendency did not continue for long, as in 1974, Northern Cyprus was invaded by the 
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Turkish troops and Famagusta was looted again and sealed off (Municipality of Famagusta, 

2014). Nowadays, Cyprus is politically divided in two different territories; one is the self-

proclaimed Turkish Republic of Northern Cyprus, which is not internationally recognized; the 

other is the Greek section of the island, which is fully recognized and it is part of the 

European Union. These conditions have led Northern Cyprus unfunded and unassisted 

(Trujillo Rivas, 2009). 

Besides the political issues, one of the biggest threats affecting the architectural heritage of 

the city comes from the seismicity of the region. According to the Unit of Environmental 

Studies of Cyprus (2004), the island is situated within the second most intensive seismic 

zone of the earth – the Alpine-Himalayan belt. This zone extends from the Atlantic Ocean 

along the Mediterranean Basin through Italy, Greece, Turkey, Iran and India to the Pacific 

Ocean. Cyprus is located in a tectonically complex zone where three continental plates 

assemble: the Eurasian Plate on the north, the African Plate on the south and the Arabian 

Plate on the east. Its seismicity is attributed to the “Cyprus Arc”, which constitutes the zone 

of subduction of the African Plate under the Eurasian Plate. Many epicenters are 

concentrated along the arc, indicating that the tectonic movements along it are the cause of 

many earthquakes. 

Historical references reveal that Cyprus was struck by many strong earthquakes in the past. 

Between 26 B.C. and 1900 A.D, 16 earthquakes with intensities of at least VIII on modified 

Mercalli scale impacted the island. In particular, two of them had big effects in the current 

territory of Famagusta, causing high destruction; one occurred in 76 A.D. and the other in 

332 A.D. In 1896 more accurate data started to be collected when seismological stations 

began to operate on neighboring countries and on 1984 a seismological station was placed 

in Cyprus. During the period 1896–2004 more than 400 earthquakes had epicenters on 

Cyprus and the surrounding region, with 14 of those causing severe damages and victims. 

Above all, two earthquakes damaged Famagusta since 1896: one on February 18th, 1924 

with a magnitude of 6.0 that caused small damage, and another on January 20th, 1941 with 

a magnitude 5.9 that caused severe damage (Unit of Environmental Studies, 2004). 

According to the Seismic Hazard Map of Cyprus (Figure 1.1), CYS EN 1998-1:2004 (2010), 

the most earthquake prone area of the island is the southern and western coastal zone that 

extends from Pafos through Limassol, and Larnaca to Famagusta. The maximum peak 

ground acceleration (PGA) on rock (Ground type A according to Eurocode 8) for this area is 

0.25�, where � expresses gravity acceleration. This value is the highest within the whole 

territory compared with the minimum PGA of 0.15�, which belongs to the north and center 

regions. Another important parameter increasing the vulnerability of the area is that of the 
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ground conditions. Famagusta is located over loose terrace deposits, which are mainly 

formed by calcarenites, sands and gravels, making the region more likely to have strong 

impact of earthquakes (Unit of Environmental Studies, 2004). 

 

Figure 1.1 . Seismic hazard map of Cyprus (CYS EN 1998-1:2004, 2010). 

Famagusta, once known as the richest city in the world, is now an embargoed and 

internationally isolated region. Its French, Greek, Genoese, Venetian, Ottoman and British 

heritage has been neglected for more than 30 years (World Monuments Watch, 2008). Due 

to its severe state of deterioration, the walled city of Famagusta was placed on the 2008 

World Monuments Watch List of 100 Most Endangered Sites by the World Monument Fund. 

Since 2008, a big effort has been made to include several of the city’s cultural heritages in a 

European Foundation in order to finance their restoration and conservation. The University of 

Minho, in current collaboration with the Nanyang Technological University of Singapore and 

the Municipality of Famagusta, has worked in Cyprus in the past years and is now involved in 

different studies of the Armenian Church, which is the case study addressed within this 

thesis. 

Based on the above, the aim of this project is to study the current state and structural stability 

of the medieval Armenian Church in Famagusta. For this purpose, visual inspection and non-

destructive in-situ tests are carried out in order to analyze the present condition of the edifice 

and characterize its mechanical and dynamic properties. The previous damage of the 

Armenian Church and its current safety condition are justified and assessed based on a 3D 

finite element model, which is used for analyzing the non-linear behavior and performance of 

the structure under gravity and seismic loadings. 
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1.2 Objectives of the work 

The general objective of this work is to discuss the damage observed in the medieval 

Armenian Church in Famagusta in the late 19th century and the works done in the mid-20th 

century, and to carry out a vulnerability study of the church. 

The particular objectives of this work are: 

(a) To describe the current condition of the Armenian Church based on photos and in-

situ visual inspection. 

(b) To perform in-situ non-destructive tests: dynamic identification and sonic 

investigation. 

(c) To identify the parameters needed to reproduce the mechanical and dynamic 

behavior of the structure. 

(d) To build a 3D finite element model of the Armenian Church considering the main 

geometrical features of the building. 

(e) To perform a non-linear finite element analysis of the church for vertical and 

horizontal loading employing two different methods: non-linear static pushover 

analysis and non-linear time-history analysis. 

(f) To justify the old observed damages and present condition of the structure. 

(g) To assess the current safety of the church. 

1.3 Scope of the thesis 

In order to fulfill the objectives of the present work, a state-of-the-art is first carried out 

including a brief description of the church and its history, followed by a description of the past 

damage and the previous restoration works. Also, the present condition of the structure is 

studied based, primarily, on an in-situ visual inspection. Damage maps are generated as a 

result. 

Subsequently, the numerical modeling of the Armenian Church is done and in-situ non-

destructive tests are executed. Regarding the in-situ tests, a dynamic identification analysis 

of the edifice is performed using ambient vibration techniques, in order to determine the 

modal parameters of the structure. Furthermore, direct and indirect sonic tests are applied to 

evaluate the structural internal condition and to estimate the dynamic modulus of elasticity of 

the church masonry. 

Concerning the numerical modeling, a tridimensional finite element model of the Armenian 

Church is constructed. At first, a modal analysis is performed and the output is compared 

with the experimental results of the dynamic identification in order to assess the quality of the 

model. As the aforementioned in-situ tests were performed late during the research period, 
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fine updating of the numerical model is not carried out and only a simple calibration of the 

masonry modulus of elasticity is done. Afterwards, non-linear structural analyses are carried 

out for both gravity and lateral seismic loadings. Three different analyses are performed: self-

weight only to understand the damage and to assess the stability of the structure, and static 

pushover and time-history dynamic analyses to study the seismic performance of the 

building. The non-linear static pushover analysis is done using two different loading patterns: 

(1) an one-directional uniform pattern based on lateral forces proportional to mass regardless 

of elevation; and (2) a bidirectional load pattern taking into account the combination of two 

horizontal components of the seismic action acting simultaneously, again using a uniform 

pattern for lateral loading. The time-history non-linear dynamic analysis is performed using 

two different earthquakes with scaled PGAs. The earthquakes are generated with the aid of 

artificial accelerograms according to compatible elastic response spectra. 

Finally, the results of the aforementioned analyses are discussed and compared, and used to 

justify the old observed damages and present condition of the structure, as well as the its 

safety. The conclusions are drawn and some recommendations for further works are 

proposed. 

1.4 Organization 

Chapter 1 introduces the motivation, the objectives of this thesis, its scope and organization. 

Chapter 2 presents a review on the state-of-the-art, including a short history of the medieval 

Armenian Church, and the description of the past damage observed in the late 19th century 

and the restoration works done in the mid-20th century. Furthermore, the current condition of 

the structure is discussed and damage maps are presented. 

Chapter 3 describes the procedure of application and presents the results of the non-

destructive tests that were applied to the Armenian Church, namely dynamic identification 

and sonic tests. A brief introduction to each of the testing techniques is also included. 

Chapter 4 introduces the main geometrical features of the Armenian Church that were used 

for the construction of the tridimensional finite element model. The characteristics of the finite 

element mesh are described, as well as the adopted material constitutive law, and the linear 

and non-linear material properties. At last, the quality of the model is assessed by comparing 

the results of a numerical modal analysis with the experimental results obtained from the in-

situ tests. A simple calibration of the masonry modulus of elasticity is done. 

Chapter 5 contains the non-linear structural analysis of the church based on vertical and 

horizontal loading. First, the analysis of the edifice due to self-weight and vertical loadings is 

presented and discussed. Afterwards, the seismic structural analysis of the Armenian 
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Church, based on static pushover and dynamic time-history analyses, is presented. For each 

method, the results are displayed and discussed, including the capacity curves of the 

structure and the observed numerical damage pattern. Finally, the results of both methods 

are compared with the old and current damage of the Armenian Church. 

Chapter 6 presents the conclusions of the carried out works. Also, some recommendations 

for further investigations are proposed. 
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2. STATE-OF-THE-ART: THE ARMENIAN CHURCH OF FAMAGUS TA 

2.1 Brief description of the Church 

The walled historic zone of Famagusta is shaped like a large trapezoid with walls facing 

more or less the cardinal directions; each of the four sections roughly 800 meters in length. A 

dozen bastions and a ravelin at the southwest corner of the walls are just some components 

of Famagusta’s impressive military architecture. The Martinengo Bastion, an imposing 

renaissance-period angled bastion built by the Venetians in preparation for the Ottoman 

siege, dominates the northwest corner of these fortifications. The Armenian Church lies just 

inside the Martinengo Bastion, which, together with other four medieval churches, constitutes 

what used to be the city’s Syrian quarter (Langdale et al., 2007). Figure 2.1 depicts the city of 

Famagusta and shows the location, in red color, of the Martinengo Bastion and the Armenian 

Church. 

 

Figure 2.1 . Map of the medieval walled city of Famagusta showing the Martinengo Bastion and the 
Armenian Church (from Enlart, 1899). 

Historically, Armenians turned to Cyprus for shelter during times of crisis and settled in 

Famagusta from very early in the middle ages. They arrived from the Cilician coast 

(southeastern coast of modern Turkey) escaping from the Muslim forces that extended their 



Study of the Armenian Church in Famagusta 

 

 
Erasmus Mundus Programme 

8 ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 

influence into Asia Minor. Other members of the Armenian community arrived as refugees 

fleeing a Mameluk invasion of Cilicia around 1266 A.D. (Langdale et al., 2007). 

Regarding the Armenian Church, its original name and date of construction is still unclear. 

There are no specific records related to the circumstances or the date of the church’s 

construction in Armenian sources (Kouymjian, 2012). Based on historic records, the edifice 

could have been the church of the ‘Green Monastery’ (St. Marie de Vert) or the ‘Holy Virgin 

of the Ganchavor’ monastery; and it might have been built as a votive offering, giving thanks 

for deliverance from the war (Langdale et al., 2007). In any case, the principal western 

historians concur that the church is datable to the 14th century (Kouymjian, 2012). 

Langdale et al. (2007) describe the church as modest in dimension and architecturally 

unpretentious (Figure 2.2). The plan of the building (Figure 2.3) is rectangular with a semi-

circled apse at the east-end of the church. The building is roughly symmetrical in its 

longitudinal east-west axis. The exterior of the church is approximately 6.7 m wide, 11.5 m 

long and 8.9 m high; the apse has a radius of around 1.7 m; and the wall thickness of the 

edifice is constantly around 0.75 m (For further geometrical details, refer to section 4.2 – 

Geometry of the Church model). The construction material is sandstone, which, according to 

Walsh (2007) is the main material employed in most historical monuments in Famagusta. 

 

(a)  (b)  

Figure 2.2 . The Armenian Church in the Syrian quarter of Famagusta, Cyprus, viewed from (a) the 
southwest and (b) the southeast. 
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Figure 2.3 . Plan of the Armenian Church. 

 

The church interior is rather simple. It consists of a one-bay nave which terminates at the 

east with small salients opening into a double-stepped bema (elevated platform) with 

semicircular, pointed semi-domed apse (Figure 2.4, a) (Langdale et al., 2007). Doors are 

present on the west, south and north walls, that to the north being presently closed with brick 

masonry. The nave is covered by a square groined vault of stone (Figure 2.4, b), with short 

barrel vaults to east and west; parallel lines of masonry converging to the central key-stone 

carved with a rosette (Bacci, 2009). Other important architectural features are the elegant 

‘piscina’, i.e. a shallow basin, in the north wall near the apse (Figure 2.4, c) and two 

rectangular niches in the south side of the church (Figure 2.4, d). Furthermore, acoustic 

vases are located in the vaulted roof but now are barely visible due to the much pitted and 

deteriorated masonry (Langdale et al., 2007). Moreover, the interior of the church presents 

important remnants of colorful fresco paintings which give us an idea of how the edifice 

looked like during its period of splendor. However, at present, these frescoes are in an 

advanced state of deterioration (Refer to section 2.3 – Current condition). 

The exterior of the Armenian Church also seems to have been largely simple (Figure 2.5). 

The building bears few architectural articulations and no sign of sculptures are visible. Single 

lancets, i.e. a tall, narrow window with a pointed arch at its top, are found above the south, 

west, and north portals, while a single slender lancet lights the apse. Three of the church’s 

sides are crowned with pediments and only the upper section on the west façade is flattened 

so as to support a now lost belfry, which is visible in Duthoit’s drawing (Refer to Figure 2.6, 

section 1.2 of the present chapter) (Langdale et al., 2007). In addition, the north and south 

portals are distinguished by very large lintels with pointed relieving arches above. 
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(a)  (b)  

(c)  (d)  

Figure 2.4 . Main internal features of the Armenian Church. 

 

 

Figure 2.5 . The Armenian Church viewed from the southwest. 
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2.2 Past damage and restoration works 

After the falling of Famagusta to Ottoman forces, in 1571, three centuries of neglect, 

earthquakes and plagues left the city almost in ruins by the time the British arrived in 1878. 

The British attempted to revitalize the Famagusta’s key monuments, including the Armenian 

Church. However, the works did not last for long as a series of political conflicts started. First, 

the Greek-Cypriot enosis movement of the 1950s and the demands placed on the British to 

leave the island, led to their departure and the creation of the Republic of Cyprus in 1960. 

This event was followed by strife between Greek and Turkish Cypriots on the island. The 

Armenian Church, like many of the other monuments, was used as a temporary shelter for 

Turkish Cypriot families seeking refuge in the walled city. Subsequently, the Turkish military 

intervened in 1974, dividing the island into two distinct ethnic and political regions. At this 

time the Armenian Church was fenced off within a military zone, while the self-declared 

Turkish Republic of Northern Cyprus was isolated diplomatically and economically from the 

rest of the world. Thus, another period of neglect descended upon this and other churches 

(Langdale et al., 2007). 

The Armenian Church seems to have deteriorated significantly from the mid- to late 19th 

century. Thanks to historical documents published by De Vaivre (2000) the condition of the 

building can be compared within a period of thirty-four years. In 1862, E. Duthoit made a 

drawing of the Armenian Church showing a general good condition except for some blocks 

that had fallen away from around the south portal and some visible material damage (or loss 

of material) on the northwest and southeast top corners (Figure 2.6, a). Duthoit’s drawing 

also shows the still surviving belfry at the top of the west pediment. In 1896, C. Enlart made a 

drawing of the church from the same angle (Figure 2.6, b) showing the failure of the south 

portal due to the collapsing of the aforementioned blocks (Langdale et al., 2007); the lintel 

lies on the ground and the voussoirs of the relieving arch seem partly collapsed. The drawing 

also shows partial ruin of the vaulting at both western and southern tips of the pediments; the 

bell tower is lost as well as the west lancet. Furthermore, over this 30-year period, the 

damage and loss of material seem to have notably increased and biological growth is 

suggested, as vegetation appears to be sticking out at the top of the roof. The low-rise walls 

that appear in Enlart’s drawing, e.g. parallel to the west façade, could have been built with 

the fallen stone masonry units. Another possibility is also that Duthoit’s drawing was not fully 

reflecting the condition of the building. 
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(a)  (b)  

Figure 2.6 . (a) Drawing by E. Duthoit, pencil on paper, 1862 (Museum of Picardie, Amiens); and (b) 
drawing by C. Enlart, 1896 (from Enlart, 1899). 

From the beginning to the mid-20th century, during the British rule, some renovation works of 

the Armenian Church were done as well as minor excavations of the area immediately 

surrounding the edifice. These works were carried out by the British administered 

Department of Antiquities of the Famagusta region. Figure 2.7 portrays some views of the 

ruined state of the building at the beginning of the 20th century. The first picture (Figure 2.7, 

a) belongs to a photographic collection held at The National Archives at Kew, UK, and was 

taken sometime between 1900 to 1910; and the photographs of Figure 2.7, b to c, were 

taken by the French architect L. Roy in his trip to Famagusta in 1911. The damage of the 

structure presented in these pictures is consistent with Enlart’s drawing (Refer to Figure 2.6, 

b), except for some works that have been done mostly in the bottom-half section of the 

building. The light-colored stone from the pictures reveals the position of replaced (or added) 

stone units and mortar. These works have the apparent intention of propping the decayed 

walls around the entries; also, they could have been done with the simple aim of blocking the 

entrance to the building. Moreover, Figure 2.7, b and d, shows part of the fallen small 

sacristy that used to be attached to the apse but today is no longer existent. From these 

pictures is essential to notice the important crack that is visible above the main entrance of 

the west façade (Figure 2.7, a) and also the severe damage at the top the apse (Figure 2.7, 

d). Furthermore, the images indicate the possible compression failure of the two west 

corners of the building, where several stone units have been pushed out (or fallen) from the 

middle section (Figure 2.7, a and b). 

The most significant British restoration campaign of the building began in 1937. The following 

series of photographs (Figures 2.8 to 2.21) depict the most important steps of the works in 

the mid-20th century. These pictures were taken by T. Mogabgab, head of the project, and 

are now stored in the Mogabgab Archive, in Famagusta. As evidenced by the historic 

pictures, the most crucial aspect of the initial stages was the reconstruction and consolidation 
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of the vaulting and roof (Figure 2.8). The north and south portals were reconstructed (Figures 

2.13 and 2.18, respectively), and the north entrance was definitively closed; also, a set of 

semi-circular steps were uncovered below the south portal. Moreover, the west entry was 

consolidated (Figure 2.11), adding a supporting masonry structure under the relieving arch. 

This structure was not initially there as evidenced by Duthoit’s and Enlart’s drawings (Refer 

to Figure 2.6). Besides, most of the lost and deteriorated masonry was rebuilt and replaced, 

which can be detected by the light-colored stone and mortar of the pictures. Other important 

step of the works done during this period was the excavation of the areas surrounding the 

edifice (Figures 2.16 and 2.19). The results revealed the extent of the aforementioned 

sacristy that used to be attached to the apse and other subsidiary buildings, which could 

have been habitations for a small convent (Langdale et al., 2007). 

 

(a)  (b)  

(c)  (d)  

Figure 2.7 . Ruined state of the Armenian Church at the beginning of the 20th century. Pictures from (a) 
the National Archives at Kew, UK; and (b to d) Médiathèque de l'architecture et du patrimoine, France. 
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Figure 2.8 . Works in the roof. Date: 06.1937 (the 
Mogabgab Archive, Famagusta). 

Figure 2.9 . View of the works from the north side. 
Date: 06.1937 (the Mogabgab Archive, 
Famagusta). 

  

Figure 2.10 . View of the works from the west 
side. Date: 07.1937 (the Mogabgab Archive, 
Famagusta). 

Figure 2.11 . Before and after the west entry 
works. Date: 07.1937 (the Mogabgab Archive, 
Famagusta). 

  

Figure 2.12 . View of the works from the north 
side. Date: 07.1937 (the Mogabgab Archive, 
Famagusta). 

Figure 2.13 . Before and after the north entry 
works. Date: 07.1937 (the Mogabgab Archive, 
Famagusta). 
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Figure 2.14 . View of the works from the 
northwest. Date: 07.1937 (the Mogabgab 
Archive, Famagusta). 

Figure 2.15 . Works in the south doorway. Date: 
07.1937 (the Mogabgab Archive, Famagusta). 

  

Figure 2.16 . Excavation and clearance at the 
northeast approach. Date: 07.1937 (the 
Mogabgab Archive, Famagusta). 

Figure 2.17 . View of the works from south side. 
Date: 02.1938 (the Mogabgab Archive, 
Famagusta). 

  

Figure 2.18 . Restoration of doorway of south 
entrance. Date: 03.1938 (the Mogabgab Archive, 
Famagusta). 

Figure 2.19 . Uncovering foundations of monastic 
building. Date: 11.1938 (the Mogabgab Archive, 
Famagusta). 
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Figure 2.20 . Treating the semi-dome. Date: 
11.1942 (the Mogabgab Archive, Famagusta). 

Figure 2.21 . First Armenian service after 
reconditioning. Date: 04.1945 (the Mogabgab 
Archive, Famagusta). 

2.3 Current condition 

The present condition of the Armenian Church seems not to differ significantly from the 

condition of 1945, when the restoration works done by the British were completed. Figure 

2.22 shows a visual comparison between the current state of the edifice and pictures from 

the Mogabgab Archive, in Famagusta, corresponding to the date of the first Armenian service 

after reconditioning of the building (April 22th, 1945). As no historical pictures are available 

from the interior of the church, it is not possible to compare its internal condition. 

(a)  

(b)  

Figure 2.22 . Visual comparison of the state of the building: 1945 situation vs. present condition. 

Based on an in-situ visual inspection carried out on June 2014, the current condition of the 

Armenian Church is evaluated. Regarding the external condition, Figures 2.23 to 2.26 
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present the main damages of the building (Refer to Table 2.1 for the legend of the used 

symbols). The external state of the edifice is mainly characterized by: (a) cracks located 

between openings and above the dome; (b) stone deterioration, mostly at the bottom section 

of the building, probably due to splashing rain and raising damp; (c) loose stone units, which 

need to be consolidated; (d) biological activity, namely vegetation at bottom sections and roof 

level; (e) windows without proper protection against environmental elements and invasion of 

birds; (f) inefficient buttressing due to material loss; (g) deteriorated mortar joints that need to 

be repointed in various sections of the building; and (h) presence of cavities in the walls. It is 

important to point out that, in future restoration works, some these cavities are not original 

and need to be filled in, while others were used for the placement of scaffoldings and should 

be kept as they are. As regards the roof and the dome, they show no visible important cracks 

(Figure 2.27); mostly biological colonization is present, i.e. plants and lichens. 

Concerning the interior of the church, it is distinguished by severely deteriorated stone and 

mortar joints (Figure 2.28), which can be observed mainly in the upper-half section of the 

masonry walls; the lower-half section being partially hidden by plaster and whitewash (except 

for the apse). In particular, the groin-vaulted roof is in very bad condition, which can be 

caused by the lack or inefficient protection against water infiltration (Figure 2.29). Langdale et 

al. (2007) note that the irregular condition of the stones of the vaulting suggests 

reconstruction campaigns of which no record is available. Figure 2.30 shows the pattern and 

position of the main cracks mapped in the interior of the church. It is important to notice that 

some of these cracks are located in the same areas of the observed external cracks, i.e. 

between entrances and windows, and above the apse (Refer to Figures 2.23 to 2.26). Also, 

note that the crack pattern above the entrance of the north wall cannot be fully discerned in 

the interior, as it is partially hidden by plaster. 

Table 2.1 . Legend of symbols of Figures 2.23 to 2.26 referring to the external damages of the building. 

 Symbol Description 

  Crack 

  Filled-in crack 

  Material losses / Cavities 

 
 

Loose stone units 

  Stone deterioration 

  Biological colonization (vegetation) 

  Openings (entrances and windows) 

  Brick masonry 
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Figure 2.23 . Main damage of the north façade of the Armenian Church. 
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Figure 2.24 . Main damage of the south façade of the Armenian Church. 
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Figure 2.25 . Main damage of the west façade of the Armenian Church. 
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Figure 2.26 . Main damage of the east façade of the Armenian Church. 
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(a)  (b)  

Figure 2.27 . View of the (a) roof and (b) dome from the southeast corner of the church. 

 

  

Figure 2.28 . Main internal damage of the interior of the building: stone and mortar deterioration. 

 

 

Figure 2.29 . Deteriorated state of the groin-vaulted roof. 
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Figure 2.30 . Pattern and position of the main cracks of the interior of the Armenian Church. 
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Another important issue regarding the internal condition of the church is the advanced 

deterioration of the still remaining frescoes (Figure 2.31, a), which are located chiefly in the 

half-bottom section of the walls. Langdale et al. (2007) manifest that many of the frescoes 

have been whitewashed over (Figure 2.31, b), with only the upper registers still visible, 

though these have suffered from smoke and other damage. Many important remains, dating 

to the late 14th century, may lie intact under the layers of whitewash and soot. Some 

paintings, however, are irretrievably lost; only the bare stones remain where once the painted 

plaster was. 

(a)  (b)  

Figure 2.31 . State of disrepair of the interior decorations. 
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3. DYNAMIC IDENTIFICATION AND SONIC TESTS 

3.1 Non-destructive tests (NDTs) 

Built heritage, comprising structures such as bridges, tunnels, churches and so on, is a major 

investment of national resources in any country. This built heritage permanently accumulates 

damage due to deterioration of materials, repeated loading and exceptional events. As a 

result, conservation, repair and strengthening are often necessary. Within this process, 

inspection and diagnosis techniques play a major role, providing information and allowing the 

definition of adequate remedial measures (Lourenço et al., 2008). As part of these 

techniques, dynamic identification and sonic tests are particularly important thanks to their 

non-destructive nature, which is very advantageous when dealing with built cultural heritage. 

Furthermore, the results of these tests can be correlated with essential mechanical and 

dynamic properties of the structure, allowing a better understanding of the system behavior 

and the appropriate choice of mathematical models for structural analysis. These two NDTs 

were applied to the Armenian Church and are explained in the following sections. 

3.2 Dynamic identification 

3.2.1 Brief introduction to dynamic identification techniques 

The dynamic behavior of structures is influenced by many aspects such as changes in 

element dimensions, in boundary conditions or in the mass, and the degradation of the 

mechanical properties of the materials, including the damage process, or the simultaneous 

occurrence of all these phenomena. These aspects affect the frequencies, mode shapes and 

damping coefficients, and the quantities derived from the basic modal parameters of a 

structural system (Ramos et al., 2006). 

Dynamic identification analysis, also known as modal identification, is a procedure that 

combines vibration testing techniques and analytical methods to determine modal 

parameters of structures, namely frequencies, mode shapes and damping coefficients. In 

other words, dynamic identification is a diagnosis tool used to understand how a structure 

behaves, allowing to predict how it responds statically to different loads or dynamically, to 

vibratory events such as earthquakes. Once the dynamic properties of the structure are 

known, a numerical model (typically a Finite Element Model) can be built to simulate the 

structure. The mechanical properties of the numerical model should be tuned by a process 

called Finite Element Model Updating, which updates the mass, stiffness and damping of the 

model in a way that the numerical parameters (frequencies and mode shapes) are close to 

the experimental ones (Lourenço et al., 2012). 
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To estimate the dynamic parameters, available in-situ modal identification tests can be 

grouped under three different experimental techniques: (a) the input-output vibration tests, 

where the excitation forces, induced e.g. by eccentric mass shakers, and the vibration 

response are measured; (b) the free vibration tests, where an initial deformation is induced in 

the systems, which are then quickly released; and (c) the output-only tests, where only the 

response of the system is measured (Ramos, 2007). Within the field of Civil Engineering, the 

output-only modal identification techniques, also known as ambient vibration techniques, are 

of special interest when dealing with large constructions such as bridges, churches and 

towers, in which artificial excitation and determination of forces constitute a challenge. In 

particular, these techniques are well suited when dealing with historical masonry 

constructions; thus, this option was chosen for analyzing the dynamic behavior of the 

Armenian Church. 

The ambient vibration techniques are based on dynamic response measurements of a virtual 

system under natural (ambient or operational) conditions, and the assumption that the 

excitations are random in time and in the physical space of the structure (Ramos, 2007). In 

other words, structures are excited by natural vibrations, such as wind load, traffic or human-

induced vibrations, and the response of the structural system is measured with high sensitive 

sensors (e.g. accelerometers) during its service condition. According to Ramos (2007), the 

main assumption for the excitation of the structure is the consideration of the ambient 

excitation as a stationary Gaussian white noise stochastic process in a frequency range of 

interest. In signal processing, white noise is a random signal with a constant power spectral 

density; and a discrete signal sample is said to be Gaussian white noise if it has a normal 

distribution with zero mean and finite variance. Due to the presence of white noise, the 

measured response of the structural system includes the modal contribution of the ambient 

forces, the contribution of the structural system and the contribution of the noise signals from 

unwanted sources. Consequently, for analyzing the measurement data (signal processing), 

the identification techniques must have the ability to separate the desired information, i.e. 

exclusively the contribution of the structural system, from the undesired one, i.e. noise. 

Figure 3.1 presents a general scheme of output-only identification techniques, where �� is 

the excitation vector (ambient vibrations), �� is noise resulting from input perturbations and 

modeling inaccuracy, �� is measurement noise due to transducers and data acquisition 

disturbances, �� is the discrete-time state vector with the sampling measured parameters 

and �� is the sampling response vector. 

Regarding the signal processing, the identification techniques can be divided into two main 

groups depending on the type of data used, namely frequency or time domains. The first 
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group, the so called non-parametric methods, is based on the signal analysis of each 

measured point (in frequency domain by the application of the Fast Fourier Transform) and 

on the correlation between the signals. The second group, also known as parametric 

methods, is based on model fitting by the correlation functions or time history series of every 

measured point in the time domain. The parametric methods and, in particular, the 

Stochastic Subspace Identification (SSI) method that is applied here, have the advantage of 

being robust procedures allowing modal parameter estimation with high frequency resolution. 

This means that, in comparison with frequency domain methods, the time-domain-based 

techniques have no problems for identifying close frequency values. The SSI method is 

based on the State-Space Formulation that enables taking into account the white noise as an 

input value of the system. Within this technique, a parametric model is fitted directly to the 

raw times series data and the parameters of the mathematical model can be adjusted to 

minimize the deviation between the predicted system response of the model and the 

measured one (Ramos, 2007). For further information about output-only identification 

methods and the SSI method refer to Caetano (2000), Rodrigues (2004) and Peeters (2000). 

In addition, Ramos (2007) states that in literature is possible to find several successful cases 

of output-only techniques applied to masonry structures and suggests as references Jaishi et 

al. (2003) and Ramos et al. (2006), among others. 

 

Figure 3.1 . Output-only identification scheme (from Ramos, 2007). 

To conclude this introduction to dynamic identification, the following points summarize the 

recommended steps for the application of output-only identification techniques according to 

Ramos (2007): 

1. First, a modal analysis of the numerical model is suggested to get a preliminary idea 

about the expected frequency values and mode shape configurations of the structure 

(Refer to Chapter 4, section 4.2, for the modal analysis of the Armenian Church). 

2. Next, the number of points to be measured should be defined in accordance with the 

demand of the dynamic identification test and the preliminary results from the 

previous step. Based on the available number of sensors, a setup plan is established 

with, at least, one fixed measuring point (reference sensor), while the other sensors 
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are moved around the structure (free sensors). The reference point should not 

coincide with a node of the structural mode shapes (i.e. a point with zero modal 

displacement) in order to avoid inaccurate results. Figure 3.2 shows an example of 

possible setups used in a continuous beam employing a total of five sensors (S), 

being sensors S1 and S2 the fixed references. 

 

Figure 3.2 . Example of four test setups for a continuous beam with two reference sensors, S1 and S2 
(from Ramos, 2007). 

3. Before the measurements of each setup, some localized signal measurements are 

recommended in order to monitor the level of the signals, to characterize the signal-

to-noise ratio and to estimate the resonant frequencies involved. Based on this, 

changes to the test planning can be required for better accuracy, e.g. modification of 

the initial setups or the need of further excitation to increase the signal-to-noise ratio. 

4. Subsequently, the setup measurements are performed. Within this step, an adequate 

measuring duration should be chosen for better frequency resolution. Several 

possibilities exist; however, according to Ramos (2007), the empirical rule of 1000 

times the highest period, with a minimum of 10 min for each setup, can be used to 

obtain accurate results if the structure is well excited. 

5. Between each recording setup, the measured signal of every sensor should be 

verified to avoid data losses or bad signal quality. This can be done through a 

preliminary modal analysis in order to confirm the quality of the experimental results. 

6. In order to validate the experimental results, it is a good practice to study the dynamic 

behavior using two or more identification techniques. 

7. Finally, Ramos (2007) also states that if the dynamic identification test is carried out 

with the aim of damage identification, then the influence of the environmental and 

loading effects should be evaluated and separated, as they can play a significant role 

in the structural dynamic behavior. In the case of masonry structures, temperature 
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seems to be the most important environmental parameter as it can influence the 

global stiffness of the structure. Various models exist to correlate resonant 

frequencies and environmental effects going from the simplest one, linear regression, 

to more complex such as autoregressive or dynamic models, e.g. the so called 

autoregressive output with an exogenous input part (For further information about this 

model, refer to Ljung, 1999). 

3.2.2 Dynamic identification applied to the Armenia n Church 

The dynamic identification of the Armenian Church was performed using four piezoelectric 

accelerometers for measuring accelerations, with 10 V/g sensitivity; able to measure 0.07 mg 

(where g is the gravity acceleration). Compared with other types of response transducers, 

the piezoelectric accelerometers have the advantages of not using external power source 

(active transducers), being stable, having a good signal-to-noise ratio and being linear over a 

wide frequency and dynamic range (Ramos, 2007). The sensors were connected to a laptop 

by a data acquisition system (DAQ) with 24 bit resolution with a USB cable connection. The 

DAQ enables to record the excitation and the response signals through a discrete-time 

series. All the measurements were carried out using the natural vibration of the structure and 

long periods of measurements were recorded (15 minutes) with a sampling rate of 200 points 

per second (200 Hz). For the signal processing, the SSI method was used to estimate the 

modal parameters. 

To identify the modal behavior of the Armenian Church, six different setups were performed 

using two reference accelerometers and moving the other two around the structure. These 

setups were defined according to the results of the preliminary numerical modal analysis, 

which is explained in the following chapter (Refer to Chapter 4, section 4.2), and with the 

purpose of estimating the relevant mode shape configurations and frequencies of the 

structure. Figure 3.3 presents the six setup configurations used, where the letter R 

symbolizes the reference sensors and the letter F refers to the free sensors; and the 

orientation of the arrows gives the direction of the measured accelerations. Figure 3.4 shows 

some images of the dynamic measurements where the accelerometers were positioned with 

the help of a lorry. Furthermore, as suggested by Ramos (2007), during the measurement 

periods, the ambient temperature was recorded while the dynamic tests were carried on. For 

the first three setups that were performed during the same day, the temperature increased 

from 25 to 27.2°C, while for the next three setups, performed in the following day, the 

temperature went from 26.5 to 27.4°C. In both cases, the temperature variations occurred 

slowly with no significant changes, thus it is expected that the environmental effects did not 

affect significantly the dynamic response of the structure. 
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Figure 3.3 . Dynamic identification setups performed in the Armenian Church. 

  



Study of the Armenian Church in Famagusta 

 

 
Erasmus Mundus Programme 

ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 31 

(a)  (b)  

(c)  (d)  

Figure 3.4 . View of the dynamic measurements: (a) reference sensors at the top northwest corner of 
the church; (b) positioning the free sensors for setup 2; (c) free sensor F1 of setup 4 at the south 
window; and (d) positioning the free sensor F2 of setup 4 at the north window. 

 

The signal processing for the dynamic identification analysis was performed using the 

software ARTeMIS Modal (ARTeMIS Modal 2.5.0.3, 2013). Two available SSI methods were 

applied to estimate the modal parameters and validate the experimental results, i.e. the SSI 

Unweighted Principal Component (SSI-UPC) and the SSI Principal Component (SSI-PC). 

For both cases, the first six modes of vibration of the structure were identified. As stated by 

Lourenço et al. (2012), to characterize the dynamic behavior of civil engineering structures, it 

is not necessary to estimate a high number of modes as this could lead otherwise to 

subsequent difficulties in the calibration of the numerical model. Moreover, the first few 

modes usually provide sufficient accurate information to characterize the structural behavior 

(Chopra, 2007). 

Tables 3.1 and 3.2 present the identified frequencies and damping ratios regarding the SSI-

UPC and SSI-PC methods, respectively. Additionally, Figure 3.5 shows the comparison of 

the results of the two methods in terms of the Modal Assurance Criterion (MAC). The MAC is 
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the most well known statistic indicator of the degree of consistency between mode shapes. 

This mathematical measure is often used to pair modes shapes derived from analytical 

models with those obtained experimentally; however, it can also be used to compare the 

results derived from two different dynamic identification techniques. The MAC is calculated 

as the normalized scalar product of two comparable sets of vectors �	
� and �	�� according 

to Equation 3.1, where the subscripts  and � express the modes that are being compared 

coming from the two different sets, i.e. the SSI-UPC and SSI-PC methods for this particular 

case. The value obtained from this equation is bounded between 0 and 1, with 1 indicating 

fully consistent mode shapes. From Figure 3.5 is possible to conclude that that there is a 

high correlation between the correspondent mode shapes calculated from the two SSI 

methods. The consistency is symbolized in the graph by the colored squares, where the red 

color means a MAC value close to 1. 

���	�, �� = ��	
����	�������	
����	
�����	�����	���� (3.1) 

 

Table 3.1 . Frequencies and damping ratios determined with SSI-UPC method. 

Mode Frequency [Hz] Frequency standard 
deviation [Hz] 

Damping Ratio [%] Damping standard 
deviation [%] 

1 5.66 0.03 0.93 0.14 

2 8.72 0.04 2.25 0.30 

3 10.84 0.08 0.88 0.13 

4 12.56 0.14 1.33 0.53 

5 15.97 0.12 1.00 0.16 

6 16.43 0.12 1.12 0.31 

 

Table 3.2 . Frequencies and damping ratios determined with SSI-PC method. 

Mode Frequency [Hz] Frequency standard 
deviation [Hz] 

Damping Ratio [%] Damping Standard 
deviation [%] 

1 5.66 0.03 0.89 0.12 

2 8.73 0.02 2.26 0.33 

3 10.84 0.08 0.83 0.08 

4 12.31 0.77 1.04 0.35 

5 15.92 0.16 1.19 0.35 

6 16.65 0.31 1.47 0.49 
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Figure 3.5 . MAC comparison of the SSI-UPC and SSI-PC results. 

Figure 3.6 shows the stabilization diagram of the SSI-UPC method where six columns can be 

observed, corresponding to the six natural frequencies of the structure below 20 Hz that were 

presented in the previous Table 3.1. Figure 3.7 presents the estimated mode shape 

configurations of the structure. The natural frequencies of these modes range from 5.7 to 

16.4 Hz. Rather close frequency values were found for the fifth (16 Hz) and sixth (16.4 Hz) 

modes, but in general the frequencies are well spaced. The frequency standard deviation 

values are very low, indicating that the estimation is accurate. Concerning the damping 

coefficients, a significant variation was observed for the estimated values, having an average 

damping equal to 1.25%. According to Lourenço et al. (2012), it is common to find low 

damping values when ambient vibrations are used to excite the structures. Regarding the 

mode shape configurations, the first three deflected shapes are characterized by a global 

behavior of the structure, i.e. transversal (Mode 1), longitudinal (Mode 2) and torsional (Mode 

3); while the next three are mainly characterized by the local deflection of the north, south 

and west facades (the north of the structure is given by the positive Y direction of the model). 

 

Figure 3.6 . Stabilization diagram of the SSI-UPC method. 
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(a)  (b)  

(c)  (d)  

(e)  (f)  

Figure 3.7 . Experimental mode shape configurations: (a) mode 1, (b) mode 2, (c) mode 3, (d) mode 4, 
(e) mode 5 and (f) mode 6. 
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3.3 Sonic tests 

3.3.1 Brief introduction to sonic tests 

This testing technique is based on the generation of elastic waves by sonic impulses at a 

specific point of the structure. To perform this test, two types of sensors are used, namely an 

instrumented hammer (or accelerometer) for impact transmission and one or more receivers 

(accelerometers) for reading. The first measured parameter is the travel time that the emitted 

impulse takes to cover the distance between transmitter and receiver(s), but other 

parameters such as amplitude and frequencies can also be important. The travel time allows 

the calculation of the velocity of the wave propagation through the medium, e.g. the 

thickness of a wall, which is typically in the range of a few km/s for building materials 

(Lourenço et al., 2012). Depending on the position of the sensors, three types of sonic test 

can be done: direct, semi-direct and indirect (Figure 3.8). 

 

Figure 3.8 . Types of sonic tests depending on the position of the sensors (Ramos et al., 2013-2014). 

Concerning masonry structures, the use of sonic tests can have the following aims: (a) to 

qualitatively assess the morphology of a wall section by correlating its results with other 

types of NDTs; (b) to detect the presence of voids and flaws, and to find crack and damage 

patterns; (c) to control the effectiveness of repairs by injection technique; and (d) to detect 

when the physical characteristics of materials have changed (Binda et al., 2001). 

Furthermore, according to Binda et al. (2001), the sonic test is referred as being capable of 

providing quantitative results in the context of mechanical characterization of masonries. The 

velocity of an elastic wave passing through a solid material like masonry is theoretically 

proportional to the density, dynamic modulus and Poisson’s ratio of the material. However, in 

reality, masonry can be very inhomogeneous; hence, only global variations of the previous 

parameters can be indicative. 

The estimation of the masonry modulus of elasticity through sonic tests can be achieved by 

measuring the velocity of propagation of the elastic compression (P) and surface (R) waves. 
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This is done based on the assumption that the P-waves, also known as compressional 

waves, travel faster than the R-waves, or Rayleigh surface waves. Moreover, the content of 

acceleration perpendicular to the analyzed structure, which is measured by the 

accelerometers, is much higher for the R-waves than for the P-waves, allowing thus the 

arrival distinction of the two waves at the receivers (Miranda et al., 2010). The following 

equations (Equations 3.2 to 3.4) show the relationship between P-wave (��) and R-wave (� ) 

velocities with the dynamic modulus of elasticity (!"), the volumetric mass density (#) and the 

Poisson’s ratio ($) for a homogeneous material. 

�� = % !"�1 − $�#�1 + $��1 − 2$� 
(3.2) 

� = 0.87 + 1.12$1 + $ ∙ %!"# ∙ 12�1 + $� 
(3.3) 

� �� = 0.87 + 1.12$1 + $ ∙ %�1 − 2$�2�1 − $� 
(3.4) 

In order to obtain more reliable results through sonic tests, Miranda et al. (2010) notes that 

the application of this method to masonry structures, and the processing of the measured 

data, should account various factors such as: the characteristics of the wall, namely their 

constituents and internal structure; the used setup (position of sensors) that must be chosen 

considering the specific parameters being studied; and the specific conditions under which 

the test is performed such as the load and stress distribution on the wall. 

3.3.2 Sonic tests applied to the Armenian Church 

Two different types of sonic tests were applied to the Armenian Church: direct and indirect. In 

both cases, piezoelectric accelerometers were used for measuring the travel time of the 

elastic waves. The impulse was induced with a small hammer (not instrumented), which was 

used to hit next to one of the accelerometers (the transmission sensor), while the others (the 

receivers) were placed at a known distance �/ from the transmitter. Figure 3.9 shows both 

test configurations, where T represents the transmission sensor and R the receivers. The 

sensors were connected to a laptop for storing the measured quantities through a DAQ with 

24 bit resolution. Due to constraints in the portable measurement equipment used, the 

sampling rate was equal to 25 kHz. 
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(a)  (b)  

Figure 3.9 . Configurations of (a) the direct sonic test applied to the south wall and buttress; and 
(b) the indirect test applied to the north wall of the Armenian Church. 

Concerning the direct sonic test (Configuration shown in Figure 3.9, a), two parts of the 

structure were selected for evaluating their internal condition, mainly the presence of internal 

voids or different density materials. Figures 3.10 and 3.11 show the location and the grid 

setup of the two direct tests corresponding to the south wall (Setup 1) and the southwest 

buttress of the church (Setup 2), respectively. To perform these tests, an array with two 

vertical columns (A and B) and four horizontal levels was considered on both sides of 

structure (4 pairs of points per column). The distance between the transmitter and the 

receiver accelerometers was 0.73 m for Setup 1 and 0.87 m for Setup 2. Tables 3.3 and 3.4 

present the results of Setup 1 and 2, respectively. Furthermore, Figures 3.12 and 3.13 show 

the graphical variation of the P-wave velocity. 

Regarding Setup 1, the sonic velocity ranges from 1166 to 2140 m/s and the average values 

for columns A and B are 1806 and 1546 m/s, respectively. Based on Figure 3.12, it is 

possible to observe that the analyzed points that are closer to the entrance (Column A) 

present, in general, higher values and lower velocity variation with respect to column B. 

These results indicate that the masonry around the entrance was probably rebuilt with new 

stone units during the works of the 20th century (Refer to Chapter 2, section 2.2); while most 

of stones located afar might still be the original ones in bad conditions, or the connection 

between the masonry wall leaves is worse. Concerning Setup 2, the sonic velocity ranges 

from 1243 to 2258 m/s and the average values for columns A and B are 1355 and 1925 m/s. 

In this case, from Figure 3.13, it is possible to observe that the outer masonry layer (Column 

B) presents an overall better condition than the internal section of the buttress (Column A). 

Again, this might indicate that the outer stone units were replaced during the restoration 

works, while the internal part of the buttress is in worse condition. The internal section 

presents similar velocity values and, thus, a similar distribution of voids. 
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Figure 3.10 . Setup 1. Location and grid of the direct sonic test applied to the south wall of the church. 

 

 

Figure 3.11 . Setup 2. Location and grid of the direct sonic test applied to the southwest buttress. 
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Table 3.3 . Results of direct sonic test applied to the south wall (Setup 1). 

Column  Level 01 [m/s] Standard 
deviation, 2 

Coefficient of 
variation, 30 [%] 

Number of 
measurements 

A 

1 1710 150 9 8 

2 1561 79 5 10 

3 2007 182 9 8 

4 1947 88 9 9 

B 

1 1166 109 9 9 

2 1483 146 10 7 

3 2140 187 9 10 

4 1396 106 8 10 
 

Table 3.4 . Results of direct sonic test applied to the southwest buttress (Setup 2). 

Column  Level 01 [m/s] Standard 
deviation, 2 

Coefficient of 
variation, 30 [%] 

Number of 
measurements 

A 

1 1386 58 4 10 

2 1243 90 7 8 

3 1473 133 9 8 

4 1318 122 9 9 

B 

1 1672 84 5 7 

2 1554 100 6 9 

3 2216 116 5 7 

4 2258 119 5 10 
 

 

Figure 3.12 . Variation of the P-wave velocity in the south wall (Setup 1). 
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Figure 3.13 . Variation of the P-wave velocity in the southwest buttress (Setup 2). 

 

Regarding the indirect sonic test (Test configuration shown in Figure 3.9, b), the analysis was 

performed with the aim of estimating the Poisson’s ratio and the dynamic modulus of 

elasticity of the church’s masonry. Figure 3.14 shows the location and the grid setup of the 

testing (Setup 3) that was done along two columns (A and B), with four levels each, in the 

north wall of the building. In this case, the impulses were generated, per column, at level 1, 

while the accelerometers positioned at levels 2 to 4 (each one separated by 0.5 m) 

measured the travel time of the P and R-waves. It is important to note that the grid setup was 

built so that, on each column, the measuring points were separated by at least one mortar 

joint. 

Table 3.5 shows the results of the indirect test for both analyzed columns. The average 

values of the P and R-wave velocities are 1480 and 606 m/s, respectively. Similarly, the 

Poisson’s ratio and the dynamic modulus of elasticity average values are 0.38 and 

1878 MPa, which were calculated according to Equations 3.2 to 3.4 with an estimated unit 

weight of masonry equal to 16 kN/m3. These results indicate a rather high value of the 

Poisson’s ratio. Nonetheless, as mentioned before, masonry can be very inhomogeneous; 

thus, only global variations of the Poisson’s ratio and the dynamic modulus of elasticity can 

be indicative. As no other parts of the structure were analyzed with indirect tests, these 

values cannot be conclusive. Furthermore, Figures 3.15 and 3.16 show the graphical 

relationship between the travel time of the P and R-waves, for column A and B, with respect 

to the distance between accelerometers at levels 1 to 4 of the grid setup. These graphs 

present the coefficient of determination 4�, for each case, which was estimated with a simple 
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linear regression. The obtained coefficient of determination is close to 1 for all cases, 

indicating a good correlation of the measured data. 

 

 

Figure 3.14 . Setup 3. Location and grid of the indirect sonic test applied to the north wall. 

 

 

Table 3.5 . Results of indirect sonic test applied to the north wall (Setup 3). 

Column A Column B 

P-wave R-wave P-wave R-wave 

Average velocity [m/s] 1451 601 1508 610 

Standard deviation, 2 60 32 60 41 

Coefficient of variation 30 [%]  4 5 4 7 

No. of measurements 8 8 9 6 

05/01 0.41 0.40 

7 0.379 0.386 

Unit weight [kN/m 3] 16 16 

89 [MPa] 1846 1910 
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Figure 3.15 . Time-distance relationship of the P and R-waves in column A of Setup 3. 

 

 

Figure 3.16 . Time-distance relationship of the P and R-waves in column B of Setup 3. 
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4. NUMERICAL MODEL OF THE ARMENIAN CHURCH AND MODAL  ANALYSIS 

4.1 Definition of the numerical model 

4.1.1 Finite Element Method 

In order to study in detail the current safety condition and seismic performance of the 

Armenian Church, the Finite Element Method (FEM) is applied next. As stated by Lourenço 

(2001), the analysis of historical masonry constructions is a complex task. Today, several 

methods and computational tools are available for the assessment of their mechanical 

behavior. These methods resort to different theories and approaches, resulting in different 

levels of complexity, time requirements and costs. 

FEM offers a widespread variety of possibilities concerning the description of the masonry 

structures within the frame of detailed non-linear analysis. Most of modern possibilities based 

on FEM fall within two main approaches referred to as micro-modeling and macro-modeling. 

This last approach, adopted within this thesis, is probably the most popular and common due 

to its lesser calculation demands, as it regards the material as a fictitious homogeneous 

continuum. Furthermore, compared to more detailed approaches affording the description of 

discontinuities, macro-modeling shows significant practical advantages; in particular, finite 

element meshes are simpler since they do not have to accurately describe the internal 

structure of masonry (in any case unknown and random) and the finite elements can have 

dimensions greater than the single brick or stone units. This type of modeling is most 

valuable when a compromise between accuracy and efficiency is needed (Roca et al., 2010). 

4.1.2 Geometry of the Church 

Within the scope of this thesis, considering the relatively simple geometry of the Armenian 

Church, a full tridimensional model is adopted for the structural analysis. In general, 3D 

models are very time-consuming with respect to preparation of the model, to perform the 

actual calculations and to analyze the results. Nonetheless, for structural seismic 

assessment that includes pushover and non-linear time integration methods, tridimensional 

models present important advantages when compared to other approaches such as shell-

based models. The results of models incorporating shell elements are more difficult to 

analyze because of the variation of stresses along the thickness of the elements, while 

plotting of contours can only be shown in one surface. In addition, the large thickness of the 

structural elements might yield a poor approximation of the actual state of stress (Lourenço, 

2001). In this respect, tridimensional models usually simulate better the real geometry of the 

building, avoiding further simplifications. 
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The tridimensional numerical model of the Armenian Church was prepared using the DIANA 

software (TNO DIANA BV, 2009) by means of the geometrical information gathered from 

historical documents and the geometrical survey. In particular, available laser scans of the 

building were very helpful for detailing the geometrical aspects of the model. These laser 

scans were carried out by the company Solvotek Engineering, from Turkey, through funds of 

the Nanyang Technological University of Singapore. 

Figure 4.1 presents the plan and lateral views of the Armenian Church (East, West and 

South facades), as well as the main dimensions of the building that were employed for 

constructing the model. The dashed lines of the lateral views represent, on one hand, the 

shape of the crossed-vault and, on the other hand, on the east façade, the internal double 

arched-shape that leads to the apse. Furthermore, the position of the two-south niches and 

the north ‘piscina’ are also signaled with dashed lines; and the openings, such as doors and 

windows, are marked with shaded areas. Note that the geometry of the building is 

symmetrical around its longitudinal east-west axis, except for the presence of the niches and 

‘piscina’. 

4.1.3 Finite element mesh 

Two different types of regular solid elements were employed for meshing the numerical 

model: twenty-node isoparametric solid brick elements and fifteen-node isoparametric solid 

wedge elements. This last type of element corresponds to less than 1% of the whole model. 

According to the DIANA manual (TNO DIANA BV, 2009), the twenty-node isoparametric solid 

brick element, denominated as element CHX60 (Figure 4.2), is based on quadratic 

interpolation and Gauss integration. The polynomials for the translations �:;< can be 

expressed as, 

�/�=, >, ?� = @A + @B= + @�> + @C? + @D=> + @E>? + @F=? + @G=� + @H>� + @I?�+ @BA=>? + @BB=�> + @B�=�? + @BC=>� + @BD=?� + @BE>�? + @BF>?�+ @BG=�>? + @BH=>�? + @BI=>?� 
(4.1) 
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Figure 4.1 . Plan and lateral views of the Armenian Church with their main dimensions. 
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Figure 4.2 . Twenty-node isoparametric solid brick element - CHX60 (TNO DIANA BV, 2009). 

The brick element approximates the strain and stress distribution over the element volume as 

follows: the strain J:: and stress K:: vary linearly in � direction and quadratically in � and L 
direction; the strain J;; and stress K;; vary linearly in � direction and quadratically in � and L 
direction; and the strain J<< and stress K<< vary linearly in L direction and quadratically in � 

and � direction. Additionally, the integration scheme employed for the brick element is 3 x 3 x 

3 (MN = 3, MP = 3, MQ = 3), which is the default scheme proposed by the software. 

The fifteen-node isoparametric solid wedge element, denominated as element CTP45 

(Figure 4.3), is based on quadratic interpolation and numerical integration. The polynomials 

for the translations �:;< can be expressed as, 

�/�=, >, ?� = @A + @B= + @�> + @C? + @D=> + @E>? + @F=? + @G=� + @H>� + @I?�+ @BA=>? + @BB=�? + @B�>�? + @BC=?� + @BD>?� (4.2) 

These polynomials yield a strain and stress distribution which varies approximately linearly 

over the element volume. The applied integration scheme is composed by a 4-point 

integration [MBR = 4] scheme in the triangular domain and a 2-point scheme in the ? direction 

[MQ = 2]. 

 

Figure 4.3 . Fifteen-node isoparametric solid wedge element – CTP45 (TNO DIANA BV, 2009). 
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The following figures (Figures 4.4 to 4.6) present the final mesh of the model. In total, around 

53,300 nodes, 10,440 elements and 159,900 degrees of freedom were obtained. Regarding 

the boundary conditions of the model, all degrees of freedom of nodes at ground level 

(T	 = 	0) were restricted. 

 

(a)  

(b)  

Figure 4.4 . Meshed model view from the (a) top and (b) south. 
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(a)  
(b)  

Figure 4.5 . Meshed model view from the (a) west and (b) east. 

 

(a)  
(b)  

Figure 4.6 . Perspectives of finite element mesh from (a) southwest and (b) southeast. 

 

4.1.4 Constitutive material law and material proper ties 

The non-linear behavior of masonry was modeled using a total strain based constitutive 

model, denominated as Total Strain Crack model (TSCM) in DIANA (TNO DIANA BV, 2009). 

This model was selected because it provides a good stability in the crack-opening control at 

a moderate computational cost. As Lourenço et al. (2012) stated for another application in 

Famagusta churches, much more sophisticated material models are available in the 
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literature, namely models considering the orthotropic behavior of masonry; see Lourenço 

(2002) and Roca et al. (2010). Nonetheless, more complex material models require 

additional data, which is hardly available, and still fail to represent the multi-leaf nature of 

most historic masonry structures. In this respect, the TSCM provides a good compromise 

between accuracy and simplicity. 

The constitutive model based on total strain is an isotropic model with a compressive cap 

and a smeared approach for the fracture energy. This type of model is classified as a 

“smeared-crack” model in which localized cracking is simulated in a dispersed way, taking 

advantage of the mesh-assembly of the finite element model in order to facilitate the 

numerical calculations. The basic concept of the TSCM is that the stress is evaluated in the 

directions which are given by the crack directions. This model is very well suited for 

Serviceability Limit State and Ultimate Limit State analyses which are predominantly 

governed by cracking or crushing of the material (TNO DIANA BV, 2009). 

The TSCM describes the tensile and compressive behavior of a material with one stress-

strain relationship. One commonly used approach for this relationship, which was adopted 

here, is the so called coaxial stress-strain concept. Within this approach, also known as 

Rotating crack model, the stress-strain relationship is evaluated in the principal direction of 

the strain vector, which, at the same time, defines the direction of the crack opening. The 

crack directions are thus continuously rotating with the principal directions of the strain vector 

(TNO DIANA BV, 2009). The input for the TSCM, in its rotating form, comprises two parts: (1) 

the definition of the behavior in tension and compression, and the corresponding non-linear 

material properties; and (2) the basic parameters and linear-elastic properties such as 

material density, Young's modulus and Poisson's ratio. 

Regarding the tensile masonry behavior, a post-peak exponential softening was adopted for 

the numerical model of the Armenian Church (Figure 4.7, a). The concept of softening refers 

to a gradual decrease of the masonry mechanical resistance under continuous increase of 

forced deformation (Lourenço, 2010). Concerning the compressive behavior, a parabolic 

hardening, followed by post-peak parabolic softening, was chosen (Figure 4.7, b). In order to 

ensure mesh independency of the solution, both tensile (UVW) and compressive (UR) fracture 

energies are regularized taking into account the finite element size. The fracture energy is 

defined as the energy necessary to create a unit area of a fully developed crack. As shown 

by Figure 4.7 (a and b), both fracture energies are related to the crack bandwidth of the 

element (ℎ), established as the cubic root of the volume of the element. 
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(a)  (b)  

Figure 4.7 . (a) Exponential softening curve for tensile masonry behavior; and (b) parabolic curve for 
compressive masonry behavior (TNO DIANA BV, 2009). 

Due to the lack of information regarding the physical and mechanical properties of masonry, 

typical values were estimated and adopted based on literature. The linear-elastic and non-

linear material properties are defined according to the recommendations of Lourenço (2010) 

and Lourenço et al. (2012). Table 4.1 summarizes the material properties employed for the 

structural analyses. 

Table 4.1 . Linear-elastic and non-linear masonry properties. 

Material property Symbol Unit Value 

Unit weight of masonry Y kN/m3 16 

Modulus of elasticity ! MPa 3000 

Poisson’s ratio $ ---- 0.2 

Ductility index in compression Z[,R mm 1.6 

Masonry compressive strength \R MPa 6 

Compressive fracture energy UR N/m 9600 

Masonry tensile strength \] MPa 0.3 

Tensile fracture energy UVW N/m 30 

 

For the above properties, a relation of ! = ^ ∙ \R was adopted. As Lourenço et al. (2012) 

state, the parameter ^ is rather variable for masonry with values ranging between 200 and 

1000 according to Tomazevic (1999). For dry stone masonry, PIET-70 (1971) proposes a 

value of ^ = 500, which is in the mid range of the interval of Tomazevic (1999) and was 

adopted here (\R = !/500). The ductility index for the compressive fracture energy was 

assumed equal to 1.6 mm, which is a recommended value for a compressive strength lower 

than 12 MPa. The ductility index in compression is given by the ratio between the fracture 

energy and the compressive strength (Z[,R = UR/\R). Furthermore, the masonry tensile 

strength was assumed equal to 5% of the compressive strength and the tensile fracture 

energy was assumed equal to 30 N/m (Lourenço, 2010). 
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4.2 Modal analysis and quality of the numerical mod el 

The main objective of the modal response analysis, also known as eigenvalue analysis, is to 

determine the natural frequencies and mode shapes of vibration that contribute to the 

dynamic response of a structure. The free vibration, i.e. motion without any dynamic 

excitation, of an undamped system with ` degrees-of-freedom (DOFs) is governed by 

Equation 4.3, where a and b are the ` × ` mass and stiffness matrices of the system, 

respectively; and d�e� and df �e� are the displacement and acceleration vectors dependent on 

time e. Usually, under free vibration, the motion of each DOF is not a simple harmonic 

motion; however, multiple DOFs systems have characteristic deflected shapes, known as 

natural modes of vibration, that vibrate in simple harmonic motion. Therefore, considering 

that the free vibration of the system in one of its natural vibration modes can be described as 

in Equation 4.4, where gh is the deformed shape and �h�e� is the modal amplitude; through 

some mathematical arrangements, Equation 4.3 can be rewritten as shown in Equation 4.5. 

This equation is called the matrix eigenvalue problem and, by solving it, the natural 

frequencies ih (or eigenvalues) and the mode shapes gh (or eigenvectors) can be 

estimated (Chopra, 2007). 

adf �e� + bd�e� = j (4.3) 

d�e� = gh�h�e� (4.4) 

bgh = ih�agh (4.5) 

Note that for each natural mode of vibration, it is possible to calculate the percentage of the 

mass of the structure that is contributing to its dynamic behavior. In general, the higher the 

mass participation, the more relevant the mode is to characterize the dynamic response of 

the structure. Based on this, it is worth noting that to characterize the total dynamic behavior 

of a `-DOFs system, ` natural frequencies and mode shapes must be determined. 

However, in practice, only the first few eigenvalues are of importance. The Eurocode 8 (EN 

1998-1, 2004) states that, for a modal response analysis, the response of all modes of 

vibration contributing significantly to the global response shall be taken into account based 

on two requirements: (a) the sum of the effective modal masses should amount at least 90% 

of the total mass of the structure; and (b) all modes with effective modal masses greater than 

5% of the total mass must be considered. Within this thesis, the building that is being 

analyzed is an ancient masonry construction datable to the 14th century; thus, it fell out of the 

scope of the Eurocode recommendations. In particular, when dealing with historical masonry 

constructions, usually the first few modes already provide sufficient information to accurately 

characterize the structural response. Here, the numerical modal analysis was performed with 
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the finite element software DIANA (TNO DIANA BV, 2009) and only the first six modes of 

vibration are considered. These modes, which possess above 70% of the total mass 

participation, can be compared to the six experimental modes estimated with the dynamic 

identification test reported in Chapter 3. Table 4.2 presents the results of the numerical 

modal analysis, i.e. the frequency \klm of each mode, and the mass participation in the 

global X and Y directions, as well as the cumulative percentages. Furthermore, Figures 4.8 

and 4.9 show the deflected shape of the structure for each natural mode of vibration. 

Table 4.2 . Results of the numerical modal analysis. 

Mode nopq [Hz] Mass part. 
in X [%] 

Cum. mass 
part. in X [%] 

Mass part. 
in Y [%] 

Cum. mass 
part. in Y[%] 

1 9.44 0.00 0.00 72.62 72.62 

2 14.83 75.57 75.57 0.00 72.62 

3 18.10 0.00 75.57 0.22 72.83 

4 19.96 0.03 75.60 0.00 72.83 

5 25.18 0.00 75.60 2.17 75.00 

6 27.90 0.02 75.62 0.00 75.00 

 

(a)  (b)  

(c)  

Figure 4.8 . (a) First, (b) second and (c) third numerical mode shapes. 
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(a)   

(b)   

(c)  

Figure 4.9 . (a) Fourth, (b) fifth and (c) sixth numerical mode shapes. 

In order to analyze the quality of the numerical model of the Armenian Church and validate 

the selected model parameters, a comparison of the numerical and experimental frequencies 

and mode shape configurations is done. Table 4.3 presents the percentage of error of the 

estimated numerical frequencies with respect to the experimental ones. The error is 

calculated according to Equation 4.6, where \klm,/ and \r��,/ correspond to the sth numerical 

and experimental frequencies, respectively. Table 4.3 also presents the comparison of the 

experimental and numerical mode shapes in terms of the MAC. For this purpose, Equation 

3.1 (Refer to Chapter 3, section 3.2.2) is applied with �	
� and �	�� corresponding to the 
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numerical and experimental eigenvectors, and the subscripts  and � going from 1 to 6, 

according to the six mode shapes that are being compared. Note that the values obtained 

from Equation 3.1 are bounded between 0 and 1, with 1 indicating fully consistent mode 

shapes. Moreover, Figure 4.10 presents, side by side, the experimental and numerical 

deflected shapes of the structure. 

From Table 4.3, it is possible to conclude that there is a significant variation of the 

frequencies with errors above 55% for all the modes. The percentage of error varies from 

58% for the fifth mode, to 70% for the second mode. These values are high and mean that 

some properties or parameters of the model should be modified in order to obtain more 

accurate results. On the other hand, regarding the mode shapes, the calculated MAC values 

indicate a good consistency of the deflected configurations. In particular, the first two modes, 

which possess above 70% of the total mass participation, present a virtual flawless 

consistency; while, in total, the first four modes have MAC values above 0.9. This 

consistency indicates that the geometrical features of the model are comparable to the ones 

presented by the real structure. Furthermore, from Figure 4.10, a qualitative comparison of 

the numerical and experimental mode shapes can be done. From this figure, it can be 

observed that the deflected shapes of the structure are alike for all the six modes. Similarly to 

the experimental results, the first three numerical mode shapes are characterized by a global 

behavior of the structure, i.e. transversal, longitudinal and torsional deflection; while the next 

three configurations are mainly characterized by the local deflection of the facades. 

!t = \klm,/ − \r��,/\r��,/ ∙ 100% 
(4.6) 

 

Table 4.3 . Comparison of experimental and numerical frequencies. 

Mode n8v1 [Hz] nopq [Hz] Error [%] MAC 

1 5.66 9.44 66.78 1.00 

2 8.72 14.83 70.07 0.99 

3 10.84 18.1 66.97 0.98 

4 12.56 19.96 58.92 0.94 

5 15.97 25.18 57.67 0.61 

6 16.43 27.9 69.81 0.79 
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Mode 1 Mode 2 Mode 3 

   

   

Mode 4 Mode 5 Mode 6 

Figure 4.10 . Comparison of numerical and experimental mode shape configurations. 

 

As mentioned before in Chapter 3, usually, once the dynamic properties of the structure are 

known, the numerical model should be tuned by a process called Finite Element Model 

Updating so that the model would simulate closely the real behavior of the structure. The 

updating of the numerical modal parameters is based on an optimization process that 
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minimizes the residuals between the experimental and mathematical responses. In other 

words, this process updates the mass, stiffness and damping of the numerical model, such 

that both frequencies and mode shapes are close to the experimental ones. One common 

updating method is the one proposed by Douglas et al. (1982), which was used by Trujillo 

Rivas (2009) to update the numerical model of another Famagusta building. Within this 

thesis, as the dynamic identification test was performed late during the research period, and 

due to the limited time to carry out further works, the complete model updating is not 

performed. However, based on the good consistency of the numerical and experimental 

mode shape configurations, a simple calibration of the frequencies is carried out. For this 

purpose, the modulus of elasticity presented in Table 4.1 was varied to obtain numerical 

frequencies close to the experimental ones. Table 4.4 presents the calibrated frequencies 

(\klm∗ ) obtained for a modulus of elasticity equal to 1100 MPa, which generates an error 

lower than 5% for all the modes. Note that, by doing this calibration, the mass participation 

for each mode does not change with respect to the values of Table 4.2. 

By comparing the calibrated (static) modulus of elasticity, !, with the dynamic one obtained 

from the sonic tests (!" = 1878 MPa) (Refer to Chapter 3, section 3.3.2), the ratio between 

them (!/!") is around 0.60, which is a rather low value. In general, the dynamic modulus of 

elasticity obtained through vibratory tests is indeed higher than the static modulus. This 

feature is attributed to the fact that during vibratory tests only a negligible stress is applied to 

the structure; thus, the dynamic modulus refers to almost purely elastic effects. In literature, 

various formulas exist to correlate the moduli of concrete structures. A simple empirical 

relation, proposed by Lydon et al. (1986), offers a ratio of 0.83 between them. It is interesting 

that the difference is not so large despite the fact that one measurement is local (sonic tests) 

and another is global (dynamic identification). 

 

Table 4.4 . Comparison of experimental and numerical frequencies for the calibrated model. 

Mode n8v1 [Hz] nopq∗  [Hz] Error [%] 

1 5.66 5.72 0.98 

2 8.72 8.98 2.96 

3 10.84 10.96 1.11 

4 12.56 12.08 -3.79 

5 15.97 15.25 -4.53 

6 16.43 16.89 2.82 
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5. NON-LINEAR STRUCTURAL ANALYSIS 

5.1 Self-weight – Vertical loading 

In order to understand the damage and to assess the structural stability of the Armenian 

Church, a non-linear analysis is performed for vertical loading. First, only self-weight of the 

structure is considered and the obtained stress level is measured. Afterwards, the safety 

capacity of the edifice for vertical loading is analyzed by increasing gravity loads until the 

collapse of the structure, and the force-vertical displacement diagram of the Armenian 

Church is calculated. 

To perform these non-linear analyses, the finite element software DIANA (TNO DIANA BV, 

2009) is used, along the material properties presented in Chapter 4, Table 4.1, with a 

modulus of elasticity equal to 3000 MPa. Furthermore, the regular (or full) Newton-Raphson 

method is adopted to obtain the solution of the non-linear problems arising from the 

equilibrium and compatibility conditions. The regular Newton-Raphson method is a frequently 

used iteration scheme for the solution of non-linear finite element equations. The main 

characteristic of this method is that a new tangent stiffness matrix is calculated within each 

iteration; thus, compared with other methods, it has the advantage of converging with a less 

number of iterations, but each iteration is time consuming (Bathe, 1996). The analysis 

convergence is based on energy control with a tolerance of 10xC. 
Parallel to the regular Newton-Raphson method, the line-search algorithm and arc-length 

control are adopted in the non-linear analyses. The line-search algorithm helps stabilizing the 

convergence behavior and rate by automatically scaling the incremental displacements in the 

iteration process. This feature is particularly important when modeling structures with strong 

non-linear behavior, for instance cracking. The arc-length method is used to determine the 

softening behavior of the load-displacement relation of the structure. This method also helps 

overcoming the problem of predicting a large displacement for a given force increment. The 

arc-length method constrains the norm of the incremental displacements to a prescribed 

value, which is done by simultaneously adapting the size of the increment (TNO DIANA BV, 

2009). 

Figures 5.1 and 5.2 present the deformed shape and the distribution of the minimum and 

maximum principal stresses of the structure, respectively, due to self-weight. Note that, in 

these images, the cardinal north orientation of the building is given by the positive Y direction 

of the model. From Figure 5.1, the maximum value of the compressive stresses is 0.34 MPa, 

which is a low value with respect to the selected compressive strength of 6 MPa. The highest 

compressive stresses are located at the base of the structure, at the top corners of the 
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entrances, in the center of the vaulted roof and in the upper part of the dome (Figure 5.1, a). 

Figure 5.1 (b) shows that also high compressive stresses are situated in the interior of the 

building, at the beginning of the curvature of the double-arch that leads to the apse. In this 

last image, the south and west walls of the numerical model have been removed. From 

Figure 5.2, the maximum value of the tensile stresses is 0.23 MPa, which, again, is lower 

than the selected tensile strength of 0.3 MPa. Nonetheless, in this case, the difference is not 

significant (around 20%) and, thus, the result could be affected based on the chosen material 

parameters. The highest tensile stresses are located at the top of the north, south and west 

windows; in the upper extremes of the north and south lintels; and in the connection of the 

semi-circular apse with the transversal east wall (Figure 5.2, a). Also, high tensile stresses 

are situated in the top area of the internal double-arch, as shown in Figure 5.2 (b). Moreover, 

concerning the deformation of the structure, the maximum vertical displacement is located in 

the center of the groined vault with a value of 0.5x10-3 m. 

 

(a)  (b)  

Figure 5.1 . Deformed shape and distribution of minimum principal stresses due to self-weight. 

 

(a)  (b)  

Figure 5.2 . Deformed shape and distribution of maximum principal stresses due to self-weight. 
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Figure 5.3 presents the force-vertical displacement diagram of the structure, which was 

obtained by increasing gravity loads until the failure of the building. In this diagram, the force 

is given in terms of percentage of gravity and the vertical displacement is measured at the 

top of the double-arch that leads to the apse. The displacement control node was selected 

based on the deformed shape and stress level of the edifice when subjected to its self-weight 

(Refer to Figure 5.2). According to this diagram, the building is able to withstand a vertical 

load of 5.3� (where � expresses gravity); in other words, above five times its self-weight. It is 

interesting to notice that the building presents, to some extent, a linear load-displacement 

relationship until the sudden failure occurs. 

 

Figure 5.3 . Force-vertical displacement diagram of the Armenian Church. 

Figure 5.4 (a and b) shows the deformed shape and damage of the building calculated at the 

peak of force-vertical displacement diagram. Here, the damage is measured by the 

maximum principal strain JB, which is associated with the crack width (strain caused by pure 

tensile stresses). From these images, it is possible to observe how the damage is highly 

concentrated in some areas of the structure: at the top of the north, south, east and west 

windows, in the connection between the apse and the east wall, and at the top of the internal 

double-arch. Subsequently, Figure 5.4 (c) shows the damage of the edifice corresponding to 

the last point of the diagram. The failure mechanism of the Armenian Church corresponds to 

the localized failure of the apse. From Figure 5.4, it is worth noticing the overall good 

condition of the longitudinal and transversal walls, showing no sign of severe damage. Based 

on these results, and considering the high vertical load that the building is able to endure, it 

can be concluded that the Armenian Church presents a considerable safety level in terms of 

vertical loading. This feature can be attributed to the high stiffness and load bearing capacity 

of the masonry walls. 
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(a)  (b)  

(c)  

Figure 5.4 . Deformed shape and damage of the church (given the maximum principal strain) due to 
vertical loading at the peak (a and b) and at the end (c) of the force-vertical displacement diagram. 

 

5.2 Seismic structural response of masonry building s 

The seismic response of masonry buildings is very difficult to characterize due to many 

factors such as the geometrical features of the structure, the low number of strong events in 

a given location, site effects, attenuation laws, and the non-linear response of the structure, 

among others. Furthermore, masonry is a heterogeneous material and, therefore, numerous 

possible combinations affecting its properties exist depending upon the type of units (e.g. 

bricks, blocks or irregular stones) and joints (e.g. clay, lime-based mortar or bitumen) used 

for its construction. Nevertheless, the mechanical behavior of this construction material has, 

in general, common features that include: high specific mass, low tensile and shear 

strengths, and low ductility (quasi-brittle behavior). In particular, the low tensile strength is an 

important property that has determined the shape of ancient and modern masonry 

constructions (Lourenço, 2013). 

In terms of seismic performance, ancient masonry structures were commonly designed for 

vertical static loads (compressive behavior) not taking into account the high inertial loads 

caused by earthquakes. The simplicity and regularity of masonry constructions, both in-plane 
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and in elevation (geometry, mass and stiffness distribution), are aspects that improve the 

seismic behavior, preventing local damages and decreasing torsional effects. In general, 

masonry buildings are composed by load-bearing walls, in which the in-plane dimensions are 

significantly higher than their thickness. This means that the in-plane stiffness is greater than 

the out-of-plane stiffness. As a result, the seismic performance of load-bearing walls greatly 

depends on two factors: the direction of application of the horizontal loads and the capability 

to redistribute these loads between the elements, preventing out-of-plane mechanisms. 

Here, the connection between orthogonal walls, the flexibility of the horizontal diaphragms 

and its connection to the walls play an important role (Lourenço et al., 2011). 

When analyzing the seismic response of masonry buildings, Lourenço (2013) remarks that 

the masonry non-linear behavior is triggered at early stages of loading and, thus, linear-

elastic analysis seems not an adequate option. Two alternatives seem better suited: the 

pushover method, which is recommended in most building codes for earthquake safety 

assessment, and the non-linear time-history method, which is a complex and time-

consuming tool hardly available for practitioners. Within this thesis, both methods were 

selected for evaluating the seismic response of the Armenian Church, allowing a subsequent 

comparison of the results. 

 

5.3 Pushover analysis 

The non-linear static analysis with horizontal forces representing seismic actions, also known 

as pushover analysis, is a method used to estimate the seismic response of a structure. The 

method uses an incremental-iterative procedure under conditions of constant gravity loads 

and monotonically increasing horizontal loads. This method can be applied, among other 

purposes, to estimate the expected failure mechanisms and the distribution of damage, to 

assess the structural performance of existing buildings and to predict the capacity curve of a 

structure, i.e. the base shear vs. a given control displacement response (EN 1998-1, 2004). 

Within a pushover analysis, the numerical model is, first, submitted to vertical loading due to 

self-weight, and then the analysis proceeds with horizontal loading replicating the seismic 

load effect, for which different patterns can be adopted according to building codes. The 

base shear ratio is calculated in terms of the seismic load coefficient (∝) determined by 

Equation 5.1, where ∑{| is the summation of the acting horizontal forces and ∑{} is the 

summation of the acting vertical forces, calculated for each incremental loading step. 

∝= ∑{|∑{}  
(5.1) 
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As Marques et al. (2013) states concerning the application of pushover analysis to masonry 

buildings, this method is often linked to displacement-based seismic assessment, using a 

methodology such as the N2 method (Fajfar et al., 1988), where the expected displacement 

demands in design earthquakes are computed by means of a response spectrum analysis of 

an equivalent single degree-of-freedom system. Afterwards, these displacements are 

compared with the displacement capacities at given performance levels. In the present 

thesis, the pushover analysis is used, through the prediction of deformation and damage, to 

identify the weak features of the Armenian Church, to justify the old observed damage from 

the late 19th century and to assess the current safety condition of the structure. 

In order to study the influence of the distribution of lateral loads in the Armenian Church and 

evaluate the worst damage scenario, two different load patterns are defined according to 

Eurocode 8 (EN 1998-1, 2004): 

(a) Unidirectional mass-proportional load pattern: a uniform pattern based on lateral 

forces proportional to mass regardless of elevation (uniform response acceleration). 

This mass-proportional pattern is recommended by Lourenço et al. (2011) for the 

analysis of masonry structures without box behavior. 

(b) Bidirectional mass-proportional load pattern: a load pattern taking into account the 

combination of two horizontal components of the seismic action acting simultaneously 

in two principal orthogonal directions (X and Y). One global direction follows a mass-

proportional configuration, while, at the same time, 30% of the load is added to the 

orthogonal direction (again mass-proportional) as shown in Equation 5.2, where ~ 

represents the application of the target displacement in the X direction, � represents 

the application of the target displacement in the Y direction and the symbol " + " 
implies “to be combined with”. 

a) �~� + �0.3 ∙ �� 
b) ��� + �0.3 ∙ ~� (5.2) 

According to EN 1998-1 (2004), due to the planar irregularity of the building, the pushover 

analysis is performed using two planar models, one for each global horizontal direction. In 

other words, the seismic performance of the building is analyzed with horizontal loading 

applied in both positive and negative orientations of the global axes (X and Y directions) 

representing the two earthquake directions and the left-to-right and right-to-left actions. 

Figure 5.5 shows the orientation of the global axes of the numerical model of the Armenian 

Church as well as the position of the selected nodes (P1 to P4) for measuring the horizontal 

displacement of the structure. The average value of the horizontal displacements is used to 

construct the capacity curve of the church for each analyzed direction. 
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Figure 5.5 . Orientation of the global axes of the numerical model and position of the selected nodes, 
at Z = 7.54 m, for measuring lateral displacements. 

 

The non-linear pushover analyses are performed with the finite element software DIANA 

(TNO DIANA BV, 2009). In a first stage, eight different pushover analyses are performed. 

Concerning the first unidirectional mass-proportional load pattern, four pushover analyses 

are done, one in the positive and the other in the negative orientation of each global axis 

direction X and Y, i.e. “+~”, “−~”, “+�” and “−�”. Regarding the second bidirectional load 

pattern, taking into account the symmetrical behavior obtained in the +� and –� analyses 

from the previous load configuration (Refer to section 5.3.1 of the present chapter), the 

positive and negative X global directions are combined with only one chosen Y orientation 

(the positive one) as follows: “�+~� + �0.3	��”, “�−~� + �0.3	��”, “��� + �+0.3	~�” and 

“��� + �−0.3	~�”. To perform these non-linear analyses, the constitutive material law and 

material properties presented in Chapter 4, Table 4.1, are used. In a second stage, with the 

aim of evaluating the effect of the modulus of elasticity in the seismic behavior of the 

numerical model, the analyses from the first stage that presented the worst seismic 

performance in both X and Y directions, i.e. those with the lowest seismic coefficients, are 

repeated using the calibrated modulus of elasticity calculated in Chapter 4 (Refer to Chapter 

4, section 4.2). Note that all the other linear and non-linear material parameters are not 

modified. Finally, note that for the entire aforementioned pushover analyses, the same 

numerical tools used in the previous section (Refer to section 5.1 of the present chapter) are 

again employed, i.e. the regular Newton-Raphson method for the iteration process; an 

energy convergence control with a tolerance of 10xC; and the line-search algorithm and arc-

length control. 
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5.3.1 Unidirectional mass-proportional load pattern  – Horizontal loading 

As previously stated, according to Eurocode 8 (EN 1998-1, 2004), the mass-proportional 

load pattern is a uniform configuration based on lateral forces proportional to mass 

regardless of elevation. The capacity curves obtained for the unidirectional mass-proportional 

load pattern are summarized in Figure 5.6, where the continuous line represents the capacity 

curve in the positive and negative X global direction; and the dashed line represents, 

likewise, the capacity curve in the Y global direction. The maximum obtained load factors are 

0.94, 0.79, 0.35 and 0.35 for +~, −~, +� and –�, respectively. Here, the load factor 

represents the percentage of the weight of the building applied horizontally or, similarly, the 

base shear force in proportion. Therefore, the building can withstand a static horizontal 

action of 0.35�, being Y the most vulnerable direction, both for its positive and negative 

orientation. Note that the numerical model of the building is symmetrical around its 

longitudinal east-west axis, except for the presence of internal niches (Refer to Chapter 4, 

section 4.1.2 – Geometry of the Church) which, as evidenced by the results, play a negligible 

role in the behavior of the model in its Y direction. On the other hand, the X direction, both on 

its positive and negative orientation, presents a good overall performance as evidenced by 

the high load factors obtained, which can be attributed to the sturdiness of the structure given 

by the thick walls and the presence of the semi-circular apse at the east end that limits the 

longitudinal displacements. 

 

Figure 5.6 . Capacity curves of the Armenian Church for the mass-proportional load pattern. 
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Figures 5.7 and 5.8 show the deformed shape and damage level obtained for the four 

unidirectional mass-proportional pushover analyses, corresponding to the stage of the 

maximum load factors. In these images, the direction of the applied load is given by the 

orientation of the white arrow and the north cardinal orientation of the building is given by the 

positive Y direction. The damage of the Armenian Church is, once more, measured by the 

maximum principal strain JB (strain caused by pure tensile stresses). In the case of the +~ 

analysis, it is possible to observe in Figure 5.7 (a and b) the appearance of a diagonal crack 

in the south, longitudinal wall, spreading away from the lintel (a symmetrical behavior occurs 

in the north wall). Also, further damage propagates in lower sections of the building, mainly in 

the west façade and corners of the north and south entries; and some small damage appears 

around the windows of the longitudinal walls. Regarding the −~ analysis (Figure 5.7, c and 

d), cracks appear again near the lintel, both in the north and south facades; and, once more, 

damage is present around the windows of the longitudinal walls and at the base of the 

building, particularly in the apse side. 

 

(a)  (b)  

(c)  (d)  

Figure 5.7 . Deformed shape and damage (given the maximum principal strain) for +~: a and b; and – ~: c and d. 
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In the case of the +� and −� analyses, the damage propagation is symmetrical around the 

longitudinal east-west axis as shown in Figure 5.8. Most of the cracks are situated above the 

entry and around the window of the west façade (Figure 5.8, a and c). Also, damage appears 

in the east end of the building, in the connection between the transversal wall and the semi-

circular apse, affecting simultaneously part of the dome (Figure 5.8, b and d). In general, the 

structure presents a global damage behavior, both in its X and Y directions, without evident 

damage causing localized failures (e.g. the collapse of one of the facades). The failure 

mechanisms of the structure are, to some extent, ductile as corroborated by the post-peak 

tendency of the capacity curves. 

 

(a)  (b)  

(c)  (d)  

Figure 5.8 . Deformed shape and damage (given the maximum principal strain) for +�: a and b; and – �: c and d. 

 

5.3.2 Bidirectional mass-proportional load pattern – Horizontal loading 

The bidirectional load pattern is another load configuration suggested by Eurocode 8 (EN 

1998-1, 2004), which combines horizontal seismic actions simultaneously applied in two 
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orthogonal directions (X and Y). One direction follows a full mass-proportional configuration 

while the other considers only 30% of the load. The capacity curves obtained for the 

bidirectional load pattern are summarized in Figure 5.9. In this graph, considering the 

symmetrical behavior obtained in the Y direction for the mass-proportional load pattern 

(Refer to section 5.3.1 of the present chapter), the positive and negative X global directions 

are combined with only one chosen Y orientation, i.e. the positive one. Thus, in Figure 5.9, 

the continuous line represents the capacity curve in the positive and negative X global 

direction affected by 30% of the load in the positive Y direction; the dashed line represents 

the positive Y direction affected by 30% of the load in the positive X direction; and the dotted 

line represents the positive Y direction affected by 30% of the load in the negative X 

direction. The maximum obtained load factors are 0.77, 0.65, 0.35 and 0.35 for �+~� +
�0.3	��, �−~� + �0.3	��, ��� + �+0.3	~� and 	��� + �−0.3	~�, respectively. Consequently, for 

this load configuration, the building can withstand a static horizontal action of 0.35�, with Y 

as the most vulnerable direction when affected by 30% of the load in the X direction. Once 

more, compared with the unidirectional mass-proportional load pattern of the previous 

section, the transversal Y direction of the building presents the weakest behavior, while its 

longitudinal X direction has a good overall seismic performance. Furthermore, the structure 

presents a ductile post-peak behavior as evidenced by the capacity curves. 

 

Figure 5.9 . Capacity curves of the Armenian Church for the bidirectional load pattern. 

Figures 5.10 and 5.11 show the deformed shape and damage level obtained for the four 

bidirectional pushover analyses, corresponding to the stage of the maximum load factors. 
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Again, the damage of the building is measured by the maximum principal strain JB. 
Furthermore, the direction of the full mass-proportional load is given by the orientation of the 

white arrows, while the shaded arrows show the direction of the combined 30% loading. 

Also, the north cardinal orientation of the building is given by the positive Y direction of the 

model. In the case of the �+~� + �0.3	�� analysis, it is possible to observe in Figure 5.10 (a 

and b) the appearance of damage located mainly in the bottom sections of the north, west 

and south façades. Also, some damage is localized at the corners of the lintel and window of 

the north façade, and at the top of the apse opening. Regarding the �−~� + �0.3	�� analysis, 

which is presented in Figure 5.10 (c and d), small damage appears highly concentrated at 

the corners of the windows of the west and north facades, as well as at the extremes of the 

north and south lintels. Moreover, some damage propagates in the top corner of the apse, in 

its connection with the transversal east wall. 

(a)  (b)  

(c)  (d)  

Figure 5.10 . Deformed shape and damage (given the maximum principal strain) for �+~� + �0.3	��: a 
and b; and �−~� + �0.3	��: c and d. 

 

Concerning the analyses ��� + �+0.3	~� (Figure 5.11, a and b) and ��� + �−0.3	~� (Figure 

5.11, c and d), the damage pattern is alike in both cases and the cracks are located in the 

same areas with respect to the ones obtained for the unidirectional mass-proportional +� 
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analysis (Refer to Figure 5.8 of the previous section). In Figure 5.11 cracks are situated 

above the entrance and around the window of the west façade, as well as in the bottom 

corner of the same entrance. Moreover, damage is present in the east end of the building, in 

the top corner of the apse, affecting part of the dome. The results of the these two pushover 

analyses indicate that the load applied in the transversal Y direction of the building 

significantly governs the structural behavior of the Armenian Church, while the combined 

30% loading applied in the longitudinal X direction has little influence in the performance of 

the structure. 

(a)  (b)  

(c)  (d)  

Figure 5.11 . Deformed shape and damage (given the maximum principal strain) for ��� + �+0.3	~�: a 
and b; and ��� + �−0.3	~�: c and d. 

 

5.3.3 Pushover analyses with calibrated modulus of elasticity 

In order to evaluate the effect of the calibrated modulus of elasticity (Refer to Chapter 4, 

section 4.2) in the numerical behavior of the Armenian Church, three of the previous 

pushover analyses are repeated. These analyses correspond to those that presented the 

worst seismic behavior, i.e. the lowest seismic coefficient, for both longitudinal X and 

transversal Y directions; in other words: the unidirectional mass-proportional +�, and the 

bidirectional �+~� + �0.3	�� and �−~� + �0.3	�� analyses. The analyses 	��� + �+0.3	~� and 
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	��� + �−0.3	~� are not repeated as they present a similar behavior as the +� analysis. 

Figure 5.12 shows the calculated capacity curves with a calibrated modulus of elasticity 

equal to 1100 MPa. Note that the other modeling parameters are kept constants according to 

Table 4.1. Here, the continuous line corresponds to the capacity curve in the positive and 

negative X global direction affected by 30% of the load in the positive Y direction; while the 

dashed line represents the capacity curve with the unidirectional mass-proportional load 

applied in the positive Y direction. From Figure 5.12, the maximum obtained load factors are 

0.60 and 0.45 for the bidirectional �+~� + �0.3	�� and �−~� + �0.3	�� analyses, respectively; 

and 0.25 for the mass-proportional +� analysis. Thus, the building can withstand a static 

horizontal action of 0.25�, according to the calibrated model. In consistency with the previous 

results, the transversal Y direction is the most vulnerable one, while the longitudinal X 

direction still presents a better seismic performance. However, it is worth noting the 

significant reduction of the seismic coefficients compared to the previous results. This feature 

is discussed in the following section of the present chapter. 

Regarding the damage pattern of the aforementioned repeated analyses, which were 

measured again at the stage of the maximum load factor, the damage has slightly spread 

compared with the previous results; however, the position of the cracks is virtually the same 

with respect to the configurations shown in Figures 5.8 and 5.10. 

 

Figure 5.12 . Capacity curves of the Armenian Church based on the calibrated model. 
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5.3.4 Comparison between the different pushover res ults 

Figure 5.13 shows a graphical comparison of the resulted capacity curves obtained for the 

unidirectional mass-proportional (black curves) and bidirectional (red curves) load patterns 

presented in the previous sections, corresponding to a modulus of elasticity equal to 

3000 MPa. Furthermore, Table 5.1 presents a comparison of the maximum load coefficients 

of each analysis. From Figure 5.13 and Table 5.1, it is possible to conclude that the seismic 

performance of the Armenian Church is entirely dependent on its transversal Y direction. 

Even from the �+~� + �0.3	�� and �−~� + �0.3	�� capacity curves, the influence of the 

loading in the Y direction can be observed by the reduction of the maximum load factors in 

comparison with the +~ and −~ capacity curves, respectively. In both cases, the maximum 

seismic coefficients are reduced about 18% when affected by 30% of the load in the 

orthogonal Y direction. Additionally, comparing uniquely the capacity curves obtained in the 

positive Y direction for both load patterns, the differences with respect to the maximum 

seismic load coefficient are insignificant. Subsequently, from the application of the pushover 

method with ! equal to 3000 MPa, the building can withstand a transversal static horizontal 

action of 0.35�. 

 

 

Figure 5.13 . Capacity curves obtained for the mass-proportional (black curves) and bidirectional (red 
curves) load patterns. 

  

-1.00

-0.80

-0.60

-0.40

-0.20

0.00

0.20

0.40

0.60

0.80

1.00

1.20

-3.00 -2.00 -1.00 0.00 1.00 2.00 3.00

B
as

e 
sh

ea
r 

[%
g]

Average displacement at 7.54 m [mm]

±X
±Y
±X + (0.3Y)
Y + (+0.3X)
Y + (-0.3X)



Study of the Armenian Church in Famagusta 

 

 
Erasmus Mundus Programme 

72 ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 

Table 5.1 . Comparison of the maximum seismic load coefficients with ! = 3000 MPa. 

Unidirectional mass-proportional Bidirectional mass -proportional  

Analysis Capacity Analysis Capacity Difference [%] 

+~ 0.94 �+~� + �0.3	�� 0.77 18 

−~ 0.79 �−~� + �0.3	�� 0.65 18 

±� 0.35 �±�� + �±0.3	~� 0.35 0 

 

Figure 5.14 presents the comparison of the capacity curves obtained with the original and the 

calibrated modulus of elasticity. Here, the continuous red and dashed black lines correspond 

to the bidirectional and mass-proportional analyses, respectively, with ! equal to 3000 MPa; 

while the green curves correspond to 1100 MPa. From this figure, it is possible to observe a 

reduction of the maximum load factors for all the cases, going from 0.77, 0.65 and 0.35 to 

0.60, 0.45 and 0.25 for the �+~� + �0.3	��, �−~� + �0.3	�� and +� analyses, respectively; 

meaning a significant reduction of around 22, 31 and 29%. Therefore, based on the 

calibrated model, the building can withstand a transversal static horizontal force of 0.25�. 

Moreover, the displacements of the structure are notably increased, as expected by the 

reduction of the modulus of elasticity. 

 

Figure 5.14 . Comparison of the capacity curves between the original (red and black curves) and the 
calibrated (green curves) models. 
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Regarding the damage pattern obtained from the unidirectional mass-proportional and 

bidirectional pushover analyses, in general, the numerical model under static horizontal loads 

presents damage concentration mainly around the corners of the openings, which is a typical 

failure feature of masonry buildings. Further damage is present at the top corners of the 

apse, in its connection with the transversal east wall; and at the base of the building. 

 

5.3.5 Pushover damage pattern vs. real damage of th e Church 

Comparing the numerical damage pattern with the old and current real damage of the 

Armenian Church, which was commented in Chapter 2, it is possible to observe similar 

damage patterns in the west façade of the building. The numerical damage between the 

entrance and the window of the west façade, and at the top of the same window (Figures 5.8 

and 5.11), is consistent with the cracks observed in Figure 2.25. This damage pattern is also 

consistent with the information of the Damage Abacus developed by the University of 

Padova (NIKER, 2010), which was created with the aim of describing and compiling the 

seismic failure mechanisms of cultural heritage. According to this inventory, this crack 

pattern, which is commonly found in churches, can lead to an in-plane shear failure 

mechanism of the masonry structure causing either the failure of the whole façade (Figure 

5.15, a) or the localized failure of the top section of the window (Figure 5.15, b). In particular, 

the localized failure of the window can be related to the damage present in the west façade 

of the church in Figure 2.7 (a and b). Additionally, the location of the numerical damage at 

the top corner of the apse of Figure 5.8 (d) is similar to the current crack position shown in 

Figure 2.24. In general, it is worth noting that the aforementioned consistent damage 

patterns occur, according to the pushover results, when the building is subjected to seismic 

horizontal actions in its transversal direction. 

(a)  (b)  

Figure 5.15 . Shear failure mechanism in the façade plane from the Damage Abacus (NIKER, 2010). 

To complement the previous information related to the damage in the west and east sides of 

the Armenian Church, Figure 5.16 shows the damage and deformed shape of the model 

corresponding to the last point of the +� capacity curve presented in Figure 5.14, obtained 

for the calibrated model. From these images, it is interesting to observe, in the first place, 
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how the cracks of the west façade have increased affecting simultaneously part of the 

vaulted roof (Figure 5.16, a). Taking into account the symmetrical behavior of the building 

when affected by lateral loads in its transversal positive and negative direction, this damage 

pattern can justify again the localized failure of the west window and above pediment 

observed in Figure 2.7 (a and b). On the other hand, from Figure 5.16 (b), it is interesting to 

note how the damage has affected a significant part of the dome and escalated through the 

middle section of the transversal east wall. This damage pattern, which could not be 

captured with the original modulus of elasticity, is consistent with the failure of the dome and 

east wall observed in Figure 2.7 (d). Figure 5.16 (c) shows again the damage pattern, seen 

this time from the interior of the building (the south and west walls of the numerical model 

have been removed). Note that the damage located at the top of the double-arch that leads 

to the apse is similarly positioned with respect to the cracks observed in Figure 2.30. The top 

section of the double-arch is currently in bad condition and, based on the different coloring of 

the stone units, it was probably repaired during the works of the 20th century. 

(a)  

(b)       (c)  

Figure 5.16 . Deformed shape and damage (given the maximum principal strain) corresponding to the 
last point of the +� capacity curve of the calibrated model. 

 

Concerning the longitudinal north and south walls, the obtained numerical damage from 

Figures 5.7 and 5.10, is virtually located in similar areas of the real current cracks of the 
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church, i.e. above the entrances and around the windows. This feature confirms again that 

the weakest sections of the building are located between the openings of the facades. 

Nonetheless, in this case, the damage pattern calculated with the numerical model does not 

fully characterize the old and current damage of the structure. In particular, the damage and 

partial collapse of the south and north entrances seen in Figures 2.6 (b) and 2.7 (c) could not 

be captured. Neither the damage at the middle section of the west corners of the building 

(Figure 2.7, a and b) nor the crack of the lintel of Figure 2.24 were numerically observed. The 

damage patterns that could not be estimated with the pushover analyses can still be possibly 

attributed to seismic effects; nonetheless, other approaches such as the time-history method 

need to be considered. If other investigation procedures fail, the numerical model can also be 

improved to accurately characterize the geometry and behavior of the structure. In particular, 

the top section of the north and south entrances, which include lintels and relieving arches, 

need to be carefully inspected to understand how the structural system is working. 

Otherwise, various factors can also be considered as the cause of such damages, e.g. 

material ageing and lack of maintenance. Finally, regarding the damage at the base of the 

structure obtained from the numerical analyses, today is very difficult to discern which 

damage has been caused to the Armenian Church by seismic actions, and which one due to 

other factors. As shown in Figures 2.23 to 2.26, the current condition of the base of the 

structure is characterized by severe deteriorated stone and material losses. 

 

5.4 Non-linear time-history method 

The non-linear time-history (dynamic) method is, according to Eurocode 8 (EN 1998-1, 

2004), an alternative procedure, along with the pushover method, for analyzing the non-

linear behavior of structures subjected to seismic effects. 

The equations of motion of a `-degree-of-freedom system subjected to an earthquake are 

defined by Equation 5.3, where d�e�, d� �e� and df �e� represent the relative displacement, 

velocity and acceleration vectors of the structure, respectively; a, � and b are the mass, 

damping and stiffness ` × ` matrices of the structure, respectively; ��e� refers to the 

external applied dynamic force vector dependent on the ground motion acceleration, df ��e�; 
and e expresses time (Chopra, 2007). The non-linear time-history method allows determining 

the time-dependent response of a structure through direct numerical integration of its 

differential equations of motion by means of accelerograms representing the ground motion. 

a ∙ df �e� + � ∙ d� �e� + b ∙ d�e� = ��e� (5.3) 
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As specified in EN 1998-1 (2004), one possibility for representing the earthquake action 

(ground acceleration, velocity and displacement time-histories) is with the aid of artificial 

accelerograms generated according to compatible elastic response spectra. The next section 

describes the procedure followed for constructing the artificial accelerograms employed for 

the non-linear dynamic analysis of the Armenian Church. Subsequently, the numerical tools 

used for the finite element analyses are briefly commented and the obtained results are 

presented, namely the damage distribution and the relation between the seismic coefficient 

and the horizontal displacement of the structure. 

5.4.1 Artificial accelerograms 

The horizontal seismic action is described by two orthogonal and independent components, 

represented by the same response spectrum. Within this thesis, two earthquakes were used 

(Earthquake 1 and 2) for analyzing the dynamic behavior of the structure, both of them 

composed of two uncorrelated artificial accelerograms acting in orthogonal directions, X and 

Y, of the numerical model. The artificial accelerograms are compatible with the elastic 

response spectrum (Type 1) specified by the Cyprus National Annex to Eurocode 8 (CYS EN 

1998-1:2004, 2010) and following the recommendations of EN 1998-1 (2004). The elastic 

response spectrum is defined based on Equations 5.4 to 5.8, for a damping ratio = equal to 

5% and a ground type “E” according to the geological characteristics of Famagusta, which is 

located over loose terrace deposits mainly formed by calcarenites, sands and gravels. Table 

5.2 specifies the values of the parameters describing the Type 1 elastic response spectrum 

dependent on the chosen ground type. Furthermore, a design ground acceleration @� (on 

type A ground) of 0.25� was used according to the seismic hazard map of Cyprus and the 

location of Famagusta (Refer to Figure 1.1 of Chapter 1). Finally, Figure 5.17 shows the 

calculated response spectrum of Famagusta needed for generating the artificial 

accelerograms, where the maximum ground acceleration, affected by the ground type factor, 

is equal to 0.35�. 

As Mendes et al. (2010) remarks, the response spectrum is a spectral representation of the 

peak response of a single-degree-of-freedom system to a given seismic input motion, with a 

given common damping = and natural periods �h varying from a minimum value up to a 

maximum value. Thus, for a given input motion, it is possible to obtain several response 

spectra associated with different values of damping. The process of generating time-histories 

compatible with the input for a response spectrum is therefore independent of the damping 

considered. Regarding the codes, Eurocode 8 clearly defines that the artificial accelerograms 

shall be generated so as to match the elastic response spectra for 5% viscous damping. 
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 0 ≤ � ≤ �� : ����� = @� ∙ � ∙ �1 + ��� ∙ �> ∙ 2.5 − 1�� (5.4) 

 �� ≤ � ≤ �� : ����� = @� ∙ � ∙ > ∙ 2.5 (5.5) 

 �� ≤ � ≤ �� : ����� = @� ∙ � ∙ > ∙ 2.5 ∙ ���� � (5.6) 

 �� ≤ � ≤ 4� : ����� = @� ∙ � ∙ > ∙ 2.5 ∙ ������� � (5.7) 

 > = �10 �5 + =�⁄ ≥ 0.55 (5.8) 

where, 

�����: Elastic response spectrum. 

�: Vibration period of a linear single-degree-of-freedom system. 

@�: Design ground acceleration on type A ground. 

��: Lower limit of the period of the constant spectral acceleration branch. 

��: Upper limit of the period of the constant spectral acceleration branch. 

��: Value defining the beginning of the constant displacement response range of the 

spectrum. 

�: Soil factor. 

>: Damping correction factor with a reference value of > = 1 for 5% viscous damping. 

 

 

Table 5.2 . Values of the parameters describing the Type 1 elastic response spectrum (CYS EN 1998-
1:2004, 2010). 

Ground type � ����� �3��� ����� 
A 1.0 0.15 0.4 2.0 

B 1.2 0.15 0.5 2.0 

C 1.15 0.20 0.6 2.0 

D 1.35 0.20 0.8 2.0 

E 1.4 0.15 0.5 2.0 
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Figure 5.17 . Elastic response spectrum for Famagusta with a ground type “E”. 

 

The response spectrum presented above was used to generate the artificial accelerograms 

by means of the software SIMQKE_GR (Gelfi, 2006), with a baseline correction filter using 

the software SeismoSignal (Seismosoft, 2004). The baseline correction eliminates the 

background noise of the signals and forces the time-history of displacements to start and end 

with a zero value. Moreover, the total time duration of the seismic action was set equal to 

20s. As specified in EN 1998-1 (2004), the duration of the accelerograms must be consistent 

with the magnitude and other relevant features of the seismic event; nonetheless, when site-

specific data are not available, the minimum duration �� of the stationary part of the 

accelerograms should be equal to 10s. Here, the minimum duration was adopted considering 

additional 10s for the non-stationary parts. 

Taking into account the results of the pushover analysis of the structure, where the maximum 

static horizontal action that the building can withstand is 0.25� according to the calibrated 

model, the generated artificial accelerograms were scaled. Regarding Earthquake 1, the 

uncorrelated accelerograms acting in orthogonal directions were affected by a scale factor 

equal to 1.0 with respect to the Famagusta PGA (PGA1: 0.35�); and concerning Earthquake 

2, the accelerograms were scaled with a factor of 2.0 (PGA2: 0.70�). This scheme is done in 

order to compare the resulted level of damage and collapse mechanisms between the two 

time-history analyses, and, at the same time, with the results of the pushover analyses. 

Figure 5.18 presents the time-history of accelerations of Earthquake 1 for both orthogonal 

global directions X and Y. 
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(a)  

(b)  

Figure 5.18 . Time-history of accelerations of Earthquake 1 (PGA1: 0.35�) in (a) X and (b) Y directions. 

 

5.4.2 Analysis tools and parameters 

To perform the dynamic non-linear analyses, the finite element software DIANA (TNO DIANA 

BV, 2009) is used; and, once more, the constitutive material law and material properties 

presented in Chapter 4, Table 4.1, are employed. Nonetheless, due to the significant 

variation in the pushover performance of the building obtained between the original and 

calibrated model (Refer to Figure 5.14), the calibrated modulus of elasticity (! = 1100 MPa) 

is applied here. In addition, the damping � of the structural system (Refer to Equation 5.3) is 

simulated according to Rayleigh viscous damping. As explained by Chopra (2007), classic 

damping is an attempt to idealize the dissipation of energy in a structural system and is an 
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structure. The Rayleigh damping is a procedure for constructing a classical damping matrix 

based on a linear combination of the mass a and stiffness b matrices of the structural 

system as presented in Equation 5.9, where @A and @B are the Rayleigh coefficients. This 

procedure is consistent with experimental data that indicate roughly the same damping ratios 

for several vibration modes of a structure, which cannot be obtained by either considering 

uniquely a mass-proportional or a stiffness-proportional damping. 

� = @Aa+ @Bb (5.9) 

The damping ratio =h for Mth mode of the system given by Equation 5.9 is determined by 

Equation 5.10, where ih is the angular frequency. The coefficients @A and @B can be 

determined from specified damping ratios =/ and =� for the sth and  th modes, respectively, by 

solving the resulted algebraic system of equations and assuming that both modes have the 

same damping ratio =. Subsequently, @A and @B can be expressed as presented in Equations 

5.11 and 5.12. 

=h = @A2 1ih + @B2 ih 
(5.10) 

@A = = 2i/i�i/ + i� (5.11) 

@B = = 2i/ + i� (5.12) 

Chopra (2007) notes that, in applying this procedure to a practical problem, the modes s and 

  with specified damping ratios should be carefully chosen to ensure reasonable values for 

the damping ratios in all the modes contributing significantly to the response. Therefore, 

within this thesis, in order to estimate the Rayleigh damping coefficients, which are inputs of 

the numerical model, modes 1 and 2 were selected as the sth and  th modes with calibrated 

frequencies equal to 5.72 Hz (i/ = 35.94 rad/s) and 8.98 Hz (i� = 56.42 rad/s), respectively. 

These modes contain above 70% of the total effective mass participation of the structure 

(Refer to Chapter 4, section 4.2). It is important to remark that, according to Chopra (2007), 

experimental results of damping estimation based on low-amplitude forced vibration tests are 

usually disregarded because the damping ratios determined from small structural motions 

are not representative of the larger damping expected at higher amplitudes of motions. Here 

a damping ratio = of 5% was adopted for the selected modes and the obtained values for the 

Rayleigh coefficients are @A = 2.19433 and @B = 0.00108. Figure 5.19 shows the damping 

coefficient distribution along the modes based on the aforementioned parameters. 
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Figure 5.19 . Rayleigh damping coefficient distribution adopted. 

Besides the previously stated parameters, in order to perform the dynamic non-linear 

analyses, the application of time-stepping methods is also required. The analytical solution of 

the equation of motion of a structural system subjected to an earthquake (Refer to Equation 

5.3 of the present chapter) is not possible due to the arbitrary variation of the excitation with 

time and the system non-linearity. The time-stepping methods allow the resolution of the 

problem through the numerical integration of the differential equations. In Equation 5.3, the 

applied load ¡�e� is given by a set of discrete values ¡/ = ¡�e/�, which distribution is defined 

by a selected time interval ∆e (∆e/ = e/£B − e/) usually taken to be constant. Within the time-

stepping methods, the response of the structure is determined at the discrete time instant e/, 
in which all values are assumed to be known; subsequently, the response of the structure at 

time e/£B is approximated using numerical procedures. In general, these numerical 

procedures can be divided into two main categories: explicit and implicit methods. Within the 

first type, the unknown parameter �/£B depends on e/ but not on e/£B; thus, all unknown 

parameters can be computed explicitly without the need to solve the equation of motion at 

time e/£B. Nonetheless, for these methods, the solution can become unstable for large time 

steps ∆e. On the other hand, within the implicit methods, the unknown parameter �/£B 
depends directly on e/£B; therefore, all the unknowns can only be computed by solving the 

equation of motion at time e/£B. In this last case, the solution can be unconditionally stable if 

the control parameters, associated with the integration scheme, are properly chosen 

(Chopra, 2007). One common explicit method is the so called Central Difference method; 

while the Newmark and the Hilber-Hughes-Taylor (HHT) methods are common implicit 

procedures. For further information about time-stepping methods, refer to Chopra (2007). 

Within this thesis, the HHT method is applied. As stated by Mendes et al. (2010), the non-

linear time-history analysis of masonry structures is complex. In opposition to the typical 

framed concrete structures, where it is easy to identify the yield hinges, masonry buildings 

have distributed cracking around the structure, featuring opening, closing and reopening of 
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cracks due to the characteristic low masonry tensile strength. The quasi-brittle masonry 

behavior in tension introduces numerical noise due to the fast transition from linear-elastic 

behavior to a fully cracked state involving almost zero stiffness. The quasi-instantaneous 

changes in the displacement field tend to originate the propagation of high frequency 

spurious vibrations. Here, the HHT time-integration method is advantageous because it 

allows the introduction of numerical dissipation without degrading the order of accuracy. 

The HHT method, also known as ∝-method, is a generalization of the Newmark procedure 

that eliminates the influence of non-realistic modes, i.e. high frequency oscillations, by 

introducing numerical damping of higher frequencies. This numerical procedure uses the 

same finite difference formulas as the Newmark method with an integration scheme 

controlled by the parameters ¤ and Y expressed by Equations 5.13 and 5.14, respectively. 

For ∝= 0 the procedure reduces to the Newmark method; and for −1/3 ≤∝≤ 0 the scheme 

is second-order accurate and unconditionally stable. Decreasing ∝ means increasing the 

numerical damping, and the adopted damping is low for low-frequency modes and high for 

the high-frequencies modes. For the present analyses, ∝ was set equal to −0.1 following the 

recommendations of the DIANA documentation (TNO DIANA BV, 2009). 

Y = 12 �1 − 2^� (5.13) 

¤ = 14 �1 − ^�� 
(5.14) 

In order to ensure the convergence, stability and accuracy of the dynamic response given by 

the time-stepping methods, the previously stated parameter ∆e (time-step interval), should be 

carefully chosen. According to Mendes et al. (2008), two different criteria must be fulfilled 

when defining this parameter: (a) the time-step should be small enough in comparison with 

the total duration of the accelerogram; and (b) in order to guarantee the contribution of the 

higher modes with an error lower than 5%, twenty time-steps should be taken into account 

for the lowest period � with relevance in the structural behavior according to Equation 5.15. 

In the particular case of this thesis, based on the results of the numerical modal analysis of 

the calibrated model (Refer to Chapter 4, section 4.2), the first two modes are considered as 

the most relevant for the structural behavior as they possess above 70% of the total effective 

mass participation of the structure. Therefore, taking the period of the second mode of 

vibration as the lowest period of importance (�� = 0.1114	�), a time-step equal to 0.00557s is 

obtained. Subsequently, considering the duration of the artificial accelerograms (20s), a total 

number of 3592 steps are required for the non-linear time-history analyses. 
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∆e = 120�/ (5.15) 

Finally, concerning the iteration procedure, the linear stiffness iteration method is applied for 

the dynamic non-linear analyses along a convergence criterion based on the internal energy 

with a tolerance equal to 10xC. The linear stiffness iteration method has, potentially, the 

slowest convergence with respect to other methods, such as the regular Newton-Raphson, 

but it costs the least time per iteration since the stiffness matrix needs to be set up only once 

(TNO DIANA BV, 2009). Here, due to the high number of required steps and the robustness 

of the elastic stiffness matrix, the linear method is advantageous. 

5.4.3 Earthquake 1 (PGA 1: 0.35�) 

As stated before, the artificial accelerograms of Earthquake 1 were affected by a scale factor 

of 1.0 with respect to the Famagusta PGA; thus, the maximum applied ground acceleration is 

0.35�. Figure 5.20 shows the evolution of the seismic coefficient ^ with respect to the 

horizontal displacement at the top of the structure. The presented curves correspond to both 

longitudinal X and transversal Y orthogonal directions where the uncorrelated accelerograms 

were applied. The horizontal displacement of the structure is again calculated based on the 

average displacement of nodes P1 to P4, which were previously used for the pushover 

analyses (Refer to Figure 5.5). From this graph, the maximum obtained seismic coefficients 

are 0.53 and 0.36 in the positive and negative X direction, respectively; and 0.41 and 0.35 in 

the positive and negative Y direction, respectively. 

 

Figure 5.20 . Base shear – horizontal displacement relationship in the longitudinal X and transversal Y 
directions for Earthquake 1 (PGA1: 0.35�). 
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Figure 5.21 presents the resulted damage of the building in terms of the maximum values of 

the tensile principal strain JB. Here, once more, the cardinal north orientation of the building is 

given by the positive Y direction of the model. It is important to note that, while performing 

time-history analyses, the generated cracks of the building pass through cycles of opening, 

closing and reopening along the different time-steps. Therefore, it was necessary to perform 

an automatic scanning of the results, for all the time-steps, with the software DIANA (TNO 

DIANA BV, 2009). This procedure was done in order to find the most severe damage 

condition of the structure during the entire duration of the earthquake. From Figure 5.21, it is 

possible to observe scattered damage in various sections of the building. Cracks are present 

mainly between the openings of the facades and above the windows; as well as in the apse 

side, in the connection between the semi-circular apse and dome with the transversal east 

wall. Further damage propagates at the base of the church, in some areas of the vaulted 

roof, and in the upper part of the internal double-arch. In general, the damage does not seem 

enough to generate the global collapse of the structure; however, the localized failures of the 

west pediment and of the masonry section between the west entrance and window are 

possible. Also, the cracks in the north façade indicate the probable collapse of the lintel and 

of the internal masonry section under the relieving arch. 

(a)  (b)  

(c)  (d)  

Figure 5.21 . Maximum damage of the church (given the maximum principal strain) – Earthquake 1. 
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5.4.4 Earthquake 2 (PGA 2: 0.70�) 

In the case of Earthquake 2, the artificial accelerograms were affected by a scale factor of 

2.0 with respect to the Famagusta PGA, giving a maximum applied ground acceleration of 

0.70�. Figure 5.22 shows the evolution of the seismic coefficient ^ with respect to the 

horizontal displacement at the top of the structure. Again, these curves correspond to both 

longitudinal X and transversal Y orthogonal directions where the uncorrelated accelerograms 

were applied; moreover, the horizontal displacement of the building is measured based on 

the average displacement of nodes P1 to P4, located at roof level (Refer to Figure 5.5). From 

Figure 5.22, the maximum obtained seismic coefficients are 0.86 and 0.59 in the positive and 

negative X direction, respectively; and 0.54 and 0.53 in the positive and negative Y direction, 

respectively. Note that the displacements of the building are notably augmented, compared 

to the maximum values of Earthquake 1 (Figure 5.20). 

 

Figure 5.22 . Base shear – horizontal displacement relationship in the longitudinal X and transversal Y 
directions for Earthquake 2 (PGA2: 0.70�). 

Figure 5.23 presents the resulted damage of the building in terms of the maximum values of 
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scanning all the time-steps of the analysis, in order to find the most severe damage 

condition; moreover, the cardinal north orientation of the building is given by the positive Y 

direction of the model. From Figure 5.23, it is possible to observe severe damage all around 

the building. Compared to Figure 5.21 of the previous earthquake, the damage has 

significantly spread affecting almost the entire structural elements of the edifice. In particular, 
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In general, the state of the church indicates an imminent global failure. Nonetheless, despite 

the high damage level, it is interesting to notice that the buttresses and the lintels are not 

greatly affected with respect to the other masonry sections. 

(a)  (b)  

(c)  (d)  

Figure 5.23 . Maximum damage of the church (given the maximum principal strain) – Earthquake 2. 

 

5.4.5 Time-history damage pattern vs. real damage o f the Church 

The dynamic time-history method was able to capture most of the old and current damage of 

the Armenian Church that had already been estimated with the pushover technique (Refer to 

section 5.3.5 of the present chapter). In particular, considering the results of Earthquake 1 

where the damage pattern can be clearly identified (Refer to Figure 5.21), the time-history 

analysis was able to simulate the current damage of the west façade, namely the cracks 

located between the openings and at the top of the window, as observed in Figure 2.25. 

Moreover, the numerical results visibly captured the damage of the west pediment that led to 

its collapse in the past, as shown in the historical pictures of Figure 2.7 (a and b). As 

mentioned before, the localized failure of the pediment is a consequence of an in-plane 

shear failure mechanism of the masonry structure. 
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The results of Earthquake 1, as well as the pushover results, were also able to justify the 

current crack shown in Figure 2.24, located at the top corner of the apse, and to approximate 

the current damage of the transversal east wall pictured in Figure 2.26. The historical failure 

of the dome and east wall observed in Figure 2.7 (d) can also be estimated from Figure 5.21 

(b). However, in this case, the numerical damage does not seem enough to produce the 

collapse of the masonry section. This feature could be attributed to the adopted material 

parameters that consider the masonry quality to be the same for both the dome and the 

walls. Lastly, also the location of the damage at the top of the internal double-arch that leads 

to the apse, shown in Figure 2.30, was captured according to Figure 5.21 (c). In this last 

image, the south and west walls of the numerical model have been removed. 

The dynamic non-linear analyses allowed simulating further damage of the Armenian Church 

that had not been possible to capture with the performed pushover analyses. Particularly, the 

numerical damage pattern observed between the openings of the longitudinal north wall of 

the building (Figure 5.21, d) is closer to the real current cracks seen in Figure 2.23. On top of 

that, the numerical damage of the lintel and of the internal masonry section under the 

relieving arch, observed in the same north façade, can be related to the real partial collapse 

of the south and north entrances seen in Figures 2.6 (b) and 2.7 (c). Note that in Figure 2.7 

(c), the entrance is closed but the lintel is no longer there. Additionally, from Figure 5.23 (a) 

of Earthquake 2, it is possible to discern diagonal cracks running away from both extremes of 

the south lintel towards the bottom part of the buttresses. This damage pattern seems, to 

some degree, consistent with the extended damage of Figures 2.6 (b) and 2.7 (c) that led to 

the collapse of a significant portion of the longitudinal walls. 

Finally, from Figures 5.21 and 5.23, severe damage at the base of the edifice can be 

observed. Probably, some of this damage could be related to the existing material loss at the 

base of the church, seen in Figure 2.24. Nonetheless, as stated before, currently the lower 

part of the structure is highly damage; thus, it is very difficult to discern which damage has 

been caused by seismic actions, and which one due to other factors. Furthermore, it is 

important to notice that neither the damage at the middle section of the west corners of the 

building, seen in Figure 2.7 (a and b), nor the crack of the lintel of Figure 2.24 were 

numerically simulated with the time-history analyses. 

5.5 Comparison of pushover and time-history results  and safety assessment 

Regarding the application of the pushover method opposed to the dynamic time-history 

technique, in general, it is important to mention that the pushover analyses were easier to 

perform in terms of time and computational costs. This adds to the fact that, based on the 

applied load configurations, the pushover method is already able to justify some important 
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damage of the structure, principally the one suffered in the transversal masonry walls of the 

church. On the other side, a notable variation in terms of seismic coefficients is observed 

coming from both approaches; as well as in the damage pattern estimated in the longitudinal 

masonry walls. In this regards, Table 5.3 shows a comparison of the pushover and time-

history seismic coefficients that were measured using the calibrated model of the Armenian 

Church. It is important to remember that Earthquake 1 represents a seismic action generated 

according to the real probabilistic PGA of the zone (based on Eurocode 8); while, for 

Earthquake 2, the PGA was doubled with the aim of comparing the resulted effects. 

Table 5.3 . Comparison of the pushover and time-history seismic load coefficients. 

Analyzed direction Pushover Earthquake 1 Earthquake  2 

Positive X 0.60 0.53 0.86 

Negative X 0.45 0.36 0.59 

Positive Y 0.25 0.41 0.54 

Negative Y 0.25 0.35 0.53 

 

Focusing first in the comparison between the pushover and the Earthquake 1 results, from 

Table 5.3 it is possible to observe that Earthquake 1 produces a base shear force lower than 

the maximum static horizontal action that the building is able to withstand in both positive and 

negative X direction, according to the pushover results. The dynamically calculated load 

factors correspond to 88 and 80% of the respective static load factors. On the other hand, 

the generated base shear force, both in the positive and negative Y direction, is higher than 

the maximum values estimated by the pushover analyses. In this case, the dynamically 

calculated load factors correspond to 164 and 140% of the static ones, respectively. 

Moreover, by comparing the estimated damage patterns, both the pushover analyses and 

the time-history evaluation of Earthquake 1 were able to simulate, to some extent, the real, 

old and current damage of the Armenian Church. This damage includes most of the current 

cracks present in the west and east sides of the edifice, and also, the historical collapse of 

the west pediment and the failure of the top of the dome. Nonetheless, only the dynamic non-

linear analysis was able to approximate the damage of the longitudinal north and south walls 

of the church, including the historical failure of the lintels and of the masonry section under 

the relieving arches. It is interesting to note that, according to the damage pattern estimated 

by Earthquake 1, the seismic action is not sufficient to cause the global failure of the 

structure, and only some localized collapses are predicted. 

By comparing the results of Earthquake 2 with the other analyses, from Table 5.3, a 

significant increase of the base shear force with respect to the maximum values estimated by 
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the pushover method is observed. In the positive and negative X direction, the maximum 

dynamic load factors correspond to 143 and 131% of the respective static factors; while, in 

the positive and negative Y direction, the dynamic load factors correspond to 216 and 212% 

of the respective static ones. In terms of the estimated damage pattern, Earthquake 2 

caused a severe damage to the building indicating a probable global structural collapse. In 

addition, only little damage of the longitudinal walls, namely the diagonal cracks that might 

relate to the partial collapse of the masonry around the entrances, could be of interest. 

Based on the previous remarks and on the tasks performed within this thesis, it is important 

to state that the results of this investigation were able to justify numerous important, old and 

present damage features of the Armenian Church. Regarding the current safety of the 

building against seismic events, although the results seem to indicate a good overall seismic 

performance of the structure under the probabilistic PGA of the zone, nothing can be 

conclusive. As mentioned before, the damage pattern estimated by the dynamic non-linear 

analysis of Earthquake 1 only predicts the localized failure of some elements of the building, 

which is consistent with the state of the church seen in historical pictures before the works of 

the British were done. Nevertheless, further investigation and numerical analyses are 

required in order to have an adequate judgment in this subject. A more accurate 

characterization of the geometrical features and material properties is imperative, including a 

fine calibration of the numerical model. Due to the limited time to carry out further works, the 

completion of these tasks would need to be performed in future works. 
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6. CONCLUSIONS AND RECOMMENDATIONS 

Within this thesis, a detailed study of the medieval Armenian Church in Famagusta was 

done. In general, three main research steps were performed. The first step regarded the 

historical analysis of the past damage and previous restoration works of the edifice. This 

work phase also included the characterization of the current condition of the structure based 

on an in-situ visual inspection. The following step corresponded to the application of non-

destructive tests to the Armenian Church, namely dynamic identification analysis, using 

ambient vibration techniques, and sonic tests. The results of these investigation techniques 

allowed identifying important dynamic properties of the structure, such as frequencies and 

modes of vibration, and the dynamic modulus of elasticity of the church masonry. The sonic 

test also helped analyzing the internal condition of some sections of the masonry structure. 

The third research step of this thesis regarded the construction of a tridimensional finite 

element model of the Armenian Church. Various numerical analyses were performed. First, a 

modal analysis was carried out and used to assess the quality of the model. Here, a simple 

calibration of the modulus of elasticity was done. Furthermore, the structural stability and 

seismic performance of the building was studied by means of gravity loads (self-weight) and 

lateral loadings. Two non-linear methods were used to assess the seismic behavior of the 

church: static pushover and time-history dynamic analyses. In the first case, two loading 

patterns were applied, i.e. unidirectional and bidirectional mass-proportional loading 

configurations. These analyses were carried out for both the initial modulus of elasticity, 

based on literature, and the calibrated one; and the results were compared. Regarding the 

second non-linear method, artificial accelerograms were generated and the building was 

subjected to two earthquakes with scaled peak ground accelerations. The results of all the 

previous analyses were studied in terms of the generated capacity curves and damage 

pattern of the structure, which was compared with the real old and current damage of the 

Armenia Church. Based on the aforementioned works, the following conclusions can be 

formulated: 

 

Regarding the historical damage survey and visual inspection: 

1. From historical pictures, it is possible to observe that the Armenian Church suffered 

much damage in the past, probably due to a combination of many factors such as 

wars, abandonment, earthquakes and material deterioration, among others. At 

present, after the works done by the British in the mid- 20th century, it is difficult to 

distinguish the old damage. Moreover, just a few features of the old works can be 

discerned by the different coloring of the stone units and the use of different materials 
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to fill in the cracks. Based on this, today, it is a complex task to tell with absolute 

certainty, by simple visual inspection, which damage was caused by seismic effects. 

According to historical records, the Armenian Church suffered recently two strong 

earthquakes in 1924 and 1941. Nonetheless, the first event happened before the 

works of the British were done, while the other occurred during the reconstruction 

period. In this last case, even if the church suffered damage, the originated effects 

must have been covered. 

2. The current condition of the Armenian Church is distinguished, mainly, by cracks 

between the openings of the transversal and longitudinal walls, and above the dome; 

severe stone deterioration at the base of the structure; material loss in supporting 

elements of the building, namely buttresses; deteriorated mortar joints; and biological 

activity at the bottom and upper levels of the edifice. Furthermore, the groin-vaulted 

roof, seen from the interior, is in very poor conditions. Nonetheless, despite this 

damage and based uniquely on the results of the visual inspection, the overall present 

condition of the Armenian Church is not in a critical state. In other words, there is 

enough time to define an adequate intervention plan, which should include, at least: 

simple maintenance to deal with the least severe issues, such as biological activity; 

protection of windows against environmental elements and invasion of birds; re-filling 

of undesirable cavities; monitoring of cracks; inspection of the vaulted roof and 

protection against water infiltration; and mortar repointing in various sections of the 

building. In particular, the monitoring of the cracks needs to be a priority. Even if at 

present they do not seem to threaten the integrity of the building, they do can have an 

unwanted effect in the internal frescoes. On the long-term, other intervention work 

could deal with the opening of the north entrance, currently blocked with brick 

masonry, in order to fully recover the old appearance of the building. 

3. In spite of the old and current damage of the Armenian Church that could be attributed 

to seismic actions, it is worth noting the good overall present state of the building when 

compared to other Famagusta edifices. While many Famagusta monuments are in a 

severe ruined condition, with only parts of the structure still standing, e.g. the 

neighboring building, the Carmelite Church; the Armenian Church is today 

characterized by less critical, but not negligible problems. This feature can be 

attributed to the simplicity and regularity of the masonry structure, both in-plane and in 

elevation. The Armenian Church is a very sturdy structure, characterized by thick walls 

and a moderate height, which are aspects that improve its seismic behavior, 

preventing local damages and decreasing torsional effects. 
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Regarding the non-destructive tests: 

4. The dynamic identification was successfully applied to the Armenian Church. The first 

six modes of vibration of the edifice were clearly identified with well spaced natural 

frequencies ranging from 5.7 to 16.4 Hz. The signal processing was performed with 

two different SSI methods, obtaining consistent results based on the calculated MAC 

values and the low standard deviation. Concerning the estimated damping 

coefficients, a significant variation was observed between the modes, with a low 

average value of 1.25%. Low damping is commonly found when structures are excited 

with ambient vibrations. Regarding the mode shapes, the first three deflected 

configurations of the church are characterized by a global behavior of the structure, 

i.e. transversal (Mode 1), longitudinal (Mode 2) and torsional (Mode 3); while the next 

three are distinguished by the local deflection of the north, south and west facades. 

5. Direct sonic tests were effectively applied to the edifice. The internal condition of 

portions of the south wall (next to the entrance) and southwest buttress were 

evaluated. In the first case, the sonic velocity ranged from 1166 to 2140 m/s, with an 

average value of 1676 m/s. The highest velocities were found close to the entrance, 

with a low variation, indicating that the masonry around the opening was probably 

rebuilt with new stone units during the works of the 20th century; while most of stones 

located afar might still be the original ones in bad conditions, or the connection 

between the masonry leaves is worse. Regarding the buttress, the sonic velocity 

ranged from 1243 to 2258 m/s, with an average value of 1640 m/s. Here, the outer 

masonry layer presented a better condition than the internal section of the buttress, 

indicating the possibility that the outer stone units were replaced during the restoration 

works. In general, although the aforementioned tests were successfully applied to the 

Armenian Church, further investigation around the whole structure is required for a 

better understanding of the masonry internal condition. 

6. The indirect sonic test, applied in the north wall of the building, allowed estimating the 

Poisson’s ratio and the dynamic modulus of elasticity of the church’s masonry. The 

average values of the P and R-wave velocities were 1480 and 606 m/s, respectively; 

and the calculated Poisson’s ratio and dynamic modulus were 0.38 and 1878 MPa, for 

a unit weight of masonry of 16 kN/m3. The results indicated a rather high value of the 

Poisson’s ratio; however, as no other parts of the structure were analyzed with indirect 

tests, the results cannot be conclusive. The high Poisson’s ratio could be attributed to 

the masonry inhomogeneity; also, the low sampling rate of the measurement 

equipment might have influenced the signal processing. Further investigation is 

required to estimate the global variation of this parameter around the building. 
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Regarding the numerical modal analysis and calibration of the model: 

7. The initial modal analysis was done using the material properties adopted through 

literature recommendations. The modal analysis indicated frequencies ranging from 

9.4 to 28 Hz for the first six modes of vibration of the structure. These modes possess 

a cumulative mass participation above 70% in both orthogonal horizontal directions. In 

particular, the first and the second modes are the most relevant in the dynamic 

behavior of the building. The first mode has 73% of the total mass participation in the 

transversal Y direction; while the second mode has 76% in the longitudinal X direction. 

8. The comparison of the numerical and experimental frequencies and mode shapes, 

made for the first six modes of vibration, resulted in a significant variation of the 

frequencies with errors above 55% for all the modes, indicating the need of calibration 

of some properties of the model. Regarding the mode shapes, the calculated MAC 

values pointed out a good consistency of the deflected configurations. In particular, the 

first two modes presented a virtual flawless consistency; while, in total, the first four 

modes had MAC values above 0.9. This consistency indicates that the geometrical 

features of the model are comparable to the real ones of structure. Furthermore, the 

qualitative comparison of the numerical and experimental mode shapes showed 

resemblance between the deflected configurations for all the six modes. 

9. The calibration of the model was done by changing the masonry modulus of elasticity 

till the numerical frequencies were close to the experimental ones. The modulus of 

elasticity was reduced around 60% (from 3000 to 1100 MPa), leading to frequencies 

with errors lower than 5% for all the six modes. The ratio between the calibrated static 

modulus of elasticity and the estimated dynamic modulus is 0.60; which is a low value. 

Nonetheless, the difference is not so large despite the fact that one measurement is 

global (dynamic identification) and the other is local (sonic tests). 

Regarding the non-linear analysis for vertical loadings: 

10. Under self-weight, the maximum compressive stress of the building represents only 

6% of the masonry compressive strength. The highest compressive stresses are 

located at the base of the structure, at the top corners of the entrances, in the center 

of the vaulted roof, in the upper part of the dome and in the middle section of the 

internal double-arch that leads to the apse. On the other side, the maximum tensile 

stress represents around 80% of the tensile strength. Therefore, no cracking is 

expected under self-weight based on the selected material parameters. The highest 

tensile stresses are located at the top of the north, south and west windows; in the 
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extremes of the lintels; in the connection of the apse with the east wall; and in the top 

area of the internal double-arch. 

11. The building was able to withstand a vertical load of 5.3 times the gravity load. The 

church presented a virtually linear load-displacement relationship until failure, with 

damage highly concentrated at the top of the windows, in the connection between the 

apse and the east wall, and at the top of the internal double-arch. The failure 

mechanism of the edifice corresponded to the localized failure of the apse, while the 

rest of the structure showed a good condition, indicating that the building presents a 

considerable safety level in terms of vertical loading. This can be attributed to the high 

stiffness and load bearing capacity of the masonry walls. 

Regarding the non-linear pushover method: 

12. The pushover analyses performed with a modulus of elasticity of 3000 MPa showed 

that the seismic performance of the Armenian Church is dependent on its transversal 

Y direction. From these analyses, considering both load patterns, the building can 

withstand a transversal static horizontal action of 0.35�. The longitudinal X direction 

presented a good overall seismic performance, being 0.65 the lowest seismic 

coefficient obtained. This good performance can be attributed to the sturdiness of the 

structure given by the thick walls, and the presence of the semi-circular apse that 

limits the longitudinal displacements. Regarding the damage pattern, the model 

presented damage concentration mainly around the corners of the openings, at the top 

corners of the apse, and at the base of the building. The structure showed a global 

damage behavior in both horizontal directions, without damage causing localized 

failures. The observed failure mechanisms are, to some extent, ductile as 

corroborated by the post-peak tendency of the capacity curves. 

13. Based on the calibrated modulus of elasticity, a significant reduction (above 20%) of 

the maximum load factors was observed for the repeated pushover analyses. 

According to the calibrated model, the building can withstand a transversal static 

horizontal force of 0.25�; while in the longitudinal X direction, the lowest seismic 

coefficient is 0.45. Regarding the damage pattern, the position of the cracks was still 

the same; the damage slightly spread compared to the previous results. 

14. The pushover method was able to effectively simulate some of the real, old and 

current damage of the Armenian Church. High consistency was attained regarding the 

present damage observed in the west façade of the building, namely the cracks found 

between the openings, and at the top of the window, going through the pediment. In 

particular, the damage of the pediment was linked to the localized failure of the 
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element observed in historical pictures. Additionally, the pushover method was also 

able to capture the damage present at one of the corners of the apse; the partial 

failure of the dome and east wall noted in historical pictures; and the damage located 

at the top area of the internal double-arch that leads to the apse. The entire 

aforementioned damage patterns occurred when the building was subjected to 

horizontal actions in its transversal direction. 

15. The pushover method was not able to accurately characterize the old and current 

damage of the longitudinal walls; nonetheless, the results confirmed that the weakest 

sections of the building are located mainly between the openings of the facades. 

Moreover, neither the partial collapse of the north and south entrances observed in 

historical pictures, nor the current crack of one the lintels could be captured. 

Regarding the numerical damage obtained at the base of the structure, at present, the 

lower part of the edifice is affected by several factors; thus, it is difficult to ascertain 

which damage is consequence of past seismic actions. 

Regarding the non-linear time-history method: 

16. The results of both dynamic time-history analyses confirmed again that the seismic 

behavior of the church is governed by its transversal direction, where the lowest 

values of seismic coefficients and maximum displacements of the structure were 

estimated. Earthquake 1 measured load factors of 0.53 and 0.36 in the respective 

positive and negative X direction; and, in the Y direction, 0.41 and 0.35, respectively. 

Additionally, in Earthquake 2, these values increased about 62 and 40% in the X and 

Y directions, respectively. Regarding the damage pattern, Earthquake 1 showed 

scattered damage around the building, mainly around the openings and in the apse 

side. Also damage propagated at the base and roof levels. In general, the damage 

only seemed to cause localized failures of some elements in the west and north 

facades. In opposition, Earthquake 2 caused high damage all around the edifice, 

leaving little unaffected areas; indicating an imminent global collapse of the church. 

17. Earthquake 1 simulated various real, old and current damage of the Armenian 

Church. This damage included some current cracks present in the west and east sides 

of the edifice, and also, the historical collapse of the west pediment and the failure of 

the top of the dome. Furthermore, the dynamic non-linear analysis approximated, to 

some extent, the damage of the longitudinal walls of the church, including the 

historical failure of the lintels and of the masonry section under the relieving arches. 

According to the damage pattern estimated by Earthquake 1, the seismic action was 

not sufficient to cause the global failure of the structure. Moreover, from Earthquake 2, 
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an interesting damage pattern in the longitudinal walls was captured that could be 

related to the partial collapse of the masonry around the entrances. 

Regarding the seismic evaluation methods and the safety assessment: 

18. The application of the pushover method, in opposition with the dynamic time-history 

technique, presented advantages regarding time and computational costs. In addition, 

in this particular case, the applied pushover load configurations were able to validate 

important damage of the structure, principally in the transversal walls of the church. 

Nonetheless, the damage pattern of the longitudinal masonry walls was better 

approximated by the time-history results. 

19. The present work justified numerous important, old and present damage features of 

the Armenian Church. The damage patterns that were not numerically captured 

include the current crack of one the lintels and the historical damage at the middle 

section of the west corners of the building. These and other features can still be 

possibly attributed to seismic effects; nevertheless, further work is required. 

Otherwise, various factors could also be considered as the causes of such damage, 

e.g. material ageing, lack of maintenance or even the application of inadequate 

repairing techniques. 

20. Regarding the seismic safety of the building, although the results indicated a good 

overall seismic performance of the structure, nothing can be conclusive. Further 

investigation and numerical analyses are required in order to have an adequate 

judgment. A more accurate characterization of the geometrical features and material 

properties is imperative, as well as a fine calibration of the numerical model. 

 

According to the results of this research project and given the above conclusions, some 

interesting topics were identified and could be considered for future works regarding the 

condition assessment of the Armenian Church: 

• Further direct sonic tests could be performed in other areas of the building in order to 

analyze in detailed the global quality of the masonry church. In particular, a distinction 

between old and “new” masonry sections could be of interest. Similarly, further indirect 

sonic tests could be carried out in order to validate the calculated dynamic modulus of 

elasticity and estimate the global variation of this parameter along the structure. 

• A detailed inspection and characterization of the roof system and dome needs to be 

carried out. Non-destructive tests should be applied in order to estimate their 

mechanical and dynamic properties. The resulted information could useful for 
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calibrating the material properties of the model. This inspection must be primarily 

focused on the vaulted roof that seems in very bad condition. 

• The finite element model could be modified to improve the accuracy of the main 

geometrical features that influence the seismic behavior of the structure. For that 

purpose, further inspection of the Armenian Church should be carried out. In 

particular, the lintels and relieving arches of the north and south entries need to be 

studied. Also, the geometry of vaulted roof could be adapted to take into account the 

highly degraded masonry stone. Moreover, a full characterization of the current cracks 

of the building could be carried out and taken into account in the finite element mesh. 

• The full Finite Element Model Updating should be performed in order to approximate 

the experimental modal characteristics of the building. Afterwards, the critical 

pushover and time-history analyses must be repeated with the aim of increasing the 

accuracy of the numerical results. 

• Further investigation could be devoted to characterize the old observed damage from 

the late 19th century that was not possible to justify with the present work. Other 

factors, besides seismic actions, could be considered. 
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