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Abstract  

In regions of low-to-moderate seismicity, such as Hungary, the number of high intensity 
seismic events utilized to characterize the seismic hazard is relatively low but with high occur-
rence in the historical past. Traditionally, the estimation of the magnitude of historical earth-
quakes is developed by seismologists in cooperation with historians. They rely on historical de-
scriptions of damage and Intensity scales to estimate the epicentral intensity and location. After-
wards, they use empirical relationships between the epicentral intensity and magnitude in order 
to estimate the later. Another method employs the Bayesian epistemological framework for the 
probabilistic estimation of the posterior distribution of magnitude of historical earthquakes, using 
structural fragility functions that are obtained with the Dynamic Structural Analysis (DSA) of 
the building structures affected by those earthquakes. Firstly, the fragilities are integrated, using 
the total probability theorem, together with an attenuation model and prior distance distribution. 
Afterwards the Bayes’ theorem is utilized together with a prior distribution of magnitude, in or-
der to draw the posterior distribution of magnitude. The analysis using structural models compli-
cates because most of these buildings either no longer exist, or were greatly modified, or there is 
lack of knowledge involved in differnt modelling levels, or present a wide variety of features, as 
structural systems, materials and respective properties. The consequent heavy numerical models 
for analysis and high number of analyses for probabilistic assessment are often forbidding. The 
present research focus on the estimation of the magnitude of the 1763 Komárom earthquake 
(western Hungarian Kingdom). The estimation of its epicentre and magnitude (5.7 to 6.5) have 
been an uncertain matter between seismologists, presented in different research works and data-
bases. Despite the traditional cooperation between geophysicists and historians, the present work 
uses the expertise of both structural engineers and architect historians to revisit the seismic dam-
age historical records, introducing the use of both structural modelling and historical building 
surveys (HBS) to address some open questions regarding the 1763 seismic event. A method to 
develop historical building archetypes using the HBS of the city of Tata is presented, together 
with 8 archetypes for analysis. The numerical models for both the static and dynamic nonlinear 
analyses of the archetypes are developed considering the site location, as materials, and both 
gravity and seismic actions. A specific attenuation model has been devised for seismic record 
selection. Different sets of fragility functions are produced using the estimation of the vulnerabil-
ity index and the application of the Capacity Spectrum Method, and Incremental Dynamic and 
Multiple Stripes Analysis of the archetypes. The magnitude of the 1763 event is studied using 
different sets of assumptions, such as prior magnitude and distance distributions and knowledge 
of the number of collapsed structures. The final conclusions suggest that the 1763 earthquake 
probably occurred with epicenter close to 17.958º, 47.802º, and with an expected magnitude of 
6.48 ±0.75.  
Keywords: Structural archetypes, 1763 Komárom earthquake, Historical architecture, Historical 
building survey, Structural Seismic Analysis, Probabilistic magnitude assessment.  
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Anno 1763, die XXVIII Iunii omnium atrocissimus terrae motus Danubiali 
praesertim plagae incubuit: sentiebatur ille Quinque - Ecclesiis, Sopronii, 
Trenchinii, Agriae, ac etiam remotius, verum fine clade. Validissima 
succuslio post V matutinam Jaurinum impetiit, Comaromium prostrauit, 
Budam valide agitauit, cui vix elapsis septem minutis successit altera 
terrae trepidatio aeque violenta, ac diuturna. Turres loco moueri, 
inuicem collidi, Cruces earum inclinato vertice lapsum minitari 
videbantur: stridebant muri, et trabes, rumpe bantur fornices, camini 
ruebant, puluereae surgebant nubes, ignes ad ripas Danubii erumpebat --
- Hisce spectator aderam.  

Ioannem Bapt. Grossinger (M. DCC. LXXXIII) 
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Chapter 1. Introduction  

Earthquakes are natural or anthropogenic hazardous events with the potential to reap lives and 
to cause destruction to our built environment. While natural earthquakes cannot be avoided, their 
causes can be traced. The study of the phenomena, its mechanisms and its consequences is fun-
damental to develop earthquake hazard mitigation measures. Therefore, modelling the seismic 
hazard requires specific knowledge on the tectonic features, list of earthquakes, magnitude lev-
els, seismic sources and geotechnical zonation are required (Mouroux & Le Brun, 2006).  

In regions of low-to-moderate seismicity, as Hungary, the amount of seismic records for 
seismic hazard analysis and the list of earthquakes are relatively small. Nonetheless, many sig-
nificant and destructive earthquakes occurred before the instrumental period in seismology, for 
instance: the 1763 in Komárom and the 1810 in Mór (Szeidovitz, 1990; Stucchi et al., 2013). 
These are comparable in magnitude and intensities to the recent 2016 Amatrice earthquake, in 
Italy – Mw=6.2 and I0=IX according to the European Macroseismic Scale (EMS-98; Grünthal, 
1998) – a much more hazardous region. Therefore, the impact of the estimated intensities and 
magnitude of these historical events, on the hazard models is also significant (Eisinger et al., 
1992; Tóth et al., 2006). For this reason, seismologists and historians have cooperated for histor-
ical earthquake research in order to enhance the lists and magnitude estimates for historical 
seismic events (Eisinger et al, 1992). Although, traditional approaches in seismology evaluate 
the seismic damage in the light of an intensity scale, such as the Mercalli Modified Intensity 
(MMI; Wood & Neumann, 1931), the Medvedev-Sponheuer-Karnik Scale (MSK-64; Medvedev, 
1962), or the EMS-98, and use empirical relationships relating those intensities to the magnitude 
to achieve the final estimates (Varga et al., 2001). As a result, the structural behaviour of the 
buildings affected by the earthquake is left out of direct considerations. Nonetheless, another 
method uses structural seismic analysis to determine the magnitude of the seismic events based 
on fragility functions (Ryu et al, 2009). It basically models the seismic vulnerability of the build-
ings in the affected site with fragility functions and combines it with the historical structural 
damage data. Afterwards, it uses the Bayes’ theorem and the prior knowledge of the seismic 
sources to estimate the posterior distribution of magnitude.  

The research main objectives are: to study the historical sources on structural damage due to 
the 1763 Komárom earthquake; to develop representative historical buildings, or archetypes, for 
the built environment of the region of Komárom in the 18th century; to develop both static and 
dynamic seismic analysis processes suitable for the level of analysis; to present magnitude esti-
mates for the 1763 Komárom earthquake using fragility functions; and to explore alternative 
simplified approaches for the magnitude estimation. The present introduction aims to present the 
research context, background and outline of the research work.  

1.1. Research Context  

The estimation of the magnitude of historical earthquakes is an interdisciplinary task. The his-
tory of this field was pioneered in Ambraseys (1973), Ambraseys & Melville (1982) and Vogt 
(1979; 1981), with international discussion in the XVI Assembly of the European Seismological 
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Society (ESC) in 1978. Several projects followed, as the Seismic Data for Nuclear Power Plant 
Siting (RHISE) within the International Atomic Energy Agency (IAEA) and Review of Historical 
Seismicity in Europe (RHSE), for the European Commission (EC). Stucchi (1993) illustrates the 
historical earthquake research process and vulnerability/risk analysis (Fig. 1.1). The intensity 
observations are identified from the historical records using an intensity scale, the isoseismal 
maps are drawn and the relevant earthquake parameters to be included in the catalogue are calcu-
lated. The procedure is relevant to estimate the seismic risk in earthquake engineering because 
the catalogue is employed to characterize the seismic sources and zones, and attenuation rela-
tionships, or ground motion (GM) models, that are utilized for Seismic Hazard Analysis (SHA) 
before integrating the hazard curves with the seismic capacity of building(s) under analysis, in 
order to obtain the seismic vulnerability. The seismic risk is defined as expected loss – quantified 
in lives, injuries, structural or non-structural damage, etc. – it is also site-specific, in virtue of 
both the vulnerability and seismic hazard, and usually associated with a given reference period.  

 
Fig. 1.1 - General scheme of processing and using macroseismic data for the assessment of seismic hazard and risk, 

adapted from (Stucchi, 1993).  
 

Regardless of Fig. 1.1 the methods are now majorly probabilistic, mostly due to increases in 
computation power. The probabilistic approach tries to account for the uncertainty in relevant 
parameters both in resistance and demand. Thus, the earthquake properties such as magnitude, 
intensity, distance and attenuation laws, or Ground Motion Prediction Equations (GMPE), are 
utilized in Probabilistic Seismic Hazard Analysis (PSHA) as parametrically defined probabilistic 
models. Correspondingly, the vulnerability model may also be probabilistic, incorporating geo-
metrical, physical and epistemic uncertainties. The seismic vulnerability, resulting from the inte-
gration of hazard and structural capacity, may be represented in terms of the probability of ob-
serving a certain damage given a GM intensity measure (e.g. PGA=0.15g).  

1.1.1. Actuality of the Theme  

Since the early research in the 70’s to the present date, researchers have enhanced earthquake 
databases as the European Archive of Historical Earthquake Data (AHEAD), with events from 
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the year 1000 to 1899, and European Mediterranean Earthquake Catalogue (EMEC), before the 
year 1000. These databases have been used to compose the European Seismic Hazard Map (Fig. 
1.2, right) published within the project Seismic Hazard Harmonization in Europe (SHARE) in 
2013, which shows the exceedance probability in 50 years for Peak Ground Acceleration (PGA). 
The earthquake databases also source models for site specific PSHA, as the SHARE hazard 
model with a proposed logic tree with source models and GMPE’s (Woessner et al., 2015).  

A new magnitude estimation method focusses on structures and it is based on fragility func-
tions – the output of seismic vulnerability analysis, similarly to Stucchi (1993), describing the 
probability of damage given a certain intensity measure – and it was developed and firstly ap-
plied to the 1613 Seoul earthquake, South Korea, by Ryu et al. (2009) estimating its magnitude 
in 7.4 (against previous estimates of 5.3 to 6.5). The method is basically a Bayesian updating 
problem that either provides magnitude estimates solely based on the knowledge of the structural 
behaviour of the damaged building stock, or updates earlier estimates by incorporating the 
knowledge of the structural behaviour.  

1.1.2. Importance of the Research  

The state-of-the-art in historical earthquake research is held by seismologists and historians 
(Eisinger et al., 1992) although, the method described in Ryu et al. (2009) enables the contribu-
tion of structural [earthquake] engineers and architect historians, using the knowledge of the be-
haviour of historical structures for the magnitude estimates.  

    
Fig. 1.2 - Historical Earthquakes in Europe from the year 1000 to 1899 (left, Locati et al., 2013; Stucchi et al., 

2013), and European Seismic Hazard Map 2013 (right, Giardini et al., 2013).  
 

The ultimate importance of the research is the enhancement of earthquake lists, magnitude es-
timates, and therefore the seismic hazard models and seismic risk assessment (i.e. RISK-UE, 
2003). It also improves the knowledge of the method itself and related areas as the techniques for 
surveying and structural modelling of historical buildings. The AHEAD and EMEC databases 
together sum up 4787 historical seismic events in Europe (Fig. 1.2, left), occurred between the 
year 303 and 1899. As a result, updating the magnitude estimates regarding the damage in struc-
tures may modify the hazard model. In turn, the SHA is relevant to seismic vulnerability, risk 
analysis and seismic hazard mitigation programmes, with key procedure to formulate, prevent, 
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prepare and respond to seismic events, acting on the building resilience (Kegyes-Brassai, 2014). 
Hungarian overview  

Hungary is considered a moderately seismic region, although, the areas of Komárom and 
Mór, and Nagykanizsa are defined by grade 5 in the hazard map (Tóth et al., 2006; EC8-HU, 
2013) with a PGA of 0.15g at the bedrock (Fig. 1.3), 10% probability of being exceed in 50 
years, and 475 years return period.  

  
Fig. 1.3 - Historical Earthquakes in Hungary (left, Locati et al., 2013; Stucchi et al., 2013) and Hazard map for Hun-

gary (right, Tóth et al., 2006).  
 

The Komárom and Mór area produced considerable seismic activity between 1763 and 1889 
(55 earthquakes in total), being the most destructive the 1763 Komárom earthquake, June 28th, 
with estimated magnitudes in between 5.7 (Stucchi et al., 2013; Labak & Broucek, 1995) and 6.2 
to 6.5 (Zsíros et al., 1988; Szeidovitz, 1990; Varga, 2001; Tóth et al., 2006), as shown in Table 
1.1. A complete list of the earthquakes from the year 456 to 1991 is in Appendix A1. This histor-
ical event was of particular relevance: “In 1989 Hungary stopped the construction of a water 
power plant at Nagymaros, on the Danube River, which was a part of a cooperation project of 
Hungary ČSFR. One of the decisive arguments came from the fact that in 1763, June 28th, at the 
town of Komárno, not far from Nagymaros, a destructive earthquake happened. The stopping of 
this project turned out to be costly to the Hungarian government because many companies in-
volved in this project sued for damages” (Eisinger et al., 1992).  

Table 1.1 
Magnitude and Intensity estimates for the major seismic events occurred in Hungary (Tóth et al., 2006).  

Local Szombathely Komárom Mór Jászberény Kecsckemét Eger Dunaharaszti 
Date 456 1763 1811 1868 1911 1925 1956 

Intensity IX~X XVIII~IX VIII VII VIII VII~VIII VIII 
Magnitude 6.6 5.7~6.5 5.4 4.9 5.6 5.3 5.6 

 
The contemporary sources of historical earthquake research are based on the work of Réthly 

Antal (1952) about the earthquakes of the Carpathian Basin. This reference work inspired later 
catalogues (Zsiros et al., 1988; Laback & Broucek, 1995) and PhD dissertations such as Szeidov-
itz Győző (1990), with later contributions in Tóth et al. (2006) and Varga et al (2001; 2014). The 
focus of these studies is to understand the seismicity of the Pannonian Basin region. These works 
have a curious antecedent in Grossinger János (1783), which is also one of the primary sources 
to contemporary works. The author was an eyewitness of the 1763 Komárom earthquake.  
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On seismic vulnerability/risk analysis, Kegyes-Brassai (2014) studies the city of Győr, after 
characterizing its building stock. The developement of structural fragility functions for structures 
and components under extreme actions has been addressed by Ádám Zsarnóczay (2013), Árpád 
Rozsás (2016), József Simon (2016), Tamás Balogh (2017) and Vigh et al. (2016).  

1.2. Background  

The estimation of the magnitude of historical earthquakes is an interdisciplinary and multi-
level task, as indicated by the method presented in Ryu et al. (2009), illustrated in the flowchart 
of Fig. 1.4, and it has common grounds with the hazard and vulnerability assessment (Fig. 1.1).  

 
Fig. 1.4 - Flowchart of the probability for the magnitude estimation (Ryu et al., 2009).  

 
The method uses structural fragility functions developed with the vulnerability analysis of 

historical structures associated to the structural damage described in known historical records. 
Afterwards it combines the fragilities with quantitative data from the historical damage records 
in order to estimate the likelihood of the damage event E, P(E|im,m,r), represented by the its 
conditional probability given an intensity measure im, a magnitude m and a distance r. The prob-
ability of the event E given a magnitude m, P(E|m), is then calculated by integrating the proba-
bility P(E|im,m,r) with the attenuation relationship fIM|M,R, or GMPE, and a prior distribution of 
distance fR, with the help of the total probability theorem. The posterior distribution of magni-
tude fM|E, expected value and standard deviation, are finally estimated using the Bayes’ theorem 
and a prior distribution of magnitude fM.  

The factors influencing earthquake hazard and seismic vulnerability analysis, and therefore 
the production of fragility functions, is well described by Kegyes-Brassai (2014), in Table 1.2. 
The representation of the earthquake hazard is an important part of the methodology, firstly 
providing the spectra for fragility analysis, and the second when fIM|M,R is integrated.  

Table 1.2 
Factors to be considered at seismic hazard analysis and vulnerability assessment, from Kegyes Brassai (2014).  

Factors affecting earthquake hazard: Factors affecting building vulnerability: 
• type of soil;  
• thickness of layers;  
• lateral variation of layers;  
• dynamic properties of strata;  

• construction system and period;  
• quality of materials, workmanship;  
• regularity in plan and elevation;  
• position of the building;  
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• local site effect;  
• the potential of liquefaction;  
• master faults;  
• historical earthquakes, etc.  

• adjacent buildings;  
• changes in function;  
• previous damages, state of the building;  
• dynamic characteristics, etc.  
 

The methods to carry out the vulnerability analysis and achieve structural fragility functions 
may be purely empirical methods, hybrid methods or mechanical methods that involve the nu-
merical modelling, material model calibration and nonlinear static or dynamic analysis of struc-
tures. The former may involve damage matrixes (Calvi et al., 2006), and the later the Capacity 
Spectrum Method (CSM; Freeman, 1998) and N2-method (EN1998-1, 2004; Fajfar, 2000), or 
Dynamic Structural Analysis (DSA) methods such as Incremental Dynamic Analysis (IDA; 
Vamvatsikos & Cornell, 2004) and Multiple Stripes Analysis (MSA; Jalayer & Cornell, 2009).  

1.2.1. Research Problems  

The full and judicious implementation of the method may be a challenge in many fields, 
mainly when the historical sources are scarse or contradictory. Hence, the first application prob-
lem arises with the historical sources of the 1763 Komárom earthquake, from which the whole 
method follows. Some topics are of great importance:  

• the reliability and completeness of the historical sources and damage records;  
• adaptation of the historical damage and failure modes into a quantitative framework;  
• knowledge of buildings or building types (archetypes) representing classes of buildings 

affected by the earthquake;  
• adequacy of the GM model, respective GMPEs and site classification;  
• prior knowledge of the seismic sources and historical magnitudes.  

After identifying the building-damage relationships and respective quantities, both the build-
ings and their damage states should be modelled into GM intensity dependent fragility functions. 
The main issues problems:  

• geometry, structural systems and construction materials;  
• model level, material model and respective parameters;  
• efficiency of structural analysis method;  
• knowledge of the appropriate GMPE, seismic sources and soil conditions;  

The magnitude of the 1763 Komárom earthquake has been a matter of discussion among 
seismologist, who estimated values ranging from 5.7 to 6.5 (Fig. 1.3 and Table 1.1). This was 
also one of the most destructive seismic events reported in Hungarian history.  

1.2.2. Objectives  

This research addresses the estimation of the magnitude of the 1763 Komárom earthquake us-
ing the knowledge of the behaviour of historical structures represented by fragility functions. 
Although, this work involves a broader study of the seismic hazard and building vulnerability 
modelling processes, as well as the probabilistic characterization of the seismic sources and pre-
venient magnitudes and distances, and how these processes are affected by quantitative and qual-
itative aspects of historical research. The objectives and tasks of the present research are:  
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• review the literature concerning SHA;  
• review the literature on modelling of historical buildings;  
• review the literature on the vulnerability analysis;  
• review the literature on the 1763 Komárom earthquake;  
• collect primary sources related to the 1763 earthquake;  
• identify the most common failure modes related to the 1763 earthquake;  
• identify the building typologies damaged by the 1763 earthquake;  
• collect data on the historical building surveys (HBS) in the Komárom region;  
• identify the building typologies of the 18th century;  
• develop historical building archetypes (city and country houses) for the 18th century;  
• identify the construction techniques and materials in use in the 18th century;  
• investigate the strength parameters of the historical materials;  
• select an efficient material and numerical model for historical masonry;  
• determine the modelling level for static and dynamic analyses;  
• adapt the hazard model to local soil conditions;  
• select the bins of ground motion records (GMR);  
• validate the models and compare the different structural analysis results;  
• compare the fragility results obtained from the different methods;  
• analyse the sensitivity and impact of assumptions in the magnitude estimation;  
• provide magnitude estimates for the 1763 earthquake based on the city of Komárom;  
• provide magnitude estimates for the 1763 earthquake based on the damage map.  

1.2.3. Motivation  

The knowledge on the regional seismicity may be improved if the knowledge of the structural 
behaviour is added to earlier estimates, leading to the enhancement of earthquake data, and haz-
ard models and maps. The impact of historical magnitudes in PGAs of hazard maps is evidenced 
in Yilmaz (2008) and Bustos (2009). This is also relevant to define the type of the future build-
ings and seismic safety design that will be employed, or how urban arrangement is defined, both 
this issues have a profound impact in the economy. The present research, for its interdisciplinari-
ty also involves competences in different fields and disciplines: historical research of sources, 
palaeography and historical demography; Historical Architecture, theory of architecture, history 
of construction systems and protection of monuments; Seismology, historical earthquake re-
search techniques and SHA; Structural and Earthquake Engineering, historical construction ma-
terials, numerical methods for structures, and seismic design and modelling; and Mathematics, 
parametric problems and uncertainty, probability theory and Bayesian epistemology.  

Most of them are clearly trends in the long run as the application of probability theory to 
structural engineering and seismic risk analysis, but also other issues as the protection and moni-
toring of the cultural heritage. The use of historical research and data to improve the knowledge 
contemporary systems is also a subject of research in applied sciences.  
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1.3. Outline of the Dissertation  

The task offers a considerable degree of complexity for its interdisciplinarity, but the tech-
niques do exist and they involve the seismic hazard and vulnerability analysis of the buildings, or 
archetypes, affected by the historical earthquakes. Afterwards, the resulting fragilities are com-
bined with the historical data on damage and the seismic hazard model is utilized again together 
with prior distance and magnitude models in order to achieve the final magnitude estimates. The 
data, the methodology and the structure of the dissertation are here outlined.  

1.3.1. Available and Collected Data  

For the estimation of the magnitude based on fragility functions both historical and contempo-
rary data are required. Besides the methodological demand, to deal with the amount and quality 
and quantity of historical sources on the damage was challenging. The main historical written 
sources are available in the National Archives (OL) and in the National Library (NK), while the 
depictions are available in the György Klapka Museum and Duna Menti Museum. Some of the 
damage descriptions and depictions were also kindly provided by Prof. Dr. Varga Péter, who has 
his own research on the 1763 earthquake (Varga, 2001; 2014). Additionally, the HBS of Tata 
(Istvánfi, 1995), utilized to create the historical building archetypes, was developed for the sub-
ject of ‘Monument Survey’ by the Institute of History and Theory of Architecture of BME, and it 
is available in the library of the Department of History of Architecture and Monuments Preserva-
tion. Contemporary data on the seismic hazard and GMR are available in PEER and SHARE da-
tabases. Some of the fragility functions’ data was gathered from SYNER-G Fragility Function 
Manager (Silva et al., 2014). The mechanical parameters data for the numerical models was 
gathered from literature and it is properly referred in the body text.  

1.3.2. Research Methodology  

The research methodology is multifaceted, although it focussed in each part of the method 
presented by Ryu et al. (2009). A scheme is illustrated in Fig. 1.5. It involves historical research 
and specific knowledge from civil/earthquake engineering, seismology and mathematics.  

 
Fig. 1.5 - Envelope of the disciplines and methodological topics for the present research. 

 
The methodology steps were singled into the following topics: 
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• Historical research: collect all the historical data on 1763 Komárom earthquake, collect 
regional building’s data available in HBS’s, and analyse the historical data concerning 
the damage and building types;  

• Seismic hazard analysis: collect and study different GMPE’s, collect soil type data on the 
sites of interest, and model the site response using the GMPE’s;  

• Vulnerability analysis: develop historical building archetypes, collection of mechanical 
parameters, definition of damage levels, model the archetypes, and process and validate 
building data;  

• Structural seismic analysis: integrate the building resistance and load models to deter-
mine the fragilities, compare different analysis methods, and compare different fragility 
outputs;  

• Magnitude estimation: collection of prior distance and magnitude data, provide different 
magnitude estimates for different assumptions, and remaster the method under a simpli-
fied methodology;  

1.3.3. Structure of the Dissertation  

The present dissertation is organized in three main parts. The first is composed by the two ini-
tial chapters, ‘Introduction’, and ‘Scientific and Technical Background’. They aim to introduce, 
describe and explain the methods and tools in use and the main fields and issues to which their 
application is subordinated, as well as the literary review.  

The second part is composed by six chapters. In chapter 3, ‘Historical Research, Descriptions 
and Architecture’, the historical research is described as well as its main achievements, as the 
identification of the building typologies in vogue in the 18th century and damage sources. Then, 
chapter 4, ‘Archetypes Generation’, a method for archetypes generation is presented and em-
ployed in order to achieve building archetypes representing the 18th building stock in the region 
of Komárom. Then, chapter 5, ‘Numerical Model Development and Analysis’, presents a synthe-
sis of both historical and contemporary sources on the 1763 Komárom earthquake, focussing on 
the magnitude estimation method. In chapter 6, ‘Damage Assessment and Statistics’, the numeri-
cal models for historical building archetypes are developed regarding the efficiency needs. Af-
terwards, chapter 7, ‘Development of the Stochastic Models’, focusses on the development of 
fragility functions for the historical archetypes. Chapters 8, ‘Magnitude Estimates for the 1763 
Komárom Earthquake’, respectively, focus on the magnitude estimation method. The former 
studies the sensitivity of the method and the influence of prior knowledge, and the later provides 
a full application of it in order to achieve magnitude estimates for the 1763 Komárom earth-
quake.  

Finally, in the ‘Conclusions’, the 6 theses are evidenced from the body of the dissertation, 
providing a concise exposition of the achievements of the present work. Possible developments 
and applications, and future work are also proposed. The chapters are properly supported on 
normalized ‘References’ and edited ‘Appendices’, presented after the conclusions.  
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Chapter 2. Magnitude Estimation Methodologies – Scientific and Theoretical 
Background  

The present chapter aims for a description of the theoretical background of both traditional 
and new magnitude estimation approaches, thus entering in the fields of History, Seismology, 
Architecture and Structural/Earthquake Engineering.  

2.1. Historical Earthquake Research by Seismologists  

The traditional methods for the magnitude estimation of historical earthquakes work within 
the historical and seismological research (Fig. 1.1). They depart from the systematization of 
earthquake damage descriptions in historical damage records to establish intensity level observa-
tions, the isoseismal map, and the epicentral intensity employed to calculate the magnitude of the 
seismic event. This subchapter traces the background and theoretical issues of the works of Szei-
dovitz (1990), Zsíros (2004) and Varga et al. (2001) on the 1763 Komárom earthquake.  

2.1.1. Historical Records and Research  

The historical research lays the groundwork for evidence in historical earthquake research. 
Therefore, one should prioritise primary sources rather than later sources, as well as the relevant 
aspects for the identification of the event. The event is identified, the descriptions are systema-
tized and studied in their content. The historical sources are usually organized by locality (city, 
town, etc.). They appear as written reports, text books, letters, drawings or depictions, which 
should be subjected to interpretation and critique, endorsing both their validity and search for 
other sources (Eisinger et al., 1992). Aspects as reliability, accuracy and completeness impact 
the quality of the records for interpretation and intensity quantification. Among the historical 
sources for the 1763 Komárom earthquake Fig. official reports and letters (MNL OL N-98, 
1763), books (Grossinger, 1783), depictions and drawings (Fig. 3.1), and oral traditions. They 
were identified in a first moment by Réthly (1952), systematized and interpreted by Szeidovitz 
(1990), Broucek et al. (1990), Varga et al. (2001) and Zsíros (2004) for research purposes, in or-
der to fit an intensity scale. The mapping process is described in the following point.  

2.1.2. Intensity Scales and Isoseismal Maps  

Different scales may be employed, MMI (Wood & Neumann, 1931), MSK-64 (Medvedev, 
1962) or the EMS-98 (Grünthal, 1998). They are organized by more or less equivalent grades, 
from ‘I – not felt’ to ‘XII – maximum conceivable destruction’, corresponding to descriptions on 
the level of the observed effects. The MSK-64 and EMS-98 possess additional building and 
damage type categories. The EMS-98 advances further into vulnerability classes and damage 
curves, creating the grounds for engineer based judgements. The isoseismal map for the 1763 
Komárom earthquake (Fig. 2.1) uses MSK-64 intensities (descriptions in Appendix A2). The 
Kövesligethy’s Eq. (2.1) was utilized to calculate the probable epicentral intensity I0.  

 ( ) ( ) ( )2 2 2 2
0 3 log 3log /iI I I R h h e R h hα∆ = − = + − + +  (2.1) 
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where ΔI is the variation of intensity, the absorption coefficient α=0.0094 km-1, R is the epicen-
tral distance, h the focal depth. For this particular case, the intensity observations of Komárom 
9.0MSK and R=10km, Gyor 7.5MSK and R=25km, and h=10km, were assumed in order to es-
timate the epicentral intensity (Varga et al., 2001). Finaly, I0 may be averaged on 9.5MSK.  

 
Fig. 2.1 - The isoseismal map completed on the basis of taxpayers' losses and damages for the 1763 Komárom 

earthquake (Varga et al., 2001).  
 

2.1.3. Empirical Relationships and Magnitude Estimation  

Afterwards, the macroseismic magnitude (MM) may be calculated from the epicentral intensity 
with an empirical relationship as the following (Zsíros, 2004; Varga et al., 2001):  

 ( )0 logMM aI b h c= + +  (2.2) 

with h [km] being the focal depth and a, b and c constant parameters calibrated for different re-
gions. In the case of Pannonian Region either a=0.63, b=0.09 and c=0.53 (Szeidovitz, 1986), or 
a=0.68(±0.02), b=0.96(±0.07) and c=–0.91(±0.10) (Zsíros, 2004; Tóth et al., 2006).  

The possible output range, from 6.2 to 7.0, for focal depths of 10 to 12.6 km, and 9.5 MSK 
(Varga et al., 2001), but if the focal depth is reduced for 7.6 km and the maximum intensity to 
9.0 EMS this values lower to 5.6 to 6.4 (Zsíros, 2004). The output value of 5.70±0.34 is present-
ed in AHEAD database (Stucchi et al., 2013) by reducing the maximum intensity for 8-9EMS. 
This discrepancy of magnitude estimates was presented in Table 1.1, and it is explained by a new 
dataset of intensities (Zsíros, 2004) and new maximum intensity (Stucchi et al., 2013).  

Table 2.1 
Correspondence between intensity grades and PGA [g], for MMI  and MSK-64 scales.  

Grade I II-III IV V VI VII VIII IX X+ 
MMI <0.0017 0.0017-0.014 0.014-0.039 0.039-0.092 0.092-0.18 0.18-0.34 0.34-0.65 0.65-1.24 >1.24 
MSK - - - 0.012-0.025 0.025-0.051 0.05-0.10 0.10-0.20 0.20-0.41 0.41-0.82 

 
Another kind of relationships relate the intensity grades directly with the PGA (Table 2.1). 

Using such relationships, the estimated I0=9.5MSK would correspond to a PGA around 0.30 to 
0.61g, or 0.95 to >1.24g, depending on the scale in use.  
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2.1.4. Earthquake Catalogues and Hazard Maps  

The catalogation and hazard mapping procedures are carried out once the earthquakes, their 
epicentres and magnitudes are listed. The hazard map presented in the EN1998-1 (2004) Nation-
al Annex for Hungary (Fig. 1.3) was developed by Tóth et al. (2006). The SHA (or PSHA) pro-
cess requires 4 basic steps: (1) identify and characterize the earthquake sources based on seismic, 
paleoseismic, geologic, geodetic and tectonic data and define their geometry and spatial distribu-
tion; (2) characterize the temporal occurrence distribution, e.g. define recurrence relationships; 
(3) determine the GM intensity produced at each site by any possible size earthquake using 
GMPEs; and (4) combine the above data appropriately to obtain that a GM level will be exceed-
ed in a given time period. The mathematical model for the SHA implementation is presented as a 
logic tree (Fig. 2.2), incorporating epistemic and physical uncertainties.  

 
Fig. 2.2 - Simplified logic tree for the probabilistic seismic hazard computation, from Tóth et al. (2006).  

 
The hazard models may differ, for example, the logic tree in Fig. 2.2 differs from that uti-

lized for SHARE model (Stucchi et al., 2013), but there may also be differences in the GMPE’s, 
listed earthquakes and seismic source models. A later report for the Páks II Nuclear Power plant 
(2016) indicates other GMPE’s for analysis. Attenuation models are usually written in the form:  

 ( ) ( )| , , | , ,, , , ,IM M R IM M RIM M R M Rθ θθ µ θ σ= ±   (2.3) 

Likewise, the Gutenberg and Richter (1944) recurrence law is given by log(N)=a-bM, with 
a=5.27(±0.11) and b=1.04(±0.02), and N the annual number of earthquakes (Tóth et al., 2006).  

2.2. A Probabilistic Method for Magnitude Estimation that uses Fragility Functions  

The method by Ryu et al. (2009) uses the PSHA framework but as a Bayesian updating prob-
lem. As shown in Fig. 1.4, the final operation of the flowchart uses the Bayes’ theorem, the like-
lihood of the damage event E given magnitude m and a prior magnitude distribution fM, to calcu-
late the posterior/updated distribution of magnitude fM|E. The marginal probability of the event E 
would be P(E)=∫P(E|m)∙fM dm. We may see the form of the problem in the following expression:  

 ( )
( )|

| M
M E

P E m f
f

P E
⋅

=  (2.4) 
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The total probability theorem is employed together with an attenuation relationship fIM|M,R and 
a prior distribution of distance fR to calculate the probability of the event E given m, P(E|m):  
 ( ) ( ) ( ) ( ),, , , dRIM M RP E m P E im m r f im m r f r im dr= × ×∫∫  (2.5) 

The probability described by fragility functions of the type P(dm|im,m,r), or the probability of 
occurrence of a damage measure dm given an intensity measure im, a magnitude m and distance 
r, is combined with the historical structural damage data to achieve the probability of the event E 
given im, m and r, P(E|im,m,r). These steps involve elements that will be the centre of discussion 
of this work: study of the historical earthquake structural damage records: (1) building/damage 
pairs; (2) generation of fragility functions, P(dm|im,m,r); (3) region specific attenuation relation-
ships, fIM|M,R; (4) prior distribution of distance, fR; and (5) prior distribution of magnitude, fM.  

2.2.1. Historical Records Revisited and Damage Event Definition  

The study of historical records by structural engineers differs from that of seismologists. The 
question is no longer the intensity caused by the earthquake, but the type of damage and how the 
structure actually behaves. Thus, the historical sources must be re-interpreted under such catego-
ries. By describing the damage event E, the qualitative descriptions contained in historical rec-
ords may be quantified in input parameters, as the number of collapsed structures n, out of a total 
of nt structures. Hence, a simple definition is provided using the set theory and index notation:  

 { } , 0 tE N n n n≡ = ≤ ≤  (2.6) 

Additionally, upper and lower bounds on N, respectively l and u, may be defined for the num-
ber of collapsed structures as the union ⋃ (logical ‘or’) of the probabilities within bounds:  

 { } { }, 0
u

t
n l

E l N u N n l n u n
=

≡ ≤ ≤ = = ≤ ≤ ≤ ≤


 (2.7) 

Defining the event E with the help of a damage/structure ontology enables the increase in de-
tail. As a result, multiple damage states may be considered:  

 { }
0

, 0
dn

k k k t
k

E N n n n
=

≡ = ≤ ≤


  (2.8) 

where k is the index for the damage state, nd is the total number of damage states excluding non-
damage (k=0), ⋂ the intersection, Nk the number of structures in the kth damage state and nk the 
numeric value of Nk. The bounds are assigned to the number of structures in damage states:  

 { }
1 1 0

, 0
e e dn n n

j j j j
k k t

j j k

E E N n n n
= = =

 
≡ = = ≤ ≤ 

 
  

  (2.9) 

where j is the index for the damage subevents, ne is the total number of subevents, jE is the jth 
subevent represented by the number of structures in the multiple damage states, as in Eq. (2.9), 
jNk is the number of structures in the kth damage state of the jth subevent and jnk, likewise, is the 
numerical value of jNk. Finally, the definition may also consider multiple structural types:  

 { }
1 1 1 1 0

, 0
i i i

s e s e dn n n n n
j i j i j i j i i

k k k t
i j i j k

E E N n n n
= = = = =

    
≡ = = ≤ ≤            
    

  (2.10) 
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where i is the index for the structure type, ns is the total number of structure types, nie and nid are 
the total number of subevents and damage states of a type of structure i, jEi is the jth subevent, 
jNik is the number of type of structures i in the kth damage state of the jth subevent, jnik is the nu-
meric value of jNik and nti is the total number of structures of type i.  

2.2.2. Historical Structures, Damage and Analysis  

The Korean 1613 earthquake in Seoul was assessed by Ryu et al. (2009), the records do not 
mention the building types, but historical architecture experts suggest that wooden houses with 
thatched roofs should be adopted, with a total number of 4500 buildings, according to census 
data. The statement of the building type and collapse resulted in a 2D beam/column frame with 
nonlinear rotational springs (Fig. 2.3, left), with a natural period Tn=0.6s. In order to simulate 
the nonlinear behaviour of the spring, the backbone curve was calibrated with the help of static 
tests (Fig. 2.3, centre) using a hysteretic model with cyclic degradation available in OpenSees 
platform (McKenna & Fenves, 2006). The applied DSA technique was IDA consists on the 
gradual incremental increase of the intensity measure IM (here Sa(Tn)) of the GMRs until the 
collapse of the structure (Fig. 2.3, right). The GMRs were selected using a GM model for South 
Korea, into bins with different magnitude and distance ranges: (1) 5≤M≤6, 0≤R≤50, (2) 6≤M≤7, 
0≤R≤10, (3) 6≤M≤7, 10≤ R≤50, (4) 7≤M≤8, 10≤R≤50, and (5) 7≤M≤8, 50≤R≤100.  

 
Fig. 2.3 - Dynamic analysis of a 2D wooden frame model, representing a XVII century Korean wooden house (left), 

respective backbone (centre) and IDA analysis data points (right), from (Ryu et al., 2009).  
 

2.2.3. Damage Points and Structural Fragility Functions  

Fragility functions describe the conditional probability of an undesirable occurrence, or event, 
A, given a set of parameters B, formally P[A|B]. Structural fragility functions describe the condi-
tional probability of observing a certain [damage] measure DM in a structure, or component, 
given a set of parameters θ. They may also be empirical, if organized after the damage points. 
Although structural fragility functions are typically assumed to be lognormally distributed:  

 ( )ln /
( | )k

X
P DM dm θ θ

θ

µ
θ

β
 

≥ = Φ  
 

 (2.11) 

where Xθ is the θ range, µθ the median βθ the standard deviation. The damage measure, denoted 
by DM, has instances dmk, and the set of parameters θi is composed by an intensity measure im.  
Hence, the set of fragilities P(DM|θ) defines the probabilities of a damage dmk piecewise:  
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2.2.4. Combining the Fragilities with the Structural Damage Data  

The method expresses the probability of occurrence of the event E given the IM=im, M=m 
and R=r, PE|IM,M,R, from the probability of damage PDM|IM,M,R described in Eq. (2.12), using 
combinatorial calculus. Following the sequence of point 2.2.1, definitions in Eq. (2.6) to (2.10), 
are adapted by using fragility data. Thus the probability of E, defined by (2.6), involving a num-
ber of collapses n and nt–n noncollapses, being nt the total number of structures, can be comput-
ed as:  

 ( ) ( ) ( ) ( )1 0
!im, , DM=dm im, , DM=dm im, ,

! !
tn n nt

t

nP E m r P m r P m r
n n n

−
= × ×

−
  (2.13) 

The probability of E defined by Eq. (2.7), specifying bounds for the number of collapsed 
structures, from l to u, can be calculated by Eq. (2.14):  

 ( ) ( ) ( ) ( )1 0
!im, , DM=dm im, , DM=dm im, ,

! !
t

u n n nt

n l t

nP E m r P m r P m r
n n n

−

=

= × ×
−∑   (2.14) 

The probability of E defined by Eq. (2.8), describing multiple damage states, is computed us-
ing a multinomial distribution:  
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  (2.15) 

The probability of E defined by Eq. (2.9), similarly to (2.14), may be computed as the sum-
mation of the probabilities calculated in (2.15):  
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  (2.16) 

The probability of E defined by Eq. (2.11), which describes multiple structures in multiple 
damage states is computed as follows:  
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∏
  (2.17) 

The operation of combining the probability of the observing damage with the actual damage 
caused by the damage event E, which is calculated with Eq. (2.13) to (2.17), determines the like-
lihood of the damage event. It is just afterwards that the Eq. (2.5) and (2.4) are applied to achieve 
the likelihood of the event E given magnitude and the distribution of magnitude.  

After determining the likelihood of the damage event E, the total probability theorem is ap-
plied together with attenuation and distance probabilistic descriptions, in order to incorporate the 
knowledge of the GM intensity and distance. The integration operation (2.6) results in the proba-
bility of the event given magnitude. The integration process may use practically any method, alt-
hough trapezoidal rule is employed here.  
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Chapter 3. Historical Research, Descriptions and Architecture  

In the previous chapter the methodological differences between the seismological field and a 
method that considers the seismic damage in actual structures from an engineering perspective 
were highlighted, stressing that the historical sources must be studied focussing on the damage 
states mechanisms in structures, relating structure and respective damage. Although, the histori-
cal research has also common grounds: (1) privilege of contemporary over early sources, and 
these over later sources; (2) primary over secondary sources; and (3) critical, synchronic and di-
achronic concerns in the analysis of sources. These requirements aim to strengthen the claim for 
the reliability and completeness of the sources characterizing the historical event. In this Chap-
ter, firstly, the sources of historical seismic damage of the 1763 Komárom earthquake are pre-
sented and briefly analysed with focus on the buildings/structures and respective observed dam-
ages. Afterwards, the historical research focusses on the qualitative aspects of some of the actual 
and probable buildings/structures, and typologies, affected by the 1763 seismic event.  

3.1. Sources and Descriptions of the 1763 Komárom Earthquake  

Most of the contemporary sources describing the damage occurred with the June 28th of 1763 
Komárom earthquake can be traced from literature on historical earthquake research carried out 
by Hungarian and Slovak seismologists as Réthly (1952), Szeidovitz (1990), Zsíros (2004), Var-
ga et al. (2001), and Labak & Broucek (1995). While these are later sources of the event they 
also discuss primary sources. A complete description of the damage in localities is presented in 
Appendix A2 (Szeidovitz, 1990). One historical manuscript (NK, Sec. XVIII), is presented and 
transcribed in Appendix A3, in order to illustrate the nature of the documents.  

3.1.1. Contemporary and Later Sources  

Despite the fact that Réthly’s work (1952) is itself part of the history of seismological re-
search of the 20th century, it refers to earlier documents, newspaper articles and manuscripts that 
constitute as sources of the 1763 event:  

• A Komáromi foldrenges 1763 (Gregorics, 1892);  
• Adatok a komáromi foldrengesek idejéből (Molnár, 1899);  
• Szigeti Győrgy tudósításá az 1763-dik évi komáromi foldrengésrol (Révész, 1872);  
• Adatok az 1763-iki nagy földrengéshez (Rovács, 1902);  
• A komáromi nagy földindulás 1763 evben (Székely, 1878);  
• Comentatio de tristissimo L. R. Civitatis Comaromiensis terrae motu 1763 (NK, 1763); 
• Comaromiensis Civitatis terrae motu devastatae brevis historia (NK, Sec. XVIII).  
The majority of these journal articles, books, documents, manuscripts were found and re-

searched in the Hungarian National Lybrary (NK), National Archives (OL). The Karl Friedl’s 
depiction (Fig. 3.3, up right) was provided by the Duna Menti museum. Additionally:  

• Acta terrae motus anni 1763, Royal Council report and letters (MNL OL N-98, 1763);  
• Dissertatio de terrae motus regni Hungarica (Grossinger, 1783);  
• votiv painting by unknown artist (1766; Varga, 2001);  
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• Earthquake in Komárom in the year 1763, by Karl Friedl (1720,1763; Varga, 2001);  
• engraving detail in copper, by János Fülöp (1766);  
• damages of Komárom, drawing by József Kastner (1763; Broucek, 1990);  
• damages of Győr, depiction by Mainzell (1763; Varga, 2001).  
Below, the Fig. 3.1, 3.2 and 3.3 represent the above mentioned visual data sources:  

  

Fig. 3.1 - Damage in the city of Komárom after the 1763 earthquake: anonymous depiction (left), depiction by Karl 
Friedl (right).  

  

 

Fig. 3.2 - Damage in the city of Komárom after the 1763 earthquake: engraving in copper by János Fülöp.  
  

   

Fig. 3.3 - Damage in the city of Komárom after the 1763 earthquake: Joszef Kastner’s depiction (left), and damage 
in the city of Győr after the 1763 earthquake, painting by Mainzell (right).  

 

3.1.2. Analysis of the Sources and Comments  

The Acta terrae motus anni 1763 (MNL OL N-98, 1763) is perhaps the richest written source, 
in details, about the 1763 earthquake. It contains the lauds and letters that report the damage and 
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the repair costs associated to the earthquake, not only of Komárom, but of the region. Nonethe-
less, the visual data provide a sensible impression of the damage in the structural elements de-
spite possible drawbacks (Broucek et al., 1990).  

Karl Friedl’s depiction (Fig. 3.3, up right) was originally painted in 1720 and overpainted af-
ter the 1763 earthquake (Eisinger et al., 1992), and despite criticism, the damage representations 
are arguably consistent between depictions. At first glance all four depictions represent the dam-
age in the Jesuit’s church and college, mainly in the towers, a similar damage to that represented 
for Győr. The gables, evident in both Kastner’s drawing and the votiv painting (Fig. 3.1, right; 
Broucek, 1990), and both the votiv and Friedl’s paintings (Fig. 3.1, left) represent in detail dif-
ferent instances of collapsed gables, sliding shear (Fig. 3.4), diagonal and rocking cracks (Fig. 
3.5). These same features were highlighted by Broucek et al. (1990).  

  

Fig. 3.4 – The house with displaced roof (left; Broucek et al., 1990) and overturned gables (right).  
 

One difficulty in straightforward interpretation of the sources is the high complexity and in-
teraction of failure modes that may arise in masonry assemblies during the earthquake.  

 

Fig. 3.5 – House group with evidences of collapsed gable and possibly shear and/or rocking on the walls.  
   

It is also possible that one painting may have influenced the other, even on the way and loca-
tion of the damage representations and buildings. This hypothesis may be supported by the rela-
tive location of some Fig.s in the paintings as the prayers group, or the oarsman (Fig. 3.6).  

  

Fig. 3.6 – Apparent similarity in location and posture of the prayers group and the oarsman.  
 

Komárom was extensively damaged – out of 1169 houses in total, 279 ended completely de-
stroyed, 353 partially collapsed, 213 needed expensive repair and 219 cheap repair – in 91% of 
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the houses (Varga et al., 2001). Due reserves to the historical expression “collapse”, that may not 
represent our current, or EMS-98, conception (Broucek et al., 1990).  

Additionally, the damage reports (MNL OL N-98, 1763) provided damage and seismological 
relevant data for sitematization (Szeidovitz, 1990). This includes the Komárom region, mention-
ing repair costs and damage numbers, and beyond, with qualitative but useful damage descrip-
tions (Appendix A2). Translating, for instance: the quakes were also felt, especially in houses in 
the Watertown near the Danube. The main quakes affected churches (2 Franciscan, Jesuit, Car-
melite and parish church) and some private houses were damaged. After the quake, the rate of 
flow increased in the springs. The ground movement kept for a good time, some people experi-
ence nausea caused by the shaking. Budapest also felt a foreshock (5h15m). As a result of earth-
quake the Franciscan church in front of the stone cross crashed, the tower of the city hall had the 
coat of arms twisted and there were some housing cracks” in the city of Buda; and “the tops of 
two chimneys fell down with the earthquake” in Csorna. (Seidovitz, 1990). Nonetheless, accord-
ing to the records of the earthquake, by Grossinger (1783), the peasant's houses with their simple 
structures and one-story showed more resistance against the impacts of the earthquake then the 
brick-built public, ecclesiastical or civil houses of the town with possibly multiple stories, more 
embellishment and vaulted constructions.  

While a part of the historical damage is reported, a key question of this research becomes how 
to model the historically observed damage in structures. The answer entails not only the analysis 
methods, but firstly the knowledge of the buildings, or types of damaged buildings.  

3.2. Historical Building Research  

Depictions as sources for building identification were mentioned in 3.1.1. Although, they 
provide grounds for a general characterization of the damaged building stock – i.e. low to mid-
rise URM buildings – those sources do not provide enough grounds to compose structural mod-
els for analysis of the damaged buildings. Another class of sources are the buildings themselves. 
Furthermore, surveying historical buildings (Ístvanfi, 1995) provide empirical grounds to en-
dorse building/structure typologies for analysis if the buildings themselves are analysed (Morais 
et al., 2017c; 2018b). The first obstacle to achieve such goal is the fact that most of these build-
ings either were modified or no longer exist. One strategy to “reconstruct” the building stock of 
1763 is to research for for historical plans that match those buildings.  

3.2.1. Individual vs Representative Buildings  

The damage sources are clear in identifying some individual building, as mentioned in 3.1.2 
and Appendix A2 (Tables A2.1 and A2.2): for instane, the churches of Abda, Bakabánya, 
Bátorkeszi, several in Buda, Esztergom, Érsekújvár, Farnad, Galgóc, Gönyű, Győr, Musla, 
Nyergesujfalu, Olved, Ottevény, Pannonhalma, Privigye, Székesfehérvár, Szolgyén, Ujbánya 
and castles in Ásványráró, Bajmóc, Bajna, Bátorkeszi, Felsőatrak, Győr, Ikrénypuszta (manor), 
have reported damage. One paradigmatic example is Zsámbék, in Fig. 3.7, where the two 
churches were damaged by the 1763 event: the parish baroque church (Armuth, 2010) and the 
late-Romanesque monastery church (Guzsik, 1974, 1977, 1986). The monastery church, founded 
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by the order of Premontre in the mid 13th century, has a high historical value and it was deeply 
studied by architect historians, that presented the historical sources, synthethized its history and 
speculated over its original state. It was initially set as the first case study for damage analysis.  

 

Fig. 3.7 – Monastery (up) and Parish (down) churches of Zsámbék in the first military map of the Hungarian King-
dom (1763-1787; Timár et al., 2011).  

 
The church was modelled and analyzed (Morais et al., 2014; 2017d) based on its ground plan 

(Fig. 3.7), historical descriptions, photogrammetry and damage history (Appendix A2, Table 
A2.2). Although these works may simulate what have been the damage caused by the earthquake 
by signaling its critical points, or by nonlinear pushover analysis, the case study is not itself rep-
resentative of the damaged buildings. Additionally, its history of damage is complex and cannot 
be solely associated with the 1763 earthquake.  

We meet an impasse, where existing, highly documented, unique buildings that were dam-
aged by the 1763 earthquake, are under-represented in the damage statistics, yet smaller, perhaps 
nonexisting and poorly documented (or not at all) are representative of most of the occurred 
damage in buildings. Two possible strategies arise a priori: first, to consult the field of historical 
architecture seeking for paradigmatic building arrangements of the region (Fig. 3.8), materials 
and construction conceptions and techiques; a second one, is to look in historical building sur-
veys (HBS) for buildings that are representative of the region and period of the earthquake.  

 

Fig. 3.8 – Ground plan and crossection of a 18th century dwelling house.  
 

The research under the two strategies was conducted in the Library, Plan Collection and Ar-
chives of the Department of History of Architecture and Monuments (DHAM) of Budapest Uni-
versity of Technology and Economics (BME). Although the number of surveyed buildings in the 
region affected by the earthquake is scarse, the HBS of the city of Tata (Istavánfi, 1995) provides 
the empirical grounds for the generalization of typical buildings or archetypes.  
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3.2.2. The Historical Building Survey of the City of Tata  

The HBS of the city of Tata (Istvánfi, 1995) published works developed for the subject of 
“Monuments Survey” in the late 70s and covers a considerable part of the 18th century cities of 
Tata and Tóvaros. The main focus is on monumental buildings, although many historical dwell-
ings were also measured and their plans and views documented. The results of a major review 
crossed with the knowledge and target on building typologies of the 18th century was crossed and 
complemented with the literature associated to historical buildings research, as Genthon (1959), 
Rados (1964) and Haris & Somorjay (2006). A final list of 34 buildings can be seen in Table 3.1.  

Table 3.1 
Historical buildings selected from the survey of Tata (T1995; Istvánfi, 1995) and bibliography: G1959 (Genthon, 
1959), R1964 (Rados, 1964) and H2006 (Haris & Somorjay, 2006) - green cells indicate the availability of plans.  
ID Street  No. G1959 R1964 H2006 T1993  ID Street  No. G1959 R1964 H2006 T1993 
1 

Ady Endre 
9 ✓ - - ✓  18 Hajdú 15 - - ✓ ✓ 

2 11 ✓ ✓ ✓ ✓  19 38 ✓ - ✓ ✓ 
3 22 ✓ ✓ ✓ ✓  20 Hősök tér 2 ✓ ✓ ✓ - 
4 

Alkotmány 
1 ✓ ✓ ✓ -  21 9/a ✓ ✓ ✓ ✓ 

5 2 ✓ - ✓ ✓  22 Kálv.-domb - ✓ ✓ ✓ ✓ 
6 3 ✓ - ✓ ✓  23 Kálvária 4 ✓ ✓ - ✓ 
7 6 ✓ ✓ ✓ ✓  24 

Kossuth tér 
- ✓ ✓ ✓ ✓ 

8 Angolkert - - ✓ - ✓  25 6 ✓ - - ✓ 
9 - ✓ - - ✓  26 

 
10 ✓ - - ✓ 

10 Bajcsy-Zsil. 
 

24 ✓ - - ✓  27 15 ✓ - ✓ ✓ 
11 Bartók Béla - ✓ - ✓ ✓  28 Rákóczi 7 ✓ - - ✓ 
12 1 - ✓ - ✓  29 11 ✓ - ✓ ✓ 
13 Bercsényi 1 ✓ ✓ ✓ ✓  30 Tanoda tér 5 ✓ ✓ ✓ - 
14 7 ✓ ✓ - ✓  31 Tópart 9 ✓ ✓ ✓ - 
15 Fazekas 4 ✓ - - ✓  32 

Váralja 
- ✓ ✓ ✓ - 

16 62 ✓ ✓ ✓ ✓  33 2 - - ✓ ✓ 
17 Fürdő 11 ✓ - ✓ ✓  34 3 - - ✓ ✓ 
- - - - - - -  35 14 - - ✓ ✓ 

 
The location of the surveyed buildings can be confronted with the 18th century urban grid of 

the cities of Tata and Tóvaros from the first military map of the Hungarian kingdom (Timár et 
al., 2011), in Fig. 3.9.  

 

Fig. 3.9 - Surveyed buildings in the First Military Map (1763-1787; Timár et al., 2011; Morais et al., 2018b).  
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3.2.3. Buildings Inventory, Categories and In-plane Indices  

The building inventory form utilized to gather the building specific data for the Tata building 
survey was adapted from that of Lourenço & Roca (2006). This work aimed to defend the use of 
simplified safety indices to evaluate the priority of intervention in hisotircal masonry churches 
by inventorying their basic properties: geometry, columns, weight and shear strength, and other 
relevant features, as their damage history, PGA in the seismic map, importance as a monument, 
existence and type of vault and respective geometry (Appendix A4; Fig. 3.10). The indices com-
prehensively summarize the seismic vulnerability as the in-plane area ratio γ1,i, the area to 
weight-ratio γ2,i and the base shear ratio γ3,i:  
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with Aw,tot=Aw,x+Aw,y, k1=Aw,tot/S, k2=Aw,tot/G and k3=[tanφ+fvk0/(γ×G)]/β. Where the index 
γ1,dir is related to the base shear strength and it is the quotient between the in-plane area of the 
resistant walls (Aw,i) and the total in-plane area (S). As to γ2, dir, it is given by the horizontal 
cross-section per unit of weight and it is the quotient between the in-plane area of the resistant 
walls (Aw,i) and the quasi-permanent vertical action (G). The index γ3,dir provides the safety val-
ue with respect to shear and it is the quotient between the seismic action (FE=β×G) and the 
shear strength of the structure (VRd,base=FRd), being β the equivalent seismic static coefficient.  

a b c

Building Category & Sub-category:

National Classification:

Construction Period:

Description:

Previous Seismic Damage:

Residential Building, Dwelling House

Historical Monument

Late baroque, from XVIII c. Probably built in 1770 by Fellner Jakab (Genthon, 1959) with later 
additions and interventions, as in the 19th c..

The building is currently a "L" shaped dwelling house just with ground floor. It is a question wether it
was originally built with "L" shape or if it had an elongated plan as 3-cell typology. A basement under
the northern part of the building and the baroque mansard roof over it suggest that this is the older part
of the assembly. Nonsurveyed parts, mainly on the vaulted rooms, limit some conclusions. The walls
show an equivalent thickness of 0,53m, which is typical of the construction period. A gate assured the
connection between the entrance, at the courtyard, and the outside street. This may have been part of
the original building design. A corridor seems to have been added at the courtyard in the eastern part.
Trigliphs ornament the facade.

Not known.

HU002 - Ády Endre út. 11, Tata, Komárom-Esztergom County, Hungary

Sources: Genthon, 1959; Rados, 1964; Haris, 2011; Tata Historical Survey, 1993; magyaryterv.etata.hu
Geometry: a) photo, b) plan & c) cross-section

 

Simplified Methods for the Archetype:
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 Thickness / height (-)3.80
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HU002 - Ády Endre út. 11, Tata, Komárom-Esztergom County, Hungary

 

Fig. 3.10 - Buildings inventory for simplified indexation, based on Lourenço & Roca (2006), in Appendix A4.  
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As it will be seen in Chapter 4, both the quantitative and qualitative data, provided by both the 
indices and inventory, will be used to establish a methodology to develop representative building 
typologies, or how they will be called henceforth, historical building archetypes. The following 
subchapter 3.3 deals only with the categories and constructive aspects of the surveyed buildings 
and prepare the basis for the qualitative aspects of what those archetypes ought to be.  

3.3. Representative Typologies  

Depite the limited sample of 34 inventoried buildings the data can be systematized in a way to 
tackle the problem of developing representative archetypes. As we have seen, the matter of rep-
resentativeness is bounded to the damage sources and their respective categories but also to ar-
chitecture, materials and techniques that influenced the original state of the buildings. In this 
subchapter we briefly focus on the building categorization to only then fix the aspects relevant to 
the seismic vulnerability that will be useful in Chapter 4, to generate the building archetypes.  

3.3.1. Building Categories  

The identification of the buildings’ categories was partially carried out in (Morais et al., 
2018b) selected and organized 34 buildings out of 122, concluded the existence of 7 categories: 
residential or dwellings (52.9%), manors (11.8%), commercial (2.9%), public buildings (2.9%), 
industrial buildings (11.8%), religious buildings (14.7%) and military buildings (2.9%). The 
study enabled the identification of sub-categories within the main category framework as some 
of the manor houses (5.9%) may be placed in relation to residential buildings and the religious 
buildings are divided in three sub-categories: monasteries (5.9%), churches (5.9%) and chapels 
(2.9%). The Fig. 3.11 provides a view over some function categories:  

 

Fig. 3.11 - Categories and sub-categories of the historical survey of Tata (Istvánfi, 1995).  
 

Although, this division brings conflict with the the 18th century sources on damage and repair 
costs (MNL OL N-98, 1763) which also befitted the social division of society. As a result, it 
seems that not all the dwellings were identified as taxpayers’ houses as some of them were no-
blemen houses. Hence, the 7 sub-categories were regrouped into four basic categories associated 
to the damage reports. Religious buildings, as churches, parochial houses and chapels compose 
now the first category (17.6%), castles, palaces and manors compose the second (11.8%), public 



 

- 25 - 

buildings, inns, mills and kilns the third (26.5%), and taxpayers’ houses the fourth (44.1%), as 
shown by Fig. 3.12 (right). It is still a question if these relative quantities can be extrapolated, 
although they seem to be related to the evidenced construction features and techniques.  

 
Fig. 3.12 - Buildings’ categories charts (left; Istvánfi, 1995; right; MNL OL N-98, 1763).  

 

3.3.2. Building Architecture, Construction and Materials  

One name worth mentioning underlies the building architecture of the region, Jackab Felner, 
an architect for the Eszterházi family. Although he is known to be responsible for the Eszterházi 
castle, parish church, Piarist house, Calvary chapel, and Miklos, Nepomucenus, Jozsef and Cifra 
Mills (Appendix A4), little more is known about him that may enable a complete understanding 
of his work’s guiding principles. This issue will hopefully concern the work of architect histori-
ans. The typologies from HBS of Tata are generally characterized by baroque URM buildings, 
and the main structural elements are masonry walls, with or without openings, vaulted or not, 
and with wooden roofing systems. The great majority of the surveyed buildings (91.2%) is low-
rise – one or two storeys high – with or without basement. In this matter the Capuchin and Parish 
churches, as well as the city castle are clearly exceptions. From the total number of buildings 
11.8% possess a basement. One reason may be the proximity of the lake, which raises the water 
level. From the total number of taxpayer houses 33% are one-storey and the remaining, 66% 
two-storey buildings, and only one building, that is one-storey high possesses a basement.  

 
Fig. 3.13 - Adobe houses in Hungarian Kingdom, from (Csicsely, 2008).  
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According to the Komárom sources, described in Morais et al. (2016), the majority of the 

houses of the town belonged to local peasants. These buildings were built of adobe and possibly 
with flexible willow-twigs; their constructions might be mud wall (sárfal) (Barabás & Gilyén, 
1987). The foundation structure on which the walls were built was just the well-rammed earth. 
This data is in conformity with the Fig. 3.13 map presented in Csicsely (2008) that singles ado-
be, and rammed-earth or mud as constituents of ±90% of the buildings in the region.  

The typical peasant's houses were built with open chimney covering the kitchen in the middle 
therefore there were smoke-free living rooms as their stoves were heated from the kitchen. Their 
typical layout as seen from the street consists of room – entrance hall with doors to the rooms 
and connected to the kitchen + kitchen/room/pantry. The houses had beam ceiling, a gable roof 
or a hip roof, with thatch-roofing or covered with straw. Parallels to the rural houses can be seen 
at model plans of the region (Balassa et al., 1997).  

This data supported the first trial to create an archetype of a dwelling house, analysed in Mo-
rais et al. (2016; 2017a), presented in Fig. 3.14.  

        
Fig. 3.14 – Dwelling archetypes advanced ins Morais et al. (2016, 2017a).  

 
In the next chapter the survey data will be systematized into a method based on both a quanti-

tative and qualitative framework in order to produce historical building archetypes relevant for 
the estimation of the magnitude of the 1763 earthquake. One relevant assumption on the consti-
tution of the historical building archetypes is that they were in the undamaged state before the 
1763 seismic event.  

 



 

- 27 - 

Chapter 4. Archetypes Generation  

This chapter aims to present a comprehensive and flexible, qualitative and quantitative [index 
based] methodology based on Lourenço & Roca (2006), for the generation of historical buildings 
structural archetypes for seismic analysis (Morais et al., 2017c; 2018b) using historical building 
surveys (HBS; Istvánfi, 1995). To do so, the qualitative and quantitative aspects of the approach 
are highlighted, together with the mathematical apparatus and the relevant parameters for a sim-
plified assessment. The generated archetypes are finally presented.  

4.1. A Qualitative and Quantitative Approaches  

The main challenges to study HBSs concerns two main issues: the target state of the surveyed 
historical buildings, and synthethizing morphology of self-supporting complex and diverse ma-
sonry assemblies into a small number of parameters (length, height of the elements and cross-
sections, etc.) captured by inventory. One principle of the method is that the buildings them-
selves are studied serving as empirical base for generalization, therefore, targeting a certain peri-
od requires the analysis of the building in that period. Another, is that the number and nature of 
the parameters that characterize the building structure and decide over the adequacy of the arche-
types also depends on the qualitative analysis and research of the buildings themselves and the 
analysis methodology. A flowchart of the archetype generation method is in Fig. 4.1.  

 
Fig. 4.1 - Description of the methodology for archetype generation, based on (Morais et al., 2017c).  

 
This division, between the qualitative and quantitative part of the method is comprehensive. It 

divides a part that is performed by historical architecture with engineering objectives from an-
other, that is solely parametrical and is prone to the statistical analysis of the relevant parameters 
to be incorporated in the archetypes for seismic analysis.  

4.1.1. Description of the Qualitative Analysis  

This task requires a priori knowledge of the features in historical buildings of different peri-
ods. It obeys to general and specific (regional/local) aspects and knowledge in the field of histor-
ical buildings research, verifiable in the empirical basis, in order to establish the archetypes 
truthfully and according to reality. In this sense, the survey may have different levels of detail 
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supporting the final decision on the representative typologies. These are categorized relatively to 
their material basis (i.e. the plans, literature, the buildings themselves). They can be based on: (1) 
true-to-form approach, when the buildings themselves are researched and their elements dated 
and the historical materials are studied, along with all the bibliography about the buildings. The 
state of the buildings can be clearly assessed for different periods in the life of the building, or 
ruin (Halmos & Marótzy, 2010); (2) general approach, when the plans exist and some bibliog-
raphy on the buildings, but no field research is done regarding the elements or materials; datation 
is possible by interpretation of the plans, from historical and literature research (Morais et al., 
2017c; 2018b); (3) expert opinion, which combines the field and research experiences and 
knowledge, but the evidence support is not direct; the literature may be suggestive of expert 
opinion (Ryu et al., 2009; Morais et al., 2016); (4) historical plans, when there exists historical 
sources support, or plans from which the archetypes may be abstracted directly; some features 
may be misinterpreted; and (5) general literature review, when there exists literature stating the 
paradigmatic cases for a given period, region and class of building.  

Additionally, the generals of the qualitative analysis and framework of the archetype genera-
tion method aims to establish and justify the interpretation principles, based on the material basis 
and supporting evidence to establish a qualitative framework from which archetypes can be ab-
stracted. The initial steps are: (1) define the group of interest based on the target period and re-
gion (18th c. Hungarian Kingdom) and building categories (i.e. city houses, breweries, etc.); (2) 
research the material basis the historical elements of the surveyed buildings, providing synthetic 
conclusions about the buildings’ features; (3) determine the original/targeted state of the build-
ing, or building group, its/their morphology and respective category; and (4) abstract the main 
aspects associated to the buildings categories (i.e. rural house – one story, elongated I-shaped 
plan arrangement with 3 basic cells, etc.).  

Once selected from the survey database, interpreted, target state determined, the historical 
parts and main structural systems are identified, as well as the typical sections and plans, and the 
plans are measured and the construction materials investigated. An important aspect is that the 
measured structural systems and elements must be consistent with the target period and studied 
phenomena. Walls, with openings or not, arches, vaults Fig. among these, although the walls are 
usually taken as the main earthquake resisting system for the time, matching both the depictions 
and descriptions mentioned in Chapter 3. Afterwards, the basic and output/control variables are 
defined and the measurements are carried out and gathered in order to calculate the three in-plan 
indices (Lourenço & Roca, 2006) and define upper and lower bounds, although this is part of the 
quantitative analysis.  

4.1.2. Description of the Quantitative Analysis  

There exist two connective points between the qualitative and quantitative analyses: the pa-
rameters measured from the building elements and materials, which are inputs for quantitative 
analysis, and the output/control parameters, which result from the quantitative analysis of the 
input parameters and index based assessment. The use of the in-plan indices (3.1-3.3) from (Lou-
renço & Roca, 2006; Lourenço et al., 2013) was proposed for archetype generation by Morais et 
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al. (2017c; 2018b). The in-plan directional indices and formulas were applied to guide a simpli-
fied pre-analysis and intervention priority and for vulnerability analysis of a monumental build-
ings databases, in Lourenço & Roca, (2006) and Lourenço et al. (2013), but never for archetype 
generation. The indices, Eq. (3.1-3.3), are based on the longitudinal crossectional areas of the 
walls, which are seismic resistant in the presence of a horizontal action. This is of particular rel-
evance because they anticipate the seismic shear strength of the structure.  

Additionally, to earlier contributions, out-of-plane indexes were added to the analysis in Lou-
renço et al., (2013). The out-of-plane indexes do not have a direct relationship with seismic dam-
age and are not specifically employed to decide over archetypes and the parameters necessary for 
their calculation are not different from the in-plane indexes. Also, the completeness of the build-
ings database, the modification levels of the buildings and their adequacy for sourcing archetype 
generation posed as a qualitative issue affecting the method. For that reason, two indexes were 
proposed in Morais et al. (2018b) for future applications, since the limited availability of HBS in 
the region, this matter poses no relevance for present purposes.  

The archetypes are then composed by framing the possible layouts from the qualitative analy-
sis in the bounds obtained in output index parameters from the quantitative analysis of the histor-
ical survey. The layouts of especially paradigmatic buildings may also be considered to pose as 
archetypes. Nonetheless, the application of the method is here illustrated using a building sample 
from the building survey database.  

4.2. Illustration of the method  

This subchapter presents an illustration of the method, highlighting the qualitative and quanti-
tative aspects of the analysis, with the dwelling house with the ID 2 in Ady Endre Street 11, Tata 
(Fig. 4.2). The study was developed with a general approach, combining historical survey plans 
(Rados, 1964; Istvánfi, 1995) with literature from the historical buildings research field (Gen-
thon, 1959; Rados, 1964; Haris & Somorjay, 2006).  

4.2.1. Example for Qualitative Analysis  

This building is a paradigmatic example of the application of the methodology because de-
spite its significant modifications over the years, it maintained some of its earlier features, mak-
ing it possible to identify the baroque walls. From the L-shaped dwelling in Fig. 4.2, three inter-
vention periods may be identified, leading to the conclusion that the probable 18th century wall 
was preserved in the N-W wing of the building. The existence of a division in the characteristi-
cally baroque mansard roof and ellipsoidal windows, in this wing (Fig. 4.2, cut view) also con-
firms this hypothesis. Furthermore, the existence of vaulted spaces and a basement suggests that 
this is probably the oldest part of perhaps a three-cell house, analogous to that of Fig. 3.14.  
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Fig. 4.2 - Dwelling house of Ady Endre Street 11 (Istvánfi, 1995) and geometric input parameters.  

 

4.2.2. Example for Quantitative Analysis  

Once the earlier building is identified, the measurements of the wall elements and plan areas 
are processed and the table with the input values for the case study can be presented (Table 4.1). 
The selected input variables do not consider only the calculation of the indices, but maximum 
and minimum thicknesses (tmin and tmax) and lenghts (Lmin and Lmax).  

Table 4.1 
Input parameters for the in-plan indices calculation for the Ady Endre 11 dwelling.  
 t=ti t=tf 

ID h tmin tmax Lmin Lmax Aw,x Aw,y Aw,tot S Ap S Ap 
2 3.80 0.50 0.57 1.84 4.75 19.84 22.74 42.58 38.00 165.77 90.90 444.23 

 
Additionally, other inputs, material parameters as the density γ=18.00 kN/m3, friction angle 

φ=22º, cohesion fvk0=0.10 MPa and β=1.00 were assumed (Lourenço & Roca, 2006; Lourenço 
et al., 2013). Additional parameters are also necessary to attain the adequacy ratio. Thus, using 
the Eq. (3.1) to (3.3) and the geometrical input parameters in Fig. 4.2, the in-plan indices (γi,dir) 
may be calculated, as can be seen in Table 4.2.  

Table 4.2 
Output parameters and in-plan indices for the Ady Endre 11 dwelling and for the Archetype A0. 

 Parameters In-plan area ratio Area to weight ratio Base shear ratio 
ID k1 k2 k3 γ1,x γ1,y γ2,x γ2,y γ3,x γ3,y 
2 1.12 14.62 2.51 0.60 0.52 7.81 6.81 1.22 1.07 

A0 1.12 21.37 2.19 0.64 0.48 12.23 9.14 2.90 2.17 
 

The quantities as the total weight, G=2945.75 kN, and the equivalent thickness, teq=0.53 m, 
which is in between the minimum and maximum thicknesses (tmin and tmax, Table 4.1).  

4.2.3. Example for Archetype Generation  

Despite the identification of the building baroque part, deduced from the survey (Fig. 4.2, N-
W wing), it is not yet an archetype, but the identification of a paradigmatic three cell house (Fig. 
4.3) enables its use to judge the previously assumed historical building archetype (Morais et al., 
2016). The in-plan ratios were calculated for the archetype (ID A0, Table 4.2) aiming for com-
parison. While the indices γ1 show some similarity, the indices γ2 and γ3, are considerable dis-
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crepant, reaching differences of 45% and 63%, respectively. This disparity can be explained by 
the difference in height (3.80m and 2.60m), affecting the self-weight. Thus, regarding the meth-
od, A0 in its actual state, cannot be considered representative of the presented dwelling, requir-
ing a change in both the height and wall thickness.  

 
Fig. 4.3 - One and two-storey sections are suggested in (Morais et al., 2016), and A0 parameters.  

 

4.3. Historical Archetypes Generation  

Once the bases for both the qualitative and the quantitative framework are assembled, the 
generation of all the archetypes may be carried out. The strategy resides in the use of average or 
sampled values of basic parameters and gather them using both the plan and section typologies 
associated to the survey buildings. Afterwards the bounds of the in-plan indices are used to vali-
date the archetypes. The process is here illustrated, the archetype A0 (Eisinger et al., 1992; Mo-
rais et al., 2017c) is evaluated and new archetypes are presented.  

4.3.1. Qualitative Analysis and the Archetypical Layouts  

Despite possible ambiguities in the interpretation, hypothesis for the layout were included as 
additional type cases (i.e. Table 4.3, ID003, type ‘8 or 12’). As can be seen, the buildings are 
generally defined by basic cells, composed by walls and openings, either vaulted or not. A small 
number of buildings possess columns supporting arches and vaults (i.e. layout 6, cat. 3). The 
building sections are typically one or two storeyed and composed by one or two spaces, or 
depths, with a corridor or not. The study is not conclusive although, in general, the layout 1 and 
not-vaulted spaces are dominant for category 4: 50% for the former and 83% for the later. This 
qualitative analysis also enables the identification of typical section layouts and plans.  

Table 4.3 
Buildings by category, and plan and section types.  

ID 1 2 3 4 Plan Layout  ID 1 2 3 4 Plan Layout  ID 1 2 3 4 Plan Layout 
001    × I 1  014   ×  I or U 3  027    × L 8 
002    × I 1  015    × U 1  028   ×  I or L 9 
003   ×  I 8 or 12  016    × L 3  029A  ×   I 11 
004   ×  I 9  017   ×  I or U 3  029B  ×   U 1 or 2 
005   ×  I 11  018  ×   L 5 or 10  030 ×    U or □ 10 
006    × I 3 or 8  019    × I 1  031   ×  I 7 
007   ×  I or L 7  020 ×    I -  032  ×   U - 
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008  ×   I 9  021    × U or □ 1 or 5  033   ×  I or L 7 
009    × I 1  022 ×    I -  034A    × I 10 
010    × I 1  023    × I 1  034B    × I 4 
011 ×    I -  024    × I 3  034C    × I 1 
012 ×    U 5  025 ×    I 1 or 5         
013    × L 7  026    × U 7         

 
Table 4.4 

Archetypical layouts, based on (Morais et al., 2016; 2017c).  

 
      

Cat. 1 1 - - - 2 - 
Cat. 2 1 1 - - 1 - 
Cat. 3 - - 2 - - 1 
Cat. 4 9 - 2 1 1 - 

 

 

      
Cat. 1 - - - 1 - - 
Cat. 2 - - 1 1 1 - 
Cat. 3 3 - 2 - 1 1 
Cat. 4 2 2 - 1 - - 

 
In respect to the plan shape, and according to Table 4.4, the ‘I’ shape is dominant in all cate-

gories (56.8%), followed by ‘U’, ‘L’ and ‘□’ shapes (20.5%, 18.2% and 4.5% respectively). The 
dominance of an elongated shape is also coherent with the small variability of γ1 values (Table 
4.6). While the ‘□’ shapes may be considered accidental for category 4, it may be not considered 
for category 1, as several other monasteries follow that configuration. ‘L’ shapes are common in 
historical Tata and in agreement with the damage sources. Another common feature is the gabled 
roof. The Table 4.4 and Table 4.5 ignore some features of churches, chapel and castle generali-
zation (because of the small sample).  

4.3.2. Quantitative Analysis and Pre-Assessment of Building Vulnerability  

As earlier mentioned the basic measured variables are the height, two thicknesses, minimum 
and maximum span lengths and three areas Aw,x, Aw,y and S. One important question is how to 
condition the parameters to build an archetype. An idea is to hold the minimum and maximum 
measured values and use them as upper and lower bounds, but it leaves the method sensitive to 
outliers. Another strategy is to provide a statistical model to fit the data, outliers would still have 
a residual probability of being observed but the bounds would be defined in the interval of medi-
an more or less a standard deviation (µ±σ). One example illustrates the distribution of heights, 
for which normal and lognormal fits are applied: two-storeyed dwellings (or tax-payers’ houses - 
Fig. 4.4, left) and all the surveyed buildings (Fig. 4.4, right). This exercise shows, in the first 
case, that the normal distribution fits better than the lognormal (2.99±1.18m). Although, if we 
unite all the categories in a single set, the lognormal (3.27±1.27m) provides better fits.  
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Fig. 4.4 - Normal (in blue) and lognormal (in red) fits over the heights histograms of dwellings (left) and for all cat-

egories (right).  
 

Due to the small difference between the distributions within category, only the arithmetic 
means and standard deviations are presented here. The results in Table 4.5 show a considerable 
discrepancy in the geometric parameters between categories, but a consistent decreasing from 
the first to the fourth category. This is consistent with the social division of society, in the sense 
that richer classes possess bigger buildings, and that religious buildings generally prevail in 
terms of proportion over the noblemen houses, with higher height and average wall areas.  

Table 4.5 
Statistical study of the input variables assuming a normal distribution, µN(σN). 

Category h [m] teq [m] Lmin [m] Lmax [m] Aw,x [m2] Aw,y [m2] S [m2] 
1 4.16(1.61) 1.00(0.37) 2.89(1.46) 7.10(3.07) 140.33(152.28) 133.61(156.37) 244.65(294.24) 
2 3.63(0.65) 0.96(0.38) 2.81(2.13) 10.50(3.99) 105.18(81.38) 88.97(60.29) 161.80(115.16) 
3 3.20(0.57) 0.73(0.19) 1.87(0.34) 5.95(0.98) 54.48(30.89) 46.92(28.35) 89.97(53.79) 
4 3.02(0.45) 0.55(0.08) 2.35(1.18) 5.45(0.77) 31.25(25.25) 23.93(22.22) 49.68(43.27) 

Average 3.36(0.89) 0.75(0.31 2.42(1.36) 6.86(2.86) 69.27(86.1) 60.85(83.03) 113.82(154.25) 
 

Despite the total wall heights, lengths and thicknesses, and in-plane areas, specific for every 
building, to build archetypes, with average or sampled geometrical parameters requires the ra-
tionalization of these parameters. This is the main reason why the study of the output variables 
focusses on the three in-plan indices Eq. (3.1) to (3.3). In order to illustrate the use of γ indices, 
the exercise is carried out for the fourth category (taxpayers’ houses), implementing the two case 
studies mentioned in 3.2.1 (for clay and adobe masonry, respectively). The results can be seen in 
table 3. The γ1 index, a pure geometrical ratio, has the same value for the two cases.  

Table 4.6 
In-plane indices for the fourth category: tax-payers’ houses (1 and 2 storeys). The green and orange colours relate, 

by satisfying or not, respectively, the conditions in Eq. (3.1) to (3.3), from Morais et al. (2017c).  
  Case 1 Case 2 
 ID γ1,x γ1,y γ2,x γ2,y γ3,x γ3,y γ2,x γ2,y γ3,x γ3,y 

1 
ST

O
R

EY
 

001 0.58 0.49 9.51 8.13 3.30 2.82 10.70 9.14 2.12 1.81 
002 0.60 0.52 7.81 6.81 2.43 2.12 8.78 7.66 1.87 1.63 
006 0.62 0.52 9.10 7.73 2.63 2.24 10.24 8.70 2.00 1.70 
009 0.61 0.53 9.27 8.09 4.40 3.84 10.43 9.10 3.02 2.64 

010 0.70 0.39 18.99 10.56 5.81 3.23 21.37 11.88 3.99 2.22 
0.69 0.50 14.51 10.51 4.05 2.93 16.33 11.83 2.83 2.05 

015 0.74 0.36 14.94 7.28 5.10 2.49 16.81 8.19 3.48 1.70 
019 0.73 0.34 13.76 6.44 3.68 1.72 15.48 7.24 2.71 1.27 
021 0.59 0.51 9.96 8.56 0.82 0.70 11.20 9.63 0.93 0.80 
023 0.89 0.85 8.93 8.59 3.64 3.50 10.05 9.66 2.55 2.45 
024 0.69 0.38 11.26 6.27 1.83 1.02 12.66 7.05 1.61 0.89 
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034B 0.67 0.44 10.25 6.85 3.29 2.20 11.53 7.70 2.42 1.62 
034C 0.68 0.41 12.85 7.72 5.06 3.04 14.46 8.69 3.46 2.08 

2 
ST

O
R

EY
S 

013 0.69 0.41 12.34 7.36 1.97 1.17 13.89 8.28 1.68 1.00 
0.58 0.50 10.04 8.60 2.90 2.48 11.30 9.67 2.14 1.83 

016 0.47 0.64 7.86 10.72 1.58 2.15 8.85 12.06 1.29 1.76 
0.59 0.49 11.50 9.55 4.73 3.93 12.93 10.74 3.23 2.68 

026 0.65 0.44 8.85 5.93 1.28 0.86 9.95 6.67 1.25 0.84 
0.72 0.34 10.29 4.85 2.40 1.13 11.57 5.46 1.96 0.93 

027 0.56 0.55 8.75 8.61 1.13 1.12 9.84 9.69 1.09 1.07 
0.63 0.48 9.88 7.48 2.13 1.61 11.12 8.41 1.72 1.30 

034A 0.60 0.51 9.19 7.91 1.50 1.29 10.33 8.90 1.33 1.15 
0.65 0.48 11.04 8.12 2.84 2.09 12.42 9.13 2.14 1.57 

 
The results suggest that despite the reduction in the specific weight of the structures (increas-

ing γ2 values) and the increase in the friction angle to 37º, from case 1 to case 2, this was not 
enough to cover the general reduction in fvk0 to 0.026 MPa and γ=16.00 kN/m3, leading to lower 
γ3 average values (Table 4.5, Case 2), and two more buildings with insufficient strength (ID024, 
Table 4.6, in orange). Due to the simplified analysis provided by the indices and comparative 
nature of the study, the real dynamic behaviour of the structure is not included in the analysis, as 
well as the nonlinear relation between strength and deformation, actual material parameters, var-
iability of the ground acceleration (approx. 34%), and epistemic uncertainties regarding the 
building survey. Nonetheless, both the case study and the average values (Table 4.6 & Table 
4.7), respectively, may provide a rough idea of the 1763 event and the validity of the selected 
buildings.  

Table 4.7 
Statistical study of the output variables assuming a normal distribution, µN(σN).  

Case 1 Case 2 
γ1,x γ1,y γ2,x γ2,y γ3,x γ3,y γ2,x γ2,y γ3,x γ3,y 

0.62(0.15) 0.55(0.12) 7.13(3.11) 6.83(4.45) 1.01(0.72) 0.89(0.61) - - - - 
0.62(0.09) 0.56(0.07) 8.28(1.78) 7.49(1.55) 1.02(0.50) 0.97(0.58) - - - - 
0.62(0.04) 0.53(0.05) 10.09(1.61) 8.59(1.13) 1.53(0.67) 1.31(0.62) - - - - 
0.65(0.08) 0.48(0.11) 10.91(2.66) 7.94(1.47) 2.98(1.40) 2.16(0.96) 13.01(3.26) 9.46(1.79) 2.30(0.89) 1.67(0.60) 
0.63(0.09) 0.52(0.10) 9.55(2.74) 7.81(2.23) 1.92(1.33) 1.51(0.93) 10.10(3.19) 8.21(2.36) 1.58(0.84) 1.27(0.62) 

 
One conclusion that may be drawn from this study is that the index values associated with 

tax-payers’ houses is associated with higher base shear ratios then most of the religious, noble-
men houses and industrial buildings. This early result show not only a deficiency in the strength 
FRm in face of the seismic action FEm of the later categories of buildings (1, 2 and 3) – in com-
parison with category 4 – but also verifies the historical damage descriptions in this particular 
claim. In total, 14 out of 34 buildings reveal a deficiency in γ3 – despite weight being underesti-
mated in this study – but only one in γ2. Although, the study cases 1 and 2 suggests that the rea-
son under the resilience of adobe masonry houses would have been more related to having a 
lower height to weight ratio (due to geometry and low specific weight) rather than strength prop-
erties. Another explanation is in fact the higher flexibility of adobe, which cannot be solely 
judged by this level of analysis. The building inventories in Appendix A4 present updated values 
of the indexes, although they do not affect the archetypes presented below.  



 

- 35 - 

4.3.3. Archetypes Generation and Parametrical Adaptation  

In Morais et al. (2016) an archetype of a dwelling A0 (Fig. 4.3) was evaluated and compared 
using the archetype generation method. It resulted that γ3 were not appropriate (Table 4.2, A0). 
Although, changing it to adobe and adapting the input parameters to average values for category 
4 ratios changed to fall into the intervals of Table 4.5. Other archetypes were composed follow-
ing the same approach (Fig. 4.5 and Fig. 4.6), for which the input parameters (Table 4.5) were 
selected to respect the control parameters (γ) in Table 4.7.  

 
Fig. 4.5 - Geometries of the peasant house (left), multi-category (centre) and mill (right) archetypes. 

 
These archetypes result from additional interpretation considering both socio-economic and 

geographical conditions together with the categorization and literature. This endorsed not only 
the importance of assembling an archetype of a peasant house, which is highly representative of 
the built environment, but also of a mill (A6, Fig. 4.5, right) mainly because of the existence of 
the lake and canals which source a considerable number of mills. It is also considered a multi-
category archetype (Fig. 4.5, center), which is adaptable to become either a city house (A2), or 
an inn (A3), or a noblemen house (A4) or a parish house (A5), depending on the parameters.  

Table 4.8  
Input and control parameters (γ i,dir) for the building archetypes (Fig. 4.5 & Fig. 4.6). 

 L1 L2 L3 L4 L5 L6 L7 t1 t2 h1 h2 h3 γ1,x γ1,y γ2,x γ2,y γ3,x γ3,y 
A0 4.70 2.80 3.80 4.70 - - - 0.50 - 2.60 2.00 - 0.64 0.48 12.23 9.14 5.8 4.34 
A1 4.70 2.80 3.80 4.70 - - - 0.55 - 3.00 2.50 - 0.67 0.46 12.31 8.52 2.97 2.06 
A2 4.50 4.50 3.50 4.50 4.50 5.00 2.50 0.55 0.55 3.00 2.50 - 0.63 0.45 10.83 7.69 2.52 1.79 
A3 4.50 4.50 3.50 4.50 4.50 5.40 2.50 0.73 0.73 3.20 3.00 - 0.62 0.47 9.9 7.46 1.83 1.38 
A4 4.80 4.80 3.80 4.80 4.80 6.20 3.25 0.96 0.96 3.63 3.20 - 0.61 0.49 8.51 6.79 1.24 0.99 
A5 4.80 4.80 3.80 4.80 4.80 6.20 3.25 0.96 0.96 4.16 3.50 - 0.62 0.49 7.43 5.92 1.11 0.88 
A6 5.95 3.25 4.45 4.45 - - - 0.73 - 3.20 3.20 6.40 0.66 0.44 10.44 6.93 1.60 1.06 
A7 5.49 4.57 3.66 4.57 5.49 4.57 4.57 0.96 0.96 3.63 3.63 3.63 0.63 0.56 8.12 7.19 0.92 0.82 
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Fig. 4.6 - Geometry of a noblemen house archetype. 

 
Other building archetypes such as castles, churches and monasteries are not here presented. 

They require a broader study and pose small representability of the damage caused by the 1763 
seismic event. Another remark is that the nobleman house archetype (A7, Fig. 4.6) is identical to 
the Esterházy castle in Tata, which is a two depth baroque building with five rows, although, it 
may be adapted for smaller low-to-middle class noblemen, which are typically two depth build-
ings with three rows.  
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Chapter 5. Numerical Model Development and Analysis  

This chapter deals with the modelling and nonlinear analysis of the structures and damage of 
the historical building archetypes developed in Chapter 4. The task is divided in the composition 
of the geometric, load, structural and material models, followed by the use of FEM and EFM for 
numerical modelling. The inherent complexity of the task is that not only the numerical model 
and the analysis methods are interconnected, but that some variables are stochastic. Hence, mod-
elling complexity and computation-time must be balanced efficiently.  

5.1. Geometrical and Structural Modelling  

The geometrical models were developed based on the layouts provided by the archetype gen-
eration methodology (Fig. 4.5 and  Fig. 4.6). Earlier stages of the research focussed on the arche-
types A0 and A1, which represent a common typology of countryside houses commonly used by 
peasants, farmers and local artisans. They targeted studies related to the use of simplified and 
empirical models, and local models of the wall panels in FEM code ATENA, using GiD. In later 
stages the geometrical models for the archetypes A0 to A7 were implemented in AxisVM (Inter-
CAD, 2018) and Tremuri (STADATA, 2007; 2011).  

5.1.1. Geometrical Model for the Wall Panels  

The unfolding of the walls of the peasant house archetype A0/A1 (Fig. 4.5, left) reveals 11 
wall panels with different dimensions, with and without openings (Fig. 5.1). The dimensions Ta-
ble 4.8 and where previously simplified into span lengths L1=L4=5.20, L2=3.30 and L3=4.30m, 
height h1=3.00m and wall thicknesses t=0.50 or 0.55m, for A0 and A1, respectively. The open-
ings, follow Table 5.1. The layout aims for the individual study of the wall panels.  

 

Fig. 5.1 - Walls of the peasant house archetypes A0 and A1 (Morais et al., 2016).  
 

5.1.2. Geometrical Modelling of the Archetypes  

Unlike the previous approach, serving the individual study of the panels, the archetypes were 
modelled in AxisVM and Tremuri environment, following Table 4.8. Although, while the model 
in AxisVM serves FEM and the geometries are to be discretized into finite elements, in the case 
of Tremuri, it serves EFM and the geometries are discretized into macroelements. The geome-
tries are defined by an onthology of points and lines, aiming to model the walls either as shells or 
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as a composition of macroelements, beams and openings. Here, CAD interfaces permit the al-
most immediate definition of the structural elements, and therefore, the structural model. The 
Fig. 5.2 Fig. 5.5 show the structural models of the archetypes A0 to A7 defined in Tremuri, 
where the walls, openings, roof beams and slopes can be seen.  

 

Fig. 5.2 - Views of the geometric model of the archetype A0 and similar to A1.  
 

 

Fig. 5.3 - Views of the geometric model of the archetype A2 and similar to A3, A4 and A5.  
 

 

Fig. 5.4 - Views of the geometric model of the archetype A6.  
 

 

Fig. 5.5 - Views of the geometric model of the archetype A7.  
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Table 5.1 

Dimensions of the openings of the archetypes A0 to A7, in [m].  
Archetypes A0 & A1 A2 & A3  A4 & A5 A6 A7 
Frontdoor 0.90×2.00 1.30×2.00 1.40×2.50 1.45×2.00 1.65×3.00 
Innerdoors 0.80×2.00 1.10×2.00 1.30×2.50 1.10×2.00 1.25×3.00 
Windows 0.70×1.00 0.90×1.00 1.30×1.50 1.00×1.00 1.65×2.00 

 
One noteworthy comment is that there exists variation in the dimensions of the openings. The 

Table 5.1 synthethizes those dimensions by archetype and opening type. Once the geometric 
models and the regions associated to the structural elements are defined, the materials are to be 
attributed to the elements, as well as their respective material models and parameters.  

5.2. Material Modelling  

The material model characterizes the constitutive relationships between the applied forces and 
deformation effects. It is a crutial step for the simulation of the damage in historical URM struc-
tures. These structures are usually heterogeneous, with a considerable number of DOFs, their 
properties are not uniform along the elements, and commonly have a highly brittle, history and 
path dependent, and nonlinear behaviour (Fig. 5.6), making them difficult to model (Lourenço, 
1996). The conditions of historical masonry in Hungary are not systematized, and even if they 
were, it would still be challenging to assess their properties of the 18th century.  

 

Fig. 5.6 - Clay masonry wall envelope curve (left) hysteretic curve (center), from Zimmerman et al. (2010), and 
adobe masonry wall hysteretic curve (right), from Niker D4.1 (2010).  

 
For instance, the behaviour of old masonry, both envelope and the hyteretic curve of build-

ings (Fig. 5.6), shows an initial elastic range followed by nonlinear hardening and softening 
range after the 10 mm of deflection. The cyclic behaviour, can be regarded as being initially 
pinching followed by a hysteretic behaviour with strength degradation, unloading stiffness deg-
radation but not clear, or perhaps inexistent, reloading stiffness degradation.  

In the present subchapter, the material models utilized for the definition of the structural mod-
el archetypes are described, as well as the respective material strength parameters.  

5.2.1. Simplified Empirical and Semi-Empirical Models  

Two main approaches of empirical and semi-empirical modelling consider the prediction of 
the in-plane force-displacement (F-δ) relationship either for URM walls or piers. These are pro-
vided either by the regression analysis of experimental results on wall panels or by using analyti-
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cal expressions for masonry piers bounded by typical values for input parameters. Empirical 
formulae for a trilinear predictive model for adobe URM is in Rafsanjani et al. (2015):  

 ( ) ( ), 0.063 0.026 0.113 / ,9.54 14.52 12.83 0.16 16 / 'cr crF E H L E W Lδ µ β= − + + + + −  (5.1) 

 ( ) ( )max max, 0.75 0.21 2.43 / ,0.91 9.49 24.33 0.33 16 SSF E H L E W Tδ µ= − − + + + + +  (5.2)  

 ( ) ( )max, 6.25 1.77 3.79 0.06 0.04 10.11 / ,0.8ult ult SSF E W T H L Fδ µ= − − + + − +  (5.3) 

where the critical, maximum and ultimate points of the F-δ diagram are calculated as function of 
the Young Modulus E, friction ratio μ, the shear strength TSS, the weight W, the height and 
length of the wall H and L, respectively, the height of the opening in the wall β and the length of 
each peer L’. In this case the variables were bounded considering the regression analysis 107≤E≤ 
2140, 0≤TSS≤0.034, 0.1≤µ≤0.8, 10≤W≤52, 0.43≤H/L≤0.78 and 0.43≤β/L’≤0.83.  

The FEMA P-356 (2000), and NEHRP guidelines, suggest formulas for the expected lateral 
strength of URM piers QCE:  

 { }min , min ,0.9CE bjs r me n CE
eff

LQ V V v A P
H

α
   = =       

 (5.4) 

where Vbjs and Vr are the sliding shear and rocking strengths, respectively, 
vme=0.75×(0.75vte+PCE/An)/1.5 is the expected bed-joint sliding shear strength, vte is the average 
bed joint shear strength, PCE is the applied gravity compressive force, An is the area of net mor-
tared section and Heff is the effective height of the pier or wall. It may also be defined by its low-
er bound QCL, if 1.0<L/Heff<1.5:  

 { } '
' 'min , min 1 , 1

0.7
a a

CL dt tc dt n CL
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H f H f

α
      = = + −              
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where Vdt and Vtc are the diagonal tension and toe crushing strengths, α is a support factor (0.5 
for foxed-free and 1.0 for fixed-fixed conditions), P is the expected vertical axial compressive 
force, fa=0.05×f’m is the lower bound of the masonry diagonal tension strength and f’m here is 
the lower bond compressive strength of the masonry. Additionally, the deformability of the piers 
and walls may be described by Fig. 5.7 (center).  

 

Fig. 5.7 - Simplified bilinear (left), FEMA P-356 (2000) (centre) and ‘pinching4’ model (Lowes et al., 2003) (right) 
idealizations of the F-δ backbone curve for masonry walls.  
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5.2.2. Macromodelling Approaches  

The macromodelling approaches employed here are associated either with FEM or EFM to-
gether with homogeneized material properties for the walls. While in the case of ATENA or Ax-
isVM the dicretization uses FEs, in Tremuri, the walls are discretized into macro-elements. The 
models developed in AxisVM aimed for Modal Analysis and employed linear elastic parameters. 
But in the case of ATENA, a CC3DNonLinCementitious2 material model (Appendix A6; Cer-
venka et al., 2016) for concrete was employed for a numerical study of the A0 wall panels. 
Tremuri uses a linear elastic perfect plastic model with a Mohr-Coulomb failiure criterium (Ap-
pendix A6; Lagormarsino et al., 2008), and it is employed to model the archetypes A0 to A7.  

5.2.3. Analysis Parameters for URM  

Old masonry tested usually reveals a highly nonlinear behaviour and considerable cyclic deg-
radation (Zimmerman et al., 2010; Niker D4.1, 2010). The study of the seismic behaviour of 
adobe assemblies has been pioneered in (Vargas et al., 1986). Despite the regional nature of ma-
sonry, the dispersion of its mechanical properties can be evidenced in literature (Caporale et al. 
2015). In other studies, as Tarque-Ruiz (2008), they do not differ considerably and typical values 
can be found – i.e. studies in Aveiro (Varum et al., 2006, 2007, 2008, 2014), Catholic and Los 
Andes University, from Portugal, Peru and Colombia: elastic modulus E=117~300MPa, shear 
modulus G=30~78MPa, compressive strengths fm=0.84~1.13MPa and maximum shear strength 
v’m=0.021~0.110MPa. These results point, in average, for G/E, E/fm and G/v’m ratios ranging 
from 0.17~0.44, 168~207 and 300~1114, respectively. Studies in the same line of research show 
similar values (Vargas et al., 1986), although typical relationships for masonry walls depart from 
the compressive strength to state E/fm=500~550 and G/E=0.10~0.40. Following the later work, 
we may find Young Modulus E=107.0 MPa, internal friction coefficient µ=0.45 and joints shear 
strength. Despite the values utilized for the initial approaches, a broader masonry database is 
employed to study and compose the different categories of archetypes (Table 5.2). On historical 
brick masonry, studies exist on the manufacture and engineering properties (Augenti et al, 2012; 
Caporale et al., 2015; Fernandes et al., 2010; Laefer et al., 2004) although, both the technology, 
periods and region vary considerably, so, the data from Zimmerman et al, (2010) is utilized here. 
Other values and simplified relationships may be rather connected to modern times, such as Eu-
rocode 6 (CEN EN1996-1-1, 2005; Sýkora M., Holický, 2014). 

Table 5.2 
Physical and strength parameters for the archetypes A0-to-A7 in four major classes. Units: kN/m3 and MPa.  

Classes 1 2 3 4 Distribution 
type Archetypes A0, A1 & A2 A3 A4 & A6 A5 & A7 

Parameters μX σX μX σX μX σX μX σX 
γ 16.00 - 17.00 - 17.00 - 18.00 - - 
E 155.00 100.00 200.00 50.00 350.00 100.00 1375.00 500.00 LN 
ν 0.20 0.05 0.20 0.05 0.20 0.05 0.20 0.05 N 

f’m 1.00 0.75 1.50 0.90 2.35 1.00 4.00 1.50 LN 
fv 0.090 0.015 0.100 0.070 0.500 0.100 0.350 0.100 LN 

G(E,ν) 64.58 - 83.33 - 145.83 - 572.91 - expression 
(δ/L)ν 0.53% 0.16% 0.53% 0.16% 0.53% 0.16% 0.53% 0.16% N 
(δ/L)f 1.07% 0.43% 1.07% 0.43% 1.07% 0.43% 1.07% 0.43% N 
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The shear modulus is calculated as G=E/(2(1+ν)), as a function of the Young modulus and 

Poisson ratio. It is relevant to mention that there is no account for the behaviour of historical ma-
sonry in Hungary, despite some works on traditional adobe (Csicsely, 2000, 2002, 2008; Minke, 
2001, 2006) and old series for brick masonry (Lechner & Warga, 1904) and by the Laboratory of 
the Technical University (KJM-ML, 1898; 1902) hardly befitting the 18th c. archetypes.  

5.2.4. Simplified Macro-modelling for Dynamic Analysis  

The nonlinear behaviour of masonry was studied using a simplified macromodel, the ‘Pinch-
ing4’ uniaxial material model was employed (Morais et al., 2006). It can be found in OpenSees 
catalogue (Fig. 5.8; McKenna et al., 2006; Lowes et al., 2003). Its multilinear backbone allows 
the simulation of cyclic degradation, mostly associated to old URM behaviour, in four material 
states (both positive and negative loading, unloading and reloading). For implementation and 
calibration, the model requires: 16 parameters for the response envelope, 6 for the unload-reload 
paths, 15 for the hysteretic damage rules and 1 for energy dissipation (Appendix A6).  

 

Fig. 5.8 - OpenSees “pinching4” uniaxial material model (Lowes et al., 2003).  
 

The multilinear representation of the nonlinear cyclic behaviour/damage (Fig. 5.9) of the wall 
element, or structure, relating horizontal deflection and horizontal force. For the application of 
the present material model and damage interpretation linear elastic range is considered between 
the points (ePd1, ePf1) & (eNd1, eNf1) where no damage is attained. Plastification of the cross-
section develops in the second linear steps both in positive and negative sides and finishing in 
points (ePd2, ePf2) & (eNd2, eNf2), meaning slight damage. The third plastification step, finish-
ing in points (ePd3, ePf3) & (eNd3, eNf3), is interpreted as considerable damage, after which se-
vere damage is considered. Total collapse follows after the points (ePd4, ePf4) & (eNd4, eNf4).  

 

Fig. 5.9 - Unloading and reloading stiffness degradation (left), displacement (center) and strength degradation 
(right), form Lowes et al. (2003).  
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The Eq. (5.6) provides the degradation parameters relationships of the Pinching4 model (Fig. 
5.9). With dmax={dmax,i/defmax,dmin,i/defmin}max and Ei=∫dE, and the maximum value 
δd,max=δ0(1+δi).  

5.2.5. Calibration and Validation Procedures  

Initialy, the model calibration was taken in two main steps (Fig. 5.10): (1) adjustment of the 
backbone curve parameters and therefore the outline curve; (2) hysteretic curve and the parame-
ters that represent degradation. This approach was initaly based on trial-error associated with the 
knowledge of the cyclic parameters and static pushover analysis protocol. Symmetric in the be-
haviour was assumed, reducing the quantity of parameters, from 38 to 27.  

 

Fig. 5.10 - Backbone curve (left) and simulated cyclic response for material model “pinching4” (right).  
 

In a first phase it was enough to use the cyclic degradation parameters calibrated from exper-
iments, such as Zimmerman et al., (2010), together with the use of simplified empirical and 
semi-empirical models (Morais et al., 2016; 2017b).  

Another approach to the calibration procedure was employed in Morais et al. (2018c) and uti-
lized a simplified version of the Genetic Algotithm (GA) developed in Vigh et al. (2014). Both 
the fitness function, parameters and cyclic analysis will be explained below, in Chapter 6.  

5.3. Load Modelling and Sesimic Hazard  

The seismic analysis intends to analyse an inertial load that depends on the mass of the struc-
ture. Therefore, both the amplitude and frequency content of the seismic actions must be mod-
elled along with the permanent and live loads that eventualy are accelerated. The EN 1998-1 
(2004) prescribes the combination for seismic loading:  

  , , ," " " "k j Ed E i k iG A Qψ+ + ⋅∑ ∑  (5.7) 

being, Gk and Qk the nominal values of permanent and live loads, with the quasi-permanent 
loading ΨE·Qk and design seismic actions AEd. The combination coefficient for seismic actions is 
ψE=φ·ψ2,i, where φ assumes the values 1.0 for roof loads, 0.8 for storeys with correlated occu-
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pancy and 0.5 for independently occupied storeys within categories A to C, and 1.0 for all cases 
with categories D to F, and ψ2 can be checked in Table 5.3.  

In addition, and despite the symbols represented in Eq. (5.7) the present studies aim either for 
the analysis of the median action values and conditions, or for the incorporation of load uncer-
tainty, hence the symbols G, Q and AE are employed henceforth.  

Table 5.3 
Values of ψ i factores for buildings according to EN 1991-1 (2004) and EN 1998-1 (2004), being ψ0, ψ1 and ψ2 are 

the factors for the combination value, frequent value and quasi-permanent value of the variable action Q. 
Action ψ0 ψ1 ψ2 
Category A: domestic residential areas 0.7 0.5 0.3 
Category B: office areas 0.7 0.5 0.3 
Category C: congregation areas 0.7 0.7 0.6 
Category D: shopping areas 0.7 0.7 0.6 
Category E: storage areas 1.0 0.9 0.8 
Category F: traffic area w≤30 kN 0.7 0.7 0.6 
Category G: traffic area 30≤w≤160 kN 0.7 0.5 0.3 
Category H: roofs 0.6 0.0 0.0 
Snow loads on buildings 0.5 0.2 0.0 
Wind loads on buildings 0.6 0.2 0.0 
Temperature (non-fire) in buildings 0.6 0.5 0.0 

 

5.3.1. Permanent and Variable Actions, and Combinations  

The fact that the seismic action is correlated with both the mass and the rigidity of the struc-
ture complicates the prediction of the seismic action. In the case of MRSA or CSM, the numeri-
cal model requires the calculation of the relevant vibration modes to be usedin the calculation of 
the equivalent static seismic loads. In this step, the ‘90% rule’ (EN 1998-1, 2004) is usually em-
ployed, with some exceptions, together with the target spectrum, after which the static analysis is 
carried out. This process has two main steps expressed firstly by (5.8) and then by (5.9).  

 ( ) ( ) ( ), , , , , Q, Q, , ,, , , ,k j G geom G mat E i k i geom mat Ed k j k i StructG Q A G Q Kθ γ ψ θ γ+ ⋅ →∑ ∑  (5.8) 

Adressing Eq. (5.9), the load parameters θG,geom are provided by the geometrical model, γG,mat 
is determined by the materials in use, which may assume the values prescribed in Table 5.2 in 
the case of brick, adobe or rammed-earth masonry, and 5.0 kN/m3 in the case of wooden ele-
ments. Regarding the variable actions, ψE=0.15 (one story) or ψE=0.24 (two or more stories with 
correlated occupancy) for category A (dwellings), ψE=0.80 for category E (storage areas) and 
ψE=0 for category H (roofs). The live loads are in between Qk=0.40, 2.0 and 3.0 kN/m2 for 
roofs, dwellings and public spaces, respectively (EN 1991-1, 2004). In the case of DSA, both the 
seismic and gravitational loads act concomitantly, expression (5.8), regardless of geometrical 
and material nonliearities, providing the structural response to the demand of GMRs. The GM, 
or attenuation, model for the site on which the structure stands must be employed to calculate the 
target spectrum accounting for the soil type, fault type, feasible distances and magnitudes.  
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5.3.2. Attenuation and Fault Models  

The model is usually represented by intensity measure IM (i.e. PGA, SA, PGV, PGD), de-
fined by a median μIM more or less a standard deviation σIM, according to Eq. (5.9).  

 ( ) ( ) ( )| , , , , | , , , ,, , , , , , , , , , , ,
a soil fault a a soil faultsoil fault S T M R soil fault S S T M R soil faultIM T M R T M R T M Rθ θ θ θθ θ µ θ θ ε σ θ θ= ± ⋅  (5.9) 

 

Fig. 5.11 - SHARE Shallow Crust (left; Woessner et al, 2015) and Paks II (right; MVM Paks II. Zrt., 2015)  
attenuation models. 

 
Despite the model suggested in Fig. 2.2 (Tóth et al., 2006) for the Pannonian region, a specif-

ic model has been suggested and used in the SHARE hazard model (Woessner et al, 2015) which 
is appropriate to Komárom. Nonetheless another attenuation model is suggested for the study of 
the Paks II nuclear powerplant (MVM Paks II. Zrt., 2015).  

Therefore, the final GM intensity can be calculated according to Eq. (5.10), as an instance, in 
the case of the Paks II attenuation model.  

 (2014) (2014) (2014) (2014)0.4 0.05 0.45 0.1Total i i Akkar Boore Chiou Zhao
i

IM w IM IM IM IM IM= × = × + × + × + ×∑  (5.10) 

Mixed distribution mean and variance:  
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E X E Xµ ω µ µ σ ω µ µ σ
= =

 = = − = = − + ∑ ∑  (5.11) 

The soil type, fault type, possible distances and magnitudes in study, are addressed in the fol-
lowing points, in order to determine the intensities composing the target spectrum.  

5.3.3. Faulting Mechanisms  

The region in study is characterized by strike-slip faulting systems (Fig. 5.12, left) and shal-
low earthquakes occurrence in the top 15 km of the crust, most with Zhyp in between 6 to 9 km, 
although Szeidovitz (1986) assumes 7 km and Varga et al. (2001) 10 km. These studies also dif-
fer in the proposed epicentral distance.  
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Fig. 5.12 - Strike-slip fault (left) and reverse or normal faulting with hanging wall site (right), with respective site-
to-fault properties (PEER, 2013).  

 
The site classification is still needed to characterize the soil conditions under which the seis-

mic waves propagate, and determine the possible/adequate soil amplification factors.  

5.3.4. Site Classification  

Allen & Wald (2007, 2009) evaluated the global seismic site conditions as the average shear 
wave velocity to 30 m (VS30), using the Shuttle Radar Topography Mission (SRTM) 30 arcsec 
digital elevation models (DEMs). The basic premise of the method was that the topographic 
slope can be used as a reliable proxy for VS30 in the absence of geologically and geotechnically 
based site-condition maps through correlations between VS30 measurements and topographic 
gradient. The results provide a global model for the Earth’s surface in GIS, available in the 
USGS website. The data available for Hungary may be seen in Fig. 5.13, arguably, in the range 
180≤VS30≤760. The region of Komárom and surrounding marks VS30 in between 180 and 360 
m/s with some exceptions, and small niches, mainly south and eastwards in the direction of lake 
Balaton and Budapest, respectively, with velocities above 360 m/s. The Tables A7.1 and A7.2 in 
Appendix A7, provide the description of the soil types associated to those velocities identifying 
this range as a stiff soil of type D (NEHRP) or type C (EC8), although C and B, respectively 
may also be plausible. This relation is adequate to be related with code based analysis and de-
sign. The soil classification adopted for NEHRP, Table A7.1, is different from that of EC8, Ta-
ble A7.2, also adopted by Vicente (2008) for seismic vulnerability analysis (Appendix A11).  

 

Fig. 5.13 - VS30 map for Hungary (Allen & Wald, 2009).  
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Despite the topographic study shown in fig. 6.1 (Allen & Wald, 2009), a Cone Penetration 

Test (CPT) test was carried in the region (Kiss, 2017) revealing the plausibility of B2, C1, C2 
and C3 soil categories, according to Pitilakis (2002), with VS30 ranging from 200 to 800 m/s, in 
harmony with the Vs30 map for Hungary (Fig. 5.13). The correpondance between EC8 and Pitil-
akis categories may be checked in Fig. A7.1, Appendix A7.  

5.3.5. Target Spectrum for Static and Dynamic Analyses  

In order to determine the target spectrum for both Static and DSA, the GMPEs composing the 
SHARE and Paks II attenuation models where calibrated and implemented in order to test the 
variability in the magnitude, distances, and other soil and fault related inputs. The study includes 
the varying magnitude 5≤Mw≤8, epicentral distance 10≤Rjb≤12, focal depth 6≤ZHyp≤10, shear 
velocity (soil type) 180≤Vs30≤800. A strike-slip faulting was assumed. Thus dip angle δ=90º, 
rake angle λ=0º and the hanging wall effect is neglected. The remaining parameters follow the 
GMPE specifications. The spectrum for the bedrock was also calculated, assuming 800≤Vs30, in 
order to evaluate the use of soil specific amplification factors. The period dependent factors were 
calculated in relation to the acceleration spectrum in the bedrock fsoil=Sa,soil/Sa,rock, with EC8, 
GMPE or 1D soil analysis based on soil categories for the seismic region of Komárom (Fig. 
5.14).  

 

Fig. 5.14 - Soil amplification factors regarding EC8 type 1 spectrum (up left), EC8 type 2 (up centre), 1D analysis 
and Pitilakis (2014) soil categories (up right).  

 
The results show different tendencies in the amplifications. It may be seen that those for soil 

B are generally relatively lower than C types. This tendency is particularly evident in the case of 
the attenuation based factors (Fig. 5.15, down), where amplifications reach 1.4 in the case soil B, 
and 2.2 and 2.8 in the case of soil C. Nonetheless, if we reduce the period range for 0≤Tn≤0.6s, 
the factor tendencies provide a similar qualitative development, not surpassing the 30% variation 
in the case EC8 type 1, with the only exception for the EC8 type 2, below the 0.1s period. This 
may be seen in detail in Fig. A8.1 and A8.2 in Appendix A8, and supports the use of the average 
factor from 1D analysis of soil profiles, CPT and categorized according to Pitilakis (2014).  
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Fig. 5.15 - Logic tree proposed to balance the site classification and hazard spectra.  

 

 

Fig. 5.16 - Mean Hazard Spectra μIM±βIM for Komárom historical earthquake analysis, assuming 0≤RJB≤25, in 
the magnitude ranges 5≤MW≤6 (left), 6≤MW≤7 (centre) & 7≤MW≤8 (right).  

 

5.3.6. Seismic Record Selection  

The PEER NGA-West2 database (PEER, 2013) was utilized for GMRs selection within mag-
nitude intervals 5≤Mw≤6, 6≤Mw≤7 and 7≤Mw≤8, and with Joyner-Boore distances 0≤RJB≤25 km 
and strike-slip fault type. The horizontal GMRs were selected with the square root of the sum of 
the squares (SRSS) for the 5% damped response spectra, and no scalling was employed.  

 

Fig. 5.17 - Mean Spectra μIM±βIM of the selected GMR, for the Mean Hazard Spectra.  
 

5.4. Structural modelling  

The structural models preented here follow the modelling strategy of the geometrical models. 
Therefore, this subchapter describes both simplified and regular macromodelling strategies.  

5.4.1. Simplified Macromodelling  

The model presented here is a simplified macro-model (Fig. 5.18, right) and represents an 
URM wall or structure. It was employed in Morais et al. (2016) to model archetype A0. The 
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common usage of these masonry walls, can also be illustrated in relation to a global structural 
model (Fig. 5.18), and following a global macro-model, in Furtado et al. (2005). It was then al-
tered towards a simpler elements choice, in order to model URM walls.  

 

Fig. 5.18 - Simplified micro-model (left), simplified macro-model (center), from Furtado et al. (2005), and simpli-
fied structural macro-model (right).  

 
The present model in Fig. 5.18 consists on an isostatic system composed by truss elements as-

sociated to uniaxial material models, where the trusses from (1) to (7) possess a very high rigidi-
ty so that the ‘zero length element’ (McKenna et al., 2006) (8) can be mostly responsible for the 
actual (nonlinear) behavior of the frame as well as the general rigidity of the system. The illus-
tration of Fig. 5.18 (right) schematically represents element 8 in the sense that nodes 3 and 4 co-
incide in the coordinates (L/2, h/2). The GMR ought to be inputted in horizontal direction as 
condition for both nodes 1 and 2. The model also allows composition so that the wall panels can 
be studied separately or together (Fig. 5.19).  

         

Fig. 5.19 - Simplified structural models for simple walls/piers (left) and composed walls (right).  
 

Following the preliminary model, the analysis aimed for the archetype A0, associated to the 
1763 Komárom earthquake, and perhaps requiring minor repairs (Varga, 2014). In order to 
match simulation, the overall dimensions were followed and the length of the walls determined. 
Effective length of each wall was calculated as Li=Lspan+(ti+tf)/2, with constant thickness 
t=0.50m for all walls and resulting in L1=5.20m, L2=3.30m, L3=4.30m, L4=5.20m. The height 
of the walls is constant, h=2300mm. Two global-models were considered (Fig. 5.19) associated 
to: panel 1, 3.30×2.30×0.50m3; panel 2, 4.30×2.30×0.50m3; and panel 3, 5.20×2.30×0.50m3.  

5.4.2. Macromodels in Tremuri of the archetypes  

Similarly, to the geometrical model, the structural models of the archetypes have been devel-
oped with Tremuri and AxisVM codes.  
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Fig. 5.20 - Views of the structural numerical model of the archetype A0.  
 

 

Fig. 5.21 - Views of the structural numerical model of the archetype A2.  
 

 

Fig. 5.22 - Views of the structural numerical model of the archetype A6.  
 

 

Fig. 5.23 - Views of the structural numerical model of the archetype A7.  
 

So far, the modelling strategies and numerical models of the archetypes have been developed 
and presented. Therefore, all the conditions to proceed with the analyses are gathered. The fol-
lowing chapter presents the results of the analyses and the processes that are considered to assess 
the damage in the buildings and its statistics.  
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Chapter 6. Damage Assessment and Statistics  

At the present point we possess both the historical data on the regional buildings and building 
archetypes, and on the damage occurred due to the 1763 Komárom earthquake. The simplified 
and global models of the archetypes were also developed for analysis. This chapter describes the 
analysis methodologies and their results, namely in force-displacement (F-δ) diagrams, with the 
objective of characterizing the damage in buildings represented by the archetypes.  

6.1. Simplified Nonlinear Analysis  

The simplified nonlinear models of the walls are approached here. They involve the expres-
sions presented in 5.2.1 and the simplified macro-modelling of the wall panels, and provide a 
description of the in-plane behaviour of the assembly.  

6.1.1. Empirical and Semi-Empirical Models vs FEM Modelling  

In a preliminary study of simplified models, in Morais et al. (2016), the archetype A0 was uti-
lized to balance the possible use of adobe or brick masonry. Adobe masonry (Varum et al., 
2014), more flexible but with lower strength than clay brick masonry (Zimmerman et al., 2010). 
The values employed for the materials are in Table 6.1.  

Table 6.1 
Material parameters for the preliminary study in Morais et al. (2016).  

 γ [kN/m3] E [MPa] G [MPa] fv [MPa] 
Adobe 15.0 398.0 39.80 0.026 

Clay brick 20.0 1380.8 138.1 0.230 
 

The models were calibrated using the basic expressions for sliding shear: τ=G×γ, with 
τ=F/Aw, shear strain γ=Δx/h and therefore initial lateral rigidity K0=G×Aw/h, where G is the 
shear modulus, γ the shear strain, F is the horizontal force, Aw the shear area, Δx the horizontal 
displacement and h the wall height. The results (Table 6.2) were used to build the macro-models 
of the walls, as in 5.4.1, and validate the IDA procedures (Chapter 7), assuming that the same 
type of degradation for both materials, and using the GMR from Simon & Vigh (2015).  

Table 6.2  
Significant force coordinates ePfi and eNfi [kN], and displacement coordinates ePdi and eNdi  [mm] for the calibra-

tion model, and both clay and adobe masonry walls (Morais et al., 2016).  
 ePfi / eNfi [kN] ePdi / eNdi [mm] 

i= 1 2 3 4 1 2 3 4 
Cyclic calibration 40.00 50.00 60.00 5.00 1.25 2.50 10.00 15.00 

Clay Walls 
1 385.74 482.17 578.61 48.22 3.89 7.79 28.28 41.95 
2 502.63 628.29 753.95 62.83 3.89 7.79 28.28 41.95 
3 619.52 774.40 929.28 77.44 3.89 7.79 28.28 41.95 

Adobe Walls 
1 42.90 53.63 64.35 5.36 1.50 3.01 10.91 16.81 
2 55.90 69.88 83.85 6.99 1.50 3.01 10.91 16.81 
3 68.90 86.13 103.35 8.61 1.50 3.01 10.91 16.81 

Adobe Walls 
(with opennings) 

1 24.70 30.86 37.05 3.09 1.50 3.01 10.91 16.81 
2 37.70 47.13 56.55 4.71 1.50 3.01 10.91 16.81 
3 59.80 74.75 89.70 7.48 1.50 3.01 10.91 16.81 
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Given the simplified nature of the preliminary study, the use of empirical formulae for a tri-
linear backbone (Rafsanjani et al. 2015), Eq. (5.1-5.3) was then compared with numerical simu-
lation using ATENA FEM code (Cervenka et al., 2016; Beneš et al., 2016; Sýkora et al., 2017). 
Results in Fig. 6.1. The analysis focussed on the wall panels of the archetype A1 (modified ver-
sion of A0), from Wall 1 to 11 (Fig. 5.1). The material parameters here are from Tarque-Ruiz 
(2008).  

 

Fig. 6.1 - Walls’s F-δ backbone: conceptual scheme (left), empirical (centre) & numerical (right) experiment in 
ATENA (Morais et al., 2017).  

 
Despite similarities in the magnitude of maximum force values (Fig. 6.1), there are considera-

ble discrepancies between panels in the prediction of the F-δ curve and significant points, both in 
terms of forces and displacements, and initial rigidity Ki (Table 6.3). The Ki is an important pa-
rameter for both seismic design and performance assessment.  

Table 6.3 
Initial rigidities (Ki) and maximum points (δmax, Fmax) from numerical and experimental formulas (Fig. 6.1).  

Wall: 1 2 3 4 5 6 7 8 9 10 11 
Ki,Num 

[kN/mm] 7.32 5.80 13.35 2.29 23.15 9.48 15.59 16.43 5.49 2.88 23.15 

Fmax,Num [kN] 38.04 32.31 67.10 18.60 125.43 62.20 85.28 74.41 35.03 18.46 136.54 
δmax,Num [mm] 17.0 15.6 22.7 24.2 16.1 23.5 20.6 20.8 35.3 19.7 25.3 
Ki,Exp [kN/mm] 29.21 11.10 23.98 9.47 44.96 33.19 37.05 38.76 25.63 5.10 55.14 
Fmax,Exp [kN] 54.72 45.17 50.18 58.69 86.59 81.82 76.50 81.26 70.94 43.46 113.09 
δmax,Exp [mm] 6.3 14.4 9.2 14.4 6.3 14.4 9.2 6.3 20.3 20.3 6.3 

 
The discrepancies between the results of semi-empirical Eq. (5.4) and (5.5) (FEMA P-356, 

2000), in Table 6.4 and Table 6.3, may be due to differences in the utilized parameters.  
Table 6.4 

Maximum forces for F-δ backbone based on the strength of the piers (FEMA P-356, 2000).  
Wall: 1 2 3 4 5 6 7 8 9 10 11 

‘QCE’ or ‘QCL’ 42.39 16.29 28.48 31.31 90.86 57.04 66.62 77.37 35.41 11.33 120.63 
δmax 6.0 6.0 6.0 10.0 6.26 9.35 12.0 4.0 10.0 10.0 12.0 

 
Where for failure modes associated to shear δmax=(0.4%)heff and δmax=(0.8%)heff, and for 

those associated to rocking δmax=(0.4%)heff/L and δmax=(0.8%)heff/L. The initial rigidity can also 
be calculated, Ki=1/(heff3/(αEmIg)+heff/(AvGm)), with α=3 or 12, for walls and piers, respective-
ly.  

Discrepancies exist also on the level of the prediction of the failure mode of the walls, as can 
be seen for Wall 6, in Fig. 5.1), and for which the prediction of the strength shows some disa-
greement. Nonetheless, the similarity in the maximum strength of the assemblies suggests that 
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the semi-empirical models provide at least some insight into the seismic strength of the walls, 
although their flexibility presents higher difficulties (Fig. 6.1).  

6.1.2. Semi-Empirical Study of Piers and Archetypes  

The systematic study of the archetypes A0 and A1 shows the fundamental contribution of the 
piers for the lateral strength of the walls. Although, studying the walls individually may over-
shadow issues as the mass sharing between orthogonal directions. One practical solution is to 
divide the Archetypes into piers and walls for which the lateral strength and flexibility is deter-
mined by FEMA P-356 formulation, but the gravity loads acting on the piers should first be re-
duced to points Pi (Fig. 6.2, left), similarly to EFM.  

 

Fig. 6.2 – Scheme of load Pi reduction, connection of walls 1 and 4 (left), and F-δ diagrams of the Piers (right).  
 

The results (Fig. 6.2, right) were attained for the mean parameters in Table 5.2, providing the 
simplified F-δ diagrams. The in-plane strength of the wall systems may be calculated as the sum 
of each pier’s diagram for each direction (Fig. 6.3), if the rigidity of the roof system is enough 
for the walls to act together under dynamic loading.  

 

Fig. 6.3 - F-δ diagrams for x and y direction of Archetype A1, based on FEM P-356 formulation.  
 

6.2. Nonlinear Structural Analysis of the Archetypes  

A nonlinear static analysis of the Archetypes was processed in TreMuri Ricerca (Lagomar-
sino et al., 2008; 2013) setting displacement increments until the full collapse of the assembly. 
Additionally, an equivalent process was carried in 3Muri (Galasco et al., 2004) in order to assess 
the damage in the macromodel components of the walls.  
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6.2.1. Analysis Results  

The results of the displacement pushover procedure consist on fully developed monotonic 
curves characterizing the different damage stages of the URM archetypes, in different directions, 
in terms of forces Fi,dir, and displacements δi,dir. The parameters utilized are the mean values pre-
sented in Table 5.2. The red diagrams anticipate the equivalent bilinear model of equal colapse 
energy, being E=∫ F(δ) dδ=∑dF·dδ. The initial rigidity Ki, maximum strength Vmax, and yielding 
and ultimate displacements, δy and δu, can be determined by Eq. (6.1).   

 ( ), max 1 1 , max
1/ / , & 2i Blin y ult Blin ult Blin ult yK V V E E Vδ δ δ δ δ δ= = = = = −  (6.1) 

 

Fig. 6.4 - Results for the static pushover analysis of Archetypes A0-to-A7 (in black), and elasto-plastic model of 
equivalent colpase energy energy (in red).  

 

6.2.2. Damage Results  

The force based pushover analysis was carried for the archetype models A0 to A7 using the 
mean values of the material parameters. The damage in the archetypes can be seen using 3Muri 
interface (legend in Fig. 6.5) in Fig. 6.6 to Fig. 6.9 (archetype A0 is paradigmatic of A1, and the 
archetype A2, of A3, A4 and A5, respectively).  
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Fig. 6.5 – 3Muri (Galasco et al., 2004) damage legend for masonry.  
 

 

Fig. 6.6 - Damage in walls of the archetype A0, similar to A1.  
 

 

Fig. 6.7 - Damage in walls of the archetype A3.  
 

The majority of the archetypes, from A0 to A5, show the great predominance of shear mecha-
nisms in the piers, with occasional occurences of rocking. Although, the spandrels show either 
the occurrence of rocking or of no damage.  
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Fig. 6.8 - Damage in walls of the archetype A6.  
 

 

 

 

Fig. 6.9 - Damage in walls of the archetype A7.  
 

 

Unlike the previous archetypes, A7 shows a predominance of rocking of the piers. Nonethe-
less, shear in manisfested in the larger interna walls.  

6.2.3. Modal Analysis  

The modal analysis, consisting on the solution of the eigenvalue problem Eq. (6.2) was car-
ried in both AxisVM and 3Muri softwares for the archetypes A0 to A7.  
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 ( )20 0M u C u K u f M u K u M K uω+ + = ⇒ + = ⇒ + =    (6.2) 

Where M is the mass matrix, ü the acceleration vector, C the damping matrix, u̇ the velocity vec-
tor, K the rigidity matrix, u the displacement vector and ω the eigenfrequencies of the system. 
The fundamental periods may be calculated with Tn=2π/ω.  

Table 6.5 
Modal analysis of the archetypes A0 and A7 (view over the xy plan), 1st vibration mode – versions v01 and v02, 

using AxisVM; and v03 using 3Muri (Appendix A9). Fundamental period Tn and modal mass ratios εdir. 

Arch. VM v01 v02 v03 

A0 1 
 

Tn=0.115s 
εx=0; εy=61.5% 

 
Tn=0.123s 

εx=0; εy=64.8% 

 
Tn=0.172s 

εx=0; εy=89.2% 

A7 1 
 

Tn=0.172s 
εx=0; εy=73.9% 

 
Tn=0.170s 

εx=0; εy=75.6% 

 
Tn=0.165s 

εx=0; εy=82.6% 

 
Two FEM models where compared, in AxisVM with a detailed roof model (v01) and equiva-

lent load (v02), and an EFM model in 3Muri (v03). The models employed linear elastic proper-
ties for masonry: E=200.0 MPa, ν=0.15 and γ=16.0 kN/m3 for A0; E=1375.0 MPa, ν=0.10 and 
γ=18 kN/m3 for A7 and Ex=7000.0 and Ex=230.0 MPa, ν=0.20 and γ=5.0 kN/m3 for timber el-
ements. The most significant vibration modes were identified and the fundamental periods were 
compared (Appendix A9). The results show a small range of periods [0.05,0.30] and variation 
between models Fig. 6.10. It also provides the modal mass ratios for the application of CSM.  

 

Fig. 6.10 - Study of the model uncertainties by model comparison over the axis Tn=Tn and bounds on Tn=Tn±βvi, of 
the models v01 and v02 (left), v01 and v03 (centre), respective relative distances, with μv02=0.13% and βv02=0.92% 

and μv03=-0.62% and βv03=1.43% (right).  
 

6.2.4. Nonlinear Dynamic Analysis  

Different load protocols were tested aiming for the description of the cyclic degradation pro-
cess (Krawinkler, 2009), being the FEMA 461 type the one providing a better description of the 
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cyclic degradation process. In turn, the protocol was scaled in order to meet the acceleration lev-
els corresponding to the maximum strength and total degradation of the archetype models.  

 

Fig. 6.11 - Normalized cyclic load protocol with increasing load steps.  
 

The load protocol was scaled in order to simulate the colapse of the structures. For the majori-
ty of the structures this was achieved with the PGA was set at 6.50 m/s2, with the exception of 
A5 and A6 in x direction, 10.0 m/s2 and 7.50m/s2, respectively, and A7 in y direction, 7.50 m/s2. 
Additionally, both the hyteretic curves and respective backbones were drawn, similarly to 6.2.1, 
for the mean values presented in Table 5.2, in Fig. 6.12.  

 

 

Fig. 6.12 - Results for the dynamic analysis of the Archetypes, from A0-to-A7.  



 

- 59 - 

 
The backbones of the hysteretic curves were drawn in order to establish the comparison with 

the corresponding monotonic curves obtained through static pushover analysis, in Fig. 6.13.  

 

 

Fig. 6.13 – Comparison of the results for the dynamic analysis, with NSA (in blue - force pushover; in yellow – dis-
placement pushover) of the Archetypes, from A0-to-A7.  

 
Due to the similarities, the use of simplified structural models is possible, although, it requires 

the adaptation of the backbone curves into the respective hysteretic curves, by the calibration of 
the degradation parameters in the simplified macromodel described in 5.4.1.  

6.2.5. Model Calibration using a Genetic Algorithm  

A genetic algorithm (GA) was employed in order to understand and simulate the cyclic deg-
radation in the hysteretic curves (Fig. 6.12). The GA consists on a similar but simpler version of 
Vigh et al. (2014). The objective and fitness functions are in Eq. (6.3).  

 ( ) 1
2 15

2, , exp,
1

10&
n k

obj i est i i
i obj

F k F F Fitness
F=

 = − =  ∑   (6.3) 
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where n is the number of displacement steps of the hysteretic curve considered relevant for the 
calibration process; Fest are the estimated force values and Fexp are the objective force values; 
and the weighting parameters k1 and k2 are formulated as k1=1 and k2,i=|δi|/2 in order to provide 
higher weight values in the degraded process (higher displacements range).  

The simplified model uses pushover analysis and the displacement history obtained from the 
DSA, so that δest,i=δexp,i. The results of the calibration procedure is shown in Fig. 6.14.  

 

 

Fig. 6.14 - Cyclic procedure F-δ diagrams (in black) and final populations (in grey) obtained with GA, fittest indi-
viduals (in red).  

 
Unlike in the reference work (Vigh et al., 2014), the present diagrams reveal, in their majority 

the brittle nature and low dissipation capacity of masonry. Only rigidity degradation is addressed 
here, on the basis of Lagomarsino et al. (2013). In these cases, only the maximum points in load-
ing and minimum points in reloading were captured for calibration. In the other cases the middle 
points in the loading and unloading processes were also captured, accordingly to Vigh et al. 
(2014). The fittest individuals from the final populations are presented in Table 6.6.  

Table 6.6  
Cyclic degradation parameters for ‘Piching4’ model of the archetypes A0-to-A7, and respective fitness grade.  
Arch. A0 A1 A2 A3 A4 A5 A6 A7 
Dir. x y x y x y x y x y x y x y x y 

rDisp 0.09 0.03 -0.09 0.06 0.10 0.09 0.09 -0.02 0.10 0.01 0.10 -0.04 0.24 -0.09 -0.29 -0.04 
fForce 0.07 0.09 0.10 0.06 -0.03 0.07 -0.04 0.06 0.00 0.01 0.03 0.10 0.99 0.10 -0.33 -0.04 
uForce -0.91 -0.90 -0.90 -0.96 -0.71 -0.98 -0.95 -0.98 -0.92 -0.93 -0.91 -0.95 0.58 -0.92 0.70 -0.90 

gK1 0.04 0.81 0.33 0.53 0.94 0.71 0.05 0.97 0.92 0.10 0.53 0.34 0.52 0.38 0.29 0.04 
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gK2 0.06 0.38 0.88 0.33 0.81 0.91 0.41 0.45 0.52 0.76 0.99 0.94 0.63 0.82 0.86 0.02 
gK3 1.82 0.36 0.91 0.36 1.86 0.96 1.96 0.63 0.10 1.40 0.05 0.97 0.63 1.21 0.42 1.96 
gK4 2.00 0.99 0.21 0.76 1.14 0.41 1.92 0.38 0.35 0.64 0.31 0.71 0.83 0.02 0.41 1.97 

gKlim 0.97 0.70 0.84 0.95 0.71 0.66 0.63 0.84 0.68 0.66 1.00 0.99 0.60 0.71 0.61 0.93 
Fitness   9×108 1012 7×107 5×109 1010 5×109 2×108 3×107 6×106 3×108 6×106 5×105 2×106 3×106 2×106 105 

 

6.3. Damage Statistics  

While the backbone curves are defined, as well as the seismic records, degradation parameters 
and modal mass ratios, it is still necessarity to describe the variability of the material parameters 
and establish the interpretation and definition of the damage states, in order to develop the seis-
mic fragility functions for the archetypes A0 to A7.  

6.3.1. Nonlinear Static Analysis of the Archetypes  

The NSA protocol, similarly to 6.2.1, was repeated to the sets of input strength parameters E, 
v, fm, fv, (δ/H)v, (δ/H)f and varying according and following the distributions in Table 5.2 using 
Monte-Carlo Simulation (MS, Choi et al., 2007). The results are shown in Fig. 6.15 for the ar-
chetypes A0 to A7, and both x and y directions. The diagrams are displayed in terms of dis-
placements δ, and force-mass ratio Vb/M, where Vb is the base shear force. The masses are, for 
each archetype correspondant to 1122.00, 1373.16, 3308.75, 5222.34, 9003.55, 10165.99, 
7948.97 and 18654.89 kN, respectively.  

 
Fig. 6.15 – Static pushover analysis of the Archetypes in Tremuri, from A0-to-A7 (Nsamples=100), and respective 

mean for x and y directions (in black and blue, respectively).  
 

6.3.2. Damage Interpretation and Definition  

In turn, the systematization of the damage interpretation can be achieved using, similarly to 
6.2.1, the significative points defined in Eq. (6.1), with the maximum force Fmax and correspond-
ing displacement δmax read from the F-δ history. The result is an idealized tetralinear F-δ diagram 
that may be used for DSA, and employed by the macromodel presented above in 5.4.1.  
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Fig. 6.16 – Backbone curve based damage scheme.  

 

6.3.3. Sensitivity Analysis  

The idealized backbones and Eq. (6.1) were used to identify the significative points of the F-δ 
diagrams, namely δ1=δy, δ2, δ3=δmax and δ4=δult, in order to evaluate the sensitivity of those 
points to the random variables presented in Table 5.2 for analysis. Afterwards, the first-order 
sensitivity factors Si (Sobol, 1993) for Y={fi(θvar), δi(θvar)}1000×8 where the independent random 
variables of the set Xi=θvar={E, v, fm, fv, (δ/H)v, (δ/H)f}1000×6 vary according to Table 5.2.  
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The results are in Appendix A10, with the paradigmatic cases A0 and A7 displayed in Fig. 6.17 
and Fig. 6.18.  

 
Fig. 6.17 - First-order sensitivity indices (Sobol, 1993) for the damage points of the archetype A0.  
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As can be predicted by both the expressions of the Mohr-Coulomb material model and ob-
served damage, the results show the preponderance of shear related parameters fv and δv for both 
x and y directions of the paradigmatic archetype A0. The Young Modulus E, though is shown to 
be relevant for δ1=δy and δ2.  

 
Fig. 6.18 - First-order sensitivity indices (Sobol, 1993) for the damage points of the archetype A7.  

 
The sensitivity factors for the archetype A7 are also shown, as an example of the predomi-

nance of rocking type behavior, mainly in the y direction, but similar sensitivity of the force 
backbone points to both δv and δf. Similar to A0, in the x direction, the deformation is guided by 
the variation of δv, and E keeps relevant for δ1 in both directions.  
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Chapter 7. Development of the Stochastic Models  

At this point we possess both the historical data on the regional buildings and archetypes, and 
damage occurred with the 1763 Komárom earthquake. Therefore, different sorts of methodolo-
gies may provide seismic damage estimates for fragility function fitting: hybrid methods, with 
seismic vulnerability analysis using damage matrices; simplified analytical methods, use simpli-
fied formulas to assess the damage; and detailed analytical methods, using nonlinear static or 
dynamic analysis. Henceforth, these are studied for the development of fragility functions.  

7.1. Vulnerability of Buildings and Hybrid Fragilities  

The preset subchapter aims for the assessment of the probable vulnerability levels of the 
building typologies, in order to develop hybrid fragility functions. Despite the variability in the 
materials, it is possible to capture the buildings vulnerability by following a methodology based 
on a parameter/grade/weight system (Vicente, 2008; Appendix A11). It is loosely assumed that 
each of the buildings features possess equal likelihood between grades, and depend only on their 
specific aspects within the building class (noblemen, or rural house, etc.). As a result, the general 
conditions of the historical buildings is studied here regardless of the building classes.  

7.1.1. Vulnerability Grades for Buildings  

The grades associated to the seismic vulnerability analysis categories follow the concepts and 
empirical observations of the HBS highlighted in Chapter 3 & Chapter 4, with reference on con-
figuration of the archetypes A0 to A7. As the grades possess a level of uncertainty, the vulnera-
bility parameters Pn are interpreted directly from the appendices, while those which need further 
justification are explained here. The conventional resistance Cconv (parameters P3) according to 
EN1996-1 (2005) may be calculated using Eq. (7.1).  
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where a0=Amin/At, being Amin={Ax,Ay}min the minimum area between total area of the resisting 
wall in x-direction Ax and in y-direction Ay, and At [m2] the covered area, τk [kN] is the reference 
value of the shear strength, the expression q=(Aw,x+Aw,y)×h×pm/At+ps [kN/m2] may be used to 
calculate the average weight of one story per unit of covered area, including the weight of the 
walls and floors, γ=Amin/Amax being Amax= {Aw,x,Aw,y}max the maximum area, h the average 
height between floors, pm the specific weight of masonry and ps the weight per floor area unit.  

Afterwards, the normalized value of the quotient α=Cconv/0.4 may be achieved for the defini-
tion of the vulnerability parameter P3, as can be seen in Table 7.1.  

Table 7.1 
Possible values for conventional resistance and parameter P4 (conditionals in Appendix A11, Table A11.5) for the 

archetypes A0-to-A7 and possible variations A3*, A4* & A5*.  

Arch. Variables Grades Aw,x Aw,y At h a0 γ τk pm ps q  Nstories α 
A0 13.15 9.80 75.81 2.60 0.147 0.745 44.00 16.00 2.00 16.80 1 1.360 A 
A1 15.90 11.00 84.10 3.00 0.165 0.692 44.00 16.00 2.00 19.73 1 1.325 A 
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A2 31.35 22.28 226.92 3.00 0.098 0.711 44.00 16.00 2.00 15.45 1 1.082 A 
A3 43.98 33.16 261.13 3.20 0.127 0.754 60.00 18.00 2.00 20.29 1 1.332 A 
A3* - - - - - - - - - - 2 0.816 B 
A4 66.12 52.74 354.61 3.63 0.149 0.798 60.00 18.00 2.00 25.37 1 1.261 A 
A4* - - - - - - - - - - 2 0.775 B 
A5 69.60 55.50 361.05 4.16 0.154 0.797 60.00 18.00 2.00 29.32 1 1.161 A 
A5* - - - - - - - - - - 2 0.763 B 
A6 30.32 20.13 234.44 3.20 0.089 0.664 60.00 18.00 2.00 11.75 2 0.942 B 
A7 53.90 47.73 354.98 3.63 0.134 0.886 60.00 18.00 2.00 18.16 2 0.894 B 

 
This expedite assessment of the conventional resistance classifies all the archetypes under 

grades A & B. The reference shear strength has been applied according to Vicente (2008).  
The slenderness ratio (h0/s)max, being h0 the height between well connected floors and s the 

thickness of the walls , and (L/s)max, being L the maximum distance between transversal walls, 
for the definition of parameter P4.  

Table 7.2 
Possible vulnerability classes for parameter P4 (Appendix A11, Table A11.6) for the archetypes A0 to A7.  

Archetypes A0 A1 A2 A3 A4 A5 A6 A7 
(h0/s)max 5.20 5.50 5.50 4.38 3.78 4.16 3.38 3.78 
(L/s)max 9.40 8.55 8.18 7.40 5.00 4.80 8.15 5.72 
Grade A A A A A A A A 

 
Table 7.3 

Seismic vulnerability & possible ranges of grades for the historical building archetypes A0-toA7 (full grade descrip-
tion in Appendices A11).  

Parameters & Description Classes Weight  
 
 
 
 

 
 

 

      

Vulnerability Grades 
A B C D pi A B C D 

P1 Type and arrangemet of the resisting system  0 5 20 50 0.75 - - - 37.5 
P2 Quality of the resisiting system 0 5 20 50 1.00 - - 20 50 
P3 Conventional resistance  0 5 20 50 1.50 0 7.5 - - 
P4 Maximum Distance between walls 0 5 20 50 0.50 0 - - - 
P5 Height of the building  0 5 20 50 1.50 0     7.5 - - 
P6 Position of the buildings and foundations 0 5 20 50 0.75 - - 15 - 
P7 Location and interaction 0 5 20 50 1.50 0 7.5 30 75 
P8 Irregularity in plane  0 5 20 50 0.75 - - 15 37.5 
P9 Irregularity in height 0 5 20 50 0.75 0 3.75 - - 

P10 Unevenness of the openings 0 5 20 50 0.50 0 - - - 
P11 Horizontal diaphragms  0 5 20 50 1.00 - 5 20 50 
P12 Type of covering  0 5 20 50 1.00 - - 20 50 
P13 Non-identified structural damage 0 5 20 50 1.00 - 5 20 50 
P14 Non-structural elements  0 5 20 50 0.50 - 2.5 10 25 

 
From the present table, the upper and lower bounds, and average vulnerabilities may be calcu-

lated if for each parameter Pn the lower and upper bounds, and mean grades are selected.  

7.1.2. Vulnerability, Damage Grades and Intensities  

Relation between the vulnerability indexes IV* and V, the correspondance between MSK and 
MCS scales, and convergion of MCS into PGA, can be followed in Vicente (2008):  

 *0.592 0.0057 VV I= + × ,   0.734 0.814MSK MCSI I= + ×    &   ( )ln MCSPGA a I b= × −  (7.2) 

with a=0.602 and b=7.073, according to Petrini (1986).  
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The relationship between the damage index µD and the vulnerability V can also be found in 
the same source:  

 
6.25 13.12.5 1 tanh MCS
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  + × −
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 (7.3) 

with the average damage index 0≤μD≤5.0 and ductility index 1.0≤Q≤3.0.  
Table 7.4 

Upper and lower bounds, and mean seismic vulnerability for the building archetypes A0-to-A7.  

Case Parameters / Grades Vulnerabilities 
P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 Iv* V 

Upper Bound 37.5 50 7.5 0 7.5 15 75 37.5 3.75 0 50 50 50 25 62.86 0.950 
Mean 37.5 35 3.8 0 3.75 15 28.13 26.25 1.88 0 25 35 25 12.5 38.27 0.810 

Lower Bound 37.5 20 0 0 0 15 0 15 0 0 5 20 5 2.5 18.46 0.697 
 

In addition, all the possible combinations of parameters were computed in order to understand 
the distribution of the vulnerability grades. The combination process generated 6912 vulnerabil-
ity points. At this level, normal, lognormal and log-logistic distributions were tested, with better 
fits to the log-logistic with mean 0.810 and standard deviation 0.042 (Fig. 7.1, left). Most coher-
ently, the distribution of the mean damage index points fits a 2nd degree exponential expression 
of the type μD=a×eb×PGA+c×ed×PGA, with a=4.308, b=0.091, c=-4.500 and d=-8.305 (Fig. 7.1, 
right). The goodness of fit SSE of 686.3, R-square 0.912 and adjusted value, and RMSE 0.315.  

 

Fig. 7.1 - Seismic vulnerability frequencies and PDF fits (left) and function fit with confidence bounds (right).  
 

The log-logistic distribution was employed together with MC simulation using Eq. (6.10) to 
generate damage points. In turn, the resulting points were used to fit lognormal fragility curves 
(Fig. 7.1, right) with moments: 0.810±0.042 for both normal and lognormal distributions, and 
0.810±0.044.  

Table 7.5 
Mean fragilities from the seismic vulnerability assessment for the building levels.  

 PDM1 PDM2 PDM3 PDM4 
μDMi 0.060 0.118 0.281 0.753 
σDMi 0.021 0.031 0.112 0.108 

 
The damage measures DMi (1 to 4) were defined in relatively to the vulnerability grades (1 to 

5), defining the basis for any further sequential fragility functions studies, Fig. 7.2.  
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Fig. 7.2 - Correspondance between the 5 and the 4 graded damage systems (left) and fragility functions (right).  
 

7.1.3. Vulnerability for the Façades and Aggregates  

The same procedure was employed for the determination of the expected vulnerabilities for 
the buildings facades and building aggregates (Vicente, 2008). The vulnerability grades are 
shown in Table 7.6 Table 7.7 for both levels, respectively.  

Table 7.6  
Seismic vulnerability & possible ranges of grades for the historical building archetypes A0 to A7 focussing on the 

façade (full grade description in Appendices A11).  

Parameters & Description Classes Weight  
 
 
 
 
 

 

Vulnerability Grades 
A B C D pi A B C D 

P1 Geometry of the Façade 0 5 20 50 0.50 0 - - - 
P2 Maximum slenderness 0 5 20 50 0.50 0 - - - 
P3 Area of the openings 0 5 20 50 0.50 0 - - - 
P4 Unevenness of the openings 0 5 20 50 0.50 0 - - - 
P5 Quality of the materials 0 5 20 50 0.75 - - 15 37.5 
P6 Conservation state 0 5 20 50 0.75 0 3.75 15 - 
P7 Eficiency of the connection to the orthogonal walls 0 5 20 50 0.50 - - 10 25 
P8 Connection to the horizontal diafragm and covering 0 5 20 50 0.50 - 2.5 10 25 
P9 Impulsion of the covering 0 5 20 50 0.50 - 2.5 10 25 
P10 Non-structural elements 0 5 20 50 0.50 0 - - - 

 
Table 7.7 

Seismic vulnerability & possible ranges of grades for the historical building archetypes A0 to A7 focussing on the 
aggregate level (full grade description in Appendices A11).  

Parameters & Description Classes Weight  
 
 

 

Vulnerability Grades 
A B C D pi A B C D 

P1 Quality and heterogeinity of the masonry 0 5 20 50 1.75 - - 35 87.5 
P2 Unevenness of the openings 0 5 20 50 0.50 0 2.5 10 25 
P3 Irregularities in height 0 5 20 50 0.75 0 - - - 
P4 Geometry of the aggregate in plan 0 5 20 50 0.75 0 - - - 
P5 Location and type of soil 0 5 20 50 0.75 - 3.75 15 - 

 
Table 7.8 

Upper and lower bounds, and mean seismic vulnerability for the façades and aggregates. 

Case 
Façades Aggregates 

Pn / Grades Vuln. Pn / Grades Vuln. 
P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 Iv* V P1 P2 P3 P4 P5 Iv* V 

UB  0 0 0 0 37.5 15 25 25 25 0 39.55 0.817 87.5 25 0 0 15 56.44 0.914 
Mean 0 0 0 0 26.25 6.25 17.5 12.5 12.5 0 27.27 0.747 61.25 12.5 0 0 9.38 35.56 0.795 

LB 0 0 0 0 15 0 10 2.5 2.5 0 10.91 0.654 35 0 0 0 3.75 17.22 0.690 
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The computation of the mean vulnerabilities in Table 7.8, results on the lognormal fragility 
functions in Fig. 7.3, with respective moments. The comparison between the fragilities obtained 
for buildings, façades and aggregates, with significant differences.  

     
Fig. 7.3 - Fragility curves for facades (left), aggregates (right) and respective moments.  

 

7.2. Fragility Functions using Simplified Models and Databases  

The following methodology focusses on the structural analysis, making use of the simplified 
models presented in Morais et al. (2016, 2017a, 2017b). While some early developments are pre-
sented, mainly those led to the study of the archetypes, the use of resistance models for URM 
piers and respective seismic analysis is not stressed here, although the present subsection also 
connects with the early studies on the magnitude estimation that are described in 8.1.  

7.2.1. FEMA HAZUS Based Fragilities  

FEMA Hazus technical manual (2003) makes use of CSM and prescribe F-δ diagrams for low 
and mid-rise URM buildings. Therefore, the fragility medians are determined by the R-D inter-
section. The standard deviation is calculated with the help of Eq. (7.5).  

 [ ]( )2 2
,,ds C D T dsCONVβ β β β= +    (7.5) 

where βds is the lognormal standard deviation that describes the total variability for structural 
damage state, dsi, βC=0.30 and is associated with the capacity, βD=0.50 and is associated with 
the demand, and βT,ds=0.40 is associated with the damage state threshold.  

Assuming the previous values from (FEMA HAZUS, 2003) the total variability βds=0.43 was 
achieved. The median values are described with the help of a scaled demand D(m,r,θSF) given by 
the attenuation from (Akkar & Bommer, 2010), averaged for the intervals of interest m∊[5.0,8.0] 
and r∊[0,25], with strike-slip fault type and soft soil. The results are presented in Table 7.9:  

Table 7.9 
Fragility medians in terms of PGA [g] using FEMA HAZUS suggested capacity.  

- PDM

1 
PDM

2 
PDM

3 
PDM

4 
Low-rise 0.21 0.35 0.80 1.12 
Mid-rise 0.19 0.26 0.56 1.10 

 
The elements that transit from CSM and IDA to the magnitude estimation are the fragilities. 

Despite the small differences evidenced here between CSM and IDA, it is a question how much 
uncertainty may be reduced with the use of more advanced simulation methods. Other studies 
suggest that model uncertainties may raise to 0.50 on force side and 0.90 on deformation side 
(Morais et al., 2017d). FEMA P-695 (2009) provides ratings and uncertainty values for different 

 PDM1 PDM2 PDM3 PDM4  
μDMi 0.103 0.204 0.493 0.859  
σDMi 0.032 0.045 0.181 0.265  

      
 μDMi 0.115 0.197 0.419 0.810 
 σDMi 0.036 0.038 0.153 0.285 
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sources: design-requirements, test data and modelling related uncertainties. These are sorted 
from βMod=0.10 to 0.50, from high to low ‘completeness and robustness’, and from high to poor 
‘confidence in basis of design requirements’, but these many sources may not guarantee im-
provements of the final magnitude estimates. The reliability of the posterior magnitude distribu-
tion and estimates depends not only on the fragilities but also on the quality and completeness of 
the historical data and of the prior distributions and attenuation relationship(s). In this section the 
impact of the fragilities, the priors and the historical data on structures is evaluated.  

7.2.2. Simplified Semi-Empirical Static Approach  

The CSM was developed in (Freeman, 1998) consists on intersecting the seismic capacity and 
demand. To do so, both the target spectrum and the capacity curve are converted to a biaxial dia-
grams defined in terms of spectral displacements (SV and Sd) and accelerations (Sδ and Sa) using 
dynamic properties of the system as the eigenvectors and modal mass ratios for the different vi-
bration modes, using the following expressions:  

 
2

*, &2
n b

a d V
T VS S S SM δ

δ
π φ

 = = =  Γ 
  (7.6) 

where M*=(∑mjϕj)2/∑mjϕj2 and Γ=∑mjϕj/∑mjϕj2.  

Afterwards, the intersection point of the capacity and the demand indicates the performance 
point of the structure (Fig. 7, centre). Otherwise, in the case of a probabilistic assessment the in-
tersection point indicates the mean point of a uni- or multivariate distribution that incorporates 
uncertainties in the seismic demand (i.e. IM, record-to-record, site/soil conditions, fault type) or 
in capacity (i.e. strength, geometric parameters, static loads). The present strategy stands in mod-
elling both record-to-record and IM(M,R,SA,SS,FN,FR) uncertainties which are associated to uni-
formly distributed magnitude and distance pairs {5≤M≤8,10≤R≤12}, and sand soil and strike-slip 
fault conditions (SS=1,SA=FN=FR=0). In turn, the geometric uncertainties in the panels are rela-
tively low, but there is considerable variability in the strength parameters. Montecarlo Simula-
tion (MS, Fig. 7, left) was employed with L, H, W, β/L’, E, µ and Tss as random variables and 
1000 simulations per {M,R} pair. Normal distribution was assumed for L, H, W and β/L’ for 
which a standard deviation of 0.05m was assumed for spatial variables and 0.5 kN for the weight. 
The E, µ and Tss where assumed lognormally distributed with 25%, 19% and 25% standard devi-
ations. The resulting fragility curves are here illustrated for panel 8 (Fig. 7, right).  

 

Fig. 7.4 - MS study mean results bounded by +/- standard deviation (left), intersection of capacity and spectrum in 
the Sa-Sd diagram (right), for wall panel 8.  
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The study was extended to the other wall panels, from 1 to 11, as can be seen in Table 7.10:  
Table 7.10 

Fragility moments mean µ and standard deviation β, in [g], for the wall panels 1-11, from CSM.  
Wall: 1 2 3 4 5 6 7 8 9 10 11 
µds1 0.20 0.21 0.20 0.22 0.25 0.27 0.25 0.23 0.26 0.22 0.28 
βds1 0.16 0.20 0.17 0.19 0.13 0.13 0.14 0.16 0.14 0.20 0.10 
µds2 0.26 0.28 0.27 0.29 0.30 0.32 0.30 0.30 0.30 0.29 0.32 
βds2 0.04 0.03 0.03 0.03 0.03 0.01 0.03 0.03 0.03 0.03 0.01 
µds3 0.28 0.29 0.28 0.30 - - 0.32 0.32 0.31 0.30 - 
βds3 0.04 0.04 0.04 0.03 - - 0.01 0.01 0.03 0.04 - 
µds4 0.30 0.30 0.30 0.30 - - 0.31 0.32 - 0.31 - 
βds4 0.03 0.03 0.04 0.03 - - 0.01 0.01 - 0.05 - 

 
The previous approach was condensed in Table 7.11:  

Table 7.11 
Fragility moments mean and standard deviation PGAs, in [g], for the walls 1-to-6, from CSM and IDA.  

 CSM IDA 
Wall 1 2 3 4 5 6 1 2 3 4 5 6 
µds1 0.21 0.21 0.44 0.23 0.24 0.33 0.23 0.19 0.18 0.21 0.20 0.21 
βds1 0.22 0.37 0.16 0.27 0.28 0.22 0.34 0.26 0.24 0.23 0.22 0.22 
µds2 0.37 0.38 0.83 0.42 0.43 0.57 0.37 0.57 0.30 0.43 0.42 0.41 
βds2 0.18 0.09 0.21 0.14 0.14 0.16 0.26 0.30 0.22 0.19 0.19 0.18 
µds3 0.51 0.48 1.26 0.55 0.57 0.81 0.68 0.69 1.00 0.70 0.70 0.83 
βds3 0.08 0.12 0.04 0.08 0.08 0.08 0.20 0.32 0.39 0.29 0.30 0.36 
µds4 0.69 0.72 1.61 0.84 0.87 1.19 0.76 0.91 1.29 0.87 0.88 1.02 
βds4 0.15 0.15 0.13 0.19 0.19 0.17 0.25 0.35 0.50 0.36 0.36 0.41 

 

7.2.3. Simplified Semi-Empirical Dynamic Approach  

DSA was run both for clay and adobe masonry walls (Morais et al., 2017b). The calibration 
process and the PGA parametric study were repeated and a bin of GMRs was used from Simon 
& Vigh (2015) selected to match the target spectrum for the region of Komárom (PGA=1,50m/s2 
by EC8-1 national annex recommendation) to implement the code for fragility function fitting. 
An approximate PGA prediction for the Komárom 1763 earthquake can be determined adapting 
the GM model suggested in Akkar & Bommer (2010) to local conditions. Given a magnitude of 
6.5, a distance to the epicenter of 10km, a strike-slip faulting mechanism (Szeidovitz, 1986) and 
soft/stiff soil on site was assumed, a PGA of 0,223g was estimated for the seismic event.  

7.2.4.  Incremental Dynamic Analysis  

In this early step the estimation of fragility functions associated with Dynamic Structural 
Analysis (DSA) is addressed. It provides the probability of occurrence of a certain damage state 
given an intensity measure (IM) (Baker, 2015). Therefore, DSA tools such as IDA and MSA 
provides us with the statistical means to study structural damage due to seismic demand in struc-
tures. DSA involves the time-history analysis of a global macro-model characterizing the nonlin-
ear behavior of a calibrated global macro-model, resorting to previously selected seismic records 
Simon & Vigh (2015) and using IDA and MSA for fragility function fitting. Considering present 
purposes, the present work can be summarized in a conceptual map (Fig. 7.5).  



 

- 71 - 

 

Fig. 7.5 - Conceptual map with work steps systematization.  
 

Issues related to the methodology main frame (Ryu et al., 2009) as the general method theo-
retical apparatus, account for uncertainties, seismic records selection, characterization of the 
seismic area, attenuation relationships and the nature and variability of damage descriptions are 
not addressed here. In order to proceed to DSA a new algorithm for transient analysis was writ-
ten allowing input of GM records. In DSA, IDA is carried out by scaling each GMR until the 
collapse of the structure. In this case, four damage states are assessed in order to fit each of the 
lognormal CDFs, or fragility functions, to the damaging PGAs.  

         

Fig. 7.6 –IDA analysis of wall 1 (left), wall 3 (center) and wall 4 wall (right), made of adobe.  
 

The median and standard deviation values for multiple damage states were calculated for the 
lateral clay and adobe wall (5200×2300×500mm2), with values PGAdmi=µi ± σi [g].  

       

Fig. 7.7 – Fragility functions resulting form the IDAs represented in Fig. 7.6.  
 

The median and standard deviation values for multiple damage states were calculated for the 
lateral and back walls, and front and lateral wall 2 (Table 7.12).  

Table 7.12 
IDA analysis results (in logaritmic scale) for clay and adobe walls for sliding shear.  

Wall: Lateral wall 1 Back wall Lat. wall 2 Front wall 
DM Clay Adobe Clay Adobe Adobe Adobe 
ds1 3.995(0.869) 0.587(0.136) 8.592(1.727) 1.158(0.278) 0.413(0.096) 1.311(0.284) 
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ds2 5.381(0.965) 0.758(0.141) 11.446(1.680) 1.486 (0.268) 0.562(0.121) 1.068(0.181) 
ds3 6.161(1.049) 0.950(0.226) 12.792(2.060) 1.766(0.230) 0.768(0.167) 1.290(0.168) 
ds4 6.759(0.903) 1.109(0.210) 14.055(1.409) 2.609(0.351) 0.915(0.230) 1.502(0.266) 

 
Clay, as expected, generally offers more resistance than adobe masonry. The wall openings 

were not taken into account but can reduce the rigidity of the wall. Unlike CSM, which strictly 
uses static calculations, this DSA technique uses real scaled GMRs, with frequency contents, 
leading to more realistic but also more demanding simulations. IDA specifically consists on the 
incremental scaling of the IM until the collapse, resulting a total description of the dynamic be-
haviour of the structure.  In order to carry out the analysis, the 30 seismic records from Simon & 
Vigh (2015) were used together with the tri-linear model described for CSM, along with the dis-
tribution, mean values and standard deviation assumptions. The resulting fragility curves are 
here illustrated for wall 8 (Fig. 7.8, right).  

 

Fig. 7.8 - Dynamic analysis wall panel 8 subjected to one seismic record (left), IDA analysis in the δ-PGA axis (cen-
tre) & fragility functions (left), for wall panel 8.  

 
The study has been extended to the other wall panels, from 1 to 11, as can be seen in table 4:  

Table 7.13 
Fragility moments mean µ and standard deviation β [g], for the wall panels 1 to 11, from IDA.  

Wall: 1 2 3 4 5 6 7 8 9 10 11 
µds1 0.32 0.24 0.36 0.18 0.25 0.26 0.27 0.21 0.28 0.25 0.21 
βds1 0.21 0.29 0.21 0.27 0.25 0.22 0.25 0.23 0.24 0.28 0.22 
µds2 0.58 0.72 0.69 0.57 0.47 0.60 0.55 0.43 0.72 0.83 0.41 
βds2 0.19 0.23 0.19 0.31 0.17 0.26 0.17 0.19 0.29 0.31 0.18 
µds3 0.69 0.73 0.76 0.68 0.74 0.82 0.75 0.70 0.89 0.87 0.83 
βds3 0.19 0.26 0.19 0.32 0.29 0.34 0.29 0.29 0.35 0.32 0.36 
µds4 0.81 0.94 0.90 0.90 0.92 1.04 0.93 0.87 1.13 1.08 1.02 
βds4 0.21 0.31 0.22 0.35 0.36 0.42 0.35 0.36 0.43 0.32 0.41 

 

7.3. Development of Analytical Fragility Functions for the Archetypes  

In this phase, the seismic fragilities are developed using both CSM and IDA, for the arche-
types from A0 to A7. For that end, the force-displacement diagrams resulting from pushover 
analysis in 6.3 are utilized, with IDA performed with a simplified model allowing cyclic degra-
dation. Sensitivity and correlation studies are also conducted.  

7.3.1. Static Structural Seismic Analysis  

The CSM was applied on the results of the displacement controled pushover analyses (6.3) 
with Nsample=100 and Nsample=1000 per archetype, with similar results. In the abcense of a stand-
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ardized spectrum, the elastic spectra of the selected GM records were directly applied for the 
analyses, bring the corner period TC, calculated for each of the records. A secant rigidity was as-
sumed in the idealized force-displacement diagram. Details of the method are in Appendix A12. 
The resulting fragilities can be seen in Fig. 7.9, with moments in Table 7.14 and Appendix A13.  

 

Fig. 7.9 - Fragility curves for the archetypes A0 to A7 and damage using the N2-method based protocol. 
 

Table 7.14 
Fragility moments for the archetypes A0 to A7 using N2-method.  

Arch. A0 A1 A2 A3 A4 A5 A6 A7 
dir. DSi μdsi βdsi μdsi βdsi μdsi βdsi μdsi βdsi μdsi βdsi μdsi βdsi μdsi βdsi μdsi βdsi 

x 

1 0.136 0.009 0.144 0.006 0.100 0.002 0.163 0.005 0.158 0.003 0.217 0.008 0.225 0.006 0.024 0.001 
2 0.297 0.017 0.228 0.012 0.181 0.006 0.318 0.015 0.317 0.010 0.344 0.014 0.377 0.014 0.173 0.004 
3 0.368 0.026 0.270 0.015 0.226 0.008 0.387 0.020 0.391 0.015 0.387 0.012 0.474 0.024 0.282 0.012 
4 0.427 0.031 0.325 0.015 0.279 0.010 0.439 0.019 0.485 0.027 0.440 0.016 0.541 0.032 0.371 0.025 

y 

1 0.070 0.009 0.055 0.001 0.055 0.001 0.133 0.002 0.193 0.003 0.227 0.006 0.106 0.001 0.074 0.001 
2 0.146 0.004 0.117 0.002 0.133 0.003 0.267 0.010 0.377 0.015 0.575 0.083 0.204 0.004 0.327 0.022 
3 0.204 0.009 0.166 0.005 0.195 0.007 0.361 0.021 0.500 0.032 0.730 0.127 0.271 0.008 0.511 0.063 
4 0.253 0.014 0.201 0.008 0.213 0.008 0.395 0.022 0.533 0.032 0.751 0.113 0.321 0.012 0.559 0.072 
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7.3.2. Dynamic Structural Analysis  

The model presented in 5.4.1 incorporating cyclic rigidity degradation (with parameters de-
fined in 6.2.5) has been used together with the diagrams idealized from 6.3 and the set of GM 
records employed for CSM. The resulting fragility curves can be seen in Fig. 7.10, with the re-
spective statistical moments in Table 7.15.  

 

Fig. 7.10 - Fragility curves for the archetypes A0 to A7 and damage using an IDA based protocol.  
 

Table 7.15 
Fragility moments for the archetypes A0 to A7 using IDA, without cyclic degradation.  

Arch. A0 A1 A2 A3 A4 A5 A6 A7 
Dir. DSi μdsi βdsi μdsi βdsi μdsi βdsi μdsi βdsi μdsi βdsi μdsi βdsi μdsi βdsi μdsi βdsi 

x 

1 0.117 0.108 0.177 0.098 0.044 0.028 0.066 0.039 0.058 0.027 0.063 0.039 0.423 0.198 0.087 0.075 
2 0.128 0.109 0.282 0.150 0.050 0.028 0.071 0.038 0.064 0.028 0.070 0.040 0.649 0.287 0.271 0.149 
3 0.198 0.152 0.335 0.184 0.058 0.034 0.072 0.037 0.069 0.031 0.074 0.042 0.743 0.338 0.343 0.188 
4 0.306 0.196 0.352 0.193 0.196 0.133 0.345 0.189 0.422 0.274 0.256 0.144 0.749 0.338 0.365 0.198 

y 
1 0.069 0.037 0.034 0.018 0.034 0.028 0.141 0.061 0.084 0.038 0.223 0.094 0.214 0.094 0.050 0.029 
2 0.130 0.075 0.074 0.043 0.049 0.039 0.251 0.122 0.190 0.088 0.407 0.172 0.345 0.152 0.203 0.140 
3 0.169 0.103 0.099 0.060 0.068 0.056 0.315 0.163 0.256 0.131 0.491 0.226 0.416 0.189 0.284 0.212 
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4 0.186 0.118 0.115 0.073 0.069 0.055 0.326 0.170 0.348 0.196 0.496 0.230 0.427 0.194 0.291 0.213 
  

The fragilities obtained by IDA differ fundamentally from those of CSM, not only because 
they depend on DSA and, therefore, the duration of the GM becomes relevant, but also because 
the simplified model incorporates cyclic degradation. This is a “sensitive” matter in modelling 
URM because, being a brittle material, it difficults the collection of the damage points for heigh-
er damage states. Therefore, the claim that successive damage states coincide (PGAds,i= 
PGAds,i+1) must be assumed in some cases. The investigation of cyclic degradation in URM is 
also a specific research topic, therefore, the reference stands in the agreement with Tremuri 
(Lagomarsino et al., 2008; 2013).  

Additionally, the damage PGAs resulting from IDA were gathered in two different groups, 
representing two classes of archetypes, also associated two major types of wall materials. The 
first group is defined from A0 to A3, and the second, from A4 to A7.  

Table 7.16 
Fragility moments for archetype groups A0 to A3, A4 to A7 and A0 to A7.  

DSi 1 2 3 4 
Categories: μdsi βdsi μdsi βdsi μdsi βdsi μdsi βdsi 
A0 to A3 0.086 0.008 0.130 0.019 0.1663 0.033 0.247 0.059 
A4 to A7 0.150 0.029 0.287 0.105 0.357 0.187 0.422 0.083 
A0 to A7 0.117  0.018 0.208 0.067 0.259 0.109 0.342 0.106 

 

7.3.3. Sensitivity and Correlation Studies  

A similar protocol to that of 6.3.3 has been applied in order to estimate the sensitivity of the 
seismic fragilities relatively to the basic input parameters. The first-order sensitivity factors Si 
for Y={PGAdmi}30000×4 where the independent random variables of the set Xi=θvar={E, v, fm, fv, 
δv, δf, TC, SN,max}(30×1000)×8 vary according to Table 5.2 and the GM records spectra. The corner 
period TC, and the maximum spectral acceleration normalized, calculated as (Sa,N)max 
=Sa,max/PGA, are arguably assumed as the earthquake parameters.  

The results enable us to divide two main groups. In one the earthquake parameters are clearly 
relevant, which is clearly the case of A4, A6 and A7, while in the other they are not particularly 
significant, which is the case of A0, A1, A2 and A3. According to this split A5 is found midway.  
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Fig. 7.11 – Sensitivity study of the damage points obtained by the application of the N2-method, for archetypes A1 
and A7.  

 
While for the case of CSM the seismic parameters can be resumed to the corner period TC and 

SN,max, the same cannot be immediately inferred for the case of IDA, since with the scalling of 
the PGA, the magnitude and the distance are also implicitly scaled. Nonetheless, a correlation 
study was performed between the damage accelerations PGAdsi and a set of variables that in-
cludes Xj={θvar, t, ε, M, RJB}, where t denotes the duration of the GM, epsilon (ε) represents the 
PGA variability of the GM records, M is the moment magnitude and R the Joyner-Boore dis-
tance. The correlation coefficient ρXi,Yi and ε are explained in 8.2, and may be calculated using 
Eq. (8.3) and Eq. (8.5), respectively. The results are presented in Fig. 7.12, with the values in 
Table 7.17.  

 

Fig. 7.12 – Study of the correlation between the damage PGAdsi for archetypes A0 to A7 and the basic variables of 
the material model and of the selected earthquakes θ i.  

 
Table 7.17 

Fragility moments for archetype groups A0 to A3, A4 to A7 and A0 to A7.  
DSi: E v fm fv δv δf t ε M R Sa,max TC 

1 -0.117 0.004 -0.124 0.010 0.016 0.030 -0.011 0.008 -0.031 -0.057 -0.079 -0.048 
2 -0.042 0.006 -0.053 -0.052 0.033 0.028 -0.092 -0.020 -0.135 -0.106 -0.160 -0.069 
3 -0.043 0.008 -0.051 -0.062 0.036 0.027 -0.118 -0.039 -0.169 -0.117 -0.172 -0.065 
4 -0.163 -0.007 -0.184 -0.053 0.075 0.095 -0.264 -0.093 -0.371 -0.202 -0.314 -0.101 
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Chapter 8. Magnitude Estimates for the 1763 Komárom Earthquake  

This chapter aims for estimation of the magnitude of the 1763 earthquake by validation and 
falsification of hypothesis concerning the framework of assumptions. Firstly, both the earlier es-
timates and studies, and the background elements, as the prior distributions, are gathered in order 
to organize the approach. The historical data is highly conditioned by epistemic uncertainties. In 
the subchapter 8.2, the epicenter location is estimated based on a correlation study and compared 
with literature. The magnitude estimates considered the fragilities developed in Chapter 7 for the 
city of Komárom are attained. Questions regarding historical claims are considered. A new set of 
damage points is proposed, compared with new estimates using the specific damage data for the 
city of Komárom. The assumptions framework is stressed, settling the aim of the research.  

8.1. The First Magnitude Estimations  

In this subchapter the earlier application of the method and results are summarized, illustrat-
ing the assumptions framework, the research work, and questions regarding latter estimates.  

8.1.1. The Method, Applications and Assumptions  

The calibration example, developed in Ryu et al. (2009), consisted on the application of the 
method to the 1994 Northridge (WES-US) instrumental earthquake using structural damage rec-
ords of buildings combined with the FEMA HAZUS fragilities (2003). Afterwards, the method 
was utilized to estimate the magnitude of a 1613 Korean earthquake that was recorded in the 
Annals of the Choson Dynasty, as 7.4, with a standard deviation of 0.5 (Fig. 8.1).  

    
Fig. 8.1 – Prior and posterior distributions of magnitude, for the (left) and (right).  

 
For both above mentioned cases a uniform prior distribution of magnitude was employed. Be-

sides the GM models, which should be appropriate for the seismic regions, the authors (Ryu et 
al., 2009) suggests two sets of three prior distributions of distance and of magnitude. Instances of 
the prior distributions represented in Table 8.1 are represented in Fig. 8.2.  

Table 8.1  
Prior distributions of distance and magnitude proposed in Ryu et al. (2009).  
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Fig. 8.2 – Distributions of distance and magnitude proposed in Ryu et al. (2009).  

 
Additionally, the expected value of maganitude and respective standard deviation can be cal-

culated by assuming an unknown distribution, using the total representation theorem:  

 2 2
, , , , , ,&M E M E M R M E M E M R M E M RE Eµ µ σ σ σ µ     = = +       (8.1) 

where the expected value may be calculated as E[X|θ]=∫ X·fX|θ dm.  

8.1.2. Preliminary Estimates of the 1763 Earthquake  

The prelimary magnitude estimates of the 1763 earthquake, using structural fragility func-
tions, were attained by using simplified mechanical models (as in 7.2; Morais et al., 2017a; 
2018a), after the implementation of the code (Ryu et al., 2009). and assumed only the damages 
in the city of Komárom (Varga et al., 2001). The Fig. 8.3 represents the P(E|m) and fM|E, for dif-
ferent GM models (Ambraseys et al., 1996; 2005; Bommer et al., 2003;2007; Akkar & Bommer, 
2010; and Akkar et al., 2013), considering the sequential fragilities with means μdsi=[0.114 0.253 
0.491 0.568] and standard deviations βdsi=[0.034 0.058 0.265 0.288] fom IDA, and damage array 
nk=[105 44 42 35 27], with i={1, 2, 3, 4} and k={0, i}. The GM models were set for a strike-slip 
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fault type, soft soil and T=0s (PGA). The prior distribution fM1 (Table 8.1) and a modified ver-
sion of fR1 were used, with rl=10 and ru=12 km, in Eq. (8.2). The expected values of magnitude 
were computed using Eq. (8.1), resulting in the following sets of μM|E=[6.68 6.16 6.03 6.63 6.53 
6.38] and σM|E=[0.83 0.57 0.55 0.57 0.76 0.80].  

 1
2 2

2 ,R l u
u l

f r r r r
r r

= ≤ ≤
−

 (8.2) 

 
Fig. 8.3 - Estimates for PE|m (left) and fm|E (right) for different attenuation relations (Morais et al., 2017a).  

 

8.1.3. Parametric Studies and Sensitivity to Assumptions  

Another work adapted the FEMA HAZUS fragilities (2003) for low and mid-rise URM to the 
archetype A0, and studied the sensitivity of the method to the variation of the prior distribution 
and fragilities. It also extended the possible magnitude prior distributions by utilizing the histori-
cal magnitudes in the regions of Mór, Győr and Komárno (Komárom) between 1615 and 1886, 
only (Appendix A1). The fragilities obtained from HAZUS manual (2003) were μdsi=[0.21 0.35 
0.80 1.12] for low-rise and μdsi=[0.19 0.26 0.56 1.10] for mid-rise URM, with a standard devia-
tion of βdsi=0.43, obtained by Eq. (8.3). As to the IDA fragilities, the sets μdsi=[0.23 0.44 0.65 
0.95] and σdsi=[0.35 0.31 0.41 0.38] were computed.  

 [ ]( )1/22 2
,CONV ,ds C D T dsβ β β β= +  (8.2) 

where βds is the lognormal standard deviation that describes the total variability for structural 
damage state, dsi, βC=0.30 and is associated with the capacity, βD=0.50 and is associated with 
the demand, and βT,ds=0.40 is associated with the damage state threshold.  

The GM model was Akkar & Bommer (2010) set for a strike-slip fault type and soft soil. The 
prior distributions of distance followed Table 8.1 and Eq. (8.2) and two ranges of interest 
0≤R≤20 and 10≤R≤12, representing the possible distances from the city of Komárom to the epi-
center (Fig. 8.4, left). The prior magnitude distributions from fM1 followed Table 8.1, and fM2 and 
fM3 resulted from fitting a lognormal PDFs to the historical series of magnitudes in the region 
from two different ranges of magnitudes 3.8≤M≤5.7 and 5.0≤M≤5.7, resulting in the moments 
4.07(0.17) and 5.41(0.06), respectively. The priors fM4 to fM6 are normally fitted PDFs with sta-
tistical moments 5.56(0.26), 5.70(0.34) and 6.10(0.50), respectively (Fig. 8.4, center).  
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Fig. 8.4 - Prior distributions of distance (left), magnitude (center) and posterior distributions of magnitude (right), 

from Morais et al. (2018a).  
 

The posterior distributions of magnitude revealed to be very sensitivite to the prior distribu-
tions of magnitude (Fig. 8.4, right). The results are summarized in Tables 8.2 & 8.3.  

Table 8.2 
Expected µM(βM), with 0≤Rep≤20, magnitude priors (1-3), nk=[105 219 213 0 0] for low-rise, nk = [105 0 0 

353 279] for mid-rise URM and nk=[105 44 42 35 27] (Morais et al., 2018a).  
 low-rise URM mid-rise URM CSM & IDA 
 fR fR fR 

fM 1 2 3 1 2 3 1 2 3 
1 6.72(0.76) 6.59(0.83) 6.62(0.81) 7.15(0.55) 7.09(0.58) 7.15(0.55) 6.81(0.73) 6.64(0.81) 6.69(0.78) 
2 5.66(0.48) 5.53(0.43) 5.57(0.44) 6.33(0.46) 6.27(0.44) 6.33(0.46) 5.72(0.51) 5.57(0.45) 5.63(0.46) 
3 5.59(0.29) 5.52(0.28) 5.54(0.28) 5.94(0.21) 5.93(0.21) 5.94(0.28) 5.60(0.30) 5.54(0.28) 5.57(0.28) 

 
Table 8.3 

Expected µM (βM), with 10≤Rep≤12, magnitude priors (1-6) and nk=[105 219 213 353 279] (Morais et al., 2018a).  
 CSM & IDA analyses, and FEMA HAZUS 
 fM 1 fM 2 fM3 fM4 fM5 fM6 

fR1 & fR2 7.11(0.52) 6.55(0.35) 6.29(0.15) 6.23(0.12) 6.34(0.16) 6.57(0.30) 
 

8.1.4. Discussion of the Results and Remaining Questions  

The code was utilized to study the input parameters and the sensitivity of the method, with in-
put variables and uncertainty in: (1) the fragility moments µdsi and βdsi; (2) the GM models’ µIM 
and βIM; (3) the historical records based nk data; (4) the prior distance data, f(r) type and bounds; 
and (5) the prior magnitude data, f(m) type and bounds.  

The studies suggest that both µM and βM are less sensitive to the uncertainty in the fragilities 
βdsi than to the uncertainty in the GM model βIM.  The use of low to mid-rise URM and then the 
IDA and CSM fragilities (both associated to archetype A1) aimed to test the idea that the resili-
ence of smaller adobe dwellings is higher than that of higher burnt clay buildings (Table 8.2). 
This claim may rather be anticipated in the fragility moments. Although, it should be argued that 
the pre-code conditions of the HAZUS manual (2003) befit the late 19th to 20th c., with stronger 
masonry (Laefer et al., 2004) and expectedly more resilient buildings than in earlier centuries 
(Lourenço et al., 2010). Unlike the distance priors, in the studied ranges, the magnitude priors 
(fM2 to fM6) play a major role in the final estimates, by driving the expected value of magnitude 
µM (5.52 to 6.57) and by reducing its uncertainty βM (0.12 to 0.48). The prior fM1 is more appro-
priate to estimate the magnitude assuming only the knowledge of the damage in buildings in the 
strong motion range, without any other relevant prior knowledge on magnitude. In this regard, 
the magnitude estimates are relatively high 7.15 to 6.59.  
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Although, there are open questions. It is not clear if the archetypes A0 and A1 are fit to solely 
represent the building stock. This can be questioned based on the fragilities: if higher and higher 
class structures are overrepresented in higher damage (and lower structures in lower damages) 
their fragility moments for higher damage states should be, at least in principle and despite dif-
ferences in the fundamental period, closer to those for lower damage states in lower structures. 
Another relevant point is that the fragilities may have been overestimated. This last possibility is 
supported by the fragilities resulting from 3D modelling and both CSM and IDA analysis of the 
archetypes A0 to A7 in 7.3, but also for those from vulnerability analysis (7.1) and in fragility 
databases (Appendix A13). The relative composition of the building stock is also a question, 
which may, perhaps, be seen in the historical damage records of the city of Komárom.  

8.2. The Location of the Epicenter and the Historical Damage  

In this subchapter, firstly, by extending the number of damages for the towns in the north 
bank of the Danube and estimating the location of the epicenter by means of a correlation study. 
Afterwards, by introducing the question of the damage in the city of Komárom: the possible ex-
istence of multiple vulnerability levels and the seismic capacity of the gables in buildings.  

8.2.1. Damage Data and Distance to the Epicenter  

Since the damage data for the northern Danube bank is scarse (Szeidovitz, 1990), one strategy 
is to find a relation between the repair costs (RC) and the number of damage buildings (DM%) 
passible of extrapolation. As no damage entails no costs, a solution can arguably be stated as a 
straight line of equation RC=2.306×DM% (Fig. 8.5, left). According to Szeidovitz (1990), the 
four localities with RC>1Ft are Szőny, Új Szőny, Ács and Bábolna, all located in the South bank 
of the Danube, but are all close to the Danube. The result is a full set of 60 damage points.  

 

 
Fig. 8.5 – Simplified relationship between damage (DM%) and repair costs per house in Ft (left), and plot of the 

number of damaged buildings per town and its distance from the point 17.958º 47.802º.  
 

The newly attained data set has been used to study the most probable location of the epicentre 
using the Pearson’s correlation coefficient, expressed by Eq. (8.3), between the damage caused 
by the earthquake and epicentral distance given a grid of latitude and longitude points.  
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with distances computed using the spherical law of cosines REpi=acos(sin(φ1)×sin(φ2)+cos(φ1)× 
cos(φ2)×cos(λ2-λ1))×RE, the earth radius RE=6371km, and (φi,λi) are the latitude and longitude.  

 
Fig. 8.6 – Study of the distance of the epicenter in terms of correlation: 3D surface (left), overview in the xy plane 

(center) and respective contour plot (right).  
 

Being the distance (REpi.) inversely proportional to the damage (DM%), the location for which 
the correlations are higher is approximately 17.958º/47.802º, in between the villages of Ekőll, 
Megyerets and Aranyos, with a correlation coefficient of -0.729. The damage points and respec-
tive distances are plotted in Fig. 8.5 (left). The location is close to that in Varga et al. (2001).  

8.2.2. The Damage in the City of Komárom  

The interpretation of the damage in the city of Komárom is not exact straightforward. Inspite 
of questionings around the origins and details of the depictions and exact damage classification 
(Broucek et al., 1990; Eisinger et al., 1992). The expected and occurred frequency distributions 
of damage grades may be distinguished in Fig. 8.7. The bar graphic suggests to some intensity 
higher that VIII and lower than X, it also points to the fact that the structures probably presented 
different vulnerability levels. The claim of the Grossinger (1783) seems to fit here.  

    
Fig. 8.7 – Relation between typical frequency distributions of damage grades for different intensity (I) degrees and 

definitions used in the EMS-98 (Grünthal, 1998): [a] is I=VI, [b] for I=VIII and [c] for I=X (left) and damages in the 
city of Komárom nt=1169 (right).  

 
Another relevant observation, by Broucek et al. (1990) points that, according to Kastner’s 

drawings, it may rather be the collapse of the gabled roofs that is representative of higher dam-
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age claims. The claim has been undisputed in literature, but it can be assessed by verifying the 
equilibrium conditions of the Gables (Fig. 8.8) using kinematic models, regardless of the HBAs. 
The only available description of a gable in the HBS of Tata (Istvánfi, 1995) has ID 5 (Table 3.1) 
and may be extrapolated to the dimensions of other surveyed buildings.  

 
Fig. 8.8 – Possible support conditions for the Gable of the building ID 5 (Table 3.1).  

 
The equilibrium equation is expressed as a seismic coefficient c, defined in terms of the 

weight P=γ×h×d×L, height h, thickness d, length L, normal force N, and two horizontal binding 
forces T1 and T2, associated to the connection with the roof structure. In the present case it is as-
sumed that the roof structure supports all the vertical loading (N=0), and that the binding forces 
are equal T1=T2=5.0 kN (Bento et al., 2005). According to the available data the statistical mo-
ments of the lognormaly distributed seismic capacity of the gables can be seen in Table 8.4.  

Table 8.4  
Seismic fragilities moments for the capacity coefficients c and support conditions defined in Fig. 8.8.  

Building Class 1 2 3 4 All classes 
Case 1 0.135(0.002) 0.096(0.002) 0.010(0.001) 0.077(0.001) 0.119(0.002) 
Case 2 0.226(0.009) 0.108(0.002) 0.114(0.001) 0.083(0.001) 0.179(0.011) 
Case 3 0.438(0.149) 0.116(0.003) 0.123(0.001) 0.086(0.001) 0.300(0.096) 

 
The damaging PGAs μPGA,ds=c/ψ were calculated using the seismic factor ψ(Tn)=Sa(Tn)/PGA, 

for each building of natural frequency Tn (s) and spectral acceleration Sa, using the GM records 
selected after 5.3.5. The natural frequency of the buildings was assessed using the EC8 expres-
sion Tn=0.05×h3/4 (EN 1998-1, 2004). The Eq. (8.2) may be used to incorporate the uncertainties 
related to the seismic demand to the lognormal mean βPGA,ds. Nonetheless, the statisctical mo-
ments do not vary much for case 2, but almost double for case 3. The overall moments are 0.193 
mean and 0.022 standard deviation.  

8.2.3. The Correlation of the Damage Capacity  

Another way of shaping the seismic fragilities correlates the collapse capacity between struc-
tures. This conFig.s a possible extension of the method in Ryu et al. (2009). The strategy con-
sisted on representing the mean value μdsi of the collapse capacity, where i=nd, using linear re-
gression of Eq. (8.4):  
 0 1 2 ,dsi dsimµ λ β β ε β σ ζ= = + × + × =  (8.4) 
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where λ and ζ are the estimated mean and standard deviation, respectively, of logarithmic col-
lapse capacity and m is the magnitude of the seismic records. The use of Eq. (8.4) assumes that 
the distance R has a minor or neglectable influence on the fragility surface. It is also considered 
that epsilon (ε) as a possible predictor of collapse capacity. It may be calculated using Eq. (8.5):  

 ( ) ln

ln

ln
a

a

a S

S

S µ
ε

σ
−

=  (8.5) 

where μlnSa and σlnSa are the mean and standard deviation, respectively, of logarithmic spectral 
acceleration, as predicted by the GM model. In this case we use four damage states.  

The DSA strategy employed here consists on the application of MSA using the bins of GMs. 
The GM records selected in 5.3.6 are utilized for that effect, resulting in the PGAdsi points uti-
lized for regression (Fig. 8.9). Unlike in Ryu et al. (2009), the magnitude shows a positive corre-
lation with the logarithms of the damage PGAs. The regression analysis was performed by ex-
tending the model in Eq. (8.4) to include the distance as a possible predictor, represented by the 
coefficient β3. The results for all damage states can be seen in Table 8.5.  

 

 
Fig. 8.9 – Correlation and regression studies for logarithmic PGAs associated to the damage state ds1 for archetypes 

A0 to A7, versus epsilon (left), magnitude (center) and distance (right).  
 

Table 8.5  
Results of the regression analysis for the damage states dsi for the archetypes A0 to A7, and fragility moments from 

lognormal distribution fitting.  
  Linear Regression Distribution Fitting 

Group: dsi: β0 β1 β2 β3 σLN,dsi μdsi(σdsi) 

(A0 to A7) 

1 -2.534 0.764 0.115 -0.006 0.385 0.155(0.012) 
2 -2.295 0.823 0.076 -0.005 0.352 0.186(0.019) 
3 -2.398 0.733 0.096 -0.007 0.354 0.255(0.010) 
4 -1.912 0.687 0.020 0.001 0.119 0.265(0.009) 

 
The same problem affecting IDA occurs also with MSA, the difficulty of collecting the dam-

age state ds3. As can be anticipated in Fig. 8.9, the range of ε is rather short (-1.1 to 1.5), leading 
to numerical problems with the extrapolation of the model. Further studies on the capacity mod-
els are useful, although a better description of ε (the main predictor) should be achieved in the 
GMR selection (Baker & Cornell, 2006). The fragilities are used instead henceforth, but demand 
the same ajustement as in (7.3.2). Thus, ds3 is assumed to hold a smaller difference from ds4, 
and its moments become 0.260 and 0.036. The ajustement is followed by ds4 in order to avoid 
negative probabilities in the estimation process, becoming 0.308 with standard deviation 0.050.  
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8.3. The Final Magnitude Estimates  

In this subchapter, additional assumptions are forwarded in order to estimate the expected 
values of magnitude and respective standard deviations, for the 1763 earthquake. Unlike the pre-
vious estimates, in 8.1, the set of structural fragilities resulting from the analysis of the HBAs is 
now considered, as well as the extended damage data set and the fragilities associated with the 
collapse of the gables, obtained in 8.2.  

8.3.1. The Expected Magnitude given Multiple Damage Points  

The extension of the damage dataset into numbers of damaged buildings, in 8.2, enables not 
only an assessment of a possible location for the epicenter, but also, a better description of dam-
ages for magnitude estimation based on multiple damage points. In order to achieve that goal, 
Eq. (2.14) was reshaped to handle the probabilities of damage states ds0 and ds1. Additionally, 
the prior magnitude model was set as uniform in the range of feasible magnitudes 5≤Mw≤8, and 
the distance model was adapted in order to follow the precision of the distances, with an uncer-
tainty of ru=0.5 km, following Eq. (8.6):  
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 (8.6) 

where θ1=acos((x1+d1)/r), with d1=min(r) and x1=(r2-d12)/(2(d1+ru)), for fR,1, and 
θ2=acos(x2/r), with d2=ru+min(r) and x2=-(r2-d22-ru2)/2d2 for fR,2.  

In order to reduce the computation work, the GM model was set to Akkar et al. (2013) with 
varying Vs30 for each source point, according to the Vs30 map in Fig. 5.13 (Allen & Wald, 2009). 
The study was computed using a meshgrid similar to that of 8.2.1, using the vulnerability curves 
for buildings and for aggregates (vide subchapter 7.1). The results are shown in Fig. 8.10.  
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Fig. 8.10 – Study of the average of the expected magnitudes for buildings (up), for aggregates (down) with respec-

tive surfaces and contour plots.  
 

The lowest magnitude location is 18.10º/47.70º with a value of 5.92 for buildings and 6.38 for 
aggregates (Fig. 8.10). The standard deviations range in between 0.12 and 0.70. The average 
values magnitudes for possible epicenter locations 18.00º/47.81º (Varga et al., 2001) and 
17.958º/47.802º are summarized in Table 8.6. The moments obtained from CSM and IDA, have 
means 0.141 and 0.117, and standard deviations 0.017 and 0.018, respectively.  

Table 8.6 
Average of the expected magnitudes Mw,avg based on the seismic vulnerabilities for buildings and aggregates, and 

for the archetypes, CSM and IDA, respectively, in the range 5≤Mw≤8.  
Epicenter: Buildings: Aggregates: CSM: IDA: 

18.00º/47.81º 5.99(0.21) 6.43(0.27) 6.31(0.30) 6.20(0.31) 
17.958º/47.802º 5.97(0.21) 6.43(0.27) 6. 32(0.31) 6.20(0.33) 

 
The results presented in Table 8.6, alike the two locations, are quite similar, while the final es-

timates differ considerably, in between 5.97 and 6.43. The idea that the aggregates of buildings 
provide higher magnitude estimates could be anticipated in the fragilities obtained for these two 
groups. Nonetheless, assuming that all towns in the 18th c. Komárom county were composed of 
aggregates is probably erroneous (Timár et al., 2011). It’s rather the opposite that is true, where 
Győr and Komárom were probably exceptions. This claim seems contradictory with the posterior 
magnitude distributions presented in Fig. 8.11.  

    
Fig. 8.11 – Resulting posterior distributions of magnitude for the fragilities obtained by CSM, for the epicenter in 

18.00º/47.81º, with those of Győr (green) and Komárom (red) evidenced: in the magnitude ranges of 5≤Mw≤8 (left) 
and of 0≤Mw≤9.5 (right).  
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As shown in Fig. 8.11 Győr and Komárom contribute with the highest expected values of 
magnitude, 7.08 and 7.01, for the range 5≤Mw≤8, and 7.90 and 7.86, for the range 0≤Mw≤9.5. 
The average of the expected values of magnitude is 6.29(0.81) for the larger range. The other 
towns present contributions in between 5.66 to 6.84 for the first, and 4.45 to 7.39 in the wider 
range. Only the damage state ds1 was utilized here, due to the lack of further detail in literature.  

8.3.2. The Expected Magnitudes given the Damage in the City of Komárom  

The damage descriptions for the city of Komárom are straightforward, although they may 
hide some subtleties (vide 3.1 & 8.2.2). The fact that aggregates should provide higher estimated 
that lone buildings may seem contradictory with Győr and Komárom being the main contributors 
to higher estimates. These cities were in the two opposite sides of the epicenter, and they were 
utilized as intensity references for earlier magnitude estimates (Varga et al., 2001). Nonetheless, 
the previous idea is somehow backed by Grossinger’s claim that taller and stiffer buildings were 
more damaged, and probably also more vulnerable. On the other hand, two storeys (or more) 
public buildings are more common in bigger cities than in countryside towns. While Fig. 3.13 
may describe the relative number of dwellings built with adobe, rammed-earth or mud (80 to 
90%), it was assumed that these were mainly countryside houses. The author expresses his con-
cerns that the city of Komárom may not present the same building composition. Nevertheless, 
the fragilities obtained by IDA and MSA, described in four different damage states, are utilized 
for magnitude estimation, with equal likelihood of occurring, resulting in the moments μM|E=6.41 
and μM|E=6.56, respectively, and σM|E=0.74 for both cases. The fragilities describing the collapse 
of the gables (8.2.2) were also computed. The expected magnitude value for having ≈50% (139 
buildings) of the collapses in the city is μM|E=6.53, with σM|E=0.74, while the most probable val-
ue is 6.31. The results can be seen in Fig. 8.12, with the final estimates μM|E=6.48 and σM|E=0.75.  

                  
Fig. 8.12 - Resulting posterior distributions of magnitude for the city of Komárom: for the overturn of the gables, 

IDA and MSA (up left), the combination of the IDA and MSA with the overturn of the gables (up right) and combi-
nation of the two prvious scenarios (down).  
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Chapter 9. Conclusions  

The research work presented here defends the following theses as new scientific results. Some 
ideas for the development of future work are also highlighted.  

9.1. New Scientific Results  

The application of the present methodology involves multiple disciplines of history and histo-
ry of architecture, seismology and structural/earthquake engineering. In the aftermath 6 theses 
may be singled from the global content of the present dissertation.  

9.1.1. Thesis I  

I collected the historical damage and building descriptions related to the 1763 Komárom 
earthquake and the buildings survey of Tata, studying and interpreting them for the application 
of a structural engineering based magnitude estimation method. Historical claims were high-
lighted, stressed and extended on this sense. The following sub-steps were accomplished:  

1. the depictions, drawings and descriptions of the buildings in Komárom were gathered and 
the buildings and damage typologies represented were gathered and studied for the aaplica-
tion of a magnitude estimation method that uses structural engineering;  

2. the damage states for the application of the magnitude estimation method were defined;  
3. damages evidence sliding and diagonal shear, and rocking were observed in low-rise build-

ings along the collapse of the gables, while high-rise buildings evidence higher occurences 
of flexural as rocking and toe-cruching and out-plane failure modes as different overturn-
ing of the gables, walls, chimneys, towers, and different forms of detachment of walls;  

4. the claims of roof displacement and collapse of the gables have been confirmed, as sliding 
shear and overturning; the claim of higher damage in high-rise (taller) buildings was found 
plausible and likely given their relative higher mass;  

5. the research endorses that the historical damage on the Zsámbék monastery church can not 
be straightforwardly associated to the 1763 earthquake, and therefore it should not be used 
as a case study for magnitude estimation.  

Corresponding publications: Morais et al. (2014; 2016; 2017b; 2017d; 2018c)  

9.1.2. Thesis II  

I studied the building typologies of the 18th century Hungary in literature, inventoried and in-
terpreted the historical building survey of the city of Tata in order to draw the typical historical 
baroque structural systems that already existed back in the 18th century from the surveyed build-
ings, evidencing that building categories and geometrical dimensions are associated. The follow-
ing sub-steps were accomplished:  

1. the main building categories, morphologies, geometries and structural systems were ana-
lysed regarding the literature and construction date, creating a database with their dimen-
sions obtained from their 18th century structural elements;  
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2. a statistical analysis of the main dimensions of the walls evidences that local dwellings 
were lower, with smaller wall length and thickness than higher class nobleman, religious or 
even industrial buildings.  

Corresponding publications: Morais et al. (2017c; 2018b) 

9.1.3. Thesis III  

I developed a methodology based on in-plane vulnerability indices, that uses both qualitative 
(arrangements, forms, construction date, type of structural elements) and quantitative frame-
works (measurements and indices) to create historical building archetypes from historical build-
ing surveys. The method was adapted to the level of detail provided by the historical survey of 
Tata in order to study the 18th c. typologies. The following sub-steps were accomplished:  

1. the outlines of the method were drawn targeting both the qualitative and quantitative fea-
tures and framework necessary to generate historical building archetypes, using in-plane 
indexes as control parameters, thus extending their applicatbility;  

2. 7 historical building archetypes (additionally to an earlier archetype A0) were generated 
using the methodology for four different building categories, associated to the historical 
descriptions and the survey;  

3. the method also provides a pre-evaluation of the seismic safety of the buildings or relevant 
structural elements, evidencing the higher seismic resistance of local low-rise dwellings ra-
ther than higher-rise dwellings or nobleman, religious and industrial buildings; this aspect 
endorses point 2 of Thesis I.  

Corresponding publications: Morais et al. (2017c; 2018b)  

9.1.4. Thesis IV  

I developed detailed and simplified mechanical models for the efficient nonlinear analysis of 
unreinforced masonry, and calibrated and applied it to the building structural archetypes of The-
sis III, providing both damage analysis and statistics associated to the variability of the mechani-
cal parameters and ground motion, and with cyclic degradation. The following sub-steps were 
accomplished:  

1. the archetypes and respective walls were modelled in both detailed and simplified macro-
levels; detailed modelling techniques provided the force-displacement diagrams represent-
ing the seismic resistance of the archetypes, through static and dynamic analysis;  

2. a simplified mechanical model was developed in OpenSees using a Pinching4 material to 
simulate the nonlinear dynamic behaviour and cyclic degradation of unreinforced masonry, 
calibrated using a genetic algorithm with the results from detailed methods;  

3. the use of both nonlinear static and dynamic analysis shows the relevance of the latter to 
simulate the effect of cyclic [rigidity] degradation, providing lower ground motion intensi-
ties, thus affecting the magnitude estimates;  

4. the sensitivity of the diagram points due to the variability of the parameters corroborates 
point 1 of Thesis I and point 2 of Thesis 3 by evidencing the impact of shear parameters in 
the archetypes A0 to A3, but also the impact of flexion parameters on A4 to A6.  
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Corresponding publications: Morais et al. (2018c)  

9.1.5. Thesis V  

The stochastic model was developed to fit lognormal seismic fragility functions adapted for 
the Komárom site, and given of the magnitude estimation of the 1763 Komárom earthquake evi-
dencing the relevance of cyclic degradation in seismic analysis as well as both the ground mo-
tion and strength parameters variabilities. The following sub-steps were accomplished:  

1. the force-displacement diagrams obtained by nonlinear analysis using the simplified model 
from Thesis IV were employed for efficient Dynamic Structural Analysis; fragility func-
tions were produced for the archetypes comparing different methods, and incorporating 
uncertainties in material parameters and ground motion, as the Capacity Spectrum Method, 
and the Incremental Dynamic and Multiple Stripes Analyses;  

2. the sensitivity and correlation studies show that the variability in ground motion is relative-
ly more relevant to explain the variation in the seismic capacity of higher category arche-
types (A4 to A7 mainly) and for higher damage states than strength parameters, which are 
more relevant for lower category archetypes (A0 to A3) and lower damage states;  

3. the fragility moments show the importance of the seismic degradation in the analysis of the 
archetypes, given that Capacity Spectrum Method provides relatively higher damage inten-
sities than the Dynamic Analysis Methods after the calibration with sophisticated models.   

Corresponding publications: Morais et al. (2016; 2017a; 2018c)  

9.1.6. Thesis VI  

I provided magnitude estimates and epicentral location for the 1763 Komárom earthquake us-
ing different approaches and assumptions frameworks. The combined analysis of the archetypes 
and gables updates and reinforces earlier estimates provided by Seismologists, with Mw=6.48 
and probable epicenter in 18.00º/47.81º. The following sub-steps were accomplished:  

1. the number of damaged structures data can be extended for localities north to the Danube, 
using a simple relationship between damage and repair costs; a correlation study endorses 
the probable epicenter in 18.00º/47.81º, corroborating literature in the field;  

2. the magnitude estimation algotithm considering different damage points, one damage state 
and a new prior distribution of distance extends the original method but underestimates the 
magnitude, due to the low intensities associated with light damage;  

3. given the damage descriptions, the fragilities from the dynamic analyses of the archetypes 
and gables, with a detailed hazard model for the city of Komárom, the expected magnitude 
of the 1763 earthquake is 6.48.  

Corresponding publications: Morais et al. (2017a; 2018a)  

9.2. Final Considerations & Further Work 

Regardless of the achievements and broad research spectrum, there is still room for question-
ings and further work in topics of the present research. Some ideas are highlighted here:  
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• revisit the main historical sources of the 1763 event with knowledge of palaeography and 
latin and focus on structural damage would produce a more detailed study;  

• the database of historical buildings may be extended with deailed surveys in the region;  
• the research on the historical materials and strength properties may be enhanced;  
• monumental buildings can also be studied on both component and global levels;  
• the idea of studying the seismic strength of the piers was not stressed in the dissertation;  
• the archetypes may still be improved by higher detail and number of surveyed buildings; 
• additional archetypes may help in the study the building composition of 18th Komárom;  
• improvements can be made on the cyclic degradation of URM and simplified modeling;  
• efficiency of the process may improve with seismic record selection associated to MSA.  
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