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Abstract 

The analytical fragility analysis methods require performing many nonlinear analyses. 

The structural component model and pushover analysis seem preferable to be adopted in 

these methods as fast analytical tools. In general, the nonlinear static procedures assume 

that the building dynamic response is governed by the main translational mode. Thus, 

there is a lack of an appropriate procedure for the seismic analysis of Unreinforced 

Masonry (URM) buildings able to take into account the higher mode effects.   

Motivated by the above reasons, this thesis aims to develop a methodology to 

perform analytical seismic fragility analysis of typical URM buildings, from which 

reliable fragility curves can be obtained to be used in seismic vulnerability analyses.  

The study uses the structural component model implemented in the TREMURI 

software, developed for the analysis of URM buildings with box behavior and rigid 

diaphragms. In order to obtain reliable pushover-based demands considering higher 

mode effects in both plan and elevation, combination of the basic N2 and the extended 

N2 methods were used, proposing required changes for application of the methods to 

masonry buildings. The ability of TREMURI to reproduce the nonlinear dynamic 

response of regular and irregular URM buildings was validated with respect to results of 

shake table tests. The validity of the extended N2 method was confirmed applying the 

method to three case studies and performing nonlinear dynamic analyses.  

Focusing on the predominant types of masonry school buildings located in the 

province of Yazd, Iran, the second phase of this study deals with the development of an 

analytical method for seismic fragility analysis and proposing an empirical method, for 

validation purposes. In the empirical approach, an Iranian empirical method, the GNDT 

II level and the Macroseismic methods were combined. Then, the results were validated 

with respect to observational-based fragility curves. The analytical method was 

developed based on the HAZUS and the FaMIVE procedures, using the analytical tool 

validated before. Furthermore, the uncertainties in the parameters with influence on the 

response were also considered. A comparison was also made between the developed 

methods, from which the analytical approach was validated and the empirical one was 

calibrated (a cross-validation). 

This thesis allowed obtaining a validated empirical and analytical method for the 

fragility analysis of typical masonry schools with box behavior in Iran. Furthermore, the 

results can be extended to new other types of recent URM buildings with box behavior 

and rigid diaphragms, and to the ancient masonry buildings adequately strengthened. 

Finally, it is concluded the analytical approach can be used for the fragility seismic 

analysis of URM buildings with irregularity in both plan and elevation. 
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Resumo 

Os métodos analíticos para obter as curvas de fragilidade requerem um elevado numero 

de análises não lineares. Os modelos baseados em componentes estruturais e a análise 

não linear estática parecem corresponder às ferramentas de análise mais apropriadas 

para estes métodos, tendo em consideração a sua rapidez de execução. Em geral, 

procedimentos da análise não linear estática consideram que a resposta dinâmica do 

edifício é controlada pelo primeiro modo vibração. Assim, existe ainda a falta de um 

procedimento adequado para a análise sísmica de edifícios de alvenaria não reforçada 

que tenha em consideração os efeitos dos modos superiores.  

Tendo em consideração o anteriormente referido, a presente tese tem por objetivo 

desenvolver uma metodologia analítica para análise da fragilidade sísmica de edifícios 

típicos de alvenaria não reforçada, a partir da qual podem se pode obter curvas de 

fragilidade fidedignas para serem utilizadas nas análises de vulnerabilidade sísmica. 

O estudo recorreu a modelos baseados em componentes estruturais implementados 

no programa TREMURI, desenvolvido para a análise de edifícios de alvenaria com 

comportamento de caixa e pavimentos rígidos. O método N2 e o método N2 modificado 

foram combinados para obter os critérios de exigência que consideram os efeitos dos 

modos superiores (em planta e em altura) através da análise não linear estática.  A 

resposta do TREMURI, para edifícios de alvenaria regulares e irregulares, foi validada 

com recurso a ensaios em plataforma sísmica. O método N2 modificado foi validado 

através da sua aplicação a três casos de estudo e à análise não linear dinâmica. 

Focando o estudo nos tipos predominantes de escolas em alvenaria localizados na 

província de Yazd, Irão, a segunda fase deste trabalho envolveu o desenvolvimento de 

um método analítico para a análise de fragilidade sísmica e a proposta de um método 

empírico para validação. A abordagem empírica envolveu a combinação do método 

empírico do Irão, do método GNDT II e do “Macroseismic method”. Posteriormente, os 

resultados foram validados em relação às curvas de fragilidade resultantes da 

observação do dano. O método analítico foi desenvolvido com base nos procedimentos 

definidos no HAZUS e FaMIVE, e utilizando a ferramenta analítica validada. Além 

disso, consideram-se as incertezas nos parâmetros com influência na resposta. Foi ainda 

efetuada uma comparação entre os métodos, tendo por objetivo a validação da 

abordagem analítica e a calibração do método empírico (validação cruzada). 

Esta tese permitiu obter um método empírico e um método analítico para a análise 

da fragilidade sísmica de escolas em alvenaria com comportamento de caixa do Irão. 

Além disso, os resultados podem ser utilizados em outros tipos de edifícios recentes de 

alvenaria com comportamento de caixa e pavimentos rígidos, e em edifícios antigos de 

alvenaria adequadamente reforçados. Por último, conclui-se que abordagem analítica 

pode ser utilizada para a análise da fragilidade sísmica de edifícios de alvenaria não 

reforçada com irregularidades no plano e em altura.  
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 چکیده:

ای  های تحلیلی، مستلزم انجام تعداد بسیار زیادی تحلیل سازه روشای با استفاده از  استخراج توابع شکنندگی لرزه

هایی ساده، کارآمد و با نتایج قابل اعتماد  باشد. از اینرو، توسعه این توابع به در اختیار داشتن روش غیر خطی می

ت. بر این که زمان الزم برای استخراج نتایج منطقی باشد، وابسته اس سازی و تحلیل سازه به طوری برای مدل

 هایی هستند که نسبت به روش سازی به روش قاب معادل و تحلیل غیر خطی استاتیکی )پوش اور( گزینه اساس، مدل

غیر خطی دینامیکی( به دلیل نسبت سرعت به دقت قابل قبولشان برتری  های سطح باالتر )مثل اجزاء محدود و تحلیل

هایی برای تعیین تغییر مکان هدف است که در  ترکیب آن با روش دارند. عیب عمده استفاده از تحلیل پوش اور لزوم

ای سازه صرفنظر شده و بر پایه این فرض اساسی توسعه داده شده اند که  آنها از اثرات مدهای باالتر بر رفتار لرزه

نوع برای های مت کند. علیرغم توسعه روش رفتار دینامیکی سازه به طور عمده از شکل مد غالب انتقالی تبعیت می

غلبه بر این عیب در حوزه ساختمانهای اسکلتی، توسعه روشی کارا برای استفاده در ساختمانهای مصالح بنایی به 

 طور جدی مورد توجه محققین قرار نگرفته است.

توسعه روشی تحلیلی به منظور تولید توابع  رسالههای گفته شده، هدف اصلی این  بر اساس نیازها و چالش

های مصالح بنایی تقویت نشده است، به طوریکه نتایج آن راستی آزمایی و سپس تایید شده  اِی ساختمان زهشکنندگی لر

های مصالح بنایی، به  ساختمان ی باشند. از این توابع در مطالعات تحلیل آسیب پذیری و ریسک ناشی از زلزله

 شود. اده میها در برابر زمین لرزه، استف عنوان آسیب پذیرترین نوع از ساختمان

 ای ساختمان ، مناسب برای مدل سازی و تحلیل سازهTREMURIدر مطالعه حاضر از نرم افزار قاب معادل 

و سقف  )رفتار لرزه ای مبتنی بر تنها ُمدهای شکست داخل صفحه( ای های مصالح بنایی تقویت نشده با رفتار جعبه

قابل اعتماد از تحلیل پوش اورکه اثرات مدهای باالتر در  صلب، استفاده شده است. همچنین به منظور استخراج نتایج

و نسخه تعمیم داده شده آن برای اثرات  N2پالن و در ارتفاع در آن لحاظ شده باشد، از ترکیب روش غیر خطی 

 (، با ارائه تغییرات الزم برای ساختمانهای مصالح بنایی، استفاده شده است. در مرحلهN2مدهای باالتر )روش متمم 

های منظم و نامنظم  در شبیه سازی رفتار غیر خطی دینامیکی ساختمان TREMURIنخست کارآیی نرم افزار 

ای منتج از آزمایشات میز لرزه،  مورد  های لرزه مصالح بنایی تقویت نشده، از طریق مقایسه نتایج عددی با پاسخ

های مصالح بنایی  تحلیل پوش اوِر ساختمان برای استفاده در N2بررسی و تایید قرار گرفت. سپس دقت روش متمم 

آزمایی در قالب انجام یک مطالعه موردی و با اِعمال این روش بر روی سه  راستی آزمایی و تایید شد. این راستی

 های متعدد غیر خطی دینامیکی انجام شد. های مصالح بنایی موجود و انجام تحلیل نمونه از ساختمان

های غالب مدارس مصالح بنایی موجود در استان یزد، ایران، قسمت دوم این پایان نامه به  با تمرکز بر روی تیپ

آزمایی روش  ای و نیز پیشنهاد روشی تجربی به منظور راستی توسعه روشی تحلیلی برای ارزیابی شکنندگی لرزه

ای توسعه داده شده در  یابی کیفی آسیب پذیری لرزهپردازد. در اُسلوب تجربی پیشنهاد شده، یک روش ارز تحلیلی می

ترکیب گردید و سپس نتایج بدست  Macroseismicو  GNDT II levelهای  ایران، با دو روش دیگر موجود به نام

تایید شد. در روش  هاآمده نسبت به توابع شکنندگی منتج از مشاهدات بعد از زلزله در ایران، راستی آزمایی و دقت آن

های شکنندگی با لحاظ  استفاده شد تا منحنی FaMIVEو  HAZUSی، از اصول کلی به کار رفته در دو روش تحلیل

ای بین دو روش  به دست آیند. در نهایت مقایسه ،ای سازه کردن عدم قطعیت در عوامل تاثیر گذار بر رفتار لرزه

ی آن، روش تحلیلی راستی آزمایی و دقت آن تایید گردید و روابط حاصل از  که در نتیجه ؛توسعه داده شده انجام شد

 روش تجربی هم کالیبره شدند )راستی آزمایی متقابل(.

ای، مورد  ی حاضر، مدارس مصالح بنایی موجود در ایران با رفتار جعبه بر پایه مطالعات انجام شده در رساله

و روش تجربی و تحلیلی قرار گرفتند. نتایج این رساله برای ارزیابی آسیب پذیری ای به د ارزیابی شکنندگی لرزه

های  ای در هنگام وقوع زلزله دارند، و یا ساختمان های مصالح بنایی نسل جدید که رفتار جعبه ای ساختمان لرزه

عالوه بر این، از نتایج  .قابل استفاده هستندکه به طور موثری تقویت شده باشند، قدیمی مصالح بنایی و تاریخی 

های مصالح بنایی نامنظم )در پالن و در  ای ساختمان توان برای ارزیابی تحلیلی شکنندگی لرزه مطالعه حاضر می

 ارتفاع( نیز استفاده کرد.
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1.1 Motivation  

Natural disasters are catastrophic events with adverse effects on people or the 

environment, which are caused by natural hazards. The severity of natural disasters or 

their human impact is measured in lives lost and economic losses such as personal 

property, agriculture, infrastructures, industry and business. Natural disasters such as 

floods, storms, droughts, landslides, volcanic activities and earthquakes have impact on 

up to 340 million people every year (Bankoff, Frerks, & Hilhorst, 2013). It is estimated 

that natural disasters have affected 4.4 billion people, causing 1.3 million deaths and 

leading to $2 trillion in economic losses over the period of 1992 to 2012 (UNISDR, 

2012). In addition, according to UNISDR (2015), recurrence and intensity of natural 

hazards continue to increase, so more adverse effects on the built environment in future 

are expected. The natural disasters annual losses are rising from roughly $300 billion 

yearly to $415 billion by 2030.  

Earthquakes are one of the greatest natural hazards with a large destruction in terms 

of loss of life and property to mankind since the beginning of civilization. In the past 

2,000 years, earthquakes claimed approximately 9 million lives (Frankie, 2010). 

Between 1992 and 2012 only, earthquakes, as the most destructive disaster in terms of 

human fatalities, killed about 760 thousands people. Meanwhile, earthquakes losses 

with approximately $636 billion financial costs are surpassed only by storms in terms of 

economic losses (UNISDR, 2012). The 1994 Northridge (California, US) earthquake 

resulted in one of the highest ever insured earthquake with losses of about US$14 

billion. Subsequently, the 1995 Kobe (Japan) earthquake was another destructive 

earthquake that led to even higher losses (approximately US$150 billion). Although the 

economic losses in other regions of the world, especially in developing countries, may 

be less than those from Japan and the US, the influence on the national economy may be 

much larger (Calvi et al., 2006). As stated in (Moullier & Krimgold, 2015), it is 

confirmed that such adverse effects on gross domestic product (GDP) is 20 times higher 

in developing countries than in industrials ones. 

The growing population and urbanization, especially in developing countries, have 

led to the increasing losses due to earthquakes. About 50% of the world's population 

resides in urban areas (UNSD, 2001) and half of these areas are placed on regions with 

relevant seismic hazard (Bilham, 2004). Besides, it is known that about 75% of 

earthquake losses are caused by the failure of buildings or structures (Coburn & Spence, 

2006). As a result, a large percent of the world's population dwell in non-engineered 

buildings with poor performance for horizontal loads and, consequently, are vulnerable 

to earthquakes. Bam (Iran, 2003), Sumatra (Indonesia, 2004), Kashmir (Pakistan, 2005), 

Jakarta (Indonesia, 2006), Sichuan (China, 2008), Port-au-Prince (Haiti, 2010) and 

Gorkha (Nepal, 2015) are examples of destructive earthquakes in the last decade, 

causing many deaths and millions of dollars in economic losses, and thus confirming 

the vulnerability of poorly constructed buildings.  
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The majority of vulnerable constructions that can be subjected to earthquakes are 

categorized as Unreinforced Masonry (URM) buildings, for which almost no earthquake 

design requirement has been considered. Meanwhile, URM houses still comprise a large 

percentage of the world's buildings. These houses are also widely used in regions of the 

world with high seismicity. Table 1.1 lists the percentage of URM housing stock in 

selected countries that already experienced severe seismic events. This widespread use 

when combined with limited earthquake resistance of the buildings constitutes a great 

risk. Therefore, researchers are conducting efforts to improve the seismic structural 

assessment methods, to develop a comprehensive and reliable loss assessment 

framework, and to improve the seismic performance of existing URM buildings, aiming 

at reducing the seismic risk. Notwithstanding the extensive development in earthquake 

engineering during the last decades, assessing the dynamic behavior of masonry 

structures under earthquake excitations is still difficult. Hence, a correct balance 

between accuracy of results and computational efforts is the most important step within 

any analytical-based loss assessment framework, still adopting robust and sophisticated 

analytical tools capable of reproducing such dynamic behavior. 

Table 1.1. Contribution of URM buildings in Global Building Inventory (Frankie, 

Gencturk, & Elnashai, 2013). 

Country Year URM as % of inventory 

Australia 2000 52.9 

El Salvador 1990 48.0 

Indonesia 2001 60.0 

Iran 2005 56.7 

Italy 2006 62.2 

Mexico 2000 75.7 

New Zealand 1998 7.0 

Pakistan 1998 93.0 

Peru 2007 73.2 

Philippines 2000 30.8 

Turkey 2002 47.1 

United States 2002 15.0 

                               (Data are from (Jaiswal & Wald, 2008)) 
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1.2 Research problem 

A seismic risk mitigation project involves a loss assessment framework as the essential 

part for which the main component is vulnerability analysis. Vulnerability assessment, 

which is made for specific elements at risk, results in the probabilities that the elements 

can suffer different degrees of loss (e.g. the cost of the physical damage) under different 

levels of ground motion severities. Fragility curves/functions, which express the 

probability of exceeding different damage levels as a function of the variation of ground 

motion severities, are the main and the most important prerequisites for performing 

vulnerability analysis. 

Most of the fragility curves of masonry buildings are obtained adopting empirical 

methods, which usually use post-earthquake survey data and expert judgments. This is 

due to the complexity related to nonlinear behavior of these buildings and relative 

shortage of robust numerical tools for performing nonlinear analyses in a quick and 

accurate way. However, ability of the analytical methods to consider both epistemic and 

aleatory uncertainties associated with the demand and capacity (e.g. mechanical 

properties) makes the analytical approaches valuable to be further developed.  

Considering these uncertainties, it should be clear that many Nonlinear Dynamic 

(NLD) or pushover analyses have to be performed for generating analytical-based 

fragility curves. For this reason, a reliable, as well as simple, type of structural analysis 

and analytical model, has to be chosen, aiming at reducing analysis time and cost. In 

such case, structural component models (Paulay & Priestley, 1992) provide an efficient, 

practical and simple analytical tool with an acceptable computational effort, and are 

more desirable when compared to other available models. Concerning analysis type, 

pushover analysis seems preferable to be adopted due its simplicity as well as being 

much faster with respect to NLD analysis.  

Nonlinear Static Procedures (NSPs), such as the N2 method (Fajfar, 2000) used in 

Part 1 of the Eurocode 8 (EC8-1) (EN 1998-1, 2004) and the Capacity Spectrum 

Method (CSM) (ATC-40, 1996; FEMA, 2005), are applied to obtain the target 

displacement (the maximum inelastic displacement demand) of the building, based on 

the capacity curve (pushover analysis). The procedures have been developed based on 

the assumption that the building, which is subjected to an incremental lateral loading, is 

undergoing translational displacement in each horizontal direction. In other words, the 

higher mode effects in both plan (torsional effects) and elevation due to irregular 

distribution of mass and stiffness are usually not to be taken into account in their 

framework. Therefore, it can be claimed that an essential improvement to the pushover 

analysis results is to consider the effects of contribution of higher modes when the 

earthquake-induced lateral loading is incrementally imposed to the building. This 

deficiency is more crucial in the case of URM buildings, causing an increase in their 

seismic demand because most of them are characterized by an irregular configuration. 
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Due to in-plan irregularity, the masonry walls located at the building corners and sides 

tolerate stress concentration and subsequently local failures, while the vertical 

irregularity generally causes greater damage at a specific story. Despite these adverse 

effects, a very limited number of research works have been developed (Giordano, 

Guadagnuolo, & Faella, 2008; Nakamura, Derakhshan, Griffith, Magenes, & Sheikh, 

2017), for this purpose.  

A large number of research contributions in the field of advanced pushover analysis 

have been developed in recent years for framed structures including different concepts. 

as: (a) developing adaptive pushover procedures (see e.g. Antoniou, Rovithakis, & 

Pinho, 2002; Casarotti & Pinho, 2007); (b) performing several pushover analyses using 

different mode shapes and then combining the results by linear rules (e.g. the Model 

Pushover Analysis, MPA (Chopra & Goel, 2002) and Modified Model Pushover 

Analysis, MMPA (Chopra, Goel, & Chintanapakdee, 2004) methods); (c) performing 

one pushover analysis based on the fundamental mode shape and then adjust of results 

due to torsional effects (higher mode effects in plan) (e.g. the extended N2 method 

(Fajfar, Kilar, Marusic, Perus, & Magliulo, 2005) and the corrective eccentricities 

method (Bosco, Ghersi, & Marino, 2012)).  

However, masonry buildings seem to lack appropriate multi-mode adaptive 

pushover algorithms and the adaptive algorithms, considering stiffness degradation and 

progressive damage during the analysis. A key issue is the lack of validity of the 

superposition principle in the nonlinear range. In the case of URM buildings, the MPA 

method underestimates the target displacement when the building suffers significant 

inelastic shear damage. This is due to the independent modal responses in the MPA, not 

capable of reproducing the cumulative nature of shear damage usually considered in the 

macroelement numerical models (Nakamura et al., 2017).  

Among the methods using the third concept, the extended N2 method seems to be 

the only one with the potential to be developed for evaluating higher mode effects in 

both plan and elevation  (Kreslin & Fajfar, 2012). The ability of the extended N2 

method to reproduce the dynamic behavior of irregular framed structures has usually 

been confirmed with respect to other above-mentioned methods (see e.g. Kreslin & 

Fajfar, 2011; Bhatt & Bento, 2012; Bosco, Ghersi, Marino, & Rossi, 2013). Hence, it 

can be stated that the method seems to be a possible procedure with universally 

accepted results for most building structures since "it combines conceptual clarity with 

simplicity of application" (De Stefano & Mariani, 2014). However, it is obvious that the 

basic assumption of the method, i.e. decrease of higher mode effects in inelastic range, 

requires to be further verified for typologies such as URM buildings. 
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1.3 Objective and research methodology 

The present thesis aims at developing a new analytical method to provide validated 

fragility curves for typical URM buildings with a special focus on higher mode effects 

to be used in seismic loss assessment studies. As exposure data or inventory of elements 

at risk, masonry school buildings located in the province of Yazd, Iran are selected. 

More than 90% of the area of Iran is located on the Alpine-Himalayan earthquake belt, 

one of the most seismic-prone regions of the world. As a result, a long series of 

catastrophic earthquakes with an important number of casualties and economic losses 

have happened in the country during the centuries. The damage caused by past 

earthquakes in Iran indicates that school facilities are an important part of the built 

infrastructure that is vulnerable to earthquakes.  

For this reason, an extensive investment for seismic retrofitting of vulnerable 

schools and also for the demolition and reconstruction of excessively vulnerable schools 

was performed, which resulted in a comprehensive database of all existing schools in 

the country. The database is appropriate for assessing vulnerability of schools using a 

method based on post-earthquake surveys or expert judgment, or a combination of these 

(an empirical approach). Although there is a comprehensive database of all school 

buildings in Iran, the only available database for the author was for schools located in 

the province of Yazd. The school buildings in Iran correspond to building typologies 

presenting the same features, and they have been built by the government for about 30 

years. Thus, the existing school buildings have approximately the same architectural 

style and structural details. Hence, it can be claimed that the results obtained for 

masonry schools located in the province of Yazd can be adopted for other masonry 

schools in Iran. 

The proposed procedure to achieve the thesis objective involves two main phases: 

1. Validation of analytical tools to perform reliable nonlinear analyses;  

2. Generation of fragility curves proposing an analytical method and developing an 

empirical method for validation purposes.  

Regarding the first phase, the main assumption is to ignore out-of-plane failure 

modes of walls and diaphragms. In other words, within this research work, a box 

behavior is assumed for the studied buildings: the buildings are characterized by rigid 

floors/roof and sufficient connections between structural components. Although these 

configurations are usually attributed to new types of URM buildings, the obtained 

results can be extended to the ancient buildings adequately strengthened. According to 

the above assumption, the macroelement model (Penna, Lagomarsino, & Galasco, 

2014) implemented in the TREMURI software is employed to perform nonlinear static 

and dynamic analyses. First, the validity of the analytical model to provide reliable 

NLD results reproducing the actual response of masonry buildings is verified with 

respect to the results of two shake table campaigns. Then, the capability of the extended 
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N2 method to improve the pushover-based seismic demands of the buildings with 

irregularity in both plan and elevation is evaluated applying the method to real case 

studies.  

Analytical fragility curves are obtained using the pushover-based procedure 

developed in the first phase so as to consider the higher mode effects. Generation of the 

curves takes into account the variability in capacity and the uncertainty in earthquake 

demand. In order to confirm the credibility of analytical fragility method, validation 

with respect to the empirical approach should be carried out. Hence, as a part of the 

second phase, a method is proposed to generate empirical fragility curves using the 

available database of Iranian schools. The results of a vulnerability index method 

developed in Iran are employed as input data to obtain empirical curves for the school 

inventory. The Macroseismic model (Giovinazzi, 2005) and GNDT II level method 

(Benedetti & Petrini, 1984) are two empirical methods combined in this procedure. 

Finally, a comparison is made between the analytical and empirical fragility analysis 

methods.      

1.4 Thesis outline 

Besides the introductory Chapter, in which the framework and the definition of 

objectives and methodology are presented, this PhD thesis is composed of more six 

chapters, where the presentation and discussion of the work are provided. 

 Chapter 2 provides an overview about history of masonry constructions. An 

overview of seismic performance of URM buildings is also presented 

considering their mechanical behavior, observed failure mechanisms and 

constitutive elements (piers and spandrels). Seismic numerical simulation of 

URM buildings investigated by different researchers is then reviewed. Chapter 2 

concludes with a review of different seismic vulnerability assessment methods. 

 Chapter 3 presents the results of validation of the NLD response of the 

macroelement model implemented in the TREMURI software with respect to 

the results of two shake table campaigns. The theory, assumptions and details of 

the macroelement model, equivalent frame modeling and NLD analysis used in 

the software are first described. Additionally, the description of the shake table 

tests and models is carried out. The validation process, which is made in terms 

of damage pattern, in-plane displacements of walls and capacity curves, results 

in calibration of the mechanical parameters of the macroelement models. For 

damage pattern, a methodology is developed within a graphic interface and 

based on a multilinear damage-based approach and the TREMURI material 

behavior laws. 
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 Chapter 4 presents the evaluation of higher mode effects in pushover analysis of 

masonry buildings applying the extended N2 method to three irregular case 

studies. The Chapter provides an overview of the basic N2 and the extended N2 

methods and proposes the changes required for applying the two methods to 

masonry buildings. Higher mode effects in both plan and elevation are evaluated 

using two computational plans based on the use of the mean NLD analysis 

results and of the basic N2 method for determining target displacements. All the 

results are presented and discussed in this Chapter in terms of absolute and 

normalized displacements, inter-story drifts and damage pattern of walls. 

 Chapter 5 presents an empirical method for fragility analysis of masonry school 

buildings located in the province of Yazd, Iran, which are classified into four 

building types. The proposed method, which gives relationships between the 

vulnerability indices of either of the GNDT II level and the Macroseismic 

methods and an Iranian vulnerability method, is validated through comparing the 

obtained fragility/vulnerability curves with the ones obtained based on the post-

earthquake surveys in Iran.  

 Chapter 6 presents a fragility analysis for URM school buildings belong to a 

building type introduced in Chapter 5 developing an analytical method. 

Considering twenty-five sampled buildings and three levels of material quality, 

the method adopts the analytical tool validated in Chapters 3 and 4 to construct 

fragility curves based on the HAZUS and FaMIVE procedures. The Chapter also 

presents a comparison between the analytical and empirical approaches resulting 

in their validation simultaneously. Using the cost-based analysis performed in 

Chapter 5, an economic vulnerability assessment is also carried out in this 

Chapter. 

 Chapter 7 presents the main conclusions from each chapter and a proposal for 

future works. 
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2.1 Masonry constructions: a brief history 

Masonry is the most established and the simplest construction technique in the world: 

the structure is erected by laying pieces of material (masonry units) over one another 

and, usually, bonding them together by mortar. Masonry units can be brick, stone, 

adobe (called also mud bricks or sundried earth blocks), etc. Masonry as the oldest 

building technique has a history as long as the history of construction. When human 

beings decided to settle down in one place in the late Stone Age, they began to build 

simple structures from natural masonry materials such as stone, aiming at providing 

self-made safe shelters. Archaeologists found the first hand-molded clay bricks dated to 

14.000 BC in the lower layers of Nile deposits in Egypt, while the documented 

knowledge of firing clay bricks dates back to circa 5000 BC. Natural stone was 

extracted from quarries and cut in the same era (Pfeifer, Ramcke, Achtziger, & Zilch, 

2001). The use of adobe dates from 6.800 BC–5.500 BC in Jericho, located in Palestine, 

as one of the earliest settlements of mankind (Aurenche, Galet, Régagnon-Caroline, & 

Évin, 2001). 

Over the centuries, in spite of the construction technology development, masonry 

has been constantly employed by architects and builders in a large variety of materials, 

architectural forms, and functionalities. This widespread use arises mainly from its 

simplicity and is motivated by other advantages such as its low cost, availability of 

materials and labor, speed of erection, aesthetics, durability, sound and thermal 

insulation, fire resistance, and ease of combination with other materials (Curtin, Shaw, 

Beck, & Bray, 2008). The earliest evidence of masonry construction dates from the 

fourth millennium BC in the Mesopotamia where palaces and temples were built of 

stone and adobe. By the third millennium BC, a series of temples, called ziggurats, as 

the most remarkable structures of the Sumerian and Babylonian culture were 

constructed of unbaked and baked clay bricks in the form of stepped pyramids (see 

Figure 2.1a). Also the first of Egyptian stone temples and pyramids were erected in this 

era (Drysdale, Hamid, & Baker, 1994).  

In the late first millennium BC, two of the most significant evidences of the Western 

and Eastern civilizations in the ancient world, called Acropolis (c. 460-430 BC) and 

Persepolis (c. 550-330 BC), were constructed of stone in Greece and Iran, respectively. 

By the Roman Empire era (c. 1
st
 century BC-4

th
 century AD), the masonry vaulting 

technique evolved into a sophisticated construction style by which the use of large scale 

masonry arches and roof vaults became possible. This knowledge was developed further 

and perfected during the middle age so that a large number of impressive and famous 

masonry heritage structures were built in this long era until the last centuries prior to the 

Industrial Revolution. For instance, Gothic architecture (c. 1200-1600 AD) is an 

example, with its magnificent cathedrals and fortresses built of stone introducing 

pointed vaults and flying buttresses (see Figure 2.1b), and the Islamic architecture 

inspired by Persian, Roman and Byzantine developments, with its magnificent palaces, 

https://en.wikipedia.org/wiki/Persian_architecture
https://en.wikipedia.org/wiki/Roman_architecture
https://en.wikipedia.org/wiki/Byzantine_architecture
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markets, and mosques constructed mainly of brick and adobe (see Figure 2.1c) (Pfeifer 

et al., 2001; Edward & Joseph, 2009). 

   

(a) (b) (c) 

Figure 2.1. Masonry constructions over the centuries: (a) Ziggurat of Urnammu in Ur, 

circa 2100 BC; (b) Cathedral of Saint Julian of Le Mans, France, from the 6
th

 through 

the 14
th

 century; (c) Imam mosque of Isfahan, Iran, 1611-1629. 

By the middle of 19
th

 century, the use of masonry as a structural system began to 

wane when a vogue for tall buildings grew. The simultaneous great developments in 

producing cast-iron beams and columns led to the use of metallic framed structures as a 

replacement of the massive and thick masonry bearing walls. The appearance of 

reinforced concrete as a durable, strong, moldable, and low cost material in the 

beginning of 20
th

 century, gave rise to thorough elimination of traditional masonry 

materials such as stone and brick in the construction culture of many developed 

countries (Lourenço, 2015). Notwithstanding the supremacy of framed structures during 

these centuries, engineers have been looking for solutions to improve the structural 

performance of masonry structures. The 19
th

-century inventions of the hollow concrete 

and calcium silicate blocks, and the brick cavity wall were the first attempts to this end 

(Drysdale et al., 1994; Edward & Joseph, 2009). By the first decades of the 20
th

 century, 

reinforced masonry in the USA and confined masonry in a number of developing 

countries also contributed to the survival of masonry, for instance, the 28-story 

Excalibur Hotel in Las Vegas, Nevada: a four-building complex built from reinforced 

concrete block (Taly, 2010). 

2.2 URM buildings: seismic performance 

In general, the term unreinforced masonry represents masonry that contains no 

reinforcing in it (FEMA, 2009). An URM building is a type of construction where the 

structural skeleton is composed of load-bearing plain walls around the exterior and 

often similar walls in the interior. The walls, which consist of units and mortar, mostly 

bear the weight and additional vertical live loads, as well as the earthquake-induced 

loads. The units encompass a wide range of materials such as clay brick, stone, adobe, 

hollow clay tile, and hollow concrete block. Mud, bitumen, gypsum, lime/cement based 
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mortar and polymer-modified mortar are the most used mortar types. Floors and roof in 

this building type are usually of light material like wood, and sometimes of Reinforced 

Concrete (RC) slabs, acting as flexible and rigid diaphragms, respectively. The vertical 

and horizontal actions are transmitted to the load-bearing walls by either floors/roof 

bond beams or contacting friction between the walls top surface and floors/roof 

components (i.e. without any additional connecting elements). 

URM buildings are known to present higher seismic vulnerability in comparison to 

other building solutions, while the building typology represents a considerable 

contribution to the building stock in earthquake prone regions of the world. The 

evaluation of the poor performance of existing URM buildings during past earthquakes 

indicates that besides inferior mechanical properties, the presence of flexible 

diaphragms, irregular distribution of mass and stiffness in plan and elevation, and lack 

of proper connection between orthogonal walls and between walls and floors/roof are 

the reasons for their vulnerability. 

2.2.1 Mechanical behavior 

The mechanical behavior of masonry, as a composite material, depends on the 

mechanical properties of its constitutive components, i.e. units, mortar and unit-mortar 

interfaces, and also on the construction method. The strength, stiffness and failure 

mechanisms of the masonry are also affected by the loading configuration (Lourenço, 

1996). Moreover, note that the mechanical properties of the masonry prism or small 

specimen, as an assemblage of units and mortar, and the masonry wall are different. The 

properties of the masonry wall are a function of the inherent mechanical properties of 

the masonry, the geometry and the boundary condition of the wall, and the interaction 

between its different components (Tomaževič, 1999).  

A large variety of the units and mortar give rise to a wide variation in their 

mechanical characteristics. Subsequently, high-scatter mechanical properties are 

generally attributed to the masonry. Detailed information about the mechanical 

properties of the units, mortar, and masonry can be found in e.g. (Tomaževič, 1999), 

(Hendry, 1998), and (Drysdale et al., 1994). As an example, Table 2.1 presents the 

mean values of the mechanical properties of different masonry types given in (OPCM 

3431/05, 2005). Notwithstanding these wide ranges presented, a common mechanical 

feature can be seen among all the types: moderately high compressive strength and low 

shear strength (thus also very low tensile strength).  

Hence, unreinforced masonry walls can resist reasonably well to compressive loads, 

but they have only limited resistance to loads causing tensile stresses such as seismic 

loads. Other mechanical factors increasing the vulnerability of URM walls to 

earthquakes are high specific weight, low shear strength, and possible low ductility. 

URM buildings are massive and therefore they tend to develop high inertia forces under 
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seismic actions. This when combined with very low tensile strength of their walls, may 

result in the local or global collapse of the building. 

Table 2.1. Average values of mechanical properties for different masonry types (OPCM 

3431/05, 2005). 

Masonry type 

Compressive 

strength 

[MPa] 

Shear 

strength 

[kPa] 

Young’s 

modulus 

[MPa] 

Shear 

modulus 

[MPa] 

Specific 

weight 

[kN/m
3
] 

Natural stone of various 

types and shapes 
0.6-0.9 20-32 690-1050 115-175 19 

Natural stone, with exterior 

walls and interior mixed 

filling 

1.1-1.55 35-51 1020-1440 170-240 20 

Natural stone, well 

connected irregular blocks 
1.5-2 56-74 1500-1980 250-330 21 

Natural stone: Low strength 

regular blocks (tuff, 

sandstone) 

0.8-1.2 28-42 900-1260 150-210 16 

Natural stone, well 

connected regular blocks 
3-4 78-98 2340-2820 390-470 22 

Solid clay bricks and lime 

mortar 
1.8-2.8 60-92 1800-2400 300-400 18 

Solid day bricks and cement 

mortar 
3.8-5 240-320 2800-3600 560-720 15 

Clay blocks and cement 

mortar (holes area < 45%) 
4.6-6 300-400 3400-4400 680-880 12 

Clay blocks, unfilled 

vertical joints (holes area < 

45%) 

3-4 100-130 2580-3300 430-550 11 

Concrete blocks (holes area 

between 45% and 65%) 
1.5-2 95-125 2200-2800 440-560 12 

Concrete blocks (holes area 

< 3 45%) 
3-4.4 180-240 2700-3500 540-700 14 

2.2.2 Observed failure mechanisms 

The seismic response of URM buildings is determined by three main structural elements 

and their connections: the walls resisting in-plane action; the walls resisting out-of-

plane action; and the diaphragms (floors/roof). A typical in-plane wall with windows or 

doors is composed of spandrels above and below the openings, and piers between the 
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openings. For each type of URM buildings, the description and classification of collapse 

mechanisms are based on the seismic behavior of these elements. Figure 2.2 presents 

the definition of the elements based on the application direction of the earthquake 

excitation. 

 

Figure 2.2. Definition of structural elements of a typical URM building (adapted from 

Bruneau, 1994a). 

Existing URM buildings present high dispersion on their properties, related to the 

type of structural elements, geometry and construction techniques. This dispersion may 

cause different collapse mechanisms and damage patterns. The typical collapse 

mechanisms and damage of URM buildings, observed from earthquakes in the past, can 

be classified in the following categories (see Figure 2.3) (Bruneau, 1994b, 1994a; 

Tomaževič, 1999): 

 Failure due to lack of connection: connection refers to the devices (e.g. tie beam, 

stitching rods, anchor rods, ties between opposite walls, etc.) or constructive 

details that establish connection between masonry walls and diaphragms or 

between different masonry walls; 

 Failure of anchoring devices (such as ties, anchors or quoins / corner stones);  

 In-plane failure of load-bearing walls (diagonal cracks); 

 In-plane cracks in spandrels and/or parapets; 

 Out-of-plane failure of load-bearing walls; 

 Combined in-plane and out-of-plane effects: for instance, cracks at the corner 

and at wall intersections; 

 Failure at floors or roof; 

 Partial or full collapse of load-bearing walls; 

 Partial or full collapse of the building.  
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Figure 2.3. Typical failure modes of URM buildings (adapted from Touliatos, 1996). 

The collapse mechanism of out-of-plane walls depends on their boundary 

conditions, i.e. the connections between roof and floors diaphragms and the adjacent 

walls, and the in-plane stiffness of the floors. When the floors are flexible or the 

connection between the wall and the floors is not sufficient, the wall acts as a cantilever 

beam or as a slab supported in multiple sides (a global flexural behavior). On the other 

hand, when the floors are rigid and are well-connected to the walls, the wall acts as a 

series of one-story-high panels (local flexural behavior) and, consequently, presents 

better seismic performance during earthquakes (Yi, 2004; Mendes, 2012).  

Among different factors contributing to vulnerability of URM buildings, the 

structural integrity of the building, as a result of the sufficient connections between the 

structural elements, plays a key role to predict the possible collapse mechanisms 

(Tomaževič, Lutman, & Weiss, 1996). In view of this, the behavior of URM buildings 

can be classified into two main categories: buildings with and without box behavior. 

The term box behavior refers to a global seismic response of URM buildings that 

prevents the out-of-plane mechanisms of the walls. In the case of a building with box 

behavior, if disintegration of the masonry walls is prevented, the in-plane behavior 

governs the global building response, because the walls are well-connected to the 

adjacent walls and floor diaphragms. In other words, the assumptions are that the local 

out-of-plane behavior of walls and the local floor flexural response are negligible with 

respect to the global seismic response of the structure. As a result, the out-of-plane 

responses are not likely. Furthermore, the seismic resistance of the masonry buildings 

with box behavior is greater than the sum of the elements taken individually. The 

building with box behavior is also able to redistribute inertial loads between its 

horizontal and vertical masonry elements. The lateral load redistribution depends on the 

flexibility of the floor diaphragms, the connection between walls and the connections 

between walls and floors. As it is beyond the scope of this thesis to provide 
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consideration of buildings without box-type behavior, the review on in-plane behavior 

of masonry walls is presented next. It is noted that a building without box-type behavior 

can be retrofitted to provide a box-type behavior, by providing adequate connections. 

2.2.3 Masonry piers 

Masonry piers are the primary vertical resistance elements when the in-plane wall is 

under both gravity and seismic loads. The main failure modes of URM piers subjected 

to earthquake, which have been studied extensively, are summarized in Figure 2.4 and 

as follows (Magenes & Calvi, 1997; FEMA, 2000; Moon, 2004; Calderini, Cattari, & 

Lagomarsino, 2009; Vasconcelos, 2015): 

 Flexural-rocking failure with possible toe-crushing: when the lateral load is 

applied to the wall subjected to low levels of vertical compression, wide tensile 

flexural cracks develop at the corners (top and bottom) of the pier. Under 

increasing displacement demand, the pier behaves as a nearly rigid body 

overturning about the compressive corner, if the masonry compressive strength 

is high with respect to the induced vertical stresses. Otherwise, usually after 

rocking deformations and under high levels of axial load, a compressive failure, 

called toe-crushing, with sub-vertical cracks occurs at the toe of the pier (see 

Figure 2.4a). Slender piers are generally prone to a predominant flexural-rocking 

behavior;  

 Shear failure (bed joint sliding): the pier resisting section is reduced under cyclic 

earthquake excitation due to the propagation of tensile horizontal cracks 

(flexural cracking) at the corners of the pier. This causes the formation of sliding 

shear cracks in the bed joint (usually observed at one of the ends of the pier, see 

Figure 2.4b). Due to increasing uncompressed length of the end joint, the 

friction of mortar joint almost always contributes to this failure mode alone. 

Thus, the failure, which is usually observed in very squat piers, is attained in 

case of low vertical load levels and/or low friction coefficients of the mortar 

joint;    

 Shear failure (diagonal cracking): the failure is identified by the formation of 

diagonal cracks at the center of the pier and then by their development towards 

the corners. Diagonal cracking may prevail over flexural-rocking and bed joint 

sliding in moderately slender piers for increasing levels of axial load. The 

diagonal cracks may have a stair-stepped path through the mortar bed joints and 

head joints (see mode (I) in Figure 2.4c) or may be straight passing directly 

through the masonry units (see mode (II) in Figure 2.4c). These distinct crack 

patterns depend on the relative strength of mortar joint, unit-mortar interface and 

units, considering also the level of vertical compression. Mode (I) is generally 

observed in the masonry composed of strong units and weak mortar, on the other 
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hand, mode (II) usually happens in case of using poor material for the units with 

respect to the mortar and for increasing levels of vertical compression. 

The flexural resistance due to rocking failure mode is usually obtained based on the 

beam theory, assuming a proper normal stress distribution at the compressed corner and 

neglecting the masonry tensile strength. In the case of sliding along the mortar bed joint, 

the shear resistance can be calculated on the basis of the Mohr-Coulomb criterion. The 

mortar cohesion and friction coefficient can be obtained from the shear tests performed 

on unit-mortar interface by using the so-called triple masonry specimens. 

The models describing diagonal cracking mechanism of the whole masonry pier can 

be categorized into two main types: the models assuming masonry as a composite 

material consisting of distinct components (i.e. units and mortar joints); and the models 

representing masonry indistinctly as an equivalent homogeneous and isotropic material 

(Calderini et al., 2009). 

The first type of the shear models, which is more appropriate for the masonry with 

regular pattern, is usually represented by the Mohr-Coulomb criterion, by introducing 

equivalent values for the cohesion and the fiction coefficient. These parameters are 

defined globally for a whole masonry pier rather than locally for mortar joints. The most 

well-known formulation using this concept was developed by Mann and Muller (1982) 

so as to determine the shear resistance related to each of the diagonal cracking 

mechanisms. Besides the influential factors such as the boundary conditions; the 

geometry of the pier; the level of acting vertical compression; the tensile strength of 

masonry units, and the equivalent shear properties of the masonry pier, the formulations 

tend to consider interlocking of units within a regular pattern by adopting their in-plane 

and cross-section aspect ratio (Magenes & Calvi, 1997).  

The second type of the shear models, which is more valid for the masonry with 

irregular pattern, assumes that diagonal cracks propagate along the principle tensile 

stress direction. Based on this assumption, Turnšek and Čačovič (1970) developed a 

widely used formulation to obtain the shear capacity of the pier governed by diagonal 

cracking failure mode. This formulation, which is applied in the Italian seismic code for 

existing buildings, depends on the shear strength of masonry defined as the maximum 

value of principal tensile stress. The shear strength can be obtained from the tests 

carried out on masonry wallets through diagonal compressive loading, which induces 

indirect tensile strength (Tomaževič, 1999). 

In general, flexural-rocking, bed joint sliding and diagonal cracking propagating 

through the mortar bed joints and head joints are the failure mechanisms with large 

deformation capacity. Thus, these mechanisms are the most desirable ones for a pier 

under seismic action. The flexural-rocking failure mode has an elastic ductile behavior, 

while the other two mechanisms are characterized by an inelastic ductile behavior due 

to the sliding movement between the units causing large energy dissipation. On the 

contrary, the two failure modes of toe-crushing and diagonal cracking propagating 
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through the units represent a brittle behavior in which the damage to the units causes 

rapid strength deterioration of the masonry pier (Yi, 2004). 

 

(a)          (b)                (c) 

Figure 2.4. Typical in-plane failure modes of URM piers: (a) flexural-rocking failure 

with possible toe-crushing; (b) shear failure (sliding along the bed joint); (c) shear 

failure (diagonal cracking) (adapted from Calderini et al., 2009). 

2.2.4 Masonry spandrels 

Masonry spandrels, as the secondary horizontal elements of the in-plane wall, resist 

seismic loads together with the masonry piers. Spandrels have a significant contribution 

to the global in-plane behavior of a wall, increasing its stiffness and affecting the 

boundary conditions of piers. Thus, neglecting their presence is not realistic. Using 

three simplified models, the effect of different degrees of framing and coupling action 

exerted by the spandrels is depicted in Figure 2.5 in terms of bending moment diagram 

and failure mechanism.  

The degree of coupling action depends on two aspects of spandrels: their in-plane 

stiffness; and the acting axial (horizontal) compressive load. As both aspects contribute 

mainly to the flexural resistance of the spandrel, the global rocking mechanism of the 

whole wall could change significantly due to coupling offered by the spandrels. Two 

models, consisting of infinitely flexible (see Figure 2.5a) and infinitely stiff (see 

Figure 2.5c) spandrels, constitute the extreme almost unrealistic levels of coupling 

action, corresponding to cantilever (i.e. a global flexural-rocking behavior) and shear-

type mechanisms, respectively. The spandrels with a moderate level of coupling with 

piers comprise the intermediate wall configuration in between those extreme ideal 

conditions (see Figure 2.5b) (Graziotti, 2013). 
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(a) 

 

(b) 

 

(c) 

Figure 2.5. Different bending moment variation and failure mechanism due to different 

grades of coupling provided by the spandrels in masonry walls (Graziotti, 2013). 

The most observed in-plane failure modes of spandrels during past earthquakes are 

almost similar to those of piers. The main difference is related to the spandrel axis, 

which is horizontal (i.e. parallel to the bed joints) and not vertical as that of the piers. 

This aspect is more crucial for the masonry with regular pattern (orthotropic behavior), 

while the load direction has almost no effect on the response of the masonry with 

irregular pattern (isotropic behavior). The main in-plane failure modes of spandrels can 

be categorized as follows (Cattari, 2007):  

 Flexural-rocking failure: spandrels are often characterized by low levels of axial 

load causing low compressive stresses perpendicular to the head joints. Hence, 

toe-crushing is a very rare failure mode for them. However, their behavior is 

usually governed by the rocking mechanism producing tensile stresses normal to 

the head joints of masonry. The rocking failure mode, which is represented by 

vertical cracks at the extremities of the spandrel, is more likely to happen in the 

case of absence of tensile resistant elements coupled with the spandrel, such as a 

tie rod and/or a ring beam. Such elements reduce the rocking movement by 

producing horizontal tensile strength (a strut mechanism) (Graziotti, 2013).  
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The strut mechanism, which increases the compressive horizontal force acting 

on the spandrel, may lead to a predominant shear response (see e.g. Graziotti, 

Magenes, & Penna, 2012). On the other hand, damage surveying after 

earthquake verifies that the mechanism can be activated even if tensile elements 

are absent. This is caused mainly by the interlocking between the interface units 

of the spandrel and the contiguous piers. These interfaces form the most critical 

planes for the interlocking phenomenon (see Figure 2.6) (Cattari & 

Lagomarsino, 2008). 

 Shear failure: sliding along the mortar head joint cannot happen for spandrels. 

However, sliding along the mortar bed joint can be attained by the only cohesive 

contribution of the mortar because the spandrel element is under almost zero 

normal stresses (vertical compressive stresses) due to presence of the opening 

above the element. On the other hand, due to low value of acting axial 

compression, spandrels are less prone to shear diagonal cracking. Nevertheless, 

the strut mechanism activation may cause origination of diagonal cracks from 

the end-sections of the spandrel and the adjacent piers and then their propagation 

through the mortar bed joints and head joints (Magenes & Fontana, 1998; Cattari 

& Lagomarsino, 2008). 

 

Figure 2.6. The spandrel in-plane behavior (adapted from Magenes, Bolognini, & 

Braggio, 2000).  

Post-earthquake observations and also experimental resultant mechanisms (see e.g. 

Beyer & Dazio, 2012; Parisi, Augenti, & Prota, 2014) demonstrate that the spandrel 

prevailing failure mode is affected significantly by the type of the lintel. The spandrel 

borne by a lintel beam (e.g. timber lintel) usually fails in flexure with vertical cracks at 

the ends of the member, while those borne by a masonry shallow arch often undergo 

diagonal shear damage. Most of the current resistance criteria for spandrels are similar 

to the piers' criteria assuming that spandrel behavior is similar to that of a pier rotated 

90ᵒ. However, as already explained, the strut mechanism arising from the tensile 

resistant element interposed inside the member, if present, or the interlocking 
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phenomenon at the critical interface planes, has a considerable effect on the flexural 

capacity of spandrels. Concerning dedicated strength criteria for flexural behavior, 

Cattari and Lagomarsino (2008) developed a criterion assuming that the interlocking 

phenomenon contributes to the tensile horizontal strength as a function of the acting 

vertical compressive stresses, frictional contribution of the mortar bed joints and tensile 

strength of the masonry units at the interface between the spandrel extremities and the 

next piers. Differently, the current Italian national building code (NTC08) (NTC, 2008) 

proposes a formulation for the spandrels in which the axial load is unknown (which is 

the case of rigid floors) considering an equivalent strut. The strut is defined using either 

the tensile strength of the element coupled with the member or the compressive strength 

of the masonry normal to the head joint (the minimum value). From different post-

earthquake observations, examples of in-plane failure modes of piers and spandrels are 

given in Figure 2.7. 

  

(a) (b) 

  

(c) (d) 

Figure 2.7. Examples of in-plane failure modes: (a) shear failure of piers, 1994 

Northridge earthquake (NEES, 2003); (b) rocking/toe-crushing failure of piers, 2005 

Kashmir earthquake (Javed, Naeem, Penna, & Magenes, 2006); (c) shear failure and 

(d) flexural failure of spandrels, 2012 Emilia earthquake (Bracchi et al., 2012). 
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2.2.5 URM buildings: seismic numerical simulation  

Masonry material with mortar bed joints and head joints presents a distinct directional 

behavior. Masonry modeling, which represents the material numerically, can address 

different levels of complexity and accuracy: modeling the masonry as a composite 

material or modeling each constitutive component individually. In either case, since the 

material without reinforcement (URM) is characterized by almost zero tensile strength, 

nonlinear constitutive models are essential to be adopted for reproducing the real 

seismic behavior (Lourenço, 2015). Masonry modeling strategies can be categorized as 

follows based on the level of complexity and accuracy desired (see Figure 2.8) 

(Lourenço, 1996): 

 Detailed micro-modeling: continuum elements are adopted for the modeling of 

masonry units and mortar joints whereas the masonry unit-mortar interface is 

modeled by discontinuous elements; 

 Simplified micro-modeling: on the basis of a discrete approach, masonry units 

are represented by continuum elements, while the behavior of the mortar joints 

and unit-mortar interface is lumped in discontinuous elements;  

 Macro-modeling: masonry units, mortar and unit-mortar interface are smeared 

out in the continuum. In other words, masonry is considered as a homogeneous 

isotropic/orthotropic material. 

Micro-modeling strategies (detailed/simplified) present an accurate behavior of 

URM buildings using an intensive computational process. For this reason, the strategies 

are proper for the analysis of small masonry structures or elements and especially for 

simulating the behavior of the masonry unit-mortar interface. The method can be 

adopted instead of the expensive and often time-consuming experimental tasks. The 

macro-modeling strategy is identified as a faster and less accurate method than the 

others and is used for the modeling of large masonry structures. However, the 

methodology is still complex due to the brittle behavior of masonry. The numerical 

representation of masonry using sophisticated analysis methods is provided in 

(Lourenço, 1996), as a pioneer study on this topic. 
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Figure 2.8. Masonry modeling strategies: (a) masonry sample; (b) detailed micro-

modeling; (c) simplified micro-modeling; (d) macro-modeling (Lourenço, 1996). 

URM structures exhibit inelastic deformations and dissipate high levels of energy 

under cyclic loading. This results in a significant reserve of nonlinear capacity. Thus, 

linear analysis techniques are not adequate for evaluating their seismic response. The 

best approach to the seismic analysis of URM buildings (for design or assessment 

purposes) is a nonlinear analytical approach, which could consider the material and the 

geometrical nonlinearity of the buildings. Developments in computer processing power 

enable practitioners to conduct more accurate and complex methods such as NLD 

analysis. However, the necessity of having detailed and advanced information on the 

material properties, analysis tools, and interpretation of results together with large time 

computational requirements usually recommends the selection of alternative methods 

such as nonlinear static analysis (Pushover). Pushover analysis is a nonlinear 

incremental iterative analysis and requires less computational effort with respect to 

NLD analysis. When reliable data on the building is limited (e.g. the case of ancient 

URM buildings), limit analysis, as a more practical method, can be employed to 

estimate the maximum load capacity of the buildings (collapse load) and their collapse 

pattern based on the application of the limit theorems of plasticity over possible ultimate 

mechanisms.  

Masonry structures present a large diversity in terms of constitutive materials, 

geometrical features and structural arrangements. For their analysis, a wide range of 

analytical models based on the aforementioned strategies are available in literature. The 

models having different levels of complexity can be summarized as follows (Lourenço, 

2002): 

 Structural component models (macro-modeling approach): the simplest and 

fastest method in which the members of a masonry structure (i.e. spandrels, 
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piers, arches, vaults, etc.) are represented by means of structural elements (e.g. 

beam, truss, panel, plate or shell elements), usually assuming that masonry is a 

homogenous and isotropic material. The models using several macroblocks and 

interfaces and those using macroelements are the two most used structural 

component models in literature. The former can simulate the out-of-plane failure 

modes of walls, whereas the latter is adequate for masonry buildings with box 

behavior.  

The first type of structural component models relies on the assumption that the 

damaged URM building is composed of a number of discrete macroblocks and 

interfaces. The macroblocks are infinitely rigid portion of the building with 

similar mechanical properties, while the interfaces are the failure lines 

representing the actual cracking pattern. The analysis of the building 

approximated by this approach is based on the equilibrium of the macroblocks 

through the limit analysis basic assumptions for analyzing URM buildings as 

follows: masonry material has no tensile strength and infinitely compressive 

strength; sliding mechanism cannot happen; and failure is exhibited under small 

displacements (Orduña, 2003). In (Mendes, 2015) a brief review is given about 

the limit analysis with macroblocks.  

The macroelement model, as the second type of structural component models, is 

based on the use of one- (1D) or two-dimensional (2D) macroelements with 

macroscopic behavior to simulate the subdivided parts of a masonry wall (i.e. 

piers and spandrels). These rather simple models approximate the actual 

geometry of the building in an acceptable way. The nonlinear response of the 

building under static and dynamic loads can be reproduced by these models 

using different analysis methods. Moreover, the models are capable of 

predicting evolution of predefined failure mechanisms in each structural 

component and also global collapse; 

 Finite Element (FE) structural models (macro and micro-modeling approach): 

these types of models refer to two- or three-dimensional (3D) finite element 

models with high accuracy, which require higher computational effort rather 

than the structural component models. It makes the models ideal for a full 

(macro) or partial (micro-modeling) simulation of a masonry structure (see e.g. 

Tarque, 2011);  

 Discontinuous structural models not using finite elements (micro-modeling 

approach): these sophisticated models are appropriate for small structures owing 

to the detailed representation of the masonry units and mortar joints. These 

models are typically prepared using the Discrete Element (DE) method (see e.g. 

Lemos, 2007) and limit analysis concept. 

The appropriate analytical model and analysis technique are adopted considering the 

desired accuracy and the limitations due to time and cost. When an URM building is 
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discretized using continuum finite elements, performing any nonlinear analysis requires 

a large computational effort due to its many Degrees of Freedom (DOFs). 

Notwithstanding very realistic results obtained by this promising numerical model, FE 

modeling also needs material properties such as the energy of fracture in Modes I and II 

of the fabric, or the dilatancy coefficient obtained from sophisticated experimental tests 

making their determination often unaffordable in practice. Hence, for the common 

practice, structural component models, which significantly reduce the number of DOFs, 

would be more desirable with acceptable requisite computer needs. 

Besides the factors mentioned above, the main assumption about the seismic 

behavior (e.g. the box behavior) can also be considered as a limiting factor. For 

instance, when execution of many nonlinear analyses in a quick and accurate manner is 

needed, in the case of URM buildings with box behavior, it is claimed that structural 

component models are appropriate. However, for URM buildings without box behavior, 

due to their more complex performance, it is not possible to determine a simple 

analytical model capable of reproducing their nonlinear response precisely and of 

conducting many nonlinear analyses quickly. In fact, a range of models using FE and 

discrete element methods, respectively, can be employed and their efficiency should be 

investigated through a comparison of the analyses’ results. The reader is referred to the 

literature (Lourenço, Mendes, Ramos, & Oliveira, 2011) for a discussion of different 

analysis methods applied to masonry structures without box behavior. Figure 2.9 shows 

example of different analytical models for the seismic analysis of URM structures. 

   

(a) (b) (c) 

Figure 2.9. Examples of analytical models for the seismic analysis of URM buildings: 

(a) FE model, macro-modeling approach (Mendes, 2012); (b) DE model, micro-

modeling approach (Alexandris, Protopapa, & Psycharis, 2004); (c) structural 

component model by macroblocks (Orduña, 2003).   

As this thesis focuses on structural component models using macroelements, 

different analytical models approximating the actual configuration of URM buildings by 

such elements are reviewed next. The POR method (Tomaževič, 1978) was the first 

procedure introducing macroelement modeling for the seismic assessment of masonry 

structures. The method, which uses 1D macroelements, assumes that the diagonal shear 



Analytical and empirical seismic fragility analysis of irregular URM buildings with box behavior 

26 

mechanism exhibited only in the piers governs the in-plane response of the walls. 

Moreover, based on the story mechanism approach assumed in the method, the sum of 

the individual capacity curve (the curve indicating base shear vs. story lateral 

displacement) of each wall provides the global story response. This extensively used 

method does not consider the other in-plane failure modes of piers and also the effects 

of spandrels in the wall global behavior. Aiming at improving the representation of the 

wall failure mechanisms, several macroelement models have been introduced in the last 

decades, and are next described in brief.  

The early macroelement modeling approaches intended to introduce some special 

devices to simulate more accurately the wall failure mechanisms, e.g. the rigid arms for 

the shear deformations proposed in (Kwan, 1991), or the wall discretization by some 2D 

macroelements based on the hypothesis of material with no tensile strength, e.g. the 

macroelement with variable geometry proposed in (D'Asdia & Viskovic, 1995) or with 

multiple fans proposed in (Braga & Liberatore, 1990). However, the macroelement 

modeling was developed mainly towards providing the so-called "equivalent frame" 

methods, addressing 1D beam-type elements combined together by joints to create 2D 

or 3D equivalent frames. 

Most of the available equivalent frame methods are dealing with simulation of the 

walls rather than the entire building. In order to use the possibilities offered by some 

widespread and user-friendly software such as SAP2000
®

. A number of equivalent 

frame methods introduce frame-type models composed of beam (spandrel) and column 

(pier) elements with horizontal and/or vertical rigid offsets and different types of plastic 

hinges (e.g. shear and flexural hinges) located along the elements (Kappos, Penelis, & 

Drakopoulos, 2002; Salonikios, Karakostas, Lekidis, & Anthoine, 2003; Penelis, 2006; 

Pasticier, Amadio, & Fragiacomo, 2008; Petrovčič & Kilar, 2013). An instance of 

equivalent frame methods using different approaches is the 2D model developed by 

Belmouden and Lestuzzi (2009), in which each pier and spandrel with plastic hinges are 

discretized into a series of slices with nonlinear behavior based on the smeared crack 

and distributed plasticity approach. Different subjects such as the effect of irregular 

distribution of openings along the wall height have also been considered in equivalent 

frame idealization of the walls (see e.g. Parisi & Augenti, 2013).  

In order to reproduce the global behavior of URM buildings, research contributions 

tended to idealize the whole building by 3D equivalent frames. As one of the first 

attempts to this end, Magenes and Fontana (1998) developed the computer code SAM II 

(Simplified Analysis of Masonry buildings), which was incorporated later into the user-

friendly software ANDILWall (Calliari, Manzini, Morandi, Magenes, & Remino, 2013, 

2017). The main idea of the building simulation adopted in the SAM II code, i.e. 

idealization of each wall by 1D deformable macroelements representing piers and 

spandrels and connecting them by rigid nodes, was used for developing a holistic 

equivalent frame methodology (Galasco, Lagomarsino, Penna, & Resemini, 2004) at 

University of Genoa. The methodology has been gradualy developed into a mature 
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computer program named as TREMURI (Lagomarsino, Penna, Galasco, & Cattari, 

2008; Lagomarsino, Galasco, Penna, & Cattari, 2012), and subsequently into the 

commercial software 3Muri (S.T.A.DATA, 2012). 

The main features that distinguish TREMURI from the methods stated before are 

summarized next (Lagomarsino, Penna, Galasco, & Cattari, 2013). Specific elements 

representing the main nonlinear characteristics of piers and spandrels as well as other 

structural members such as RC members and steel tie-rods with different relevant 

formulations can be easily implemented in the software. Several methods are available 

in the program to conduct nonlinear seismic analyses such as incremental static with 

force or displacement control, 3D pushover analysis with fixed load pattern and 3D 

nonlinear dynamic analysis (Newmark integration method, Rayleigh viscous damping). 

Since flexible diaphragms are common in existing masonry structures, it is possible to 

explicitly simulate their in-plane behavior through the implementation of orthotropic 

membrane elements. A whole masonry building is assembled by 2D components with 

in-plane behavior (walls and floor/roof diaphragms) in such a way that an equivalent 3D 

frame is constructed, reducing effectively the number of DOFs and subsequently the 

computer resources. 

Two types of macroelements have been adopted in the TREMURI software 

(Lagomarsino et al., 2008): (a) the nonlinear beam-type macroelement (Lagomarsino et 

al., 2013); (b) the nonlinear macroelement of three layers (Penna et al., 2014). In the 

case of the beam-type macroelement, one has to determine the type of likely shear 

failure mode prior to analysis execution based on the engineering judgment and 

available knowledge on influential parameters such as element geometry, mechanical 

properties, etc. The constitutive law of the macroelement is a bilinear (elastic perfectly 

plastic) model, for which an appropriate shear/flexural resistance criterion coming from 

the available formulations in literature is attributed. In each step of a nonlinear analysis, 

either shear or flexural failure mechanism becomes predominant depending on the 

corresponding strength calculated for the element (the minimum resistance capacity is 

considered by the software).  

Recently the bilinear constitutive law has been improved into a multilinear model 

(Calderini et al., 2012), aiming at providing a better description of the macroelement 

behavior. The reader is referred to (Cattari, Lagomarsino, Karatzetzou, & Pitilakis, 

2014) as an instance of applying such behavior model to real case studies. The second 

type of the macroelement consists of three layers with a limited number of DOFs: two 

layers at the element ends and one central layer representing flexural and shear 

behavior, respectively. The shear behavior model affording representation of the 

diagonal cracking is based on the Mohr-Coulomb criterion, while the failure mechanism 

of the flexural-rocking with possible toe-crushing is reproduced by an elastic perfectly 

plastic model attributed to zero-length springs at the two extreme layers. As this thesis 

employs the nonlinear three-layer macroelement, a detailed introduction to this 
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macroelement together with 3D modeling assumptions used in the TREMURI software 

are given in the next Chapter.   

Caliò, Marletta, and Pantò (2005) and Vanin and Foraboschi (2009) stated that the 

main drawbacks of the models using 1D macroelements is the inaccurate simulation of 

two phenomena: the interaction between the macroelements; and the crack pattern of 

masonry panels (i.e. piers and spandrels). As alternative, the use of 2D discrete 

macroelements built by several nonlinear springs or a strut and tie model was proposed 

by the authors. The first approach was implemented in the computer program 3DMacro 

(Gruppo Sismica  s.r.l, 2013; Gruppo Sismica s.r.l, 2014). The approach defines the 

macroelement as a pinned quadrilateral combined with four rigid edges and three 

different types of springs so as to simulate the typical collapse mechanisms of masonry 

panels. Two diagonal springs connected to the corners of the macroelement are used for 

modeling the shear response, while the interaction between adjacent macroelements is 

simulated by discrete distributions of springs normal to the macroelement sides. The 

tensile or compressive forces in these springs are integrated in order to assess the 

flexural behavior. Parallel springs to the macroelement sides are the third spring type, 

representing the sliding behavior along the sides. Figure 2.10 depicts a schematization 

of wall models in three widely used software mentioned above. A comparison of 

different macroelement models for the seismic analysis of masonry buildings exhibiting 

box behavior can be found in (Marques & Lourenço, 2011) as a benchmark study on 

this topic. 

 

(a) (b) (c) 

Figure 2.10. Modeling of a masonry wall by macroelements in: (a) SAM II; 

(b) TREMURI; and (c) 3DMacro (Marques, 2015). 

2.3 URM buildings: seismic vulnerability assessment  

According to the Global Earthquake Model (GEM) terminology, seismic loss is defined 

as the quantifiable consequences of damage suffered by assets at risk (e.g. buildings) 

due to ground shaking. The earthquake loss can be financial (i.e. the cost of the direct 
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damage), human (i.e. number of fatalities or injured occupants), or downtime (see e.g. 

Rossetto, Ioannou, Grant, & Maqsood, 2014; D’Ayala, Meslem, Vamvatsikos, Porter, & 

Rossetto, 2015; Rossetto, Ioannou, & Grant, 2015). Earthquake loss assessment is an 

essential, and possibly the most important, part of seismic risk mitigation. The 

components of earthquake loss assessment and estimation are well known as: (a) hazard 

analysis; (b) exposure data (structural inventory); (c) vulnerability assessment (see e.g. 

Coburn, Spence, & Pomonis, 1994; CSSC, 1999; Bendimerad, 2001). Consequently, 

understanding earthquake hazard and reducing buildings’ vulnerability are necessary to 

manage earthquake risk. Next, the description of each component is presented.  

Hazard analysis is the process of quantitatively estimating the ground motion at a 

site or region of interest based on the characteristics of surrounding seismic sources 

(FEMA, 1989). Seismic hazard is analyzed in accordance with two fundamental 

approaches: deterministic or probabilistic (Kramer, 1996). The essence of Deterministic 

Seismic Hazard Analysis (DSHA) is to identify the occurrence of an earthquake 

scenario with specified magnitude and location, which could affect a site. DSHA 

provides a procedure to assess destructive earthquakes. This approach does not consider 

the occurrence probability of a given earthquake, and also uncertainties of the 

earthquake magnitude and location during a period of time (Kramer, 1996; Bommer, 

2002).  

On the other hand, Probabilistic Seismic Hazard Analysis (PSHA), which was firstly 

introduced by Cornell (1968), recognizes all possible earthquakes through a 

comprehensive probabilistic method. PSHA provides a framework that considers 

uncertainties in the seismic hazard assessment, including likelihood in the magnitude, 

location, rate of recurrence of earthquakes and even effect of magnitude and location in 

ground motion characteristic (Cornell, 1968; Kramer, 1996; Bommer, 2002). PSHA 

aims to provide either the probability of exceeding a specified ground motion or the 

ground motion that has a specified probability of being exceeded over a certain period 

of time (e.g. the planned lifetime of a particular structure or facility). Consequently, the 

hazard analysis result is either a curve that shows the exceedance probabilities of 

different ground motions at a site or a hazard map that shows the estimated intensity 

distribution of earthquake for a specific exceedance probability over a specified time 

period at a region (Buyukozturk & Gunes, 2003).  

Exposure is defined as the value of all constructions and contents, the lives of 

individuals, the economic activities interruption and other valuables, which may result 

in a potential loss caused by an earthquake. On the basis of this definition, exposure 

refers to the amount of human activity placed in a seismic hazard region as defined by 

the inventory in that region (Buyukozturk & Gunes, 2003; Daniell, 2009). Exposure or 

inventory of elements at seismic risk may contain all built heritage in a specific region 

or may contain one building with its occupants and components. Exposure content 

depends on the seismic loss assessment aim. For example, HAZUS Earthquake Loss 

Estimation (FEMA, 2003) and ATC-13 (ATC-13, 1985) present a classification for all 
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constructed facilities in a region (see Figure 2.11), while PEER framework (PEER, 

2009) has been developed to assess seismic damage and loss for a single building. 

 

Figure 2.11. Classification of structural inventory presented in ATC-13 (ATC-13, 1985) 

and HAZUS (FEMA, 2003). 

The term vulnerability refers to the degree of loss of specific elements at risk, 

resulting from a given hazard at a given intensity level (Coburn et al., 1994). For a 

building at risk, the vulnerability curves/functions express the probabilities that the 

building can sustain different degrees of loss as a function of the variation of ground 

motion severities, e.g. D’Ayala et al. (2015); Rossetto et al. (2015); Rossetto et al. 

(2014). Vulnerability assessment methods can be classified into different categories, 

depending on the approach used to obtain the loss statistics over a range of earthquake 

ground motion intensities. In other words, vulnerability functions can be defined, in 

decreasing order of credibility
1
 (Porter et al., 2012), on the basis of: (a) post-earthquake 

observations; (b) analytical or numerical studies; (c) expert judgement. A combination 

of them can also be used to assess the seismic vulnerability. 

The first developed method corresponds to an observation-based method, which is 

based on the data of observed loss from past earthquakes. Data gathered by 

reconnaissance visits after one or more earthquake events are used for constructing 

empirical vulnerability curves/functions within this type of assessment. Since the 

method considers all the variability associated with the structural capacity of the 

buildings (structural and non-structural components, and foundations) and takes into 

account the real soil–structure interaction, it can be claimed that empirical vulnerability 

assessment methods are the most realistic to estimate the seismic loss for different 

                                                 

 

1
 The decreasing order of credibility is valid only for an ideal situation and does not reflect reality, in 

which different aspects can influence vulnerability functions. 
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ground motion severities happening in future earthquakes. The main drawback 

associated with the empirical vulnerability assessment method is that the true ground 

motion intensity experienced by each building represented in the database is not known. 

It is noted that ground motions present uncertainties that have an influence on the 

structural response. For this reason, the empirical vulnerability functions based on the 

observation data of a single seismic event are not capable of reliably predicting the 

vulnerability of a building class to future earthquakes. Moreover, the available 

observations are poor in terms of quality and quantity (i.e. small number of 

observations), which makes them inappropriate to generate reliable empirical 

vulnerability functions (Rossetto et al., 2014; Rossetto et al., 2015).  

The empirical vulnerability assessment methods can be performed either directly or 

indirectly. In the case of access to a database including earthquake loss data over 

different ground motion intensities, the assessment is performed directly. Otherwise, 

i.e., when earthquake damage data are available rather than loss data, fragility analysis 

should be done first to obtain the relationships between the damage and the ground 

motion intensity. Next, the relationships can be coupled with an appropriate relationship 

between damage and loss to obtain vulnerability curves/functions. There are two main 

forms of ground motion intensity-to-damage relationships (Calvi et al., 2006) that are 

used in fragility assessment. The first form are Damage Probability Matrices (DPMs), 

which indicate in a discrete form the conditional probability P [D = j | i] of obtaining a 

damage level j, due to an earthquake of intensity i. The second form are the fragility 

curves, which are continuous functions indicating the exceedance probabilities of a 

certain damage state as a function of the ground motion intensity. 

Several such methods have been developed for masonry buildings, such as the 

DPMs proposed by Whitman, Reed, and Hong (1973), a method established by the 

Gruppo Nazionale per la Difesa dai Terremoti of the Italian Consiglio Nazionale delle 

Ricerche (CNR-GNDT), namely the GNDT I level approach (Corsanego & Petrini, 

1994), and the Macroseismic method (Giovinazzi, 2005). Based on post-earthquake 

observation after the 1971 San Fernando earthquake, Whitman et al. (1973) first 

proposed the use of DPMs for predicting the economic loss associated with each 

damage grade and the probability of nine different levels of damage that a building will 

present, as a function of ground motion intensity in terms of Modified Mercalli Intensity 

(MMI). Another DPM-based method is the GNDT I level approach, developed on the 

basis of processing statistical data after the November 1980 Irpinia earthquake (Braga, 

Dolce, & Liberatore, 1982). The method was then updated based on several strong 

seismic events that occurred in different regions of Italy. In the GNDT I level method, 

buildings are classified into three vulnerability classes (A, B and C), to each of which a 

DPM is assigned. A GNDT DPM is constructed with five damage grades and different 

ground motion intensities in terms of the Mercalli–Cancani–Sieberg (MCS) scale. The 

main difference to the Macroseismic method, which is based on the EMS-98 
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macroseismic scale (Grünthal, 1998), is that the method aims to obtain fragility 

functions for different building typologies and six different classes of vulnerability. 

Due to the inherent incompleteness associated with the empirical methods, 

analytical-based methods have been developed. Analytical-based vulnerability curves 

can be generated using two main approaches, namely the building-based and the 

component-based vulnerability assessment approaches. In the first approach, a large 

number of analyses using structural models under increasing ground motion are carried 

out to obtain damage distributions. The building level fragility curves are then generated 

by performing regression analysis on the data of damage distribution. For masonry 

buildings, the derivation of analytical fragility curves is performed in different ways, 

depending on the numerical modeling strategy adopted for structural analysis.  

Among the different strategies, the equivalent frame approach is widely used in the 

literature, either for buildings at urban scale (Lang, 2002; Erdik et al., 2003; Borzi, 

Crowley, & Pinho, 2008; Erberik, 2008; Ceran & Erberik, 2013) or for a single building 

as a representative of a building class, through performing a high number of nonlinear 

dynamic and static analyses (Pasticier et al., 2008; Park, Towashiraporn, Craig, & 

Goodno, 2009; Furukawa, Spence, Ohta, & So, 2010; Rota, Penna, & Magenes, 2010, 

2013). The kinematic approach, which is based on limit analysis and mechanism 

behavior, is another modeling method adopted in the literature to obtain analytical 

fragility functions, as in VULNUS (Bernardini, Gori, & Modena, 1990) and FaMIVE 

(D’Ayala & Speranza, 2002, 2003; D’Ayala, 2005). The approach is more appropriate 

for vulnerability assessment of a class of buildings rather than a single building, due to 

its simplicity and the low computational effort required. 

Still, the HAZUS method (FEMA, 2003) is one of the widest used methodologies 

developed for loss assessment of buildings, facilities, transportation systems, utility 

systems, and hazardous material facilities. In the HAZUS method, for the buildings at 

risk, the seismic vulnerability assessment is performed within the direct physical 

damage module on the basis of the capacity spectrum method. The fragility curves of 

different building classes including several URM typologies are generated by fitting a 

cumulative log-normal distribution function (see Figure 2.12). The method has been 

used to provide the capacity curves of typical buildings in the US designed for different 

levels of seismic demand. Many loss assessment projects have adopted HAZUS as a 

holistic methodology. RISK-UE project (RISK-UE, 2004) aiming at assessing seismic 

risk of seven European towns and regions is an example of adopting the original version 

of the HAZUS methodology. Examples of the use of the HAZUS method for generating 

analytical fragility curves of URM buildings are a mechanical method proposed by 

Giovinazzi (2005) to derive the curves of typical European buildings using an 

equivalent Single Degree of Freedom (SDOF) structure, the research work using the 

available capacity curve database of US (Frankie et al., 2013) and the studies performed 

on typical URM buildings in the city of Barcelona (Pujades, Barbat, González-Drigo, 

Avila, & Lagomarsino, 2012; Gonzalez-Drigo et al., 2015).  
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Figure 2.12. Schematic description of the HAZUS method for the estimate of 

earthquake damage (FEMA, 2003).                                                                                               
(DS, PESH, Sd and Sa correspond to Damage State, Potential Earth Science Hazards, Spectral 

displacement and Spectral acceleration) 

Using the concept of converting a Multi Degree of Freedom (MDOF) structure to a 

SDOF system, a fully displacement based vulnerability assessment framework was 

proposed by Calvi (1999) based on direct comparison of displacement demand and 

capacity. The extension of the method for masonry buildings was carried out by 

Restrepo-Vélez and Magenes (2004), Restrepo-Vélez (2005) and Modena, Lourenço, 

and Roca (2005) within the Mechanical Based Procedure for the Seismic Risk 

Estimation of Unreinforced Masonry Buildings (MeBaSe). The reader is referred to 

(Tarque, Crowley, Pinho, & Varum, 2012) as an instance of applying MeBaSe to typical 

adobe buildings in Peru. 

Fragility curves obtained for different damage states are then convoluted with 

damage-to-loss functions (e.g. the cumulative cost for each damage state) to obtain 

vulnerability functions. The building-based approach is more reasonable for loss 

analysis of a large number of buildings due to the comparatively small requirement for 
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computational effort or detailed data. In the last approach, which is appropriate for 

vulnerability assessment of a single building, component level-based drifts, as a result 

of numerical works, are directly correlated to loss. This approach, presented in detail in 

the ATC-58 (ATC-58-2, 2003), has to be used for buildings in which most of the 

financial losses are associated with the content and the non-structural components. 

Vulnerability analysis using this approach requires detailed loss data on each 

component, as well as sufficient time and monetary resources to perform analytical 

works (D’Ayala et al., 2015). 

Analytical-based vulnerability assessment is recommended to fill the gaps in the 

empirical methods. The growth of computational capabilities, which has made it 

possible to perform accurate and complex structural analysis in a reasonable time 

duration, together with research developments on ground motion prediction 

relationships and with performance-based assessment of existing buildings, has led to 

improvement of the reliability of analytical fragility and vulnerability functions. 

Analytical methods are able to take into account the effects of features such as elevation 

and plan irregularities, material properties, and connection details that are not 

considered in empirical methods. However, the credibility of analytical- based methods 

cannot be confirmed without validation with respect to the empirical observations 

(Porter et al., 2012; D’Ayala et al., 2015).  

Due to the limited data on post-earthquake observations in terms of different 

building types and several ground motion intensities as a means to obtain empirical 

vulnerability functions, as well as the potential costs associated with analytical 

vulnerability functions, expert judgments may be necessary to assess the building 

vulnerability of certain building types (Jaiswal, Aspinal, Perkins, Wald, & Porter, 

2012). In this vulnerability assessment method, the mean loss, or the probability of 

exceedance of different damage levels likely to be experienced by each building type, is 

estimated by experts at several levels of ground motion intensities. The poor quality and 

quantity of post-earthquake damage/loss data do not affect the method. However, since 

the method is based on the individual opinions of experts, it lacks "both the built-in 

credibility of empirical models and the explanatory power of analytical methods" 

(Porter et al., 2012). ATC-13 (ATC-13, 1985), ATC-21 (FEMA, 2015) and the GNDT 

II level approach (Benedetti & Petrini, 1984) are examples of loss assessment 

frameworks resulting from expert-based methods. 

It should be noted that in the literature several definitions of vulnerability curves can 

be found. For example, Calvi et al. (2006) define vulnerability curves as fragility 

curves, whilst in the Macroseismic method (Giovinazzi, 2005), vulnerability curves 

describe the mean damage grade μD given a level of EMS-98 intensity for each building 

typology. The earthquake ground motion intensity is usually expressed in terms of the 

following parameters: EMS-98 intensity, Peak Ground Acceleration (PGA), Peak-

Ground Velocity (PGV), Peak Ground Displacement (PGD) or Arias Intensity (Ia). 
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3.1 Introduction 

In this thesis, the seismic analyses are performed using a structural component model 

(macroelement) (Penna et al., 2014) implemented in the software TREMURI 

(Lagomarsino et al., 2012), which allows conducting NLD and pushover analyses. In 

general, different experimental models such as an entire wall, an individual pier or 

spandrel, or a 3D structure are adopted for establishing the validity of numerical 

models. This Chapter aims to validate TREMURI for simulating the seismic behavior of 

irregular and regular URM buildings, comparing the NLD analysis results with the 

experimental data obtained from shake table tests on 3D models. Although several 

URM mock-ups have been tested on shake tables (Tomaževič, Lutman, & Weiss, 1993; 

Abrams, 2000; Bothara, Dhakal, & Mander, 2010; Magenes, Penna, & Galasco, 2010; 

Mendes, 2012; Lu et al., 2013; Avila Velez, 2014; Magenes, Penna, Senaldi, Rota, & 

Galasco, 2014), the validation of TREMURI macroelement model requires the dynamic 

test in which the building model exhibits a box-type behavior. 

Hence, among available experimental tests, two shake table campaigns carried out 

by Avila Velez (2014) and Lu et al. (2013) in the 3D shake table of the National 

Laboratory for Civil Engineering (LNEC, Lisbon) are adopted. The tests aimed to 

evaluate seismic performance of two new construction systems for masonry buildings. 

The building models with symmetric and asymmetric configurations were made of 

block units, cement mortar for the bed joints and slabs in reinforced concrete (rigid 

diaphragm). The first testing campaign was performed on Concrete block Masonry 

(hereafter called "COM") models, while the Clay block Masonry (hereafter called 

"CLM") models were adopted in the second experimental work. Figure 3.1 shows the 

two types of the blocks adopted and both building models tested on the shake table. In 

all the tests, the dynamic experimental response was governed by the box behavior due 

to sufficient connections between structural elements and rigid diaphragms. The validity 

of the macroelement model is verified performing a series of sequential NLD analyses 

similar to those performed experimentally. The results are compared in terms of damage 

pattern, maximum in-plane displacement, and capacity curve. 
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Figure 3.1. COM and CLM building models, blocks, and lintel beams adopted for shake 

table tests. 

3.2 Introduction to the TREMURI software 

3.2.1 Macroelement model description 

The numerical analysis by TREMURI is based on the remarkable assumption that the 

in-plane behavior governs the global building response and the local out-of-plane 

response of walls and floors/roof are negligible (box-type behavior). The non-linear 

macroelement model, which arises from a model proposed originally by Gambarotta 

and Lagomarsino (1996), is capable of simulating the cyclic shear and flexural response 

of a masonry panel (i.e. pier or spandrel) based on a completely mechanical description. 

In this model, each two-node macroelement consists of three parts, in which the central 

part is a rigid body in terms of axial stiffness and presents only shear deformations. The 

coupled axial-flexural deformations are concentrated in two inferior and superior 

interfaces, in which relative axial displacements and rotations can occur with respect to 

the ends of the central part. Both interfaces are layers without thickness and rigid in 

shear. Consequently, the 2D kinematic model, as representative of a masonry panel, has 

eight degrees of freedom in total, including the six degrees in the extreme joints (ui, wi, 

ϕi, uj, wj, ϕj) and two degrees of freedom in the central body (ue and ϕe) (see Figure 3.2).  

Flexural-rocking failure mode of the masonry panel is modelled by a mono-lateral 

elastic contact model between the central body and the two interfaces. As shown in 
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Figure 3.2, the contact model consists of a distributed system of zero-length springs, for 

which a no tension bilinear model is adopted. 

  

(a) (b) 

Figure 3.2. The macroelement model used by TREMURI: (a) kinematics with eight 

variables; (b) equilibrium with eight nodal forces (Lagomarsino et al., 2008; Penna et 

al., 2014). 

For each of the extreme joints (nodes i and j), the joint model involves the static 

quantities of N and M (the element nodal forces), and the kinematic variables of w and φ 

(the relative displacement components). The constitutive equations between such 

parameters are uncoupled until the limit condition 
6
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cracking begins to develop in the section. The axial force (N) and the bending moment 

(M) are obtained as: 
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where l and t are the element length and thickness, respectively; hEk 2  represents the 

axial stiffness per unit area defined by Young's modulus (E) and the element height (h); 

w is the relative axial displacement ( ei www  , at node i and je www   at node j) 

and φ is the relative rotation ( ei   , at node i and je    at node j). The 

inelastic contributions due to the cross section cracking (N
*
 and M

*
) are derived from 

the mono-lateral condition of perfect elastic contact as:  
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where H is the Heaviside function. 

The macroelement flexural model takes also into account the effect of limited 

compressive strength of masonry resulting in toe-crushing phenomenon. This failure 

mechanism is reproduced by a phenomenological nonlinear constitutive law with 

stiffness degradation in compression (Figure 3.3a). The model introduces two damage 

variables: ymaxc d   , the ductility demand in the compressed toe, and 

l/yc  )1(   , the ratio with respect to the portion of the cross section suffering 

additional nonlinear effects due to the crushing, see Figure 3.3a for definition of δy and 

dmax. The cracking corrections in the flexural constitutive equations due to the crushing 

at the compressed toe can be expressed as: 
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The macroelement shear model (Figure 3.3b) is based on the sliding displacement 

along the mortar bed joints. The model is able to simulate macroscopically the two main 

diagonal shear failure modes of a masonry panel, namely diagonal cracking developing 

through mortar joints and the cracking develops through mortar joints and units. The 

shear model takes into account the contribution of both friction and cohesion of the 

element. The panel shear behavior is reproduced assuming a uniform distribution of 

shear deformation (a relative transversal displacement) e
ji

h

uu
u 


  in the central 

part of the macroelement. The plastic sliding component of the shear displacement (s), 

which is activated when the frictional limit of the Mohr-Coulomb criterion is reached, 

can be used for measuring the shear damage. This means that the plastic sliding 

displacement (s) occurs when the shear force (V) exceeds the maximum static frictional 

strength (Vf), with  

0 NV f   (3.4) 

where μ is the equivalent friction coefficient and N is the acting axial load (see Figure 

3.3b). 
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(a) (b) 

Figure 3.3. Constitutive laws for: (a) the flexural-rocking behavior; (b) the shear sliding 

behavior of macroelement (Penna et al., 2014). 

In plastic range, the cohesion contributes to the shear strength until reaching the 

maximum value:  
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where fv0 represents the equivalent cohesion. The shear force due to the material 

cohesion (Vc) is a function of the sliding displacement (s). The function adopted in the 

macroelement shear model, which was first proposed by Gambarotta and Lagomarsino 

(1997), correlates the cohesive force (Vc) and the sliding displacement with the 

geometrical characteristics of the panel, a nonlinear shear deformability parameter 

namely (ct), and an additional shear damage variable namely (α):  
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The increasing parameter α, which represents progressive shear damage to the panel, 

is equal to zero until damage occurs. The value 1  corresponds to the peak shear 

resistance of the panel, while the post-peak softening shear behavior is presented for 

1 . From the effective shear displacement corresponding to the central part, the 
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constitutive shear equations imposing a relationship between three kinematic variables 

(ui, uj, φe), and the shear nodal forces (Vi and Vj) are derived as:  
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where, V
*
 is the inelastic component of the shear force and G is the shear modulus. In 

the shear model, two limit conditions have to be satisfied: first, the sliding limit 

condition with respect to the internal friction force (Equation (3.8)); and then the limit 

condition associated with the cohesion of the damaged joint (Equation (3.9)), which is a 

pre-defined failure criterion controlling growth of the parameter α.  
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where the toughness function R(α) is given by: 
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and R depends on two variables namely (β) and (ct) that define the slope of the softening 

phase and control the inelastic deformation of the macroelement, respectively (see 

Figure 3.3b). It can also be seen that R is a growing function of α to the value 1  and 

decreasing for higher values ( 1 ). This enables the model to represent the stiffness 

degradation, the strength degradation and pinching effect. Besides the six nodal forces 

(Ni, Vi, Mi, Nj, Vj, Mj) and the eight kinematic variables (see Figure 3.2) already used in 

the constitutive equations, the two other forces (Ne, Me) corresponding to the kinematic 

variables of the central part (we, φe) are obtained from internal equilibrium equations as: 
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Subdividing the elastic and inelastic terms, the matrix form of the complete 

constitutive equations implemented in the macroelement model can be expressed as: 
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The macroelement flexural model is defined using the mechanical properties, such 

as compressive strength (fm) and Young's modulus (E). The macroelement shear model 

is also related directly to the mechanical properties of a masonry panel, namely the 

shear modulus (G), the equivalent values of cohesion (fvo) and friction coefficient (μ), 

which are macroscopically evaluated for a masonry panel. Furthermore, it is necessary 

to determine the two variables β and ct (see Figure 3.3b). Moreover, it should be noted 

that the ultimate drift values of the flexural-rocking (δr) and shear-sliding (δs) damage is 

accounted in the properties of the model. When either the shear or the flexural ultimate 

drift condition is reached (Equation (3.13)), the lateral stiffness of the element will be 

set to zero, and the still resisting elements of the equivalent frame will contribute to the 

lateral force distribution. 
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3.2.2 Equivalent frame modeling 

Post-earthquake observations indicate that some regions of the masonry walls, usually, 

exhibit no significant damage, rarely presenting cracks and behaving as an infinite stiff 

element. Hence, their slight deformation with respect to the macroelement nonlinear 

deformation can be neglected. In the equivalent frame modeling by TREMURI, such 

regions are assumed as rigid nodes to transmit static and kinematic variables between 

the ends of the elements. In other words, each masonry wall is split into piers and 

spandrels, which are represented by the 2D nonlinear macroelements, and rigid nodes 

connecting the elements. This frame-type modeling approach is based on two types of 

coordinate systems to establish an equivalent 3D frame from several planar frames 

(walls):  

1. A global Cartesian coordinate system (X, Y, Z), in which the planes of the walls 

are defined by the coordinate of a reference point and the angle formed with X 

axis;  

2. A local coordinate system defined in the plane of the walls, in which the internal 

nodes are 2D rigid nodes with three degrees of freedom (u, w, φ).  

The 2D components of a masonry building with in-plane membrane behavior (i.e. 

walls and floor/roof diaphragms) are assembled to construct the 3D frame. To this end, 

the 3D rigid nodes with five degrees of freedom (ux, uy, uz, φx, φy) in the global 

coordinate system are needed to connect the components at the corners and 

intersections. The assumed membrane behavior causes no rotation around the Z axis, 

neglecting the relevant degree of freedom. The 2D rigid nodes have no degrees of 

freedom along the direction normal to the wall plane, and subsequently have no nodal 

mass components related to the out-of-plane direction. Therefore, in order to perform 

the static or dynamic analyses applying the loads in three principal directions (3D 

analysis), the mass of each 2D node is shared with the nearest 3D nodes of the same 

wall and floor using the following relations and the terms as defined in Figure 3.4:  
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Figure 3.4. Schematization of 3D nodes, 2D nodes, and out-of-plane mass sharing in the 

TREMURI software (adapted from Calderini et al., 2012). 

Orthotropic membrane finite elements with 3 or 4 nodes are adopted to represent the 

horizontal diaphragms. The directional in-plane behavior of the diaphragms is simulated 

using the following mechanical properties: Young's modulus along the principle 

direction (diaphragm loading direction), namely E1, and along the perpendicular 

direction (E2), the Poisson’s ratio (υ), and the shear modulus (G1,2). Different structural 

members, such as RC/steel beams and columns and steel tie-rods with linear or 

nonlinear behavior, and various relevant formulations can be easily implemented in the 

software. Moreover, masonry walls with both regularly and irregularly distributed 

openings can be modeled. Concerning the equivalent frame idealization of each wall, 

different criteria are proposed in literature based on the damage observation after 

earthquakes and experimental data, in particular for defining the effective height of 

piers. In the case of regularly distributed openings (i.e. the openings that are perfectly 

aligned), the height and width of spandrels are defined equal to the distance and length 

of the adjacent openings, respectively.  

Using a similar approach, it is assumed that the height of internal piers is equal to 

the height of adjacent openings. The height of external piers, as a function of that of 

adjacent openings, depends on the cracks elongation starting from the opening corners. 

Based on this hypothesis, the difference of the available criteria is related to the 

assumed inclination of those cracks. For instance, Dolce (1991) developed a criterion 

assuming 30
º
 inclination, while Yi, Moon, Leon, and Kahn (2006) assumed that the 

cracks can elongate either horizontally or at 45
ᵒ
. Based on the inclined cracks 

hypothesis, an approximate method is already implemented in the commercial version 
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of TREMURI (3Muri software) (S.T.A.DATA, 2012) assuming the average of inter-

story height and the height of adjacent opening as that of external piers. This 

assumption gives rise to an equivalent frame model with more flexible rigid nodes 

(more expected damage) in comparison with the model in which the height of external 

piers is defined equal to that of adjacent opening. In the case of a building with post-

earthquake cracks, the existing cracks in particular the cracks that appear in rigid nodes 

should be taken into account to idealize the masonry wall in an equivalent frame model. 

More details of the equivalent frame modeling by the TREMURI software can be found 

in (Lagomarsino et al., 2013). 

3.2.3 Nonlinear dynamic analysis in TREMURI 

Regarding the NLD analysis, the TREMURI software uses a procedure based on the 

Newmark "β" time integration method to solve the differential equations. The procedure 

relies on a recursive algorithm derived by writing the typical equation of motion for a 

MDOF system in the time tt  as follows: 

tt
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Adopting a suitable time step Δt, the displacement, 
tt

q


, and velocity, 
ttq  , 

vectors can be obtained assuming that they are related to the displacement and velocity 

in the previous step. The acceleration, 
ttq  , vector is derived from the displacement 

equation. The relevant kinematic equations are:  
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where M, C, and K are the mass, damping and stiffness matrices, respectively; 

)t(uMf
tt
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 is the exterior force induced by the earthquake acceleration ü(t), and β 

and γ are the parameters of the method.  

Substituting the kinematic equations (displacement and velocity vectors) in the 

equation of motion of the system, the only unknown term 
tt

q


 is obtained by:  
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are the modified stiffness and exterior force matrices, respectively. In order to solve the 

nonlinear convergence-based problems, the above-mentioned equations have to be 

rewritten in an incremental way. Finally, in order to implement the nonlinearity in the 

algorithm, the equilibrium of the equations in each step of the analysis is obtained 

through the regular Newton-Raphson iterative method. More information about this 

procedure is available in (Penna, 2001).  

The algorithm is implicit and unconditionally stable for suitable β and γ values. The 

TREMURI software defaults to use their typical values, i.e. β = 0.25, and γ = 0.5 (the 

constant average acceleration method). Moreover, execution of the NLD analysis by the 

TREMURI software needs to determine an appropriate value for the time step Δt. The 

value must be sufficiently lower than the total duration of the analysis. Furthermore, it 

must be defined considering the contribution of the predominant mode shapes and their 

corresponding periods. Hence, the following equation was used (DIANA, 2009): 

iTt
20

1
   (3.21) 

where Ti is the selected period of the masonry building. Here, in order to ensure that the 

low-period modes contribute correctly, the period of the highest mode was used with an 

expected error lower than 5%.  
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Concerning the damping matrix C, the program uses Rayleigh viscous damping 

(Chopra, 2007), which is proportional to the velocity. The viscous damping, as a linear 

combination of the mass (M) and of stiffness (K) matrices, is introduced by the mass-

proportional damping (α (sec
-1

)), and the stiffness-proportional damping (β (sec)), as 

follows: 

KMC    (3.22) 

In such system, the damping ratio (ξn) for the n
th

 mode with the natural frequency ωn 

is calculated by:  

n

n

n 







2

1

2
  (3.23) 

The coefficients α and β can be determined considering the i
th

 and j
th

 modes (two 

effective vibration modes) with the natural frequencies ωi and ωj, and the known 

damping ratios ξi and ξj, respectively. Based on experimental data, the same damping 

ratio ζ can be ascribed to both modes (Chopra, 2007). Thus, the coefficients can be 

described by: 
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Here, ξ = 3% was assumed based on the results of dynamic identification tests 

performed on URM buildings (Mendes, 2012; Avila Velez, 2014). The α and β 

coefficients are the input parameters in the TREMURI software for performing the NLD 

analysis. The program assumes constant values (i.e. the values obtained initially in the 

linear range without damage) for these parameters during the analysis. This means that 

the program does not consider the change of the natural frequencies and damping ratios 

due to the damage development. 
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3.3 Description of the shake table tests and models  

3.3.1 COM building 

The experimental work described in this Section (Lourenço et al., 2013; Avila Velez, 

2014) aimed to evaluate the seismic performance of concrete block masonry buildings 

built by a new construction system, performing a series of 3D dynamic tests on the 

LNEC shake table, Portugal. For erecting the walls in this system, scaled 1:2 three-cell 

concrete blocks with dimensions of 0.40×0.20×0.19 m
3
 (length, thickness, and height) 

and a modified general purpose cement–based mortar are used. The flooring system 

involves the two-way slab in reinforced concrete, working as a rigid diaphragm, and 

additional elements to guarantee the connection between the walls and slab. The 

elements are steel dowels of 0.15 m long spaced each 0.50 m around the slab´s 

perimeter and anchored with epoxy resin. Such structural masonry system applied in 

unreinforced and reinforced solutions is ideal to be used in low to medium residential 

buildings. The reinforced masonry solution considers a pre-fabricated truss type steel 

reinforcement for both bed and head joints, while the unreinforced technique proposes 

masonry staggered bond with dry head joints. As the assessment of reinforced masonry 

buildings is outside the scope of this thesis, the unreinforced masonry solution is 

hereafter addressed.  

Due to limitations of the LNEC 3D shake table in terms of platform plan dimensions 

(4.60×5.60 m
2
) and load capacity (400 kN), the shake table tests were carried out on 

two reduced 1:2 scale models. The prototype buildings were two-story models with an 

inter-story height of 1.50 m. The stories plan and 3D views of the models are shown in 

Figure 3.5. One of the models is clearly asymmetric (in-plan and in-elevation), while 

the other model presents symmetric configuration in elevation and in one direction of 

the plan. The irregularity of the asymmetric model is related to its plan shape and the 

distribution of openings in both plan and elevation. The buildings have no internal walls 

and their external walls have a thickness of 0.10 m. Moreover, their RC slabs were 

made with thickness equal to 0.10 m. The door openings are 1.10 m high and the 

windows have a height of 0.50 m. For lintel beams upon doors and openings, a pre-

fabricated truss made of steel wires was used (typically used ad bed joint 

reinforcement). 
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Figure 3.5. 3D views and stories plan (m) of the symmetric and asymmetric COM 

models adopted by Avila Velez (2014) for shake table tests.                                                
(CM is the center of mass and CR is the center of rigidity) 
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The seismic action applied at base of the models corresponds to two uncorrelated 

artificial accelerograms (one for each direction), generated based on the elastic response 

spectrum for Lisbon region (Type 1, Ground type A, PGA of 0.15 g and 5% damping 

ratio). The accelerograms were scaled and applied by phases with incremental 

amplitude (PGA). Five tests were sequentially carried out on each model imposing 

bidirectional accelerograms simultaneously. Table 3.1 summarizes seismic tests and 

corresponding actual PGA measured at base of the models. In order to reach severe 

damage, after the last test of each model, an extra shake table test with the same input 

was performed. The acceleration time histories measured during each test were used as 

input signals to be implemented in the numerical simulation, see Figure 3.6 for the 

signals of the test of 100%. Note that, to minimize the difference between the 

acceleration measured at base of the models and the target PGA, an adaptive technique 

was used, meaning that more earthquakes were applied to the building, until reaching 

the expected test level. 

Table 3.1. Input seismic tests and corresponding actual PGA obtained for the symmetric 

and asymmetric COM models (Avila Velez, 2014). 

Symmetric model Asymmetric model 

Test PGA Y (m/s
2
) PGA X (m/s

2
) Test PGA Y (m/s

2
) PGA X (m/s

2
) 

50 % 2.62 (0.27 g) 1.99 (0.20 g) 25 % 1.16 (0.12 g) 0.89 (0.09 g) 

100 % 5.01 (0.51 g) 4.26 (0.43 g) 50 % 2.50 (0.26 g) 2.31 (0.24 g) 

150 % 7.88 (0.80 g) 6.64 (0.68 g) 75 % 3.25 (0.33 g) 2.79 (0.28 g) 

200 % 10.90 (1.11 g) 8.51 (0.87 g) 100 % 4.57 (0.47 g) 4.05 (0.41 g) 

250 % 13.04 (1.33 g) 10.42 (1.06 g) 150 % 6.45 (0.66 g) 10.46 (1.07 g) 
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Figure 3.6. Acceleration time histories measured during the test of 100 % in the X and 

Y directions of the symmetric and asymmetric COM models. 

3.3.2 CLM building 

In the construction industry with increasing demand for high quality masonry, premium 

clay blocks from Wienerberger (Porotherm 20-40 W.i. Plan) is an example of valuable 

modern masonry units due to their excellent mechanical and thermal performance. 

Moreover, the rather large voids of these special blocks are appropriate for inserting 

additional insulation material such as mineral wool or perlite. The effective seismic 

behavior of URM buildings built by such blocky units was validated experimentally 

within the SERIES ("Seismic Engineering Research Infrastructures for European 

Synergies") project. In this regard two full-scale symmetric and asymmetric models 

were tested on the LNEC shake table, Portugal, by Lu et al. (2013). The models had two 

floors with 2.50 m of inter-story height. Figure 3.7 shows that the first and second floors 

of each model, having the same configuration. Moreover, the asymmetric model 

presents irregular distribution of openings in plan, while the other model is clearly 

symmetric in both plan and elevation. 
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Figure 3.7. 3D views and typical story plan (m) of the symmetric and asymmetric CLM 

models adopted by Lu et al. (2013) for shake table tests.                                              
(CM is the center of mass and CR is the center of rigidity) 

The walls (0.20 m thick) were built using a specific thin-layer mortar with a 

thickness of approximately 1 mm for laying the blocks (0.40 m long, 0.25 m high, and 

0.20 m thick). The door and window openings are 1.90 m and 1.15 m high, respectively. 

The lintels above openings were two prefabricated beams (Wienerberger Porotherm 

Sturz 9 cm) with cross section of 0.18×0.065 m2 (width and height) (see Figure 3.1). 

Prefabricated reinforced concrete slabs with thickness equal to 0.20 m were used for 

flooring the first and second stories. The slabs were placed upon the walls according to 

the following steps: first, sanded bitumen sheeting glued by thin layer mortar was used 

on top of the last course of the walls. Then, conventional mortar was used on top of the 

bitumen sheeting for levelling out the height. Finally, the prefabricated reinforced 

concrete slab was placed in wet mortar. Such construction detail without any 

mechanical element ensures sufficient connection between the slab and walls beneath. 

For simulating the effect of a live load of 2 kN/m
2
, four additional masses weighting 

6 kN were placed on top of the first floor slab.  

The horizontal components of the 1976 Friuli earthquake were adopted to generate 

the reference seismic action. First, the records of the horizontal components with 

duration of 15 s were fitted to the Eurocode 8 (EC8) elastic response spectrum, 5% 

damping, type 1 and ground type C. Then, the reference seismic action used in the 
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shake table transverse (X) and longitudinal (Y) directions were obtained by scaling the 

North-South and East-West components to different amplitudes (PGA) of 0.36 g and 

0.32 g, respectively. Finally, the reference accelerogram in each direction was scaled 

down and eight accelerograms were obtained with amplitudes equal to 12.5 %, 25.0 %, 

37.5 %, 50.0 %, 62.5 %, 75.0 %, and 87.5 % of the reference PGA. According to the 

adopted loading sequence, for the odd stages, seismic excitation was imposed upon the 

models separately in each horizontal direction, while the models were subjected to both 

horizontal components at the same time during the even stages.  

Again, to minimize the difference between the acceleration measured at base of the 

models and the target PGA, an adaptive technique was used. Thus, drive motions of the 

shake table were incremented progressively such that the error time series was 

minimized in each step. The minimization process was done using the data obtained 

from the dynamic properties of the model and shake table (i.e. the global system). 

Consequently, the models were subjected to a number of shakes in each test resulting in 

a total number of 62 and 54 shakes for the symmetric and asymmetric models, 

respectively. The acceleration time histories measured at base of the models were used 

for the numerical analyses. The test sequence for both models is presented in Table 3.2. 

Table 3.2. Input seismic tests and corresponding actual PGA obtained for the symmetric 

and asymmetric CLM models (Lu et al., 2013). 

Symmetric model Asymmetric model 

Test 
PGA Y 

(m/s
2
) 

PGA X 

(m/s
2
) 

No. of 

shakes  
Test 

PGA Y 

(m/s
2
) 

PGA X 

(m/s
2
) 

No. of 

shakes  

01X 0.096 0.433 6 01X 0.092 0.428 5 

01Y 0.491 0.110 5 01Y 0.636 0.084 5 

02 1.013 0.913 5 02 1.000 0.949 6 

03X 0.280 1.388 5 03X 0.141 1.249 5 

03Y 1.419 0.616 5 03Y 1.505 0.620 4 

04 3.734 2.143 5 04 2.016 1.882 5 

05X 0.486 2.857 5 05X 0.664 2.616 4 

05Y 2.526 0.844 6 05Y 3.193 1.148 5 

06 3.099 2.684 6 06 3.918 2.105 6 

07X 0.646 3.068 7 07X 1.008 4.415 4 

07Y 3.541 0.830 5 07Y 3.639 1.141 3 

08 3.718 5.362 2 08 3.685 4.583 2 

Total No. of shakes 62 Total No. of shakes 54 
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3.4 Calibration of the mechanical parameters 

This Section describes the procedure used for calibrating the mechanical parameters of 

the macroelements in order to simulate the tested buildings by the TREMURI software. 

Some of the mechanical properties such as density (ρ) and compressive strength (fm) can 

be determined directly from the laboratory testing on masonry specimens. However, the 

equivalent model parameters of cohesion (fv0) and friction coefficient (μ), which 

represent the macroscopic shear behavior of a masonry panel, present a lower value 

with respect to the local values obtained from shear tests on masonry joint specimens. 

Due to the same reason, together with presence of rigid nodes in some idealized 

equivalent frames, calibrated and reduced values are also expected for the Young's 

modulus (E) and shear modulus (G).  

Consequently, the above mechanical properties and the parameters of Gct (fracture 

energy in compression) and β (fracture energy in shear), an iterative calibration process 

was conducted on the 3D building model using the NLD analysis, starting from initial 

values and trying to better replicate the experimental results at different input levels. 

The initial values of the concrete block masonry were obtained from the material 

characterization tests performed by Avila Velez (2014). Thus, values of 1200 Kg/m
3
 

and 5.95 MPa were adopted for the density and compressive strength, respectively. A 

Young´s Modulus of 5300 MPa and a shear modulus equal to 1760 MPa were used.  

On the other hand, the results of an in-plane cyclic test performed on a similar 

concrete block masonry shear wall (Haach, Vasconcelos, & Lourenço, 2010) were 

adopted to evaluate the initial values of the shear model parameters. The wall was a 

squat wall ( 211.L   m long, 800.H   m high, and 100.t   m thick) with the same 

material and construction details with respect to the models tested on the shake table. 

The wall was tested at Laboratory of Structures of University of Minho (LEST) under a 

vertical pre-compression of 0.56 MPa kept constant during the test. The lateral 

displacement was imposed at the top of the cantilever wall with cycles of increasing 

amplitude. The predominant failure mode was sliding along the horizontal joints 

following a diagonal path. Figure 3.8 shows a good agreement between the 

experimental results and the response of the macroelement subjected to monotonic 

loading. In the calibrated macroelement model, the following shear model parameters 

were obtained: fv0 = 0.17 MPa, μ = 0.21, Gct = 6.50, and β = 0.30.  
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Figure 3.8. Comparison of numerical and experimental (Haach et al., 2010) results 

performed on a concrete block masonry wall. 

The shear strength equivalent parameters can also be determined choosing an 

appropriate strength criterion based on the expected shear failure mode. Mann and 

Muller (1982) proposed a criterion to determine the shear strength of a masonry wall 

with diagonal shear response. The criterion takes into account two possible shear failure 

modes, namely sliding at the bed joints and cracking of masonry units. The first failure 

mode is based on the hypotheses that the shear only occurs at the horizontal joints and 

masonry units are much stronger than mortar joints. The sliding shear strength (Vus), 

which is calculated at the center of the wall where the entire cross section is under 

compression (vertical stress of σv0), is expressed as: 

)( 00 vvus fLtV   (3.25) 

where L and t are the length and thickness of the wall, respectively. Describing the 

complex failure of the entire wall, fv0 and μ are the equivalent (lower) values of 

cohesion and friction coefficient obtained as: 0 0
'

v vf f ,   , where: 
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and ∆x, ∆y are the length and height of the masonry units, respectively. vof   and   are 

the local parameters representing the cohesion and friction coefficient of mortar joints, 

respectively. Also, b = 1 + 0.5 H / L is a correction factor proposed by Magenes and 

Calvi (1997) to encompass the effects of complex stress distribution, crack development 

and shear-flexure interaction (H is the wall height). In the case of shear response with 

cracking of masonry units, Mann and Muller (1982) proposed another criterion to obtain 

the global shear strength (Vuc) for a wall under vertical stress (σv) given the tensile 

strength of masonry units (fbt) as follows: 

bt

vbt
uc

fb.

f
LtV 01

32


  (3.27) 

The lowest strength obtained from Equations (3.25) and (3.27) is considered as the 

ultimate shear strength of the wall. Aiming at obtaining theoretical values for the shear 

strength equivalent parameters, the correction factor κ should be applied on the material 

properties as function of the initial shear tests on masonry specimens, if the sliding 

along bed joints prevails. Otherwise, as proposed in (Penna et al., 2014), the first order 

Taylor expansion can be applied to Equation (3.27) at the value of the imposed vertical 

force N0, in order to determine the values of fv0 and μ as follows: 
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where Lt/Nv 00  .      

 For the wall under study, the values of 3400 .fv   MPa, μ' = 0.40 MPa, and 

193.fbt   MPa were adopted using the results of a series of tests on concrete block 

specimens carried out by Haach (2009). On the other hand, the coefficient κ is equal to 

0.54 due to the dimensions of the wall and concrete blocks ( 211.L  m, 800.H   m, 

100.x   m, 200.y   m). Consequently, the shear failure mechanism of sliding at 

the bed joints is theoretically expected, which results in the shear strength equivalent 

parameters of 1800 .fv   MPa and 210.  (close to those obtained after calibration of 

the cyclic test). More information on the calibration of Mann and Muller criterion based 

on cyclic test results can be found in (Penna et al., 2014) and (Penna, Senaldi, Galasco, 

& Magenes, 2015)). 
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Starting from the initial values, a sensitivity analysis was performed to fit the 

response of the shake table test in terms of capacity curve and damage pattern. For this 

purpose, the building models were simulated under Incremental Dynamic Analysis 

(IDA) using a phased procedure for dynamic loading similar to the one used in the 

shake table tests (i.e. the cumulative damage was considered during the analysis). The 

commercial software 3Muri was used to idealize masonry walls in the equivalent frame 

model.  

Table 3.3 presents the calibrated values of the macroelement mechanical parameters. 

The results show that the procedures to estimate the shear model parameters can be 

adopted for practical cases, since they are able to predict the calibrated values with a 

minor error.  

Table 3.3. Calibrated mechanical properties of the COM building models. 

Young’s 

modulus 

E (MPa) 

Shear 

modulus 

G (MPa) 

Compressive 

strength 

fm (MPa) 

Density 

ρ 

(kg/m
3
) 

Equivalent 

cohesion 

fv0 (MPa) 

Equivalent 

friction 

coefficient 

μ 

Gct β 

3500 700 5.95 1200 0.17 0.25 5 0.10 

 

In the case of the CLM building models, a Young´s Modulus of 4500 MPa, a 

compressive strength of 5.60 MPa and a density equal to 755 kg/m
3
 were directly 

adopted from the results of a material characterization test reported in (Lu et al., 2013). 

Due to lack of shear tests on masonry specimens as well as cyclic tests on masonry 

panels made of blocks and mortar similar to those used in the shake table tests, it was 

not possible to estimate the initial values of the shear equivalent parameters. For 

conducting calibration process, the numerical simulation was carried out performing 

several NLD analyses in a quite similar sequence with respect to the seismic tests. The 

mechanical properties obtained after the calibration process are summarized 

in Table 3.4. 

Table 3.4. Calibrated mechanical properties of the CLM building models. 

Young’s 

modulus 

E (MPa) 

Shear 

modulus 

G (MPa) 

Compressiv

e strength 

fm (MPa) 

Density 

ρ 

(kg/m
3
) 

Equivalent 

cohesion 

fv0 (MPa) 

Equivalent 

friction 

coefficient 

μ 

Gct β 

2500 1000 5.60 755 0.22 0.33 4 0.15 

 

The comparison between numerical and experimental results, for the calibrated 

mechanical parameters, is presented next. The results are discussed in terms of damage 



Analytical and empirical seismic fragility analysis of irregular URM buildings with box behavior 

58 

pattern, in-plane displacement and capacity curve. It is noted that for masonry 

structures, the validation of numerical models with respect to the results of shake table 

test is a challengeable and intricate issue due to their complex nonlinear behavior. 

Hence, the validation requires adoption of a detailed and sophisticated numerical model 

by which the actual seismic behavior is effectively represented. Being aware of the 

limitations associated with the macroelement model herein adopted, in general, it is 

expected to obtain a reasonable agreement between numerical and experimental results, 

but no exact representation.  

3.5 Damage pattern 

To present damage pattern of masonry elements, a new methodology to evaluate the 

shear and flexural damage, including a severity scale, is proposed. The methodology 

involves the damage grades definition, based on the multilinear approach proposed by 

Cattari, Lagomarsino, D’Ayala, Novelli, and Bosiljkov (2012); (Lagomarsino & Cattari, 

2015) and the material behavior implemented in the TREMURI software, and the 

development of a novel graphic interface. In this Section, first, the proposed 

methodology is described. Then, the methodology is applied to the building models 

tested in the two shake table campaigns. 

3.5.1 Proposed methodology 

According to (Cattari et al., 2012), and based on the results of cyclic tests performed on 

piers and spandrels, a multilinear model can be ascribed to each masonry panel taking 

into account its prevailing failure mode. As presented in Figure 3.9, the model includes 

several limits corresponding to different damage grades (D1 to D5), which are 

consistence with the EMS-98 scale (a five-grade damage scale for the whole building, 

see more details in Section 5.2.3) (Grünthal, 1998). 

In what concerns the damage state D1, the phase where the loss of linear elastic 

behavior occurs is considered to obtain the drift limit for the piers with shear response. 

However, from the structural point of view, the definition of this damage grade is not 

relevant for the piers with flexural behavior. In the case of piers with prevailing flexural 

or shear behavior, the damage grade D2 is defined based on the criterion of reaching the 

maximum lateral capacity. Concerning the damage grades D3, D4, and D5, in the case of 

piers with predominant shear response, and since the response is coupled with a 

softening phase after reaching the maximum shear resistance, the damage grades are 

defined using a combination of drift (δ) and strength reduction (β). However, flexural-

rocking behavior is not coupled with considerable strength decay and can be determined 

only based on the drift limits. 
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In the case of spandrels, the similar multilinear models for the two failure modes are 

used. The model depends on the drift and strength reduction thresholds. However, the 

thresholds are affected by the presence of tensile elements inside the spandrel (e.g. RC 

or steel confinement elements) and the type of the architrave used (i.e. lintel beams or 

masonry arch) (see Figure 3.9). Experimental data on spandrel behavior indicates that 

spandrels built with a masonry arch in which the arch failure may first occur, exhibit a 

quite brittle response with a very significant decay in lateral load capacity. Nevertheless, 

after reaching the maximum resistance, the presence of a lintel beam causes a more 

ductile behavior with considerable residual load bearing capacity because the lintel 

beam usually fails after the spandrel element.  

  

Masonry piers: prevailing shear behavior Masonry piers: prevailing flexural behavior 

  

Masonry spandrels: in case of lintel beam Masonry spandrels: in case of masonry arch 

Figure 3.9. Sketch of possible multilinear idealization for the seismic behavior of 

masonry piers and spandrels (adapted from Cattari et al., 2012).                                          
(Vu is the maximum lateral capacity) 

The flexural behavior law implemented in the TREMURI software (see Figure 3.3a) 

is similar to the multilinear model proposed for the flexural damage. Thus, it is 
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reasonable to adopt directly the multilinear model for defining the flexural damage 

grades. The damage grade of each masonry element in each analysis step can be defined 

by the following criterion: 
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where D0 means no damage, and δi ( 5:2i ) represent different drift limits as shown in 

Figure 3.10a. 

Concerning the macroelement shear model, the parameter α, represents the element 

shear damage controlling simultaneously the shear strength (V) and the plastic 

displacement (s) (sliding) (see Figure 3.3b). Hence, the parameter α can be used to 

define different shear damage grades. Within the first steps of an analysis, the value of α 

is zero, while it increases as the analysis and the damage proceed. For 10  , which 

corresponds to the damage grades D1 and D2, the threshold value of 0.2 is adopted (see 

Figure 3.10b), as proposed and validated by Penna et al. (2015).  

After reaching the maximum shear capacity ( 1 ), the masonry element suffers 

significant damage, which is associated to the softening phase and the D3, D4, and D5 

damage grades ( 1 ). In Figure 3.10b, it can be clearly observed that the models (i.e. 

the macroelement shear and the multilinear models) have a similar form in the softening 

phase. Therefore, for this case, the multilinear approach taking into account the value of 

the parameter α is adopted. Since the threshold values are not defined in the range of

1 , the drift limits δ4 and δ5 are first obtained using the multilinear approach. Then, 

the following criterion is applied in each step of analysis. As stated before, it should be 

noted that the ultimate drift limit (δ5) of the flexural and shear damage is accounted in 

the properties of the macroelement model. 
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The proposed methodology can be implemented directly in the pushover analysis 

using the results of each analysis step. However, for a NLD analysis, the definition of 

the final shear and flexural damage grade of the masonry element is based on the 

maximum value of the parameter α (for the D3, D4, and D5 damage grades, the 

corresponding shear drift is also needed.) and of the flexural drift, respectively.  

In the case of the piers with shear response, the results of the test performed by 

Haach et al. (2010) (see Section 3.4) were used to obtain the threshold values for the 

COM piers. For the CLM piers, due to lack of relevant cyclic test, the experimental data 

was taken from a large experimental campaign conducted at University of Kassel 

(Fehling, Stuerz, & Emami, 2007). Within this experimental project, a number of cyclic 

in-plane tests were performed on masonry walls made up by various types of clay block 

and mortar. Among the different cases, the cyclic test performed on a wall ( 202.L   m 

long, 502.H   m high, and 1750.t   m thick) made of an optimized clay block and a 

specific thin layer mortar (wall test no. 9) was selected. The clay blocks had similar 

holes pattern and dimensions (Δx = 0.365 m, Δy = 0.250 m) with respect to Wienerberger 

blocks, and the shear sliding was the pure failure mode of the wall. 

  

(a) (b) 

Figure 3.10. Damage grades of a masonry element: (a) the multilinear approach (Cattari 

et al., 2012) for the elements with flexural behavior (adopted for flexural behavior); 

(b) the methodology proposed for the elements with shear behavior (combination of the 

multilinear approach, depicted in red, and the shear behavior in TREMURI). 

For the COM and CLM piers with flexural behavior, and due to lack of appropriate 

tests with the same material, the results of another wall tested at University of Kassel 

was assumed as reference (wall test no. 14). The wall exhibited a clear flexural-rocking 

behavior. Furthermore, the clay blocks had similar material properties with respect to 

the blocks used in the shake table tests in terms of compressive strength and Young's 

modulus. Among a limited number of available tests on spandrels, two cyclic tests 
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carried out by Parisi et al. (2014) and Graziotti et al. (2012) were adopted as the tests 

with predominant shear and flexural failure modes, respectively. Similarly to the 

building models under study, the spandrels present a lintel beam upon the openings.  

In general, the drift limits were defined by fitting the multilinear curve to the 

envelope curve of cyclic tests and assuming the same dissipation energy (area) under 

both curves. The drift limits obtained for the elements with different response are 

summarized in Table 3.5. To apply the proposed methodology, a Visual Basic 

Application (VBA) was developed in AutoCAD© software. 

Table 3.5. Drift limits (%) obtained for different masonry elements. 

Element type Shear response Flexural response 

 δ4 δ5 δ2 δ3 δ4 δ5 

Pier (COM) 0.57 0.60 0.22 0.50 0.78 1.00 

Pier (CLM) 0.59 0.69 0.22 0.50 0.78 1.00 

Spandrel 0.76 0.87 0.07 0.15 0.65 1.15 

3.5.2 Results 

In this Section, a comparison between the damage obtained in the end of the tests and 

the damage obtained from the numerical analysis using the proposed methodology is 

presented in Figures 3.11 and 3.12 for the COM models, respectively. The same 

comparison for the CLM models is shown in Figures 3.13 and 3.14. In the figures, there 

are some uncompressed elements with failure in tension. This brittle failure, which is 

associated to no-tensile strength assumed in the macroelement for masonry, has only 

two damage grades (no damage and full damage).  

In the case of the COM models, as reported in (Avila Velez, 2014), the severe 

damage of the symmetric model concentrates mainly at the first floor. The main 

cracking is associated to shear stepped sliding cracks developing at the unit-mortar 

interfaces. There are some long horizontal cracks along the bed joints observed mainly 

at the seismic test of 250% in both floors of walls 1 and 2 and the second floor of walls 

A and B. The cracks, which are caused by a mixed in-plane and out-of-plane behavior 

of the walls, divide the model in discrete macro-blocks and promote sliding during the 

test. Furthermore, in test of 250%, the blocks were crushed mainly at the first floor 

corners of walls A and B. In the asymmetric model, the stepped sliding cracks are 

widespread throughout the building. Moreover, a long and continuous horizontal crack 

was observed around the second floor, which caused a division of the building upper 

part from the rest of the model with sliding. The movement of the upper part in all 

directions, which is clear in wall 1, is associated to the distortion of the building.   
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In what concerns the numerical analysis, Figures 3.11 and 3.12 indicate that the 

numerical procedure is able to reproduce very well the main shear damage to all the 

walls of both buildings. Moreover, the experimental damage pattern of the symmetric 

model (i.e. most severe damage at the first floor) is well described by the proposed 

procedure. However, in the asymmetric model, the numerical damage at the second 

floor is slightly lower than the damage presented by the experimental model. The 

macroelement shear model corresponds to an equivalent in-plane behavior defined for a 

whole masonry panel and is not able of simulating the local crushing of the blocks, the 

horizontal cracks, and the cracks caused by the out-of-plane or distortion behavior. In 

case of these failures, the displacement and damage severity of the elements are 

underestimated by the numerical model.  

 

Figure 3.11. Comparison between numerical and experimental (Avila Velez, 2014) 

damage pattern for the symmetric COM building model. 
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Figure 3.12. Comparison between numerical and experimental (Avila Velez, 2014) 

damage pattern for the asymmetric COM building model. 

Concerning the symmetric and asymmetric CLM models, the main cracking 

identified is similar to that of the COM models (i.e. shear stepped sliding cracks 

developing at the unit-mortar interfaces). The main damage to the symmetric model is 

presented at the second-floor sided piers of the walls with door opening (walls 1 and 2). 

However, in the asymmetric model, the cracking occurs mainly at the first-floor central 

part (pier between two openings) and left side (sided pier) of wall 1. In these parts, 

stepped shear cracks cause large sliding movements and subsequently localized 

crushing of the blocks. Furthermore, the shear sliding cracks are observed at the first 

floor of wall 2, in particular at the right side of the door opening (see Figure 3.13 and 

Figure 3.14) (Lu et al., 2013; Degée et al., 2014).  
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Regarding the numerical damage pattern, the proposed methodology is capable of 

simulating well not only the predominant failure mode, but also the damage severity 

exhibited by the above-mentioned parts of the models. Concerning the two most-

cracked parts of wall 1 of the asymmetric model, the difference between their damage 

severities is well described by the numerical model. However, it seems that the damage 

severity of each part is underestimated by the model due to localized crushing of the 

blocks. 

 

Figure 3.13. Comparison between numerical and experimental (Lu et al., 2013; Cattari, 

Chioccariello, Degée, Lagomarsino, & Mordant, 2014) damage pattern for the 

symmetric CLM building model. 

In general, the experimental damage of masonry walls cannot be easily scaled. In 

this regard, it is only possible to assign a damage grade to the whole building tested 

using a damage scale such as EMS-98. According to definition of damage grades in 

EMS-98 scale (see Table 5.7), the damage is scaled as moderate damage (D2) when 

cracks in many walls and fall of fairly large pieces of plaster happen. While, the damage 

grade D3 corresponds to large and extensive cracks in most walls and the damage grade 

D4 is associated to serious failure of walls. With respect to the experimental results, it 

can be claimed that, in general, the tested buildings (both COM and CLM models) 

present the damage grade D3 based on the evaluation of the severity of the cracks 

observed in the experimental models. Thus, the numerical damage grades obtained for 

both COM and CLM models are in acceptable agreement with the experiential ones. 

The exception is for the first floor corners of walls A and B of the COM symmetric 

model, where serious failure of the walls is observed due to crushing of the blocks 

(likely damage grade D4). This despite the fact that, as stated before, the macroelement 

model adopted is not able to simulate this type of failure.   
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Figure 3.14. Comparison between numerical and experimental (Lu et al., 2013; Cattari, 

Chioccariello, et al., 2014) damage pattern for the asymmetric CLM building model. 

3.6 In-plane displacement of walls 

The ability of the numerical model to reproduce the actual maximum in-plane 

displacement (umax) of walls is herein evaluated. Concerning the experimental results, in 

the case of the COM models, the global displacement records of the walls at each slab 

level were produced applying double integration to the acceleration time history 

responses measured by slab-position accelerometers (Avila Velez, 2014). For the CLM 

models, the same records were obtained from Hamamatsu optical systems, which were 

fixed on two corners (intersections of walls A and 1, and walls 2 and B) of each model 

at each slab level. For all the buildings under study, the time history responses of 

relative displacement were then generated by subtracting the global displacement at the 

building base. As regards the numerical simulation, the displacement records of the 

https://en.wikipedia.org/wiki/Accelerometer


 Chapter 3 – Validation of the TREMURI software 

67 

walls were derived from the numerical results of the nodes defined at the positions of 

the experimental measuring devices.  

 In the following figures, the experimental and numerical maximum in-plane 

displacements of different walls of the symmetric (Figure 3.15) and asymmetric 

(Figures 3.16 and 3.17) COM models are presented for each seismic action. Moreover, 

the same displacements of the symmetric and asymmetric CLM models are shown in 

Figure 3.18 and Figures 3.19 and 3.20, respectively. 

It is noted that the displacements obtained for two orthogonal walls of the 

symmetric COM and CLM models are presented. The other two walls of each model 

present similar in-plane displacements due to in-plan asymmetry of the models. In what 

concerns the COM models, the numerical displacements fit very well the experimental 

values for both buildings in all the seismic tests, with exception of wall 1 of the 

asymmetric model and all the walls of the symmetric model at the seismic tests of 150% 

and 250%, respectively. In these cases, the numerical model presents an average error of 

64% (1 cm) with respect to the experimental results. These differences are mainly 

related to the limitations associated with the macroelement model for presenting certain 

failures (see Section 3.5.2). 

For both CLM building models and in all the seismic tests, in general, a good 

agreement is observed between the numerical and experimental displacements. A 

considerable difference between the numerical and experimental displacements is 

presented at the first floor of the asymmetric model in wall 1 (maximum error of 58% or 

0.8 cm in the last seismic test) (see Figure 3.19). This may be caused by concentration 

of sliding cracks and localized damage, which cannot be represented accurately by the 

numerical simulation (see Section 3.5.2). 
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Figure 3.15. Comparison between numerical and experimental results (Avila Velez, 

2014) in terms of maximum in-plane displacement for walls 2 and B (highlighted in 

black) of the symmetric COM model. 
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Figure 3.16. Comparison between numerical and experimental results (Avila Velez, 

2014) in terms of maximum in-plane displacement for walls 1 and A (highlighted in 

black) of the asymmetric COM model. 
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Figure 3.17. Comparison between numerical and experimental results (Avila Velez, 

2014) in terms of maximum in-plane displacement for walls 3 and C (highlighted in 

black) of the asymmetric COM model. 
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Figure 3.18. Comparison between numerical and experimental results in terms of 

maximum in-plane displacement for walls 1 and A (highlighted in black) of the 

symmetric CLM model. 
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Figure 3.19. Comparison between numerical and experimental results in terms of 

maximum in-plane displacement for walls 1 and 2 (highlighted in black) of the 

asymmetric CLM model. 
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Figure 3.20. Comparison between numerical and experimental results in terms of 

maximum in-plane displacement for walls A and B (highlighted in black) of the 

asymmetric CLM model. 

3.7 Capacity curve 

Under a series of incremental seismic actions, the capacity curve of each building model 

is composed by several points, which represent the relation between the maximum base 

shear force and the drift (uroof /Hbuilding). The base shear is given in terms of a Base Shear 

Coefficient (BSC), which corresponds to the ratio between the building base shear and 

the total weight of the building. Figures 3.21 and 3.22 show the experimental and 
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numerical capacity curves in the two horizontal directions of the symmetric and 

asymmetric COM models, respectively.  

 

X Direction 

 

Y Direction 

Figure 3.21. Comparison between numerical and experimental results (Avila Velez, 

2014) in terms of capacity curve in the X and Y directions of the symmetric COM 

building model. 
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X Direction 

 

Y Direction 

Figure 3.22. Comparison between numerical and experimental results (Avila Velez, 

2014) in terms of capacity curve in the X and Y directions of the asymmetric COM 

building model. 

Besides, Figures 3.23 and 3.24 present the same results for the symmetric and 

asymmetric CLM models, respectively. It is noted that the procedure for providing 

capacity curves results in 62 and 54 points for the symmetric and asymmetric CLM 

models (see Table 3.2), respectively. To better compare the experimental and numerical 

results, performing polynomial regression analysis on each set of resultant points, a 

smooth function was constructed such that approximately fits the points (the obtained 

R
2
 – coefficient of determination – values were greater than 0.95 for all the cases). As it 
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can be observed in the following figures, a good agreement between the numerical and 

experimental curves was obtained for the two horizontal directions of each building 

model. 

 

X Direction 

 

Y Direction 

Figure 3.23. Comparison between numerical (curves in black) and experimental (curves 

in gray) results in terms of capacity curve in the X and Y directions of the symmetric 

building CLM model. 
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X Direction 

 

Y Direction 

Figure 3.24. Comparison between numerical (curves in black) and experimental (curves 

in gray) results in terms of capacity curve in the X and Y directions of the asymmetric 

building CLM model. 

3.8 Conclusions 

NLD analysis is a sophisticated seismic analysis method, which could be used to obtain 

reference demands by which the results of other analysis methods (e.g. pushover 

analysis) can be validated. The building response obtained from NLD analysis can be 
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considered as representative of the building actual dynamic behavior, if its validity can 

be confirmed with respect to experimental data.    

In this Chapter, the details and assumptions related to the TREMURI software, 

which is based on an equivalent frame modeling with 2D nonlinear macroelements, 

were first presented. Since the main objective of this Chapter is to evaluate the ability of 

the software to simulate the nonlinear dynamic response of unreinforced masonry 

buildings with box-behavior, two experimental campaigns including four shake table 

tests were adopted, for validation purposes. All the tested models were made using 

masonry blocks and cement-based mortar, and reinforced concrete slabs, with 

appropriated connections between structural elements. The tested models were built in 

regular and irregular configurations. 

The validation involved a comparison of the numerical results with the results of 

shake table tests in terms of damage pattern, maximum in-plane displacement of walls 

and capacity curve. To this end and for each model, a nonlinear dynamic time history 

analysis by phases with incremental amplitudes was performed several times (similar to 

the shake table loading) starting from initial values of the mechanical properties and 

trying to match the experimental results. The calibrated mechanical properties obtained 

show that the shear parameters for the macroelement model can be derived from either 

calibration process on the in-plane cyclic tests performed on masonry panels or the 

empirical relationships adopted in this Chapter. This procedure for estimating the shear 

parameters is useful to be adopted in practical cases.  

Furthermore, a methodology, which is based on a multilinear approach for 

idealizing the cyclic test results, the material behaviors implemented in the TREMURI 

software, and the development of a graphic interface, was developed to obtain the 

damage pattern at each pier and spandrel. The results show that the methodology is 

capable of simulating accurately not only the main failure mode of walls, but also their 

damage severity. However, as the macroelement shear model corresponds to an 

equivalent in-plane behavior defined for a whole masonry panel, the numerical 

simulation by using the macroelements is not able to represent the local crushing of the 

blocks, the horizontal cracks, and the cracks caused by the out-of-plane or distortion 

behavior. This was observed mainly in the last seismic test of the COM models where 

relative sliding movements of adjacent macro-blocks caused by very localized 

horizontal and stepped shear cracks were not effectively represented by the numerical 

model. 

In general, the results of the validation allow concluding that the numerical results 

are similar to experimental behavior identifying not only the displacement capacity of 

walls and their damage pattern, but also the ultimate load-bearing capacity of the 

buildings. The exception is related to the previously mentioned localized damage, where 

the displacement and damage severity of elements are underestimated by the numerical 

simulation. The numerical tool validated in this Chapter needs far less computational 

effort and mechanical properties with respect to detailed and sophisticated numerical 
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modeling approaches, such as the finite element method. Consequently, it can be 

demonstrated that the phased NLD analysis with incremental amplitudes by using the 

structural component model (macroelement) implemented in the TREMURI software is 

an effective tool for the description of the dynamic response of regular and irregular (in-

plan and in-elevation) URM buildings with box behavior.  
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4.1 Introduction 

Using displacement-based methods for seismic assessment of existing structures led to 

the genesis and development of a nonlinear static analysis method called pushover. 

Pushover analysis is a nonlinear iterative analysis method in which a static lateral 

loading is monotonically applied to the structure until its collapse occurs. The analysis 

results in a curve, namely a capacity curve, representing the full nonlinear response of 

the structure. NSPs are the most practical solution to obtain the target displacement (i.e. 

the maximum displacement demand corresponding to a given level of seismic intensity) 

of structures when conducting pushover analysis. However, the procedures are mainly 

appropriate for regular buildings and the higher mode effects are not taking into account 

in their response. The N2 method (Fajfar, 2000), included in EC8-1 (EN 1998-1, 2004), 

the capacity spectrum method, adopted by ATC-40 (ATC-40, 1996) and improved in 

FEMA 440 (FEMA, 2005), and the Displacement Coefficient Method (DCM), included 

in FEMA 273 (FEMA, 1997b) and ASCE 41-13 (ASCE, 2013), are the most-used NSPs 

with good results for regular buildings. 

The basic NSPs assume that the building is subjected to an incremental and 

monotonic lateral loading, which causes an evolution in the building response in terms 

of translational displacement. Furthermore, in a NSP a multi degree of freedom 

structure is converted to a single degree of freedom system, for which the dynamic 

behavior is based only on the main translational mode shape. To overcome this 

drawback, a significant number of research works have been produced in recent years, 

mainly focusing on two topics (De Stefano & Mariani, 2014), as addressed next.  

The first topic intends to develop adaptive pushover algorithms (e.g. Bracci, 

Kunnath, & Reinhorn, 1997; Reinhorn, 1997; Gupta & Kunnath, 2000; Antoniou & 

Pinho, 2004b; Casarotti & Pinho, 2007), in which the force/displacement loading 

pattern is updated at each step of the analysis with respect to the stiffness reduction due 

to progressive damage. The second research topic aims to consider the contribution of 

higher modes based on two main approaches.  

The first approach takes into account the participation of higher modes through 

performing several pushover analyses according to mode shapes and combining the 

results with one of the quadratic combination rules, e.g. the Square-Root-of-Sum-of-

Squares (SRSS) or Complete-Quadratic-Combination (CQC) rule. There are several 

methods using this approach, such as: Multi-Modal Pushover analysis (MMP) (Paret, 

Sasaki, Eilbeck, & Freeman, 1996), MPA (modal pushover analysis) (Chopra & Goel, 

2002, 2004), MMPA (modified modal pushover analysis) (Chopra et al., 2004) and the 

extensions of these methods using adaptive load procedures by some of authors 

(Elnashai, 2001; Saffari & Tabatabaei, 2011; Shakeri, Tarbali, & Mohebbi, 2012). In 

general, the computational effort to perform several pushover analyses is high. 

Moreover, since the superposition principle is only valid in linear range, the use of 
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SRSS or CQC rules for combining results of pushover analysis seem a limitation of this 

approach.  

The second approach is based only on the fundamental translational mode to 

perform the pushover analysis and takes into account the torsional effects (higher mode 

effects in plan). This approach assumes that the target displacement measured from only 

one control point cannot be representative of the overall dynamic response of in-plan 

irregular buildings. In this approach, it is considered that the torsional effects cause 

different horizontal displacements in plan due to rotation. This concept has been 

addressed in several studies. A method was developed by Bosco et al. (2012); (Bosco, 

Marino, & Rossi, 2013; Bosco, Ferrara, Ghersi, Marino, & Rossi, 2015), in which two 

pushover analyses are performed applying the lateral force to two points on either sides 

of the Center of Mass (CM). The points are obtained by the so-called “corrective 

eccentricities” procedure, using the elastic and inelastic parameters with influence on 

the torsional behavior. Another method has been proposed by Trombetti and Conte 

(2005) based on a key physical parameter “alpha”. The method aims to evaluate the 

maximum displacement demands of linear (Palermo, Silvestri, Gasparini, & Trombetti, 

2013) and nonlinear (Palermo, Silvestri, Gasparini, & Trombetti, 2017) one-story 

asymmetric structures using empirical coefficients and the parameter “alpha”, which 

represents the displacement state along the plan sides under torsional motion. 

Furthermore, a procedure to extend the N2 method for in-plan irregular buildings was 

also proposed by Fajfar, Kilar, et al. (2005). The main idea of this extension, which was 

first proposed by Tso and Moghadam (1997); (A. S. Moghadam & Tso, 2000a, 2000b), 

is that the elastic torsional effects provide an upper bound with respect to the inelastic 

results (Fajfar, Marusic, & Perus, 2005; Marus̆ić & Fajfar, 2005; Peruš & Fajfar, 2005). 

Therefore, the extended N2 method is based on the use of pushover analysis, which 

reproduce the inelastic behavior according to the first mode shape, and Response 

Spectrum (RS) analysis, as a linear elastic dynamic (spectral) analysis considering all 

the effective mode shapes. Instead of the results combination, as proposed in multi-

modal pushover methods, the highest demand obtained is adopted. 

Among the methods that consider the effects of torsion on different in-plan sides, 

the extended N2 method is the only method with the potential to be developed for in-

elevation higher mode effects. Based on this idea, the method has been improved to 

consider the contribution of higher modes in both plan and elevation (Kreslin & Fajfar, 

2012). The ability of the extended N2 method to reproduce the dynamic behavior of 

irregular structures has often been validated with respect to other methods (see e.g. 

Kreslin & Fajfar, 2011; Bhatt & Bento, 2012; Bosco, Ghersi, et al., 2013). Hence, it can 

be stated that the method seems to be a desirable procedure with universally accepted 

results for most of the building structures since "it combines conceptual clarity with 

simplicity of application" (De Stefano & Mariani, 2014). Nevertheless, it is recognized 

by the same authors that the basic idea of the decrease of higher mode effects in the 

inelastic range requires to be further verified for the different building typologies. 
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Unreinforced masonry buildings are identified as the most vulnerable constructions 

for earthquakes. Similar to other types of buildings, the irregularity in plan or elevation 

of URM buildings causes an increase on seismic demand. However, very limited 

number of research contributions for irregularity effects in URM buildings can be found 

in literature (e.g. Giordano et al., 2008). Regarding the dynamic behavior of irregular 

structures, De Stefano and Pintucchi (2008) state that: “The complexity of inelastic 

seismic response and the large number of parameters influencing the behavior of 

irregular buildings, as compared to their elastic counterparts, lead to a lack of general 

and universally accepted conclusions. Hence, several studies are still aimed at drawing 

some definitive conclusions.” When this problem is accompanied by the shortage of 

robust numerical models for masonry buildings, as they allow performing NLD and 

pushover analyses in a fast and accurate way, the importance of any attempt to clarify 

the higher mode effects in this building type would be revealed. 

 This Chapter aims to evaluate the applicability of the extended N2 method when 

performing pushover analysis for URM buildings with in-plan and in-elevation 

irregularity. The analyses are conducted using the structural component model 

(macroelements) implemented in the software TREMURI, which was validated in the 

previous Chapter with respect to the shake table test results. First, the extended N2 

method is applied to three masonry case studies with irregularity in both plan and 

elevation in order to evaluate the performance of the method for real buildings with 

influence of higher modes. Then, the complex dynamic behavior of masonry buildings 

affected by higher modes is clarified using analytical results obtained for the same 

case studies. 

4.2 Review on the adopted methods 

In this Section, first, a brief review is made of the N2 method and its extended version 

developed for considering higher mode effects in both plan and elevation. Some 

alterations in the extended N2 method proposed for masonry structures are also 

presented. Finally, the adopted computational plan, which is applied to the case studies, 

is introduced. 

4.2.1 Basic N2 method 

The NSPs, which combine the response spectrum approach and pushover analysis 

results to obtain the target displacement of a structure subjected to a seismic action, can 

be classified into two main groups. The methods that belong to the first group (e.g. 

capacity spectrum method) use the elastic response spectra (damping ratio equal to 5%) 

and reduce them to intersect the capacity curve at the target point. The reduced response 

spectra are obtained based on equivalent viscous damping ratio and secant stiffness. In 
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general, the methods require an iterative solution to obtain the displacement demand. 

However, the methods may result in unreliable displacement approximations due to 

accuracy issues, convergence problems and lack of mechanical correlation between 

viscous damping and hysteretic energy dissipation (e.g. Chopra & Goel, 2001; 

Martinelli & Faella, 2015; Amadio, Rinaldin, & Fragiacomo, 2016; Guerrini, Graziotti, 

Penna, & Magenes, 2017). 

The methods that belong to the second group (e.g. the displacement coefficient 

method and the N2 method) consider the use of inelastic response spectra, which are 

defined based on the structure ductility, instead of highly damped elastic spectra. The 

main hypothesis of these methods is that the medium- and long-period SDOF oscillators 

with elastoplastic behavior present the same elastic and inelastic displacement demand 

(the equal displacement rule), while an amplification of the maximum elastic 

displacement demand is expected for the short-period oscillators in inelastic range. The 

validity of this hypothesis is confirmed by several researchers (e.g. Rahnama & 

Krawinkler, 1993; Vidic, Fajfar, & Fischinger, 1994; Whittaker, Constantinou, & 

Tsopelas, 1998; Gupta & Krawinkler, 2000). 

The N2 method was first proposed by Fajfar and his team (Fajfar & Fischinger, 

1987, 1988) and gradually developed into a more versatile and complete methodology 

for different structure typologies (Fajfar & GaŠPerŠIČ, 1996; Fajfar, 1999, 2000). The 

N2 method is also included in EC8-1 (EN 1998-1, 2004) and NTC08 (NTC, 2008) as 

the recommended NSP to be adopted when conducting pushover analysis. As illustrated 

in EC8-1 (EN 1998-1, 2004) and (Fajfar, 2000), for a given seismic amplitude and 

considering the site soil condition, first the elastic acceleration response spectrum (Sae 

(T), as a function of the structure period T) is adopted from the smooth spectra proposed 

in seismic codes or is generated from a set of appropriate earthquake records. Then, in a 

spectral acceleration-spectral displacement (ADRS) format, the inelastic response 

spectra for constant ductilities are obtained from the elastic response spectrum using a 

bilinear ductility - period - displacement demand relationship. On the other hand, the 

MDOF structure is transformed to an equivalent SDOF system and the SDOF capacity 

curve is derived. Finally, the maximum displacement demand is determined as the 

intersection point of the inelastic response spectrum and the SDOF capacity curve 

idealized by an elastoplastic curve.  

4.2.2 Extended N2 method 

The basic N2 method assumes that the building response is captured by the motion of 

predominant translational mode. For the buildings with a significant contribution of 

higher modes, the method is extended so that the results of the basic procedure are 

corrected by applying factors. The extension of the N2 method assumes that the 
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building presents elastic response when influenced by higher modes, i.e. higher mode 

effects reduce in the inelastic range.  

In general, the correction factors are determined as the ratio between the elastic and 

inelastic demands obtained by the response spectrum and pushover analyses, 

respectively. The results obtained from the basic N2 method are updated by applying 

two sets of correction factors due to the contribution of the higher modes in both plan 

and elevation. The product of these factors is considered as the final correction factor to 

be applied to the seismic demands. It is noted that the method does not allow the 

demand reduction due to the effects of higher modes (no de-amplification rule). The 

extended N2 method proposes a simple and practical procedure, resulting, expectedly, 

in a conservative, but not exaggerated, estimate of demands with respect to the response 

obtained from the NLD analysis. 

Concerning the in-plan irregular buildings, where a significant contribution of 

higher modes due to torsional motions is observed, it is assumed that the elastic 

envelope of the torsion-induced displacements is always larger than the inelastic 

response. Thus, the normalized displacement with respect to the CM displacement at an 

in-plan point, taking into account the torsional behavior, is calculated based on its 

position-dependent correction factor. If the normalized displacement resulting from the 

RS analysis is less than 1.0, it should be taken equal to 1.0 to avoid a reduction due to 

torsion (Fajfar, Kilar, et al., 2005; Fajfar, Marusic, et al., 2005).  

Several studies (e.g. Fajfar, Marusic, et al., 2005; Marus̆ić & Fajfar, 2005; 

D'Ambrisi, De Stefano, & Tanganelli, 2009; Bhatt & Bento, 2011, 2012; Bosco, Ghersi, 

et al., 2013) have showed that the abovementioned assumption is valid for both flexible 

structures subjected to torsion, i.e. structures with a ratio between the uncoupled 

torsional frequency and the uncoupled translational frequency less than one, and stiff 

structures subjected to torsion, i.e. structures with the same ratio greater than one. 

In order to consider the in-elevation effects of higher modes, the new approach of 

the N2 method has been developed based on the same hypothesis. In this approach a 

correction factor for the CM of each floor, independently from the in-plan position, is 

defined. As described in (Kreslin & Fajfar, 2012), first the CM displacements resulting 

from the RS analysis are normalized by setting the target displacement equal to the roof 

displacement obtained by the RS analysis. Then, the inter-story drifts at the CM are 

calculated. Finally, the factors are determined separately for inter-story drifts and 

displacements, as the ratio between the normalized elastic results and the absolute 

pushover analysis results.  

In each part of the building undergoing a specific level of damage, the method takes 

into account the maximum of the inelastic, i.e. the pushover-obtained demands, and 

elastic responses. The method refers that those parts of the building subjected to the 

main inelastic deformations behave according to the response simulated by the pushover 

analysis, in which the building vibrates mainly according the predominant translational 
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mode. Notwithstanding, the response of those parts influenced by the higher modes is 

controlled by the elastic modal analysis (Kreslin & Fajfar, 2011). 

4.2.3 Required changes for masonry buildings  

Since the extended N2 method is developed mainly for framed structures, this Section 

presents alterations in the method for its application to masonry buildings. In the usual 

extended N2 method, all the method steps (pushover and RS analyses) are conducted 

independently in each of the two horizontal directions. However, for calculating the 

correction factor of each arbitrary in-plan location, the normalized displacements, which 

are obtained independently by the RS analysis in each direction, are combined 

according to the SRSS rule.  

Contrarily to the framed structures that present lumped mass and reduced degrees of 

freedom at the mass centers, the degrees of freedom of a masonry building are lumped 

at different nodes distributed throughout the building. In other words, the masonry 

building has a distributed mass and stiffness in both plan and elevation, resulting in the 

mass and stiffness matrices of the mathematical model with the nodal components. For 

this reason, as the first alteration in the proposed procedure for masonry buildings, the 

superposition principal by the SRSS rule is not applied to the RS analysis results.  

As the second alteration, the demands subjected to higher mode effects are updated 

individually for each floor by applying location-dependent factors, unlike the use of the 

roof correction factors for each floor as recommended for framed structures. This 

alteration takes into account that, in general, the floors of masonry buildings do not 

present similar in-plan distribution of mass and stiffness (i.e. masonry walls) to the roof 

diaphragm.  

4.2.4 Adopted computational plan 

The computational plan adopted in this Chapter aims to validate the extended N2 

method for three case studies described in Section 4.3. To this end, the NLD analysis 

results, which are obtained using different seismic actions (Section 4.4), are used as the 

reference seismic demands to be compared with pushover-obtained demands. To apply 

the extended N2 method, the response spectrum analyses are performed in each 

horizontal direction executing the elastic modal analysis and using the relationships 

given in Section 4.5. Moreover, pushover analyses are performed in both positive and 

negative horizontal directions considering different load patterns as presented in 

Section 4.6. The results of the pushover analysis with the maximum target displacement 

for a given seismic action are then used in the extended N2 analysis.  
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The extended N2 method has two uncoupled parts, namely: (a) determination of the 

target displacement (basic N2 method); (b) update of the seismic demands due to the 

higher mode effects. It is noted that the last part of the method can be combined with 

any NSP (e.g. capacity spectrum or displacement coefficient methods) for calculating 

the target displacement. The computational plan adopted uses two procedures to apply 

the extended N2 method taking into account the two parts of it. In the first procedure 

(hereafter called NLD-based procedure, see Section 4.7), in order to eliminate the 

influence of the approximations associated to the basic N2 method, the mean 

displacement of the roof CM obtained from a set of NLD analyses is considered as the 

target displacement of each building under study for a certain seismic amplitude. This 

procedure only takes into account the approximations used in the second part of the 

extended N2 method that are related to the distribution of the seismic demand 

throughout the building. However, the second procedure (hereafter called N2-based 

procedure, see Section 4.8) uses the basic N2 method for determination of the maximum 

displacement demand (target displacement) at the roof CM. Therefore, the difference of 

the two procedures is only related to the method adopted for calculating the target 

displacements. 

4.3 Description of the case studies 

The first case studies correspond to the asymmetric COM and CLM buildings tested in 

the shake table campaigns described in Section 3.3. The mechanical properties are 

presented in Tables 3.3 and 3.4. It is noted that the geometry of COM building was 

scaled for the full building configuration, aiming at eliminating the effects of the 

reduced scales. 

The third case study is a three-story masonry building representative of Italian 

multi-family houses (Costa, Penna, & Magenes, 2011). The building has an inter-story 

height of 3 m. The walls are made up of the Autoclaved aerated Concrete block 

Masonry (ACM) and have a thickness of 0.3 m. As shown in Figure 4.1, the walls of the 

ACM building are distributed asymmetrically in plan. Besides the in-plan asymmetry, 

which is more critical in the longitudinal direction (X direction) than the transversal 

direction, the irregular distribution of openings among the stories causes also in-

elevation irregularities. Thus, all the analyses were performed only in the X direction. 

The ACM building has horizontal RC ties at the top of the main walls and stiff slabs 

made of reinforced concrete, presenting a box-type behavior. The calibrated mechanical 

properties (Costa et al., 2011) used in the numerical model are summarized in Table 4.1.  

In the following sections of this Chapter, the results are presented for three in-plan 

positions of each case study including the floor CM, the stiff side (the same side of the 

Center of Rigidity CR) and the flexible side (the same opposite of the CR). Figures 3.5, 

3.7 and 4.1 show also the CM and CR positions and both sides of the case studies. 



Chapter 4 – Higher mode effects in pushover analysis of URM buildings 

89 

 

 

Figure 4.1. Configuration of the ACM Building: Top story plan (m) and 3D view.     
(CM is the center of mass and CR is the center of rigidity) 

Table 4.1. Calibrated mechanical properties of the ACM building (Costa et al., 2011). 

Young’s 

modulus 

E (MPa) 

Shear 

modulus 

G (MPa) 

Compressive 

strength 

fm (MPa) 

Density 

ρ 

(kg/m
3
) 

Equivalent 

cohesion 

fv0 (MPa) 

Equivalent 

friction 

coefficient 

μ 

Gct β 

1600 416 2.20 484 0.13 0.05 1.2 0.05 

4.4 Seismic action  

In order to conduct the NLD analyses, the earthquake motion may be obtained by using 

artificial accelerograms or natural ground motion records (EN 1998-1, 2004). In this 
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work, artificial accelerograms compatible with the elastic response spectrum were 

adopted. 

For the COM building, artificial accelerograms compatible with the EC8 elastic 

response spectrum (Sae) were generated (earthquake type 1, soil type A, viscous 

damping equal to 5%, total duration equal to 25 s). The generated accelerograms were 

scaled and applied increasing the amplitude (PGA of 0.05, 0.15, 0.25, 0.35 and 0.45 g). 

Seven earthquakes with two horizontal uncorrelated signals for each seismic amplitude 

were considered. For the CLM building, the same generated accelerograms were used 

with different scaled amplitudes (PGA of 0.05, 0.15, 0.25 and 0.30 g).  

Using the same procedure for the ACM building, seven pairs of artificial 

accelerograms were also generated based on the elastic response spectrum proposed by 

NTC08 (NTC, 2008) (earthquake type 1, soil type A, viscous damping equal to 5%, 

total duration equal to 25 s). For the ACM building, only four amplitudes were 

considered (PGA of 0.05, 0.15, 0.25 and 0.35 g). In total, 35 and 28 NLD analyses were 

performed for the COM and ACM buildings, respectively, and 28 NLD analyses were 

performed for the CLM building. The elastic response spectra adopted to generate the 

artificial accelerograms were also used to perform the RS analysis of each case model 

(see Figure 4.2). 

  

(a) (b) 

Figure 4.2. Normalized elastic response spectra derived for the: (a) COM, CLM; and 

(b) ACM buildings from the artificial records adopted and the seismic codes. 

4.5 Response spectrum analysis 

Response spectrum analysis is an elastic dynamic analysis, which is based on the modal 

properties (mode shapes and natural frequencies) of the structure resulting from the 

elastic modal analysis. The RS analysis uses the elastic acceleration response spectrum 
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(Sae) to obtain elastic seismic demands (e.g. displacements and inter-story drifts). In this 

Section, first, the theory of the analysis is presented and then the results are given.  

4.5.1 Brief review of applicable theory 

According to EC8-1 (EN 1998-1, 2004), all the modes with significant contribution to 

the global response of a structure should be taken into account for performing RS 

analysis. These vibration modes should satisfy either of the following requirements.  

 The cumulative effective modal mass of the considered modes is greater or equal 

than 90% of the building total mass;  

 All the modes with effective modal mass equal to at least 5% of the building 

total mass are considered.  

In general, the normalized shape vector (Фn) for mode n (a mode with major effects 

on the global response of the structure) resulting from the 3D modal analysis has 

displacements and rotations in all three directions, X, Y and Z for all nodes i of the 

structural model. As formulated by Chopra (2007), the relationships adopted for 

calculating the nodal displacement vector in mode n due to the seismic action 

component in the X direction (UXn) are presented next. The definitions of the nodal 

displacement vectors in the Y and Z directions (UYn, UZn, respectively) are similar. First, 

the modal participation factor in direction X (ΓXn) is obtained by: 

  
i

Zin,ZiYin,YiXin,Xi

i

Xin,Xin

T

nX

T

nXn mmmmM/IM 222   (4.1) 

where M is the mass matrix, IX is a vector with elements equal to 1 for the translational 

DOFs parallel to the X direction and all other elements equal to 0, φXi,n is the element of 

Фn corresponding to the translational DOFs of node i parallel to X and mXi is the 

associated element of the mass matrix. Similarly for φYi,n, φZi,n, mYi and mZi.  

Then, for each mode n with the natural period Tn, the spectral displacement, SdX (Tn), 

is obtained from the elastic acceleration response spectrum adopted for the X direction, 

SaeX(Tn), as: )()2()( 2

naeXnndX TS/TTS  . Finally, the nodal displacement vector (UXn) 

is obtained as: 

nXnndXXn TSU )(  (4.2) 

After obtaining seismic demands for all the modes with significant contribution to 

the global response, the modal demands are combined using an appropriate combination 

rule. EC8-1 (EN 1998-1, 2004) considers that the response of a structure in two modes i 
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and j is independent of each other, if their periods (Ti and Tj with Tj ≤ Ti) comply with Tj 

≤ 0.9Ti. In this case, the SRSS rule (Rosenblueth, 1951) can be applied to N considered 

modes for combining their responses (Equation (4.3)). Otherwise, the CQC rule 

(Wilson, Der Kiureghian, & Bayo, 1981) is recommended (Equations (4.4) and (4.5)).  
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where EE is the peak value of a seismic action effect (e.g. displacement, force, etc.) and 

ρij is the correlation coefficient of the modes i and j. EEi and EEj are the values of the 

seismic action effect under consideration in modes i and j, respectively. The damping 

ratios in modes i and j are denoted by ζi and ζj, respectively, while ji T/Tr  .  

4.5.2 Results 

The 3D modal analysis was performed by TREMURI to obtain the modal shapes 

(eigenmodes) and the natural frequencies (eigenvalues). The modal properties for the 

case studies in each direction are presented in Table 4.2. Considering the natural periods 

and the effective modal mass percentages (UX and UY) presented in Table 4.2, it is 

concluded that the COM building has a first mode of 0.13 s with translation in the X 

direction, a second mode of 0.11s with translation in the Y direction and a third mode of 

0.09 s corresponds to a torsional mode. In this building, both (mostly) translational 

modes present also torsional motion. In the case of the CLM building, the first mode of 

0.14 s and the third mode of 0.11 s correspond to translational modes in the X and Y 

directions, respectively. The second mode presents torsional motion with a period equal 

to 0.12 s. The three first periods of vibration of the ACM building are equal to 0.21, 

0.17 and 0.16 s. The first and second modes present translational motion in the X and Y 

directions, respectively. The third mode is a torsional mode. 
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Table 4.2. Effective modal mass and periods for the COM, CLM and ACM buildings. 

Mode 

COM building CLM building ACM building 

Period 

(s) 

UX 

(%) 

UY 

(%) 

Period 

(s) 

UX 

(%) 

UY 

(%) 

Period 

(s) 

UX 

(%) 

UY 

(%) 

1 0.13 40.60 17.46 0.14 87.77 0.87 0.21 83.82 0.03 

2 0.11 24.50 65.31 0.12 2.82 27.75 0.17 0.00 82.56 

3 0.09 24.00 8.16 0.11 0 60.37 0.16 0.47 3.15 

4 0.05 5.61 0.94 0.05 9.33 0.04 0.08 12.94 0.00 

5 0.04 2.97 6.77 0.04 0 1.08 0.06 0.00 11.85 

 Sum 97.68 98.64 Sum 99.91 90.12 Sum 97.23 97.59 

Taking into account the EC8 recommendations, the SRSS rule was adopted to 

combine the responses associated to the four and five first modes of the COM and ACM 

buildings, respectively. For the CLM building, the CQC rule was adopted to apply to 

the responses of the five first modes of the building. Using the results of the modal 

analysis and the relationships given in Section 4.5.1, the response spectrum analysis was 

individually carried out in each horizontal direction of a case study. As an alteration 

considered for masonry buildings, the results obtained in each direction were not 

combined (see Section 4.2.3). Figures 4.3, 4.4 and 4.5 present the elastic displacements 

(u) of the case studies in the two horizontal directions obtained by the RS analysis at the 

CM and both stiff and flexible sides of their floors. It is noted that the displacements 

were calculated using the normalized elastic response spectrum (Sae with PGA = 1 g, see 

Figure 4.2). The presented results can be used for other PGA values multiplying them 

by the given PGA. 

 

 

 

 

 

 



Analytical and empirical seismic fragility analysis of irregular URM buildings with box behavior 

94 

 

X direction 

 

Y direction 

Figure 4.3. Floors displacements obtained by the RS analysis (PGA = 1 g) in the X and 

Y directions of the COM building. 



Chapter 4 – Higher mode effects in pushover analysis of URM buildings 

95 

 

X direction 

 

Y direction 

Figure 4.4. Floors displacements obtained by the RS analysis (PGA = 1 g) in the X and 

Y directions of the CLM building. 
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X direction 

Figure 4.5. Floors displacements obtained by the RS analysis (PGA = 1 g) in the X 

direction of the ACM building. 

4.6 Pushover analysis 

Pushover analysis is a nonlinear iterative analysis method in which the structure is 

subjected to an incremental static lateral loading until reaching a predefined analysis 

target, or numerical failure. As a result, a nonlinear force-displacement curve (capacity 

curve) is obtained in which the force and displacement are usually represented by the 

base shear force and the top displacement of the structure, respectively. In this Section, 

first, the theory of the analysis is briefly presented and then the results are given. 

4.6.1 Brief review of the applicable theory 

In general, pushover analysis algorithms have been developed using force- or 

displacement-based procedures for lateral loading. In force-based algorithms, the 

magnitude of the loading vector P at any given analysis step is equal to the product of a 

nominal force vector P0 and the load factor λ at that step as: 0PP  . In general, the 

load factor can be directly incremented by the pushover algorithm, while the response of 

the structure (e.g. nodal displacements and rotations) corresponding to such force level 

is subsequently obtained. As another available procedure, first, the structural response 

(e.g. a given nodal Degree of Freedom, DOF) is directly incremented/controlled and the 

load factor corresponding to such response is then determined (Antoniou & Pinho, 
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2004a). The loading vector in the displacement-based procedures has similar 

formulation with the only difference that it consists of displacements (U), rather than 

forces (P): 0UU  , where U0 is a nominal displacement vector (Antoniou & Pinho, 

2004b). 

A procedure is implemented in the TREMURI software to perform the 3D pushover 

analysis in which the horizontal forces with a prescribed loading pattern are applied to 

each node at each floor level using the concept of a displacement control technique 

proposed by Anthoine (2006). By means of an effective computational algorithm 

(Galasco et al., 2004), the problem of pushing the structure keeping constant ratios 

between the applied forces is transformed into an equivalent incremental static analysis 

with a single DOF displacement response control. In other words, the horizontal 

displacement of a control node is incremented such that the applied force vector 

corresponds to the attainment of the predefined target displacement at that node. This 

means that it is required to choose a master DOF associated to a control node, and the 

results may depend on it. On the other hand, a so-called displayed node, usually chosen 

among the top level nodes, has to be considered for expressing the capacity curve, 

which is not necessarily as same as the control node. The position of the displayed node 

results in the different capacity curves. This contradiction is more critical for masonry 

buildings with flexible diaphragms than those with rigid diaphragms, see more details in 

(Galasco, Lagomarsino, & Penna, 2006). 

In the case of the rigid diaphragms, the displacements of different nodes in plan are 

correlated with each other following a simple geometrical relationship as shown in 

Figure 4.6 and Equation (4.6). Therefore, the CM displacement at each analysis step can 

be calculated by applying the relationship to the nodal displacements. On the other 

hand, due to the diaphragm rigidity, a unique capacity curve for the CM is determined, 

independently of the different control nodes taken into account.  

 

Figure 4.6. Geometrical relationship between the CM of a rigid diaphragm and a given 

in-plan node.  
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  (4.6) 

The basic N2 method is based on the use of conventional force-based pushover 

analysis methods, meaning that the lateral loads are imposed incrementally on the 

structure with a fixed pattern (Fajfar, 2000). EC8-1 (EN 1998-1, 2004) recommends two 

load patterns, namely the uniform pattern (load distribution proportional to mass) and 

modal pattern (load distribution proportional to the shape of the main translational 

mode).  

4.6.2 Results 

For each of the buildings under study, pushover analyses with mass and modal shape 

load patterns were performed. Then, the results of the pushover analyses were compared 

with respect to the NLD results and the most appropriate load pattern was adopted for 

the extended N2 analysis. The pushover analysis was carried out individually in 

negative and positive horizontal directions. According to NTC08 (NTC, 2008) and 

Part 3 of the Eurocode 8 (EC8-3) (EN 1998-3, 2005), the monotonic application of 

lateral loads was carried out until the roof CM displacement reaches the near collapse 

limit state, which corresponds to a decrease of a minimum of 20% in the shear strength. 

For each seismic amplitude (PGA) of the NLD analysis, the final response of the 

building was obtained by averaging the seven maximum base shear/ roof displacement. 

Figures 4.7, 4.8, and 4.9 present the pushover capacity curves for each case study, using 

the two load patterns and the NLD analysis resultant points (envelopes) corresponding 

to different seismic amplitudes.  

In what concerns the pushover analysis of the COM building (Figure 4.7), the 

results show that the response is linear elastic for seismic amplitudes of 0.05 and 0.15 g 

in the two horizontal directions (negative and positive). The building presents nonlinear 

behavior for the earthquakes of 0.25, 0.35 and 0.45 g. It is also observed that two load 

patterns adopted for the pushover analysis present similar response in the linear elastic 

range, with exception of the seismic action of 0.15 g in the positive Y direction. The 

main difference in the responses occurs in the nonlinear range. It is also observed that 

the results of the pushover analysis with mass proportional load pattern are similar to 

the results of the NLD analyses. Thus, this load pattern was adopted for the extended 

N2 method of the COM building. 

Moreover, the results show that the capacity curve with load pattern proportional to 

the mass in the X direction is symmetric, which does not occur for the Y direction. This 

aspect is associated to the building geometry. When the pushover analysis is performed 
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in positive and negative X directions, the two shear walls without openings (i.e. walls 1 

and 2, Figure 3.5) absorb most of the inertial forces, allowing a high ultimate 

displacement capacity. On the other hand, in the Y direction, the inertial forces are 

absorbed by the two-sided piers (see Figure 3.5), which do not correspond to a similar 

resistance configuration for the positive and negative directions. It can also be observed 

that this building collapses in the Y direction for a PGA lower than 0.45 g (most 

vulnerable direction). Thus, the seismic action with PGA equal to 0.45 g was not 

considered in the application of the extended N2 method. 

In the case of the CLM building (Figure 4.8), the capacity curves indicate that the 

response is linear elastic for the seismic action of 0.05 g in the X and Y directions 

(negative and positive). The nonlinear response is observed for greater seismic 

amplitudes. In general, the building collapse in the X direction occurs for a lower PGA 

with respect to the Y direction. Moreover, similar to the X direction of the COM 

building, all the capacity curves in the two horizontal directions are symmetric due to a 

similar resistance configuration for the positive and negative senses of each direction 

(see Figure 3.7). Finally, it can be stated that the capacity curves obtained from the 

pushover analysis with mass proportional load pattern are similar to the results of the 

NLD analyses. Thus, mass proportional load pattern was adopted for the extended N2 

method of the CLM building. 

Concerning the ACM building (Figure 4.9), the capacity curves show the building 

linear elastic behavior for the seismic action of 0.05 g. After this seismic amplitude, the 

building presents nonlinear behavior. In general, the results of the pushover analysis 

proportional to the mass are similar to the response obtained from the NLD analyses. 

However, the capacity curve of the pushover analysis with modal pattern in the negative 

X direction is more similar to the NLD results than the capacity curve obtained with 

load pattern proportional to the mass. Thus, the modal load pattern was adopted for the 

extended N2 method of the ACM building. Still, it is noted that the difference between 

both load distributions are marginal for this case study. 

It is further noted that as a general recommendation, the mass proportional load 

pattern, seems to be preferred even for box-type behavior buildings, as recommended in 

(Lourenço et al., 2011) for masonry buildings without box-behavior. 
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X direction 

 

Y direction 

Figure 4.7. Pushover (PO) capacity curves of the COM building using the mass and 

modal proportional load patterns and comparison with the NLD analysis results. 
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X direction 

 

Y direction 

Figure 4.8. Pushover (PO) capacity curves of the CLM building using the mass and 

modal proportional load patterns and comparison with the NLD analysis results. 
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X direction 

Figure 4.9. Pushover (PO) capacity curves of the ACM building using the mass and 

modal proportional load patterns and comparison with the NLD analysis results. 

4.7 Higher mode effects using NLD-based procedure 

The NLD-based procedure described in Section 4.2.4 was applied to the case studies. 

Thus, for each seismic amplitude and in each of the positive and negative directions, the 

average of the seven maximum displacements measured at the roof CM, which are 

obtained from the seven NLD analyses (see Section 4.4), was calculated. The envelope 

of the mean roof displacements obtained in positive and negative directions was 

considered as the target displacement for a given seismic amplitude. The target 

displacements obtained with the respective positive or negative direction are 

summarized in Table 4.3. The extended N2 analyses in this Section are based on these 

target displacements rather than those obtained by the basic N2 method. Adopting the 

most appropriate load pattern identified in Section 4.6.2, the pushover analysis was 

performed until reaching the NLD-based target displacement obtained for the given 

seismic amplitude. In this Section, the pushover-obtained results are compared with the 

mean, envelope and dispersion range (mean ± σ) of the results of seven NLD analyses in 

terms of displacement, inter-story drift and damage pattern. 

4.7.1 Higher mode effects in plan (torsional effects) 

In order to take into account the torsional effects due to the in-plan irregularity, the 

normalized displacements of the nodes located in either stiff or flexible side have to be 

obtained with respect to the CM displacement. The correction factors for the in-plan 

irregularity are obtained by dividing the elastic by the inelastic normalized 
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displacements. It is noted that the values of the correction factors depend on the nodes 

location (stiff or flexible side) as well as the type of the structure response to torsion as 

shown in Figure 4.10 and further explained in Sections 4.7.1.1 and 4.7.1.2. Figures 4.11, 

4.12 and 4.13 present the normalized roof displacements (u/uCM) at the farthest sides 

from the CM for each seismic amplitude and building, obtained from different analyses 

(NLD, pushover and RS) and the extended N2 method. Moreover, Figures 4.14, 4.15 

and 4.16 show the error of the absolute roof displacements obtained from the extended 

N2 method with respect to the mean NLD analysis results for the same sides and 

seismic amplitudes. It is noted that the absolute roof displacements were calculated 

assuming the in-elevation correction factor equal to one according to assumptions of the 

extended N2 method (see Section 4.2.2). 

Table 4.3. Target displacements obtained from the NLD analysis results for different 

seismic amplitudes and for each building.  

PGA 

(g) 

NLD-based target displacements (mm)  

COM-X 

direction  

COM-Y 

direction 

CLM-X 

direction  

CLM-Y 

direction 

ACM-X 

direction  

0.05  0.5 (+) 0.6 (-) 0.8 (+) 0.5 (+) 2.2 (+) 

0.15  1.6 (+) 1.8 (+) 5.0 (-) 2.5 (+) 9.6 (+) 

0.25  3.9 (+) 4.5 (+) 11.2 (+) 6.6 (+) 28.9 (+) 

0.30    19.7 (+) 13.0 (+)  

0.35  9.8 (-) 11.6 (+)   48.6 (+) 

                 (The symbols of "+" and "-" in parentheses represent the positive and negative directions, 

respectively) 

4.7.1.1 In-plan responses at stiff side  

The response at the stiff side is more difficult to simulate, since it is affected by several 

modes and the ground motion in the orthogonal direction (Peruš & Fajfar, 2005). For 

stiff structures to torsion, a displacement reduction at the stiff side is expected with 

respect to structures without torsional effects, while an increase of displacements occurs 

at the flexible side (see Figure 4.10). As a result, the normalized displacements obtained 

by the RS analysis are expected to be less than one at the stiff side and larger than one at 

the flexible side. Hence, when the no de-amplification assumption defined by the 

extended N2 method is applied to the walls at the stiff side, the in-plan correction 

factors are obtained equal to one, increasing the results (conservative procedure).  

Since the COM and ACM case studies are characterized as stiff structures to torsion 

(see Table 4.2), similar response is clearly observed at their stiff sides and the 

normalized displacements obtained by the RS analysis are less than one. The results 
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show that the normalized displacements are within the range of NLD analysis results for 

the ACM building and the COM building in the Y direction (maximum overestimation 

of 8%). However, in general, the normalized displacements estimated for the COM 

building in the X direction are larger than the envelope of the NLD analysis results.  

 

Figure 4.10. Qualitative comparison of lateral displacement  envelopes in plan (De 

Stefano & Mariani, 2014). 

However, in the case of flexible structures to torsion, the stiff side presents a less 

predictable plan-wise shape of lateral displacement. In general, an increase of 

displacements with respect to structures without torsional effects is likely obtained at 

the stiff side, which is similar to displacement change at the flexible side of these 

structures (see Figure 4.10). The results of the elastic modal analysis (Table 4.2) show 

that the dynamic response of the CLM building is different in the two horizontal 

directions. The building behaves in the X direction as a stiff structure to torsion, while it 

is a flexible structure to torsion in the Y direction. Therefore, the elastic normalized 

displacements obtained from the RS analysis are less than one in the X and greater than 

one in the Y direction. In the X direction, the typical behavior of stiff structures to 

torsion (in-plan correction factors equal to one) with the obtained normalized 

displacements within the range of NLD analysis results (maximum overestimation of 

8%) is observed. In the Y direction (flexible direction to torsion), the underestimated 

pushover displacements are well amplified by the extended N2 method for the seismic 

amplitudes of 0.05 and 0.15 g (correction factors of 1.15 and 1.09, respectively) (see 

Figures 4.12 and 4.15). 

4.7.1.2 In-plan responses at flexible side  

The results also indicate that the torsional response of the buildings at their flexible 

sides is very well reproduced by the extended N2 method. The pushover analysis 

provides substantial non-conservative displacements for the COM building in the X 
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direction for all the seismic amplitudes. However, the extended N2 method amplifies 

the displacements, which agree to the NLD analyses, resulting in conservative 

displacements for the seismic action of 0.05 and 0.15 g (errors of 12% and 1% by using 

correction factors of 1.24 and 1.22, respectively). Only slight non-conservative errors of 

-2% and -1% (correction factors of 1.21 and 1.24, respectively) for seismic action of 

0.25 and 0.35 g are observed, respectively. Moreover, normalized displacements of 1.60 

obtained by the RS analysis imply a considerable torsional motion in this direction.  

The torsional behavior in the X direction of the COM building confirms the main 

assumption of the extended N2 method, namely that the linear elastic torsional response 

exceeds the nonlinear inelastic response. According to De Stefano and Pintucchi (2010), 

this assumption loses its accuracy when the method is applied to structures with low 

behavior factor and significant torsional stiffness, such as low ductile shear-walled 

buildings in which the walls are located at the perimeter of the building. This means that 

the torsional motion of a very stiff structure to torsion is usually governed by the 

inelastic response rather than the elastic behavior. The larger inelastic torsional effects 

are mainly associated to the increase of stiffness eccentricity caused by damage/failure 

of one or more structural resisting elements (shear walls) when the building undergoes 

higher inelastic deformations. This particular case occurs in the COM building in the Y 

direction for the seismic action of 0.25 and 0.35 g at the flexible side (inelastic 

behavior). In this case, applying no de-amplification assumption means to adopt the 

envelope of the normalized displacements obtained by both pushover and RS analyses.  

This enables the extended N2 method to very accurately predict (maximum error of 

2% by using correction factors equal to one) the torsional response dominated by the 

inelastic torsion-induced behavior (equal to the pushover displacements based on the 

first mode). For the seismic action of 0.05 and 0.15 g, the behavior is mainly associated 

to elastic torsional behavior (multi-modal response) and the method precisely 

reproduces the normalized displacements at the flexible side, underestimated by the 

pushover analysis (2% and -4% errors by using correction factors of 1.04 and 1.01, 

respectively). The normalized displacements obtained by the RS analysis in the Y 

direction of the COM building, which is equal to 1.15 (Figure 4.11), indicate that the 

building presents less torsional motion in this direction than in the X direction. This 

aspect is in agreement with the more critical in-plan asymmetry in the X direction, 

where the initial stiffness eccentricity of top floor is about 21% of the plan dimensions, 

which is significantly higher than the eccentricity in the Y direction (13%). 

In the case of the CLM building, the RS normalized displacements of 1.09 and 1.06 

obtained for the X and Y directions, respectively, show the almost similar torsional 

motion in the two directions. In the X direction, pushover analyses result in the 

underestimated displacements for all the seismic amplitudes. Using the correction 

factors of 1.07, 1.16, 1.17 and 1.28, the extended N2 method perfectly reproduces the 

amplification of displacements for the seismic actions of 0.05, 0.15, 0.25 and 0.30 g, 

respectively.  
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X direction 

 

Y direction 

 

Figure 4.11. Normalized roof displacements obtained from the extended N2 method and 

different analyses (NLD, pushover and RS) for the COM building.                                
(In the first graph, the RS response is similar to the response of the extended N2 method) 
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X direction 

 

Y direction 

 

Figure 4.12. Normalized roof displacements obtained from the extended N2 method and 

different analyses (NLD, pushover and RS) for the CLM building.                           
(Except for a part of the last graph, the RS response is similar to the response of the extended N2 method) 
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X direction 

 

Figure 4.13. Normalized roof displacements obtained from the extended N2 method and 

different analyses (NLD, pushover and RS) for the ACM building.                                
(In the first graph, the RS response is similar to the response of the extended N2 method) 

The same occurs in the Y direction, mainly for 0.25 and 0.30 g where the non-

conservative pushover-obtained results (-4% and -5% of error, respectively) are very 

well amplified in an agreement with the NLD results (correction factors of 1.13 and 

1.20, respectively, see Figures 4.12 and 4.15). 

The lowest higher mode effects due to in-plan irregularity are observed in the ACM 

building in the X direction, where the normalized displacements obtained by the RS 

analysis are equal to 1.04 (Figure 4.13). However, the extended N2 method captures 

torsional response at the flexible side of this building. Using the extended N2 method, 

the displacements for 0.05, 0.15 and 0.35 g, which are underestimated by the pushover 

analysis, are conservatively corrected (correction factors of 1.02, 1.04 and 1.04, 

respectively). The only non-conservative displacement occurs for the seismic action of 

0.25 g, for which the amplified displacement is very close to the pushover results (-4% 

of error by using correction factor of 1.03). 
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X direction  Y direction  

 

Figure 4.14. Errors of absolute roof displacements with respect to the mean NLD 

analysis results obtained for the COM building.                                                             
(The large errors and different scale used on the stiff side (left)) 

  

X direction  Y direction  

 

Figure 4.15. Errors of absolute roof displacements with respect to the mean NLD 

analysis results obtained for the CLM building. 
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X direction  

 

Figure 4.16. Errors of absolute roof displacements with respect to the mean NLD 

analysis results obtained from the extended N2 method and pushover analysis for the 

ACM building. 

The roof displacements for the seismic action of 0.30 g and 0.35 g, which 

corresponds to the highest applied seismic action and damage, obtained from different 

methods at both flexible and stiff sides are compared in Figures 4.17, 4.18 and 4.19. 

The results of the extended N2 method are similar to the mean NLD analysis results, 

showing that the method can provide conservative and accurate displacement demands. 

The roof displacements for other seismic amplitudes of 0.05, 0.15 and 0.25 g are 

presented in Appendix. 
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X direction 

 
Y direction  

 

Figure 4.17. Roof displacements (absolute values) obtained from the different methods 

for the seismic action of 0.35 g (COM building).  
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X direction 

 
Y direction 

 

Figure 4.18. Roof displacements (absolute values) obtained from the different methods 

for the seismic action of 0.30 g (CLM building).   
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X direction 

 

Figure 4.19. Roof displacements (absolute values) obtained from the different methods 

for the seismic action of 0.35 g (ACM building).   

4.7.2 Higher mode effects in elevation 

Concerning the seismic behavior of framed structures, it is usually observed that the 

higher modes affect mainly the response of the upper floors, while the major inelastic 

deformations occur at the lower floors. However, for masonry buildings, the in-

elevation higher mode effects in the elastic range are associated to their undamaged 

irregular configuration (asymmetric distribution of the openings in elevation or presence 

of setback), while the inelastic behavior depends on the irregular damage development 

in the walls.  

As described in Section 4.2.2, the effects of higher mode in elevation are taken into 

account using different set of correction factors determined for each floor with the use 

of the CM demands. The update of the results for the in-elevation higher mode effects is 

done separately for the inter-story drifts and displacements. The inter-story drifts 

obtained by the pushover analysis, the extended N2 method and the NLD analysis, for 

each seismic action, calculated at the farthest flexible and stiff sides from the CM are 

presented in Figures 4.20 and 4.21, Figures 4.22 and 4.23 and Figure 4.24 for the COM, 

CLM and ACM buildings, respectively. In the COM and CLM buildings, the higher 

modes do not have in-elevation influence on the displacements and the corresponding 

correction factors are equal to one. Thus, the results in terms of displacement (u) are 
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only presented for the ACM building (Figure 4.25). It is noted that all the figures 

present two factors for each floor corresponding to the correction factors calculated for 

in-plan (upper number) and in-elevation (lower number) higher mode effects. 

Unlike the flexible and stiff sides, the correction factors for the CM inter-story drifts 

due to in-plan higher mode effects are always equal to one. This happens because the 

extended N2 method assumes that the torsional behavior do not have effect on the CM 

displacements. Due to the no de-amplification assumption assumed in the method, the 

correction factors obtained from in-elevation higher mode effects are always greater 

than or equal to one. It means that the response at each floor is equal to the response 

obtained by either of the first mode-based pushover (the factors equal to one) or the RS 

analysis based on the multi-modal response (the factors greater than one). In general, 

the results show that this procedure is able to improve the results of the pushover 

analysis when the higher modes have a significant influence on the response of the 

buildings. The displacements and the inter-story drifts are often higher than the results 

of the NLD analyses, but within an acceptable range.  

It is also noted that, in this work, the in-plan correction factors were individually 

calculated for each floor (see Section 4.2.3). This aspect improves the accuracy of the 

method for high inelastic stages, namely the inter-story drifts and displacements at the 

lower floors of the ACM building for the seismic action of 0.25 and 0.35 g, and give 

rise to results slightly higher than the NLD results (conservative results). 
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Figure 4.20. Inter-story drifts obtained from the different methods for the X direction of the COM building at both sides considering the in-plan 

(upper number in each floor) and in-elevation (lower number in each floor) correction factors. 
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Figure 4.21. Inter-story drifts obtained from the different methods for the Y direction of the COM building at both sides considering the in-plan 

(upper number in each floor) and in-elevation (lower number in each floor) correction factors. 
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Figure 4.22. Inter-story drifts obtained from the different methods for the X direction of the CLM building at both sides considering the in-plan 

(upper number in each floor) and in-elevation (lower number in each floor) correction factors.  
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Figure 4.23. Inter-story drifts obtained from the different methods for the Y direction of the CLM building at both sides considering the in-plan 

(upper number in each floor) and in-elevation (lower number in each floor) correction factors. 
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Figure 4.24. Inter-story drifts obtained from the different methods for the X direction of the ACM building at both sides considering the in-plan 

(upper number in each floor) and in-elevation (lower number in each floor) correction factors. (see legends in Figure 4.19). 
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Figure 4.25. Displacements (absolute values) obtained from the different methods for the X direction of ACM building at both sides considering 

the in-plan (upper number in each floor) and in-elevation (lower number in each floor) correction factors. 
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4.7.3 Damage patterns  

Besides the displacements and inter-story drifts, the damage pattern is a fundamental 

aspect on the behavior of structures. However, it is noted that, in general, it is not 

possible to obtain the damage pattern in each masonry panel for the extended N2 

method. The damage pattern depends on the parameter α, which is calculated in each 

step of a pushover analysis, and inter-story drifts. On the other hand, the extended N2 

method gives the amplified inter-story drifts throughout the structure (in each of the 

masonry panels). Therefore, determination of damage pattern applying the extended N2 

method requires performing pushover analysis many times such that in each time the 

inter-story drift of a masonry panel becomes equal to its amplified value due to higher 

mode effects. Besides that, this procedure is apparently impractical and incorrect, 

because it gives damage pattern of each masonry panel independent from the others. 

Thus, for each of the case studies and for their highest seismic amplitudes with 

highest level of damage, pushover analyses were carried out as described in Section 4.6 

until reaching the NLD-based target displacements measured at the roof CM (see 

Table 4.3). Then, the pushover damage patterns (without consideration of higher mode 

effects) were obtained and compared with the NLD damage patterns.  

Concerning the NLD damage patterns, first, the parameters needed to determine the 

damage severity of each masonry panel (shear and flexural drifts and the parameter α, 

see Section 3.5.1) were derived from the results of each of the seven NLD analyses. 

Next, the NLD damage severity of each panel was obtained by averaging the seven 

values derived for each parameter and using the mean parameters in the relationships 

given in Equations (3.29) and (3.30). Figures 4.26 and 4.27, Figure 4.28 and Figures 

4.29 and 4.30 present such damage patterns for the COM, CLM and ACM buildings, 

respectively. The ability of in-plan and in-elevation correction factors to improve the 

damage severities of the walls is evaluated next for each building under study. It is 

noted that the in-elevation correction factors discussed in this Section are those obtained 

for inter-story drifts because the damage severity of a masonry panel is determined 

based on its shear and flexural drifts (according to the procedure proposed in 

Section 3.5.1). It is also noted that the evaluation of correction factors is made 

approximately, because, as previously referred, there is no possibility to obtain the 

damage severity on the walls from the results of the extended N2 method. 

4.7.3.1 COM building 

The NLD analysis results of the COM building for 0.25 g and 0.35 g indicate that the 

damage pattern presents mainly shear failures for all the piers and spandrels in the two 

horizontal directions. The damage pattern of the pushover analyses shows that the shear 

failure is also the main type of damage for both directions. Furthermore, the general 
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comparison of the in-elevation pushover-obtained damage indicates that the first floor 

presents the most severe damage, meaning that the major inelastic deformations (inter-

story drifts) based on the motion of the predominant mode occur at the first floor. This 

implies the in-elevation correction factors equal to one for the first floor.  

Comparing the damage pattern obtained by the pushover analysis with the NLD 

response for 0.25 g in both horizontal directions, it is concluded that the increase of 

inter-story drifts due to higher mode effects (see correction factors in Figures 4.20 and 

4.21) can accurately compensate the slight lower level of damage at the second floor. 

For the seismic action of 0.35 g in the X direction, where the in-elevation correction 

factors of each floor is equal to one, the damage severity at the upper floor of the walls 

located in the flexible side (walls 2 and 3) can also be improved when applying the in-

plan correction factors greater than one (see Figures 4.20 and 4.21). Concerning the wall 

1 located in the stiff side, where the in-plan correction factors are also equal to one, the 

damage severity at the first floor is predicted very well by the pushover analysis, while 

a slight smaller level of damage is observed at the second floor. For the seismic action 

of 0.35 g in the Y direction, where the in-plan correction factors are equal to one, the 

damage severity at the first floor is precisely reproduced by the pushover analysis. 

However, the damage level is overestimated at the second floor applying the in-

elevation correction factor of 1.23 (see Figures 4.20 and 4.21). 

4.7.3.2 CLM building 

Comparing the results obtained by the NLD and pushover analyses in terms of damage 

pattern indicates that the pushover analysis simulates very well the predominant damage 

to most of piers and spandrels for 0.25 and 0.30 g. The building has no in-elevation 

irregularity due to the same configuration for its stories plan (see Figure 3.7). However, 

the building presents dissimilar in-elevation damage in terms of severity causing higher 

mode effects in elevation. Similar to the COM building, the more severe pushover 

damage is concentrated at the first floor for most of the masonry panels and in particular 

for 0.30 g. This implies that the inelastic deformations based on the first mode affect 

significantly the response at the first floor and subsequently confirms the in-elevation 

correction factors equal to one for this floor (see Figures 4.22 and 4.23).  

Concerning the building response for the seismic action of 0.25 g in both directions, 

the in-elevation correction factors greater than one for the second floor of the walls 

located at the stiff side can improve the underestimated severity of the pushover damage 

with respect to the NLD results. For the walls located at the flexible side, the in-plan 

and in-elevation correction factors at the second floor and the in-plan correction factors 

at the first floor are greater than one. These factors obtained increase in an accurate way 

the lower damage severities estimated by the pushover analysis at both floors with 

respect to the NLD results. In what concern the seismic action of 0.30 g in both 
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directions, the in-elevation correction factors were obtained greater than one for the 

second floor of the walls located at the stiff side. These factors can amplify well the 

damage severities underestimated by the pushover analysis. The walls located at the 

flexible side present the pushover damage severities at both floor lower than those of 

NLD analysis. This underestimation can be compensated by correction factors greater 

than one at the second floor (in-plan and in-elevation factors) and at the first floor (in-

plan factors). 

4.7.3.3 ACM building  

The behavior of the ACM building for 0.25 and 0.35 g obtained by the NLD analysis is 

characterized by a predominant shear failure mode for most of the piers and a combined 

shear and flexural failures for most of the spandrels. The building has several walls with 

a very complex and irregular geometry in elevation. Thus, in general, it can be stated 

that a damage pattern with the widespread severity in elevation is observed in the ACM 

building. Concerning the pushover analysis, two main damage-based outcomes are 

obtained.  

First, it is observed that the analysis is able to estimate very well the actual 

predominant failure mode for most of the piers and spandrels. Finally, the in-elevation 

damage distribution is similar in terms of severity, in which the walls at the upper floors 

present significant damage. When the PGA varies from 0.25 to 0.35 g, the damage 

severity of most of the elements at the first floor remains constant and increases at the 

upper floors. This aspect indicates that the inelastic deformations based on the first 

mode have high influence on the building response at the upper floors (in-elevation 

correction factors equal to one at these floors, see Figure 4.24).  

Therefore, it can be claimed that the RS analysis is able to correct the inefficiency of 

pushover analysis in predicting the damage severity presented at the first floor, as 

shown in Figures 4.29 and 4.30 for 0.35 g. For the seismic action of 0.25 g, the damage 

at the upper floors, i.e. the part of the structure that presents inelastic response with in-

elevation correction factors equal to one, is estimated very well by the pushover 

analysis. However, the extended N2 method presents a conservative response in terms 

of the damage severity for the first floor. It should be noted that torsional effects have 

low contribution to the building response, as referred in Section 4.7.1, and the influence 

of the in-plan geometry on the damage severity of the walls can be neglected. 
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Figure 4.26. Comparison between damage pattern obtained by the pushover (PO) 

analysis in the X directions with the NLD analysis results for the COM building. 
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Figure 4.27. Comparison between damage pattern obtained by the pushover (PO) 

analysis in the Y direction with the NLD analysis results for the COM building. 
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Figure 4.28. Comparison between damage pattern  obtained  by the pushover (PO) 

analysis in the X and Y directions with the NLD analysis results for the CLM building. 
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Figure 4.29. Comparison between damage pattern  obtained  by the pushover (PO) 

analysis in the X direction (stiff side) with the NLD analysis results for the ACM 

building. 
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Figure 4.30. Comparison between damage pattern  obtained  by the pushover (PO) 

analysis in the X direction (flexible side) with the NLD analysis results for the ACM 

building. 

For masonry buildings, in general, the lateral load distribution proportional to mass 

reproduces better the behavior of the building under extensive damage. However, there 

is a relation between damage pattern and pushover load pattern. As stated before and 

resulting from the pushover analysis results, more severe damage is exhibited at the first 

D1  D2  D3  D4  D5 
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floor of both COM and CLM buildings, while the ACM building presents a damage 

pattern with the widespread severity in elevation, in which the significant damage is 

observed at the upper floors. This different in-elevation damage pattern can explain the 

different load distribution selected for pushover analysis of the case studies, as 

discussed in Section 4.6.2, namely the load distribution proportional to mass for the 

COM and CLM buildings and the modal load distribution for the ACM building. 

4.8 Higher mode effects using N2-based procedure 

The main difference of this Section from Section 4.7 is that the target displacement is 

determined according to the basic N2 method. This Section aims to present a step-by-

step procedure for the extended N2 method, which is appropriate for practical problems, 

based on the latest research findings. The adopted procedure takes into account both of 

the approximations associated to the extended N2 method, namely the determination of 

the target displacement and the distribution of the seismic demand throughout the 

structure, simultaneously.  

The procedure was applied to the COM building in the X direction for seismic 

actions of 0.05, 0.15, 0.25 and 0.35 g because the building in this direction presents a 

dynamic behavior with the largest torsional effects (see Section 4.7.1) with respect to 

other buildings studied in Section 4.7. Thus, in the following, the results of three main 

steps of the basic N2 method as proposed in EC8-1 (EN 1998-1, 2004) and (Fajfar, 

2000) are first presented. Subsequently, alterations for masonry buildings are introduced 

in each step. In the last sub-section, the applicability of the extended N2 method is 

evaluated based on the results of the basic N2 method.  

4.8.1 Conversion of MDOF structure to a SDOF system 

This step aims to convert the capacity curve (base shear force-roof displacement curve 

resulting from pushover analysis) of the MDOF structure to the capacity curve of an 

equivalent SDOF system. The conversion is made by dividing both base shear force 

(Fb) and top displacement (dn) of the MDOF structure by the constant Г using the 

following relationships. Г is called the modal participation factor and controls 

transformation from MDOF to SDOF system and vice versa. 
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where, mi is the mass of node i (for a MDOF masonry structure) and Ф is an assumed 

normalized displacement shape so that the value at the building top is equal to 1.  

The symbol "*" is used to distinguish the parameters of the equivalent SDOF system 

from those of the MDOF structure. The factor Г, as well as the base shear force (F
*
) and 

top displacement (d
*
) of the equivalent SDOF system, are independently obtained for 

each horizontal direction, since the equivalent mass of the SDOF system (m
*
) depends 

on the direction of seismic excitation. According to (Fajfar, 2000), it is allowable to use 

any reasonable pattern for the displacement shape Ф. The fundamental mode shape in 

each horizontal direction normalized with respect to displacement of the roof CM can 

be adopted as the displacement shape Ф. However, in the case of translational modes 

presenting considerable torsional motion, the reverse triangular shape can be used. For 

the COM building in the X direction, the fundamental mode shape is associated with 

torsion (see Section 4.5.2). Therefore, the reverse triangular pattern was adopted 

resulting in 201.  and 56326*m   kg for this building. 

4.8.2 Bilinear idealization of SDOF capacity curve 

In the N2 method, the SDOF capacity curve is converted to an idealized bilinear 

(elastic-perfectly plastic) backbone curve. The basic assumption of this conversion is to 

equalize areas (dissipation energies) under the SDOF capacity curve and the idealized 

bilinear curve up to a predefined ultimate displacement. Therefore, determination of the 

ultimate displacement, which corresponds to the near collapse limit state, plays an 

important role. In general, masonry buildings present a significant reduction in shear 

strength for the ultimate displacement, while this displacement corresponds to reaching 

the maximum shear strength in the case of framed structures. EC8-1 (EN 1998-1, 2004) 

considers that the displacement at the formation of the "plastic mechanism" (d
*

u) is the 

ultimate displacement of the structure, where the structure reaches the maximum shear 

strength. According to this definition, the EC8 procedure seems to be more appropriate 

for framed structures. In this procedure, the shear strength at the yielding limit (F
*
y) of 

the bilinear curve corresponds to the maximum shear strength of the structure (F
*
max). 

Assuming the same area (A
*
) under both curves up to the "plastic mechanism" point, the 

yield displacement (d
*

y) of the bilinear curve is obtained as follows (see Figure 4.31a): 

)(2
*

y

*
*

u

*

y
F

A
dd   (4.9) 
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Figure 4.31b shows another procedure, which was first proposed in (OPCM 

3431/05, 2005) and is hereafter called the OPCM procedure. The procedure, also 

included in NTC08 (NTC, 2008), is based on the assumption that the displacement 

corresponding to a reduction of a minimum of 20% in the maximum shear strength 

(F
*

max) is the ultimate displacement d
*

u. Therefore, the post-peak part of the capacity 

curve with the lateral resistance higher than 80% of the maximum strength is also 

considered for idealizing the curve. The procedure, which is consistence with the 

seismic behavior of masonry structures, first defines the initial significant yielding (the 

first crack formation) point of the structure, where the bilinear curve intersects the 

capacity curve. The procedure proposes that the cracking shear force (F
*

cr) is equal to 

70% of the maximum shear strength (F
*

max), i.e. *

max

*

cr F.F 700 . The cracking 

displacement (d
*

cr) is then derived from the capacity curve.  

To obtain the initial slope of the idealized bilinear curve (elastic stiffness K
*

e), the 

secant stiffness of the structure at the point representing the first cracking (effective 

stiffness K
*

f), is calculated as: *

cr

*

cr

*

f dFK  . Next, assuming the elastic stiffness (K
*

e) 

equal to the effective stiffness (K
*

f), a set of two equations in two unknowns is obtained 

as following presented, based on the equal energy criterion. Finally, the yield strength 

(F
*

y) and displacement (d
*

y) are obtained solving the set of equations. 
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The basic assumptions of the OPCM procedure, namely considering the effects of 

the strength decay in the structure post-peak behavior and identifying the point of the 

first crack formation, are also used in other procedures in literature dedicated for 

masonry elements and buildings. In the case of tested masonry elements, Magenes and 

Calvi (1997) propose the ultimate displacement equal to 80% of F
*

y not F
*

max, while the 

displacement is defined as same as the OPCM procedure in (Tomaževič, 1999). 

Furthermore, Paulay and Priestley (1992) define the cracking shear strength (F
*

cr) equal 

to 0.75F
*

y not 0.70F
*

max proposed in the OPCM procedure. In the case of masonry 

buildings, a procedure proposed and validated by Costa et al. (2011) (hereafter called 

the modified OPCM procedure) is herein described in detail due to its more real 

definition for the elastic stiffness of the bilinear curve.  

The only difference of this procedure from the OPCM procedure is related to the 

first cracking criterion. The procedure assumes that the first cracking occurs when a 

decrease of 60% in the structure tangent stiffness (the derivative at each branch of the 

capacity curve) with respect to its initial value (stiffness in the first branch of the 

capacity curve) is observed. Thus, the tangent stiffness at each branch is computed (see 

Figure 4.31c) and compared with the initial value until the criterion is reached. As a 
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result, the components of the cracking point (d
*

cr - F
*

cr) are obtained. Subsequently the 

effective stiffness (K
*

f), the elastic stiffness (K
*

e) and the yield strength (F
*

y) and 

displacement (d
*

y) are obtained as formulated in the OPCM procedure. 

 

(a) 

 

(b) 

 

(c) 

Figure 4.31. Schematic presentation of the procedures for bilinear idealization proposed 

in: (a) EC8-1 (EN 1998-1, 2004) ; (b) (OPCM 3431/05, 2005) and (Costa et al., 2011); 

along with (c) computation of derivative in each branch of the capacity curve (Costa et 

al., 2011). 
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Concerning the building under study, both of the OPCM and modified OPCM 

procedures were adopted for bilinear idealization of its SDOF capacity curves. The 

capacity curves along with their bilinear backbone curves in both positive and negative 

X directions are shown in Figure 4.32. The most appropriate procedure was selected 

comparing the resultant target displacements obtained by the basic N2 method with 

those resulted from the NLD analyses (see Table 4.6).  

 

(a) 

 

(b) 

Figure 4.32. Bilinear idealization of SDOF Capacity curves obtained from the OPCM 

and modified OPCM procedures for the COM building in: (a) positive and; (b) negative 

X directions. 
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In general, the period of the equivalent SDOF system (T
*
) can be obtained using the 

parameters defined on its bilinear backbone curve as below. 

*

y

*

y

*

*

F

dm
T 2  (4.11) 

where, m
*
 is computed using the relationship given in Equation (4.7). 

4.8.3 Determination of the target displacement  

The basic N2 method uses the following relationships for determining the maximum 

displacement demand (target displacement) of a MDOF structure. First, assuming an 

unlimited elastic behavior, the elastic target displacement of the equivalent SDOF 

system with period T
*
 is given by: 

2

2
)( 












*
*

ae

*

et

T
TSd  (4.12) 

where Sae(T
*
) is the elastic acceleration response spectrum at the period T

*
.  

Then, the inelastic target displacement of the equivalent SDOF system (d
*

t) is 

obtained defining a multiplier called the inelastic displacement ratio (C), as follows: 

*

et

*

t d.Cd   (4.13) 

where C depends on the displacement ductility demand (μ) and the force-reduction 

factor (R), which takes into account the energy dissipation of the structure due to the 

ductility.  

In an equivalent elastoplastic SDOF system, R is defined as the ratio between the 

elastic strength ( )( **

ae

**

e TSmF  ) and the yield strength (F
*

y), while μ is the ratio 

between the inelastic target displacement (d
*

t) and the yield displacement (d
*

y) as given 

in the following relationships (see Figure 4.33). 
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*

y

*

t

d

d
  (4.15) 

The following relationship can be derived from definition of the inelastic 

displacement ratio ( *

et

*

t ddC  ), and of R and μ given above.  

R
C


  (4.16) 

Finally, the target displacement of the MDOF structure is determined by: 

*

tt d.d   (4.17) 

where Γ is computed using the relationship given in Equation 4.7. 

Determination of the structure target displacement using these formulations needs a 

basic relationship, which correlates the ductility demand with the force-reduction factor 

and the period of the equivalent SDOF system. In this Chapter, such relationship is 

written in terms of R as it is known. Thus, in the following sections, the symbols μR and 

CR are used rather than Rμ and Cμ, which would mean ductility demand and inelastic 

displacement ratio for a given R.  

 

Figure 4.33. Principals of the basic N2 method to determine the target displacement of 

an equivalent SDOF system with short period. 
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The μR-R-T
*
 relationship of the basic N2 method incorporated in EC8-1 (EN 1998-1, 

2004) and NTC08 (NTC, 2008) was first proposed by Vidic et al. (1994). The 

relationship was then modified into a simple bilinear spectrum by Fajfar (1999) as 

follows: 

  

                        

      1)1(
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 (4.18) 

where R is always greater than or equal to one and TC is the characteristic period of the 

ground motion or the transition period of the elastic response spectrum. TC is defined as 

the limit between the acceleration-constant segment (the short-period range) of the 

elastic response spectrum and the velocity-constant segment (the medium-period range) 

of it.  

The relationship given above considers the inelastic displacement demand equal to 

the elastic one in the medium- and long-period ranges (CR = 1). However, the 

relationship approximates the inelastic displacement demand greater than the elastic one 

for short-period structures (CR > 1). In general, in the short-period range, changes of 

structural parameters have a more significant influence on the inelastic displacement 

with respect to the medium- and long-period ranges. Consequently, approximation of 

the inelastic displacement is less accurate for short-period structures (Fajfar, 2000). In 

the short-period range, the ductility demand is highly period dependent such that an 

ultra-short period sub-range can be identified in this range with a very high 

amplification of the ductility demand. The analytical results obtained by Lam, Wilson, 

and Hutchinson (1998) show that the ductility demand in ultra-short period range, 

which is significantly larger than the ductility capacity of most of building structures, 

reduces to an in-practice level, if the force-reduction factor is limited. Accordingly, the 

force-reduction factor is further limited in both EC8-1 (EN 1998-1, 2004) and NTC08 

(NTC, 2008). NTC08 (NTC, 2008) recommends a maximum of R = 3, while EC8-1 

(EN 1998-1, 2004) limits the allowable inelastic displacement ratio to (CR) max = 3. For 

T
*
 < TC / 3 (ultra-short period structures) and from Equation (4.18), the latter implies 

that:  

3
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Several studies (Rahnama & Krawinkler, 1993; Vidic et al., 1994; Gupta & 

Kunnath, 1998; Martinelli & Faella, 2015; Amadio et al., 2016) indicate that inelastic 



Chapter 4 – Higher mode effects in pushover analysis of URM buildings 

137 

displacement demands are also affected by the hysteretic behavior of the SDOF system. 

In general, it can be stated that systems with less dissipation energy present larger 

inelastic displacements. In the short-period range, the sensitivity of inelastic 

displacements to the hysteretic dissipation capacity is more pronounced resulting in a 

higher inelastic amplification (Guerrini et al., 2017). However, the μR-R-T
*
 relationship 

given in Equation (4.18) considers only the effect of period and ductility on the inelastic 

displacement demand of a structure. This may cause an underestimated approximation 

of inelastic displacement demands by the basic N2 method in the short-period range.  

Masonry structures are characterized by short values of structural period and a 

dedicated hysteric behavior. This makes necessary to improve the μR-R-T
*
 relationship 

given in Equation (4.18) for estimating the maximum inelastic displacement demand of 

masonry structures. In this regard, SDOF models representative of the behavior of low-

rise masonry structures were generated by Graziotti, Penna, and Magenes (2016). Thus, 

two MDOF sub-models were first calibrated with the experimental results of cyclic tests 

performed on a brick masonry building. Based on the calibrated sub-models, they 

created two MDOF systems including a flexure-dominated (FD) model with slender 

piers and a shear-dominated (SD) model with squat piers. Next, two SDOF oscillators 

were calibrated trying to fit the hysteretic response of the SD and FD systems. 

Jacobsen's equivalent viscous damping ratio (ζhyst) (Jacobsen, 1930) of 13.8% and 

19.9% were obtained for the FD and SD response, respectively. Besides, the FD and SD 

oscillators were calibrated with first-mode masses of 154 t and 157 t, respectively. More 

detailed information can be found in (Graziotti, 2013; Graziotti et al., 2016). 

Using the calibrated SDOF oscillators, Guerrini et al. (2017) proposed a μR-R-T
*
 

relationship dedicated for masonry structures. The authors used in-parallel combinations 

of the responses of the calibrated SD and FD oscillators (Graziotti, 2013) to generate 

seven reference hysteretic models with different values of ζhyst. Starting from the seven 

reference models, a number of target SDOF oscillators (in total 1050 oscillators) were 

generated to cover the ranges of period (0.05-0.5 s, in increments of 0.05 s), yield 

pseudo-acceleration (0.5-5.0 m/s
2
  in increments of 0.5 m/s

2
) and force-reduction factor 

(1.0-5.0, in increments of 1.0) in which masonry structures are more commonly found. 

Consequently, the following mathematical expression was obtained to calculate the 

ductility demand for a given R, see (Guerrini et al., 2017) for more details. 
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where c, b, Thyst and ahyst are the parameters calibrated to match the NLD analysis results 

in terms of the ductility demand. Table 4.4 presents the calibrated values for these 

parameters in three ranges of hysteretic dissipation. 
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Table 4.4. Calibrated parameters for the μR–R–T
*
 relationship proposed by Guerrini et 

al. (2017).  

Case ahyst (-) b (-) c (-) Thyst (s) 

Mainly FD %% hyst 1513    0.7   0.055 

Intermediate %% hyst 1815    0.2 all 2.3 all 2.1 0.030 

Mainly SD %% hyst 2018    0.0   0.022 

Table 4.4 indicates that the needed parameters to determine the target displacement 

are defined in terms of hysteretic damping ratio proposed by Jacobsen (1930) (ξhyst) as 

representative of cyclic dissipated energy. Performing a cyclic pushover analysis, ξhyst 

can be obtained using the following relationship (Jacobsen, 1930). In the lack of details 

on the hysteretic dissipation capacity, one can choose the parameters based on the 

geometric and mechanical considerations (e.g., aspect ratio and axial load) and 

engineering judgment (Guerrini et al., 2017).  

mm

h
hyst

F

A




 2
  (4.21) 

where Ah is the area within the base shear force-lateral displacement curve of a complete 

cyclic response (zero, positive collapse point, negative collapse point, zero) resulting 

from a cyclic pushover analysis. ξhyst is always between 0% (a perfectly elastic behavior) 

and 64% (a perfectly rigid plastic behavior). Moreover, Fm and Δm are the maximum 

force and displacement of the curve, respectively (see Figure 4.34) (Graziotti, 2013). 

Performing a cyclic pushover analysis in the X direction of the COM building, 

m 0120 and N 347525 J, 5981 .FA mmh    were derived from the envelope of the 

cyclic force-displacement curve (Figure 4.34). A hysteretic damping ratio equal to 23% 

was then obtained using the relationship given in Equation (4.21). This indicates that the 

building in the X direction presents a shear-dominant response. Using the respective 

parameters presented in Table 4.4 and the relationships given in Equations (4.12) to 

(4.17) and (4.20), the target displacements at the roof CM were determined for all the 

seismic amplitudes. In the case of bilinear idealization of SDOF capacity curves, both 

OPCM and modified OPCM procedures were used. For each seismic amplitude, this 

calculation process was done in the positive and negative X directions. Then, the 

envelope of the maximum displacement demands (dt) obtained in the positive and 

negative directions was considered as the target displacement. All the parameters 

calculated for determining the target displacements are summarized in Table 4.5. It is 

noted that the EC8 limitation for the ultra-short period structures (i.e. (CR) max = 3) was 
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applied to the displacement demands. As a result, a lower target displacement was 

obtained for 0.35 g in case of using the modified OPCM procedure.  

 

Figure 4.34. Definition of ξhyst for the COM building in the X direction by using 

envelope of force-displacement curve obtained from pushover cyclic analysis. 

Table 4.5. Calculation of target displacements at the roof CM using the basic N2 

method for the COM building in the X direction.                                                                 

PGA 

(g) 

d
*

y 

(mm) 

F
*

y 

(kN) 

T
*
   

(s) 

d
*

et 

(mm) 
μR R CR 

d
*

t 

(mm) 

dt 

(mm) 

OPCM procedure 

0.05 2.9 274.4 0.15 0.7 1.00 1.00 1.00 0.7 0.9 

0.15 2.9 274.4 0.15 2.2 1.00 1.00 1.00 2.2 2.6 

0.25 2.9 274.4 0.15 3.6 1.46 1.26 1.16 4.2 5.0 

0.35 2.5 256.1 0.15 4.7 4.85 1.89 2.57 12.1 14.5 

Modified OPCM procedure 

0.05 1.8 265.0 0.12 0.5 1.00 1.00 1.00 0.5 0.6 

0.15 1.8 265.0 0.12 1.4 1.00 1.00 1.00 1.4 1.7 

0.25 1.8 265.0 0.12 2.3 1.88 1.30 1.45 3.3 4.0 

0.35 1.8 265.0 0.12 3.3 7.51 1.92 3.91 1.0 1.2 

        (The results are obtained using m* = 56326 kg, Γ = 1.20 and TC = 0.6 s.) 
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Using the two above-mentioned bilinear procedures and for each earthquake 

amplitude, error of the target displacements determined by the basic N2 method with 

respect to the NLD analysis displacement (i.e. mean of seven maximum displacements 

at the roof CM resulting from the seven NLD analyses, see Section 4.4) was calculated 

as given in Table 4.6. For the studied building, the error values indicate that the 

modified OPCM procedure is the most accurate method for providing the bilinear 

curves. Furthermore, the obtained error for 0.35 g confirms the EC8 limitation for ultra-

short period structures avoiding a larger target displacement. Moreover, the large 

differences in the displacements obtained by each procedure imply the significant 

influence of bilinear methods on results of the basic N2 method. Hence, it is necessary 

to consider the uncertainty associated to adoption of bilinear procedures in probabilistic-

based analysis frameworks. 

Table 4.6. Errors of target displacements obtained by the basic N2 method with respect 

to the mean NLD analysis results for the COM building in the X direction.  

PGA 

(g) 

Basic N2 method  
NLD 

(mm) OPCM 

(mm) 

Modified OPCM 

(mm) 

0.05  30% (0.66) 8% (0.55) 0.51 

0.15  21% (1.99) 1% (1.66) 1.65 

0.25  22% (4.77) 2% (3.98) 3.90 

0.35  47% (14.40) 23% (12.00) 9.80 

(The numbers in parentheses are the target displacements (mm) obtained by the basic N2 method) 

4.8.4 Discussion  

In this Section, the extended N2 method is applied to the COM building in the X 

direction. Similar to Section 4.7, the results obtained are compared with the mean, 

envelope and dispersion range of the results of seven NLD analyses. For each 

earthquake amplitude, the target displacement determined by the basic N2 method 

adopting the modified OPCM procedure was used (see Table 4.6). The distributions of 

the seismic demands throughout the structure (application of the extended N2 method) 

were determined according to the procedure described in Sections 4.2.2 and 4.2.3, using 

the pushover results, which correspond to the target displacements summarized in 

Table 4.6. 

The roof displacements (absolute values) for the seismic actions of 0.05, 0.15, 0.25 

and 0.35 g obtained from pushover (the basic and extended N2 methods) and NLD 

analyses at both flexible and stiff sides are compared in Figures 4.35 and 4.36. 
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Moreover, the inter-story drifts resulting from different methods at the same sides and 

for the same seismic actions are shown in Figure 4.37. The building is a stiff structure to 

torsion with the normalized displacements less than one at the stiff side obtained from 

the RS analysis. Hence, the in-plan correction factors obtained are equal to one (see 

Section 4.7.1). In this case, the inaccuracy of the basic N2 method in the estimate of the 

target displacements results in greater demands, with respect to the conservative 

demands obtained by the NLD-based procedure (see Figure 4.14). 

 
0.05 g  

 
0.15 g  

 

Figure 4.35. Roof displacements (absolute values) obtained from the different methods 

for the COM building in the X direction (0.05 and 0.15 g).  
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0.25 g  

 
0.35 g  

 

Figure 4.36. Roof displacements (absolute values) obtained from the different methods 

for the COM building in the X direction (0.25 and 0.35 g).  
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Figure 4.37. Inter-story drifts obtained from the different methods for the X direction of the COM building at both sides considering the in-plan 

(upper number in each floor) and in-elevation (lower number in each floor) correction factors. 
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For the studied building, approximations associated to the basic N2 method have 

more influence on the results of the extended N2 method at the flexible side. For 0.15 

and 0.25 g, the basic N2 method overestimates the target displacements by minor errors 

of 1% and 2%, respectively. Therefore, a similar seismic response is observed with 

respect to the response obtained by the NLD-based procedure, namely underestimated 

demands are amplified throughout the building flexible side resulting in the 

conservative demands within the NLD range (mostly close to the mean NLD results). 

However, for 0.05 and 0.35 g, larger estimates are obtained for the target displacements 

with respect to the mean NLD results (errors of 8% and 23%, respectively). Therefore, 

some basic N2 results (roof displacement of wall 2 for both earthquake amplitudes and 

inter-story drifts in the first and second floors for 0.05 and 0.35 g, respectively) are 

larger than the mean NLD analysis results (see Figures 4.35, 4.36 and 4.37). Thus, in 

these cases, the extended N2 method amplifies the overestimated demands. However, 

the demands are mostly within the range of mean ± σ values determined by the NLD 

analysis and below the envelope of the NLD analysis results.  

It is concluded from the results obtained that the demand estimation by the extended 

N2 method depends directly on accuracy of the basic N2 method. However, in general, 

it can be stated that the extended N2 method seems not excessively conservative, which 

makes the method adequate for application in seismic codes. 

4.9 Conclusions 

The main objective of this Chapter is the application of the extended N2 method for in-

plan and in-elevation irregular URM buildings, taking into account the higher mode 

effects. The application of the method was evaluated for three case studies. It is noted 

that some alterations to the original method, which was developed for framed structures, 

were proposed. Two procedures were adopted aimed at studying separately the 

influence of the main sources of approximations associated to the extended N2 method, 

namely determination of the target displacement and distribution of seismic demand 

throughout the structure. For this reason, in the main procedure, the approximations 

related to determination of the target displacement were eliminated using the mean of 

the maximum displacement demands obtained by seven NLD analyses as the target 

displacement. However, the basic N2 method as a NSP was used to obtain the target 

displacements in the second procedure. 

The results of the main procedure show that the method can estimate correctly the 

response of the buildings for the seismic analysis, in which the higher modes have 

influence in the response. In general, the pushover-obtained demands (inter-story drifts 

and displacements) were improved in such a way that the underestimate results were 

amplified to the conservative values within the range of NLD response. Since the 

behavior of URM buildings affected by the higher modes depends on the damage 
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evolution in the walls, the variation of the correction factors in both plan and elevation 

can also improve the damage patterns for the walls subjected to considerable inelastic 

deformations. This aspect demonstrated that the method is able to obtain the seismic 

response of the buildings under study with an asymmetric damage (in-plan and in-

elevation). The results obtained in this procedure support the idea that the extended N2 

method can be combined with any NSP in order to predict not only the seismic demands 

but also the damage pattern of irregular masonry buildings.  

Moreover, the pushover damage patterns obtained by the first procedure for the 

three case studies confirm the hypothesis that there is a relation between the most 

appropriate load pattern for pushover analysis and the distribution of damage severities 

in the building elevation. Comparing the pushover and NLD analyses results in terms of 

capacity curve, the mass proportional load pattern was selected for the COM and CLM 

buildings in which the more severe damage was concentrated in the lower floors. For 

the ACM building presenting sever damage in the upper floors, the load distribution 

proportional to the shape of the main translational mode was selected as the most 

accurate load pattern, even if the difference to the mass proportional load pattern was 

minor. 

In the second procedure, the basic N2 method was used considering some alterations 

for URM buildings in each process step. In this regard, two procedures for bilinear 

idealization of SDOF capacity curves were considered. The results of pushover analysis 

based on the bilinear procedure proposed in (Costa et al., 2011) were adopted 

comparing the obtained target displacements with respect to the NLD analysis results. 

Estimation of the maximum inelastic displacement from the maximum elastic 

displacement demand was done using the relationship developed by Guerrini et al. 

(2017) based on the building hysteretic behavior. The EC8 limitation for ultra-short 

period structures was also applied to the results.  

As a result, seismic responses similar to those of the first procedure were observed 

for the cases in which the estimated target displacements were close to the mean NLD 

results. In the cases with overestimated target displacements, seismic demands (inter-

story drifts and displacements) obtained by the extended N2 method were larger than 

the mean NLD results but were often within the NLD range of variation. Hence, it can 

be concluded that the combination of the extended N2 and the basic N2 methods results 

in seismic demands that are not extremely conservative. This makes the methods 

adequate for incorporation in seismic codes. 

Finally, and recognizing the difficult of developing robust numerical models and 

performing NLD analyses, it is concluded that the extended N2 method based on the 

pushover analysis is a fast and accurate tool to evaluate the seismic behavior of irregular 

masonry structures, taking also into account the higher mode effects, for the three 

buildings considered in this study. However, further studies on irregular masonry 

buildings are desirable, aiming at further validating the extended N2 method. 
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5.1 Introduction 

More than 90% of the area of Iran is located on the Alpine-Himalayan earthquake belt, 

one of the most seismically active areas of the world, which has experienced a long 

series of catastrophic earthquakes, with an important number of casualties and economic 

losses. In the 20
th

 century, Iran has experienced 14 earthquakes of magnitude ~7.0 (i.e., 

one every 7 years), and 51 earthquakes of magnitude 6.0–6.9 (one every 2 years), with 

almost 126,000 deaths since 1900. During this period nine cities were destroyed (one 

city every 10 years) (Berberian, 1997; Gholipour, Bozorgnia, Rahnama, Berberian, & 

Shojataheri, 2008).  

The damage due to past earthquakes in Iran proves that school facilities are an 

important part of the built infrastructure that is vulnerable to earthquakes. The lives of 

many students and teachers are threatened due to the shortage of school buildings that 

are safe against earthquakes. According to the 2012 census in Iran, carried out by the 

Ministry of Education of Iran, there are currently 12.2 million students and 918,500 

teachers in Iran. Meanwhile, according to an assessment performed by the State 

Organization of Schools Renovation, Development and Mobilization of Iran (SOSRI) 

on more than 380,000 classrooms in 100,000 school buildings, over 135,000 classrooms 

should be demolished and reconstructed and 126,000 are highly vulnerable to 

earthquakes (i.e., their retrofitting is needed) (Mahdizadeh, 2011). The 2003 Bam 

earthquake was a catastrophic natural event, in which the vulnerability of school 

buildings was confirmed: 67 of the 131 schools in Bam and surrounding villages 

collapsed and the remaining were heavily damaged. In addition, 8,000–10,000 out of 

32,000 students and about 1,200 out of 3,200 teachers lost their lives in Bam and 

surrounding areas (Tierney, Khazai, Tobin, & Krimgold, 2005; Petal, 2008). Hence, the 

safety upgrading of school buildings against earthquakes is a concern for the public 

authorities.  

Furthermore, the possible use of schools in the aftermath of earthquakes stresses the 

seismic importance of this infrastructure. In seismic-prone regions, school sites are 

often used as the first post-disaster shelter. The first reason for this is related to the 

school’s location in every community, with easy and known access to the local 

population that they serve. Schools have suitable spaces (e.g., gymnasiums or multiuse 

rooms) to provide temporary shelter for a large number of people. The availability of 

food services and ample space for the assembly, processing, and delivery of goods and 

equipment provide further arguments for the use of schools as post-earthquake shelters. 

Finally, since schools are public property, the financial costs of using their facilities are 

minimal (FEMA, 2010). In the majority of earthquakes that have occurred in Iran, post-

earthquake aid and recovery tasks have been conducted using the buildings of the 

undamaged schools. 
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As a consequence of the seismic vulnerability of Iran’s existing schools, in 2007 the 

Iranian Parliament granted 4 billion US dollars according to the 4
th

 Development Plan 

for seismic retrofitting of vulnerable schools and also for the demolition and 

reconstruction of highly vulnerable schools. One of the results of this investment was 

that a technical certificate for each existing school was provided by SOSRI, which led 

to a comprehensive database of all existing schools in Iran (Mahdizadeh, 2011). The 

database is a result of an extensive field survey for each school to collect parameters 

such as: address, geographic coordinates, number of buildings, year of construction, 

aerial photos, photos of the current situation, architectural drawings and “as built” 

drawings. Furthermore, for each building in a school, different parameters were 

gathered, such as: the functionality of each space, building material used, number of 

stories and classrooms, type of structural system, floor type, seismic resistance system 

and building area. According to this database, about 89% of the existing schools in Iran 

are classified as brick masonry buildings, one of the most vulnerable building 

typologies during an earthquake. Taking into account that more than 80% of them are 

located in regions with high and very high seismic hazard (Mahdizadeh, 2011), it is 

necessary to develop a comprehensive and reliable seismic loss assessment framework, 

which can be used to improve their earthquake performance. 

The comprehensive database available for Iranian schools is appropriate for 

assessing their vulnerability using a method based on post-earthquake surveys or expert 

judgment, or a combination of these. For this purpose, a vulnerability index method, 

which is based on expert judgment, resulting in the seismic vulnerability level of each 

school building, has been developed by SOSRI for making the decision on the best 

strategy for each school, including demolition and reconstruction or retrofitting, 

depending on their seismic vulnerability level. In this method, the experts are asked to 

provide the loss level of each school building by filling in several vulnerability forms. 

Since the Iranian method does not result in fragility/ vulnerability curves, which are the 

most robust tools to this end, it is necessary to adopt methods that are capable of 

generating fragility/vulnerability curves and to correlate these curves with the results of 

the Iranian method. On the other hand, research focused on generating fragility curves 

for masonry buildings in Iran is scarce in the literature. In this field, reference can only 

be addressed to the studies carried out by Bakhshi and Karimi (2008) and Omidvar, 

Gatmiri, and Derakhshan (2012), which were aimed at obtaining the analytical and 

observational fragility curves for typical Iranian masonry buildings, respectively.  

Therefore, the objective of this Chapter is to develop a method for generating 

empirical fragility curves by correlating the Iranian method with two empirical methods, 

namely the GNDT II level (Benedetti & Petrini, 1984; Petrini, 1993; CNR – Istituto per 

le Tecnologie della Costruzione, 2007) and the Macroseismic model (Giovinazzi, 2005). 

The method is based on the database on the three predominant types of brick masonry 

schools, as those most vulnerable during past earthquakes, in the province of Yazd (the 

central region of Iran). The proposed curves may be considered as an important 
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contribution for seismic loss estimation studies of schools in Iran, since more than 90% 

of existing schools in Iran present the same structural configuration (Mahdizadeh, 

2011). The results can also be used for masonry buildings in general, as the school 

typologies are rather standard in the buildings stock: low-rise buildings in either 

unreinforced or confined masonry. 

5.2 Overview of the adopted methods 

5.2.1 Iranian method 

SOSRI collected the data needed for the seismic vulnerability assessment of schools 

using simplified field survey forms, through an extensive and quick observation for 

each school building. Based on these forms, the vulnerability of each school in the 

inventory has been assessed by the Iranian vulnerability index method. The method was 

first proposed by SOSRI and it is still employed to evaluate the seismic vulnerability of 

school buildings. The method details are available via an electronic platform (SOSRI, 

2015), accessible to different users. To perform the method, experts are asked to ascribe 

suitable values to different indices and factors to obtain the vulnerability index R. Index 

R indicates the vulnerability level of the building when subjected to an earthquake with 

a given PGA (see Equation (5.1)). The index R is calculated as the product of two 

coefficients, namely Ri and k4, representing the building vulnerability and the probable 

seismic demand measure PGA, respectively (see Equation (5.2)). 























 75

7525

25

R

R

R

 

Lowest level of seismic vulnerability. It is not necessary to carry 

out more assessment analyses or the retrofitting of the structure. 

(5.1) 

Moderate level of seismic vulnerability. The building needs to 

be assessed by a more accurate method. 

Highest level of seismic vulnerability. It is necessary to 

demolish the building and reconstruct it. 

4 3 4 0 43k . a .   (5.2) 

Here, "a" represents the probable PGA of the region where the school is located. The 

PGA is given by the Iranian seismic design code (Standard 2800) (BHRC, 2012) as a 

result of a probabilistic hazard analysis. 
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In order to obtain the value of the index Ri, three types of indices, which are related 

to the structural aspect (Li, i=1 to 5), the structural details (k1) and the architectural 

features (k2, k3), are defined as presented in Tables 5.1 to 5.3. The index Ri is calculated 

using the following relationship. 

32154321 )( k.k.k.LLLLLRi   (5.3) 

Table 5.1. Description of structural factors associated with vulnerability index k1 in 

Iranian method. 

Indices Title 
Current condition 

Description 
Good Fair Poor 

k11 Masonry 

materials 

6 7 8 Quality of masonry units 

10 11 12 Quality of mortars 

k12 Load-bearing 

walls 

22 26 30 Walls density 

6 7 8 Walls height/thickness ratio ≤10 

4 5 6 Maximum height of the walls≤4m 

4 5 6 Maximum length of the walls≤5m 

6 7 8 Construction quality 

k13 Building roof 

configuration 

4 5 6 Roof weight 

4 5 6 Enough supporting length for roof 

joists 

4 5 6 Roof integrity 

6 7 8 Roof opening area≤50% of roof 

area 

k14 Other 

parameters 

8 9 10 Connection between load-bearing 

walls and roof 

3 4 5 Connection between load-bearing 

and partition walls 

10 11 12 Continuity of loading path along 

the walls 

3 4 5 Distance from adjacent 

building≤0.01 of building height 

The method considers three levels of the building’s current condition, described by 

the terms "Good", "Fair" and "Poor" that are associated with the indices L1, L4, L5, k1 

and k2. The building’s current condition, which is determined by experts through a 

technical building survey, depends on the current structural details and architectural 

features of the building, and influences the damage level that the building will likely 
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sustain in future earthquakes. The value of the index k1 is obtained using the structural 

factors k11, k12, k13 and k14 as follows: 

100
k 14131211

1

kkkk 
  (5.4) 

The structural factors (k11 to k14) are obtained considering several influential 

parameters as presented in Table 5.1. For each parameter, a score is assigned based on 

its current condition. The value of each factor (k11 to k14) is equal to the sum of the 

scores assigned to each parameter. Indices L1, L4, L5 and k2 are directly considered in the 

vulnerability analysis, assigning a score to each one on the basis of its current condition 

(see Table 5.2). Indices L2, L3 and k3 are independent of the building’s current condition 

and their values are given in Table 5.3. 

Table 5.2. Description of vulnerability indices L1, L4, L5 and k2 in Iranian method. 

Indices 
Current condition 

Description 
Good Fair Poor 

L1 10 15 20 Local site condition and foundation 

L4 0 5 10 Building plan and elevation configuration 

L5 0 5 10 Symmetry of building plan 

k2 1 1.1 1.2 Wall openings condition 

Table 5.3. Values of vulnerability indices L2, L3 and k3 in Iranian method. 

Indices Value Description 

L2: Seismic 

resistance system 

10 Confined buildings with horizontal and vertical RC ties 

35 URM school with horizontal RC ties 

55 URM school without any confinement and connections 

L3: Horizontal 

diaphragms 

5 Rigid diaphragms: RC slab or retrofitted jack-arch slabs 

15 Flexible diaphragm: jack-arch slab 

k3: Number of 

stories 

1 One story 

1.1 Two stories 

1.2 Three stories 

The indices and their weighted factors, as well as the equations implemented in the 

Iranian method, are based on Standard 2800 (BHRC, 2012), Indian guideline (Rai, 

2005) and ASCE 31-03 (ASCE, 2003) for seismic evaluation of existing buildings, and 
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on more than seven years' experience of SOSRI from different regions of Iran in 

retrofitting projects, which makes the method compatible with local construction details 

of typical masonry school buildings (Mahdizadeh, 2011).  

The method is a valuable tool to assess the vulnerability of a masonry building, as 

was validated recently. In August 2012 an Mw6.4 (NEIC) earthquake occurred near the 

cities of Ahar and Varzeghan in the northwest of Iran. The catastrophic earthquake 

killed 327, caused more than 3,000 injuries and left more than 30,000 homeless 

(Razzaghi & Ghafory-Ashtiany, 2012). The earthquake was identified as the first 

destructive seismic action since the start of the national program for reconstruction and 

retrofitting of existing school buildings in Iran. In comparison with residential and other 

infrastructure buildings such as hospitals and government buildings, the performance of 

the 429 school buildings in the area was acceptable during the earthquake (Figure 5.1). 

No observable structural damage occurred in most masonry schools, including the 

confined brick masonry schools with jack-arch roof and the brick masonry schools 

without any confinement and with light gable roof (Ebrahimi & Mahdizadeh, 2012). 

   

(a) (b) 

Figure 5.1. Typical example of damage caused by the 2012 Ahar Varzaghan Earthquake 

on masonry buildings: (a) a residential building (Razzaghi & Ghafory-Ashtiany, 2012); 

(b) a school building, retrofitted with an overlay of shotcrete by SOSRI before the 

earthquake, used as a disaster shelter after the earthquake (Ebrahimi & Mahdizadeh, 

2012). 

The seismic vulnerability of school buildings located in the region affected after the 

Ahar and Varzaghan earthquake had been assessed before the earthquake. Thus, the 

experts had used the probable PGA of the region as well as the values of the indices to 

obtain the index R. They made the decision to choose an appropriate strategy for each 

school based on the value of vulnerability index R. The number of existing masonry 

schools before and after the earthquake in the three affected cities is presented in Tables 

5.4 and 5.5 in terms of their vulnerability levels, which implied retrofitting of schools 



Analytical and empirical seismic fragility analysis of irregular URM buildings with box behavior 

154 

when needed, and different post-seismic decisions, respectively. To examine the 

capability of the Iranian method, the aggregated data before the earthquake as a result of 

an assessment for each school inventory can be compared with the number of damaged 

schools resulting from the post-earthquake survey.  

Table 5.4. Number of existing masonry schools assessed by the Iranian method before 

the earthquake (Ebrahimi & Mahdizadeh, 2012). 

Vulnerability 

level 
Low Moderate High All 

No. of stories One 
Two and 

more 
One 

Two and 

more 
One 

Two and 

more 
One 

Two and 

more 

City of Ahar 10 2 52 15 133 7 195 24 

City of  

Varzaghan 
2 2 24 3 49 - 75 5 

City of Herris 6 1 34 9 77 3 117 13 

Table 5.5. Number of damaged masonry schools obtained from post-earthquake survey 

(Ebrahimi & Mahdizadeh, 2012). 

Post-earthquake decision Repair Strengthening 
Demolition and 

reconstruction 

No. of stories One 
Two and 

more 
One 

Two and 

more 
One 

Two and 

more 

City of Ahar 27 12 - 2 8 4 

City of Varzaghan - 1 - 3 13 2 

City of Herris 14 - - 2 - - 

Total 41 13 - 7 21 6 

Considering all the schools in the region, as shown in Figure 5.2, it can be observed 

that most of them had been categorized as having a high or moderate vulnerability level 

before the earthquake, whilst the number of buildings that should be demolished and 

reconstructed, or that needed retrofitting, was impressively reduced after the earthquake. 

In addition, the majority of affected buildings had no damage after the earthquake 

(Figure 5.2), which would require a comparison between the seismic demand and 

expected performance in the Iranian code. Still, the comparison proves that the Iranian 

method is capable of determining the vulnerability level of masonry buildings before an 

earthquake. In other words, the post-earthquake observation indicates that the prediction 

(the pre-earthquake strategy) on the seismic vulnerability of the school buildings using 

the Iranian method is admissible. It should be noted that the Iranian method does not 



Chapter 5 – Empirical seismic fragility analysis for masonry schools in Iran 

155 

result in fragility curves. For this reason, it is not possible to predict the probability of 

different damage grades giving the PGA of a certain earthquake. The current 

availability of the Iranian vulnerability index R for each school in the inventory, if 

combined with corresponding fragility/vulnerability curves, would be a powerful tool 

for loss analyses in the country. 

 

1: No damage 

2: Low vulnerability-Repair 

3: Moderate vulnerability- 

Strengthening 

4: High vulnerability- 

Demolition and reconstruction 

Figure 5.2. Comparison between the number of masonry schools before and after the 

earthquake. 

5.2.2 GNDT II level method 

The GNDT II level method is an empirical method that results in a normalized 

vulnerability index to estimate the expected damage of a building. The method includes 

eleven parameters that influence seismic vulnerability, including the type of earthquake-

resistant system, the earthquake-resistant system’s quality, the conventional strength 

capacity, the soil condition and foundations, the presence of horizontal floor 

diaphragms, the building plan configuration, the building elevation configuration, the 

maximum distance between walls, the type of roof, the non-structural elements and the 

building condition. The information on the parameters is gathered in a survey form that 

is filled in for each building. 

For each parameter, a weight factor pi is considered corresponding to its degree of 

importance (see Table 5.6). In order to associate a class of vulnerability from A (lowest) 

to D (highest) for each parameter, a vulnerability score Cv is assigned to each class with 

the values of 0, 5, 25, 45 for classes A, B, C and D, respectively. It should be noted that 

some parameters present different Cv values for intermediate classes (classes B and C). 

The vulnerability index is obtained as the weighted sum of the vulnerability scores of 
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the various parameters. The normalized vulnerability index Iv, which ranges between 0 

(very low) and 100 (very high), is calculated as follows: 

5382

11

1

.

pC
I i ivi

v

   (5.5) 

On the basis of the damage survey after the 1976 Friuli and 1984 Abruzzo 

earthquakes (Guagenti & Petrini, 1989), vulnerability curves for existing masonry 

buildings were developed by Petrini (1993). These vulnerability curves correlate the 

Damage Factor DF (the ratio between the repair/retrofitting cost and the rebuilding cost 

of a building), the PGA and the normalized vulnerability index Iv (see Figure 5.3). It 

was assumed for each specified Iv that the variation of the damage factor (0<DF<1) is 

linear between two PGA threshold values: the PGA that causes onset of the damage, yi, 

and the PGA that causes collapse of the building, yc. The threshold values are defined in 

terms of the normalized vulnerability index Iv as given in the following equations. 

 )25( 02070 exp 1550  vi I..y  (5.6) 

  11452)25(  0002906250
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Table 5.6. Weight factor of each parameter considered in the GNDT II level method. 

Parameter Description pi 

P1 Earthquake-resistant system’s type 1.00 

P2 Earthquake-resistant system’s quality 0.25 

P3 Conventional strength capacity 1.50 

P4 Soil condition and foundations 0.75 

P5 Presence of horizontal floor diaphragms 1.00 

P6 Building plan configuration 0.50 

P7 Building elevation configuration 1.00 

P8 Maximum distance between walls 0.25 

P9 Type of roof 1.00 

P10 Non-structural elements 0.25 

P11 Building condition 1.00 

 



Chapter 5 – Empirical seismic fragility analysis for masonry schools in Iran 

157 

 

Figure 5.3. Vulnerability curves of the GNDT II level method. 

5.2.3 Macroseismic method  

In order to evaluate the seismic vulnerability of buildings located in European regions 

and towns, the Macroseismic method was developed by Giovinazzi (2005). The 

method, which is based on the EMS-98 macroseismic scale (Grünthal, 1998), is able to 

assess the vulnerability of a single building or a building typology. The EMS-98 

macroseismic scale, which is defined for different building typologies, presents a 

classification including five damage grades Dk (k = 1 - 5) and six vulnerability classes 

with an increasing order of vulnerability from A to F. The damage grades and 

vulnerability classes defined for masonry structures are presented in Tables 5.7 and 5.8, 

respectively.  

The EMS-98 DPMs consist of the six vulnerability classes, in which the probability 

of five damage grades is expressed by the linguistic terms "few", "some" and "many" 

for a given macroseismic intensity degree (from I to XII). The incomplete damage 

distribution and the imprecise determination of the damage probability inside the EMS-

98 DPM led to the development of the Macroseismic method for resolving the 

uncertainties. In the Macroseismic method, the beta distribution is proposed in order to 

complete the distribution of damage grades. The beta Probability Density Function 

(PDF) and the beta Cumulative Distribution Function (CDF) are calculated as follows: 
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Table 5.7. Classification of damage to masonry structures defined by the EMS-98 

macroseismic scale (Grünthal, 1998).  

Description Damage sketch 

Grade 1: Negligible to slight damage (no structural 

damage, slight non-structural damage): 

Hair-line cracks in very few walls; 

Fall of small pieces of plaster only; 

Fall of loose stones from upper parts of buildings in 

very few cases;  

Grade 2: Moderate damage (slight structural damage, 

moderate non-structural damage): 

Cracks in many walls; 

Fall of fairly large pieces of plaster; 

Partial collapse of chimneys; 
 

Grade 3: Substantial to heavy damage (moderate 

structural damage, heavy non-structural damage): 

Large and extensive cracks in most walls; 

Roof tiles detach. Chimneys fracture at the roof line; 

failure of individual non-structural elements 

(partitions, gable walls);  

Grade 4: Very heavy damage (heavy structural 

damage, very heavy non-structural damage): 

Serious failure of walls; partial structural failure of 

roofs and floors; 

 

Grade 5: Destruction (very heavy structural damage): 

Total or near total collapse; 

 

 

CDF ( ) ( )
x

a
: P x p y dy    (5.9) 

Here, Г is the beta probability density function; 
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Table 5.8. EMS-98 vulnerability classes of masonry structures (Grünthal, 1998). 

Type of masonry structure 
Vulnerability class 

A B C D E F 

Rubble stone, fieldstone  

 

 

Adobe(earth brick)  

Simple stone  

Massive stone 

Unreinforced, with manufactured stone units  

Unreinforced, with RC floors 

Reinforced or confined 

(Ο most likely vulnerability class; probable range;  range of less probable, exceptional cases) 

where pk represents the probability of having each damage grade Dk (k = 0 - 5). Here, D0 

means no damage, D1 means slight, D2 moderate, D3 heavy and D4 very heavy damage, 

and D5 means destruction. This probability is obtained as: 

)()1()(
1 
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k
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k 


  (5.11) 

Finally, the fragility curves for different damage grades can be generated as follows: 

)(1)( kPDDP k   (5.12) 

The fuzzy set theory (Zadeh, 1965) is applied to the qualitative terms of EMS-98 

DPM "few", "most" and "many" in order to translate them to the precise quantitative 

terms. Repeating this procedure for all damage grades of each vulnerability class and for 

various macroseismic intensities results in a closed analytical function calculating the 

mean damage grade μD in terms of macroseismic intensity I, the vulnerability index V 

and the ductility index Q = 2.3 as given in the following equation. 
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Similarly, an index V quantifying the seismic behavior of the building, which ranges 

between 0 and 1, is obtained by applying the fuzzy set theory. In the Macroseismic 

method, the vulnerability index V was calculated for all European building typologies 

(e.g. adobe, unreinforced masonry and reinforced concrete) and for six vulnerability 

classes of the EMS-98 macroseismic scales. Table 5.9 presents the most likely 

vulnerability indices calculated for different types of masonry structure and the EMS-98 

vulnerability classes. 

Table 5.9. Vulnerability indices calculated in the Macroseismic method (Lagomarsino 

& Giovinazzi, 2006) for different types of masonry structure and vulnerability classes. 

Type of masonry structure Index V Vulnerability class Index V 

Rubble stone, fieldstone 0.873 A 0.90 

Adobe(earth brick) 0.840 B 0.74 

Simple stone 0.740 C 0.58 

Massive stone 0.616 D 0.42 

Unreinforced, with 

manufactured stone units  
0.740 E 0.26 

Unreinforced, with RC floors 0.616 F 0.10 

Reinforced or confined 0.451   

5.3 Description of the proposed method 

The proposed method aims to obtain vulnerability and fragility curves having a given 

value of index Ri for each masonry school inventory. The generation of vulnerability 

curves involves two main steps:  

1. Correlation between the Iranian method and the GNDT II level method for 75 

masonry schools belonging to different masonry building typologies; 

2. Combination of the GNDT II level and Macroseismic methods through a 

correlation between the PGA and macroseismic intensity, I, as well as between 

physical damage, μD, and damage factor, DF. 

After obtaining the vulnerability curves, it is possible to develop a relationship 

between index Ri and index V of the Macroseismic method. Having the corresponding 

value of index V for each school in the inventory, the respective value of the mean 

damage grade μD is then calculated using Equation (5.13). The fragility curves are 

finally obtained using the Macroseismic method expressions as given in Equations 

(5.8), (5.9) and (5.12). 
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5.3.2 Correlation between the Iranian method and the GNDT II 

level method  

As stated before, this Chapter focuses on the school database provided for the province 

of Yazd, which is located in the central region of Iran. Although there is a 

comprehensive database of all school buildings in Iran, the only available database for 

the author was for schools located in this province. The school buildings in Iran 

correspond to typologies presenting the same features, and they have been built by 

SOSRI for about 30 years. Thus, the existing school buildings have approximately the 

same architectural style and structural details. Hence, it can be claimed that the results 

obtained for masonry schools located in the province of Yazd can be adopted for other 

masonry schools in Iran.  

The province is surrounded by two vast deserts, with hot and arid weather. Due to 

the weather conditions and the easy availability of clayey soil, which has a high quality 

for producing bricks, masonry buildings made of adobe and brick are common in the 

entire province. According to the available school database, nearly 80% of existing 

school buildings in this province are classified as masonry buildings (Figure 5.4a
2
), of 

which more than 70% are one-story and about 25% are two-story (see Figure 5.4b). The 

masonry buildings are mostly made of brick (96%), usually unreinforced (see 

Figure 5.4c and d).  

Most masonry schools lack a roof system with adequate performance during an 

earthquake. As shown in Figure 5.4e, a jack-arch type of slab with more than 70% is the 

predominant roof type for the masonry schools of Yazd province. The jack-arch refers 

to a flooring system in which the slab area is covered by a series of parallel steel I-

beams, which are installed directly on the load-bearing walls with a certain spacing (80 

to 100 cm), and a number of shallow brick arches filling the space between the two 

adjacent steel beams. The general features of existing masonry schools located in Yazd 

province, such as the common roof type and seismic resistance system, indicate their 

high seismic vulnerability. On the other hand, Yazd province, as part of the Iranian 

plateau, is as an earthquake-prone region. The province has experienced several ground 

shakings during the years. Earthquake epicenters and major faults within the province 

are shown in Figure 5.5. The location of each masonry school in the inventory was 

derived using the available school database. Subsequently, for each masonry school, the 

probable PGA value
3
 and corresponding hazard level, proposed by Standard 2800 

                                                 

 

2
 In Figure 5.4a, semi-framed structural typology refers to a common building system in Iran consisting of 

unreinforced masonry walls in the lateral boundaries and some central steel columns with/without frame. 

3
 The PGA value corresponds to an exceedance probability of 10% in 50 years (usual design life for 

buildings), or a 475-year return period. 
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(BHRC, 2012) for each city, were obtained. As a result, more than 95% of the masonry 

schools are located in regions with moderate and high earthquake hazard levels, as 

shown in Figure 5.4f.  

  

(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure 5.4. Percentages of school buildings in Yazd province in terms of: (a) structural 

typology; (b) number of stories; (c) masonry material; (d) roof type; (e) floor system; 

(f) seismic hazard level. 
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(a) (b) 

Figure 5.5. Seismicity of Yazd province: (a) seismic hazard zonation map of Iran, with 

the limits of Yazd province highlighted in black (IIEES, 2017); (b) earthquake 

epicenters and major faults of Yazd province and neighboring (Dezvareh, Naserieh, 

Rouhi, & Boroumand, 2017). 

The seismicity of the province as well as the high percentage of vulnerable masonry 

schools make the schools prone to severe earthquake damage and gave rise to the choice 

of Yazd province as the studied region. On the basis of the presented statistical data, the 

brick masonry schools located in the province of Yazd can be classified into three main 

typologies (M1 to M3), taking into account the condition of connections between walls, 

the connections between walls and floors/roof and the diaphragm stiffness (see 

Table 5.10 and Figure 5.6).  

Table 5.10. Main typologies of brick masonry schools in Yazd province, Iran. 

Label No. of stories Specifications 

M1 1-3 
Confined masonry school with horizontal and 

vertical RC ties and RC slab (rigid) 

M2 1-2 
URM school with horizontal RC ties on the top 

of the main walls and jack-arch slab (flexible) 

M3 1 
URM school without any confinement and 

jack-arch slab (flexible) 
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(a) 

  

(b) (c) 

 

(d) 

Figure 5.6. Typical brick masonry schools. Exterior view of: (a) type M1; (b) type M2; 

(c) type M3; (d) interior view of typical jack-arch floor. 

Type M1 represents the confined masonry buildings, while types M2 and M3 can be 

classified as URM buildings. The empirical fragility curves have been generated for 

these typologies due to their relevant presence in the considered region. Besides the 

three main types, another typology of brick masonry schools, called type M2s, can be 

determined from the available database similar to the type M2 with the only difference 
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in which RC slabs are used. The empirical fragility cures have also been provided for 

type M2s to be used in Chapter 6, for comparison purposes. 

In the GNDT II level method, as stated before, there are several parameters to each 

of which a vulnerability class (A–D) and subsequently a vulnerability score is ascribed. 

The vulnerability classes are assigned based on the building’s structural and 

architectural features. To determine the vulnerability class of some parameters, it is 

necessary to calculate the area of the load-bearing walls and to measure the distance 

between them as well as the dimensions of each wall. Thus, all the architectural 

drawings of a building are required. On the other hand, although the available database 

of existing school buildings includes the vulnerability data (i.e. the completed 

vulnerability forms and the vulnerability index R) of all schools, only a limited number 

of school buildings available in the database present the complete architectural 

drawings.  

Twenty-five available buildings for each type (75 in total) were selected and the 

normalized vulnerability index Iv has been obtained. It is noted, as stated before, that the 

school buildings in Iran are built according to typical architectural and structural 

features defined by SOSRI for each typology. Thus, the 25 selected buildings for each 

typology represent a large number of school buildings in Iran. After obtaining the 

values of the indices Iv and Ri, a correlation, by applying a linear regression function to 

the data points, for each typology was carried out, as shown in Equation (5.14) and 

Figure 5.7. It is observed that Iv and Ri present an acceptable linear correlation. 





















M2s Type      0912327740

M3 Type      7132914560

M2 Type      5721525550

M1 Type      1342033370

.R.I

.R.I

.R.I

.R.I

iv

iv

iv

iv

 (5.14) 

5.3.3 Combination of GNDT II level and Macroseismic methods 

After calculating the index Ri for each school, the proposed method aims to define a 

procedure for generating vulnerability curves for the specified masonry school 

typology. For this purpose, it is necessary to correlate the vulnerability curves of the 

GNDT II level and the Macroseismic method. As stated before, the vulnerability curves 

of the GNDT II level indicate the variations of the damage factor DF as a function of 

the PGA for each normalized index Iv, whilst the Macroseismic method results in a 

different format of the vulnerability curves, indicating the variations of the mean 

damage grade μD as a function of the macroseismic intensity I. For this reason, the 

relationships between the PGA and macroseismic intensity I, and between the damage 

factor DF and the mean damage grade μD should be obtained. Once these relationships 
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are obtained, it is possible to generate new vulnerability curves indicating the variation 

of mean damage grade μD versus the macroseismic intensity I based on the linear 

relation between damage factor DF and the PGA as proposed in the GNDT II level 

method (see Figure 5.3). 

  

(a) (b) 

  

(c) (d) 

Figure 5.7. Correlation between the indices Iv and Ri for each school type: (a) M1; 

(b) M2; (c) M3; (d) M2s. 

5.3.3.1 Correlation between macroseismic intensity I and peak 

ground acceleration PGA 

The formulations in the literature for the macroseismic intensity I-PGA correlation 

present a large scatter (Murphy & O'Brien, 1977; Guagenti & Petrini, 1989; Margottini, 

Molin, & Serva, 1992; Wald, Quitoriano, Heaton, & Kanamori, 1999; Wu, Teng, Shin, 

& Hsiao, 2003). The physical parameters of the ground motion, such as PGA, are 

related to the local site conditions, while the macroseismic intensity I is a subjective 

seismic intensity measure that depends on an expert opinion. Due to this inherent 
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difference, the proposed relationships in the literature incorporate some level of 

subjectivity. 

Since the GNDT II level vulnerability curves were derived based on the post-

earthquake observations in Italy, the I-PGA relationships based on the Italian 

earthquakes data have been used in this study. On the other hand, available I-PGA 

relationships based on the earthquakes that occurred in Iran are very rare and they are 

not reliable. While there are several I-PGA relationships for Italian earthquakes, their 

scatter is very high. Thus, some Italian relationships with lower scatter have been 

selected and the final results (fragility/vulnerability curves) have been validated with 

respect to the corresponding curves obtained on the basis of post-earthquake 

observations after the earthquakes that occurred in Iran. The procedure can be assumed 

as a reliable solution to verify the accuracy of I-PGA. The relationships developed by 

Guagenti and Petrini (1989) (Equation (5.15)) and Margottini et al. (1992) (Equations 

(5.16) and (5.17)) from Italian data have been employed in this study using their mean 

curve (Equation (5.18)) shown in Figure 5.8. 

( 5)0 0172 1 8258 I
ga . .    (5.15) 

( 5)0 0382 1 5100 I
ga . .    (5.16) 

( 5)0 0423 1 6600 I
ga . .    (5.17) 

( 5)0 0317 1 6400 I
ga . .    (5.18) 

Here, ag is the PGA(g).  
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Figure 5.8. Comparison between different I-PGA relationships.                                         
(The mean curve considers only the Italian results of Guagenti and Petrini (1989) and Margottini et al. 

(1992)) 

5.3.3.2 Correlation between the physical damage and the damage 

factor 

The probability of the occurrence of each type of earthquake loss and consequence (i.e. 

economic losses, casualties, collapsed and uninhabitable buildings), pc, can be obtained 

in terms of the weighted factors wc,k as:  





5

0k

kk,cc pwp  (5.19) 

where pk is equal to the probability of being in each damage grade Dk ( 0k  to 5).  

      This probability is related to the value of the mean damage grade μD (see Equations 

(5.8) and (5.11)). In the case of economic losses, pc can be regarded as equivalent to a 

certain damage factor DF of the building. Subsequently, the weighted factors wc,k can be 

termed damage factor rates wDF,k as the damage factors assigned to each grade of 

damage. The physical damage parameter (i.e. mean damage grade μD) and the damage 

factor DF can be correlated within the following procedure. For each value of the mean 

damage grade (μD = 0 to 5), the values of pk (k = 0 to 5) can be first calculated using the 
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relationship given in Equations (5.8) and (5.11). Next, employing appropriate values for 

the damage factor rates wDF,k, the values of damage factor DF corresponding to each 

value of the mean damage grade μD can be obtained using the relationship given in 

Equation (5.19). For this reason, understanding the values of the damage factors 

assigned to each damage grade wDF,k is necessary to correlate the Macroseismic and the 

GNDT II level methods.  

A variety of damage factor values within grades wDF,k have been proposed in the 

literature, based on empirical loss data processing after the earthquake or expert 

judgment. After the 1971 San Fernando earthquake, a study was carried out by 

Whitman et al. (1973) on post-earthquake loss data based on the damage cost 

calculation. The study resulted in a damage scale with damage factor equivalences (see 

Table 5.11). An example of judgment-based studies is given by ATC-13 (1985), in 

which a questionnaire was developed to ask experts about probable earthquake losses, 

with the result presented in Table 5.12. The HAZUS earthquake loss estimation 

(FEMA, 2003) also proposes a damage scale in which a specific damage factor is 

assigned to each grade, as given in Table 5.13. The values of the damage factors, which 

are “consistent with and in the range of the damage definitions and corresponding 

damage ratios presented in ATC-13” (FEMA, 1999, pp. 15-11), can be used in loss 

assessment studies in the absence of more accurate information. 

Table 5.11. Damage factors developed by Whitman et al. (1973). 

Whitman et al. (1973) extended damage factors 
Whitman et al. (1973) 

shortened damage factors 

Damage 

state 

Damage factor range 

(%) referred to as 

damage ratio 

Central 

damage factor 

Damage 

state 

Central 

damage factor 

0 0–0.05 0 None 0 

1 0.05–0.3 0.1 Light 0.3 

2 0.3–1.25 0.5   

3 1.25–3.5 2 
Moderat

e 
5 

4 3.5–7.5 5   

5 7.5–20 10   

6 20–65 30 Heavy 30 

7 65–100 100 Total 100 

8  100 Collapse 100 

The damage factor is known as a versatile tool for economic loss analysis, due to its 

capability to compare studies in the past and future, as only an absolute ‘replacement’ 
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value is required (Hill & Rossetto, 2008). If developed for a specific region based on the 

local economic analysis, the damage factor could be more efficient to use in loss 

assessment studies. For this reason, several studies can be found in the literature aiming 

at proposing local values for the damage factor. Emphasizing the specificity of damage 

factor to location, Bal, Crowley, Pinho, and Gülay (2008) provide local values of the 

damage factors based on the economic data on retrofitting 231 damaged buildings after 

the 1998 Ceyhan and 1999 Kocaeli earthquakes in Turkey. The authors developed 

damage factor values in accordance with the HAZUS damage scale. However, the 

results were totally different from the original values of the HAZUS framework, as 

shown in Table 5.13, due to different construction details as well as different local rules 

and conditions for post-earthquake strengthening of buildings in Turkey. 

Table 5.12. Damage factors proposed by ATC-13 (1985) corresponding to 7 damage 

states. 

Damage 

state 

Damage factor 

range (%) 

Central 

damage factor 

None 0 0 

Slight 0–1 0.5 

Light 1–10 5 

Moderate 10–30 20 

Heavy 30–60 45 

Major 60–100 80 

Destroyed 100 100 

Table 5.13. Damage factors developed by Bal et al. (2008) for Turkey in accordance 

with HAZUS damage states.  

Damage 

state 

HAZUS damage 

factor (%) 

Bal et al. (2008) 

damage factor (%) 

Slight 2 16 

Moderate 10 33 

Extensive 50 105 

Complete 100 104 

Since other damage scales such as EMS-98 and MSK were not associated originally 

with the damage factors, researchers are conducting efforts to propose specific values 

for the damage factors assigned to each grade in the aforementioned scales. As given in 

Table 5.14, although all the presented values are provided in accordance with the EMS-



Chapter 5 – Empirical seismic fragility analysis for masonry schools in Iran 

171 

98 or MSK damage scales, the variation associated with the damage factor values 

proves their sensitivity to regional economic factors. 

The method adopted to derive the damage factor associated with the moderate grade 

consisted of two main steps: (a) classification of post-earthquake moderate damage of a 

masonry school; (b) calculation of the cost of repair associated with typical moderate 

damage. According to the rules and requirements for the post-earthquake assessment of 

school buildings in Iran, a building with slight damage (according to the EMS-98 scale) 

can be considered safe for immediate occupancy as the target performance level. In 

addition, the moderately damaged buildings are safe but with an urgent need for repair 

(Technical Deputy of SOSRI, 2012).  

Table 5.14. Damage factors for different regions according to EMS-98 or MSK damage 

states. 

EMS-98 or 

MSK damage 

grade 

Blong 

(2003), 

Australia 

Timchenko 

(2002), 

Georgia 

Roca et al. 

(2006), 

Spain 

Mouroux 

(2003), 

Europe 

SSN 

(Bramerini et 

al., 1995), Italy 

Slight 1–5(2) 2 1 2-5 1 

Moderate 5–20 (10) 10 20 10-20 10 

Heavy 20–60 (40) 30 40 50 35 

Very heavy 60–90 (75) 80 80 100 75 

Destruction 90–100 (100) 100 100 100 100 

On the other hand, past earthquakes in Iran indicated that school buildings have 

recurrent performance and suffer similar damage under seismic actions, as they have 

similar architectural and structural features when compared with other typologies such 

as residential and government buildings. For this reason, it is possible to identify typical 

post-earthquake moderate damage for masonry school buildings based on the damage 

definition and the technical observations after earthquakes in Iran. According to the 

EMS-98 scale, moderate damage is defined as slight structural damage and moderate 

non-structural damage. Hence, moderate damage, which is mostly related to the non-

structural elements, has been classified herein based on a comprehensive review 

performed on the damage observed during past earthquakes (see Table 5.15).  

The latter step was performed using the ten most used plans of existing masonry 

school buildings for the reason that calculation of the cost of repair depends on the 

architectural features of the building. In this regard, for each building plan, the volume 

of construction work required for each typical type of damage was first calculated. 

Next, the cost of each work was obtained by employing annual unit prices published by 

the Vice-Presidency for Strategic Planning and Supervision of Iran for all works during 

a construction project. The financial analyses were performed based on the assumption 
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that the buildings suffered typical moderate damage. Using this procedure, the ten plans 

of existing schools selected to perform the economic analysis can be assumed as 

representative of all masonry schools located in the studied region.  

Table 5.15. Typical moderate damage of unreinforced masonry school buildings in Iran. 

Photos from (Yekrangnia & Mahdizadeh, 2009). 

 

 

 

 

 

Figure 5.9 shows the values of the repair cost obtained for the considered schools. 

The weighted average value of 12.8 (USD/m
2
 or $/m

2
) is considered as the average 

repair cost for the moderate grade (see Figure 5.9). Due to the inherent vagueness 

Description Figure 

Cracking with small crack width 

in multiple walls 

 

Fall of large parts of plaster 

 

Partial collapse of brick parapet 

built around the building roof 

 

Partial loss of brick veneer 

 

Overturning of non-structural 

equipment 

 

(Photos from (Yekrangnia & Mahdizadeh, 2009)) 
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associated with slight damage, it can be claimed that its repair cost is the most difficult 

damage cost to determine. Due to the lack of relevant data in the literature, it was herein 

obtained assuming a linear relation between the repair cost of the moderate and slight 

damage grades. In other words, the repair cost for the slight damage grade was 

calculated as the product of two values: the repair cost of the moderate grade (i.e. 12.8 

($/m
2
)) and a specific ratio defined as follows: the ratio between the damage threshold 

percentages of 10% and 30%, proposed by the Technical Deputy of SOSRI (2012), for 

the slight and moderate grades, respectively. Consequently, the repair cost of 4.3 ($/m
2
) 

is considered for the slight damage grade. It is noted that these costs cannot be 

translated to other countries directly as they must be translated taking into consideration 

local conditions in each region. 

Within the national program for seismic safety upgrading of existing schools in Iran, 

more than 9,000 classrooms (equal to 1 million m
2
) were retrofitted and more than 

40,000 classrooms (equal to 6.5 million m
2
) were demolished and reconstructed from 

2005 to 2011. The retrofitting projects have been executed based on two different 

strategies developed during these years, namely as: complete and partial rehabilitation. 

The former refers to a strategy in which each school building and each building element 

is assessed and retrofitted based on the retrofitting codes and requirements. Although 

the strategy leads to accurate results, the retrofitting projects using this strategy require a 

long period of time for execution and are costly. Consequently, complete retrofitting of 

a vast number of school buildings is not desirable.  

 

Figure 5.9. Final repair cost per square meter with respect to area of ten selected schools 

(moderate damage). 

Due to the similarity observed in the school buildings defects and their post-

earthquake damage, the implementation of a uniform method on a large number of 

typical schools can be a cost-effective solution. To this end, the partial rehabilitation 

strategy, which consists of some Typical Retrofitting Patterns (TRP), was developed in 
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2010 based on experience gained over the years. The strategy aims to reduce the cost 

and duration of the retrofitting process, as well as to improve the speed and quality of 

execution. Among different TRPs performed for masonry schools, the peripheral 

shotcrete technique is the predominant type for retrofitting. In this technique, which is 

acceptable only for one-story masonry schools, a mesh made of horizontal and vertical 

rebars is installed on one side of the exterior surface of all the surrounding walls (the 

building façade) and a layer of concrete with a specific thickness is projected at 

high velocity onto the wall surfaces, as shown in Figure 5.10. In the case of buildings 

with a jack-arch roof, the roof is converted to a composite concrete slab using a steel 

mesh and a layer of concrete on its exterior surface. Moreover, some shear elements are 

added to the upper surface of the roof beams. Past earthquakes reveal that masonry 

buildings retrofitted with this technique have a desirable seismic performance, meeting 

at least basic safety as the expected performance objective
4
. Figure 5.1b shows the 

typical effect of the technique on masonry school buildings during the Ahar and 

Varzaghan earthquake, in which debonding failure was not observed. 

 

Figure 5.10. Using peripheral shotcrete for retrofitting of a masonry school building. 

The retrofitting cost is calculated next for obtaining the corresponding damage 

factor of the heavy damage grade. The cost of retrofitting applied to 19 masonry school 

buildings located in the province of Yazd, which were selected using the proposed 

building typologies, was herein obtained using the fee paid to the construction 

companies as the contract payment by SOSRI from 2012 to 2013. Only 19 school 

buildings of the building typologies used in this study were retrofitted in the province of 

Yazd. For this reason, only this limited sample size was used in this work. Figure 5.11 

shows the moderate variation of the retrofitting costs of the studied schools with respect 

to their in-plan area values.  

                                                 

 

4
 Here, buildings meeting the basic safety objective are expected to have life safety, as the target 

performance level, under an earthquake hazard level with the exceedance probability of 10% in 50 years.  

http://en.wikipedia.org/wiki/Velocity
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Figure 5.11. Final retrofitting cost per square meter with respect to area of each studied 

school (heavy damage). 

The final retrofitting cost of 101.7($/m
2
) was obtained as the weighted average of 

the studied cost values with a coefficient of variation of 8.2%. The real cost of the 

projects was employed due to the fact that the retrofitting costs calculated before the 

project execution are lower than the real values after execution. The real projects 

involve a high level of intervention with considerable additional costs during 

construction work. A large percentage of the cost is due to architectural, mechanical and 

electrical works, such as the execution of new pavements for entire areas of the school 

building, plastering and painting of entire walls and the roof, the execution of a new 

covering for the exterior surface of the entire surrounding walls and repair/replacement 

of electrical and mechanical equipment. These additional works are related to non-

structural elements and are in agreement with the definition of heavy damage (Grünthal, 

1998), which is defined as considerable non-structural damage. 

The definition of the very heavy damage grade proposed by Grünthal (1998) 

consists of heavy structural and very heavy non-structural damage, in which serious 

failures of walls and partial structural collapse of floors are expected. This degree of 

damage does not meet basic safety as the seismic performance objective of the current 

retrofitting technique. Hence, it can be stated that very heavily damaged buildings 

require a technique for retrofitting, with a damage factor likely higher than 60%. Such a 

value for the damage factor is not economic and it is concluded that, while school 

buildings with only heavy damage can be retrofitted after an earthquake, very heavily 

damaged buildings should be demolished and reconstructed, which corresponds to a 

damage factor equal to 1. 
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For calculating the reconstruction cost of a masonry school, and due to the lack of 

sufficient real projects, an economic analysis was performed on a typical masonry 

school, based on the assumption that the new masonry school is constructed with 

vertical and horizontal RC ties, RC slab as the roofing system and a strip foundation 

made of reinforced concrete. In the economic analysis, the cost of each work was 

calculated by employing the annual unit prices published by the Vice-Presidency for 

Strategic Planning and Supervision of Iran for all works during a construction project. 

As a result, a final value of 192.1($/m
2
) for reconstruction was obtained. Again, these 

values are only adequate in current Iranian conditions and cannot be used in other 

regions. Finally, the damage factor values for each damage grade are presented in 

Table 5.16. 

Table 5.16. Final damage factor and cost for each damage grade. 

Damage grade Cost ($/m
2
) Damage Factor (%) 

Slight 4.3 2.3 

Moderate 12.8 6.7 

Heavy 101.7 52.9 

Very heavy or 

destruction 
192.1 100 

5.4 Vulnerability and fragility curves 

As a result of the proposed method, the vulnerability curves can be generated for all 

values of the index Ri. Figure 5.12 shows the curves of the schools with different values 

of the index Ri (type M1 in blue, type M2 in red, type M2s in green and type M3 in 

gray) and also presents the curves corresponding to different vulnerability classes of 

EMS-98 scales that were obtained using the Macroseismic method formulation as given 

in Equation (5.13). It can be observed that there is a matching between the curves of 

type M1 and the vulnerability curve of class C (V = 0.58), and between the type M3 

curves and the curve of class A (V=0.90). In addition, the type M2 curves are positioned 

between the vulnerability curves of class A (V = 0.90) and of class B (V = 0.74). In 

other words, the vulnerability class of this typology ranges from class A to B. Similarly, 

the vulnerability class of the type M2s ranges from B to C. 

Furthermore, a comparison between the curves obtained for each type of school and 

the curves of the Macroseismic method indicates a common shape in the central part 

and large differences for the highest and lowest values of macroseismic intensity I. The 

reason for this is that the vulnerability curves of the studied schools are generated based 

on the curves of the GNDT II level method, which correlates the damage factor DF and 

PGA using a linear function. In this function, the domain is limited between two values 
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of yi and yc (see Equations (5.6) and (5.7)) that are related to the value of index Iv. On 

the other hand, the function's range (i.e. the value of damage factor DF) varies from 0 to 

1. Consequently, for each school with a certain value of index Iv, a shift of the damage 

factor value to 0 and 1 corresponding to the PGA values of yi and yc, respectively, is 

found.  

 

Figure 5.12. Comparison between the vulnerability curves of the studied schools (type 

M1 in blue, type M2 in red, type M3 in gray and type M2s in green) and Macroseismic 

method (black). 

In order to obtain a relationship correlating the values of indices Ri and V for each 

building type, the values of the index Ri corresponding to the 25 selected schools were 

used to calculate the corresponding values of the index Iv using the relevant relationship 

given in Equation (5.14). The index Iv values were then employed to generate the 

vulnerability curves using Equations (5.10) and (5.19) for correlating the physical 

damage μD and the damage factor DF for each damage grade (see Table 5.16). For the 

generation of vulnerability curves, the mean curve of the relationships between the PGA 

and macroseismic intensity I for earthquakes that occurred in Italy was adopted 

(Equations (5.15), (5.16) and (5.17)). The least squares method was then used for 

matching an index V to each curve. Repeating this process for each building type, the 

correlations between the index (V) and the Iranian vulnerability index (Ri) for each type 

were obtained (see Equation (5.20)), which is a linear relationship as expected. 
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 (5.20) 

As a result, the fragility curves for each URM school typology can be generated 

using the relationship of the Macroseismic method (see Equation (5.12)). As an 

example, Figure 5.13 presents the fragility curves for a URM school of the type M2, in 

which the EMS-98 vulnerability class is identified by V=0.82. 

 

Figure 5.13. Fragility curves for a URM school of type M2 with Ri=100, Iv=41.12 and 

V=0.82. 

5.5 Validation of the method 

Taking into account that the data from a post-seismic survey in Italy was used to 

generate the vulnerability curves of the GNDT II level method, the vulnerability curves 

obtained should be verified for the earthquakes that occurred in Iran. Documented data 

from reconnaissance visits after earthquakes in Iran is rare, but there is data available 

for the 2003 Bam and 1990 Manjil-Rudbar earthquakes. Comparison of the post-

earthquake data of the Bam and Rudbar-Manjil earthquakes with the results of the 

method proposed in this study shows the validity of the obtained curves for the studied 

masonry schools. In addition, this allows to conclude that the vulnerability curves from 
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the GNDT II level method, obtained on the basis of earthquakes that occurred in Italy, 

are applicable.  

5.5.1 2003 Bam earthquake 

Mostafaei and Kabeyasawa (2004) and Sanada, Niousha, Maeda, Kabeyasawa, and 

Ghayamghamian (2004) employed the EMS-98 scale to classify the damage data of the 

buildings in Bam, based on the reconnaissance observations after the 2003 earthquake. 

Tables 5.17 and 5.18 indicate the different masonry building typologies considered and 

the number of surveyed buildings.  

Table 5.17. Number of damaged buildings surveyed by Mostafaei and Kabeyasawa 

(2004) after Bam earthquake. 

Building 

typology 
Description 

Number of 

surveyed buildings 

Ad Adobe 49 

M&M-Ad URM masonry with cement and mud-lime 427 

M-S 
Reinforced masonry with steel frame 

ties/steel frame 
54 

M-C 
Building with masonry brick walls 

Reinforced masonry with RC ties 36 

S-B Steel frame with bracing 30 

S-F Moment-resistant steel frame 10 

M-S-F Steel frame with masonry walls 7 

RC Reinforced concrete building 11 

Total number 624 

Concerning these studies, the damage probability matrices for typical masonry 

residential buildings in Iran can be developed. Due to the very low number of observed 

buildings in the second study, the present work focuses on the data presented in the first 

study. Mostafaei and Kabeyasawa (2004) divided the city of Bam and nearby villages 

into 9 zones and several smaller areas for each zone through a graphical work on the 

city map (see Figure 5.14). The data of the 624 surveyed buildings is presented in terms 

of the corresponding small area number, building typology and damage grade. Here, for 

each small area, the probability of having each damage grade as well as the mean 

damage grade μD were first calculated using the relationship given in Equation (5.10). 

Next, for each small area, the macroseismic intensity I has been estimated using the 

relationship given in Equation (5.13).  
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Table 5.18. Number of damaged buildings surveyed by Sanada et al. (2004) after Bam 

earthquake.  

Building 

typology 
Description 

Number of 

surveyed buildings 

Adobe Adobe masonry 22 

SM Simple masonry 24 

S-frame+SM 
Steel moment-resisting frame 

with simple masonry wall 
27 

S-brace+SM 
Steel braced frame with simple 

masonry wall 
14 

RC-tie+SM 
Simple masonry wall confined 

with reinforced concrete tie 
1 

RC-frame+SM 
Reinforced concrete-resisting 

frame with simple masonry wall 
1 

S Steel moment-resisting frame 1 

Unknown  4 

Total number 94 

 

 

Figure 5.14. Different zones and number of buildings in each zone of Bam city and 

nearby villages (Mostafaei & Kabeyasawa, 2004). 

The estimation has been carried out based on the assumption that all the buildings 

belong to the vulnerability class B (V=0.74), as proposed by Mostafaei and Kabeyasawa 



Chapter 5 – Empirical seismic fragility analysis for masonry schools in Iran 

181 

(2004) for drawing macroseismic intensity contours of Bam and nearby villages. 

Finally, the DPMs for each masonry building typology (Adobe, Ad, URM masonry, 

M&M-Ad - and reinforced masonry, M-S) was obtained by counting the number of 

buildings that experienced a given damage grade for each macroseismic intensity. The 

DPMs are only completed for macroseismic intensity measures I ≥ VII, due to the 

limited number of surveyed buildings. Based on the obtained DPM for each typology, it 

is possible to obtain the mean damage grade μD for each level of the macroseismic 

intensity I using the relationship given in Equation (5.10) (see Table 5.19). For each 

building typology, a corresponding curve of the Macroseismic method was fitted to the 

points using the least square method for matching a value of index V. Figure 5.15 shows 

the earthquake points and corresponding Macroseismic curves with index values of 

0.93, 0.83 and 0.57 for the types Ad, M&M-Ad and M-S, respectively. 

Table 5.19. DPM obtained for different types of masonry buildings based on surveys 

after the Bam earthquake. 

M&M-Ad 

 
D1 D2 D3 D4 D5 μD 

VII 4     1.00 

VIII 1 1 3 2  2.86 

IX 5 12 13 14 26 3.63 

X 1 5 14 16 84 4.48 

XI  3 3 13 143 4.83 

XII    2 62 4.97 

Ad 

 D1 D2 D3 D4 D5 μD 

VIII  1  2  3.33 

IX   2 5 2 4.00 

X    5 25 4.83 

XI  1 2 1 3 3.86 

M-S 

 D1 D2 D3 D4 D5 μD 

VIII 1     1.00 

IX 6 8 2 1  1.88 

X 5 4 4 5 3 2.86 

XI  3 1 2 9 4.13 
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Figure 5.15. Bam earthquake points for different masonry building types and their 

corresponding Macroseismic curves. 

In order to compare the Bam earthquake results with the vulnerability curves of the 

studied schools, the damage points resulting from the developed DPMs, which indicate 

the mean damage grade μD for a given macroseismic intensity I, were plotted as shown 

in Figure 5.16. Based on the definition of different masonry building types as given in 

Tables 5.10 and 5.17, it can be claimed that there is a good agreement between the types 

M1 and M-S as well as between M2/M3 and M&M-Ad. It is noted that the type M2s is 

an intermediate URM building typology between the types M1 and M2 in terms of 

structural details and the mean damage grade (μD) (see Figure 5.12). Hence, it is not 

possible to determine a typology among those observed after the Bam earthquake to 

which the type M2s corresponds.   

For this reason, the vulnerability curves of the studied buildings belong to the types 

M1 to M3 are presented in Figure 5.16, for comparison purposes. Figure 5.16 shows the 

good agreement between the curves of the studied buildings, as a result of the 

correlation between the Iranian, GNDT II level and Macroseismic methods, and the 

curves generated for the building types damaged in the Bam earthquake.  
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Figure 5.16. Comparison between the vulnerability curves of the studied schools (type 

M1 in blue, type M2 in red and type M3 in gray) and the corresponding curve of Bam 

earthquake resulting from Macroseismic method (black). 

5.5.2 1990 Manjil-Rudbar earthquake 

The Manjil-Rudbar earthquake of 20 June 1990 with a magnitude of Ms = 7.7 was a 

catastrophic earthquake that occurred in northern regions of Iran. The earthquake 

resulted in a total of 40,000 dead (reported), more than 500,000 homeless, and 314,000 

destroyed residential houses. As a first attempt to derive observation-based fragility 

curves on the basis of the damage data for earthquakes in Iran, Tavakoli and Tavakoli 

(1993) developed a fragility curve indicating the probability of exceeding heavy damage 

versus PGA, as the earthquake intensity measure, for the residential buildings in the 

damaged regions (see Figure 5.17). Tavakoli and Tavakoli (1993) indicated that the 

studied residential buildings suffered a damage level of almost 40% after the Manjil-

Rudbar earthquake and can be classified as heavily damaged buildings according to 

ATC-13 (1985). To this end, all the rural and urban residential buildings located in the 

considered areas were studied and classified here, based on the field observations and 

available statistical reports. These stated that 10.4% of buildings belong to type A 

(engineered buildings), 83.1% to type B (semi-engineered buildings), and 6.5% to type 

C (non-engineered buildings). The curve obtained is thus more relevant to type B, as the 

predominant building typology in the studied areas.  
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Figure 5.17. Fragility curve for the heavily damaged residential buildings after Rudbar-

Manjil earthquake (Tavakoli & Tavakoli, 1993). 

In a study carried out by the Japan International Corporation Agency (JICA) (JICA, 

2000) to estimate the seismic damage of the city of Tehran, the fragility curve obtained 

by Tavakoli and Tavakoli (1993) was used as the basic function to provide the curves 

for other types of structures. Based on site observations conducted by the JICA study 

team on the residential buildings located in the city of Tehran, it was claimed that the 

"Brick&Steel" structure type (i.e. brick/stone masonry structures with slender steel 

pillars corresponding to type M1 of this study) is predominant in the studied region and 

can be considered as a semi-engineered building type (type B). For this reason, the 

fragility curve presented in Figure 5.17 was used as the damage function for the 

"Brick&Steel" building typology. For other existing masonry types, namely 

"Block&Brick" and "Sun-dried brick", the fragility curves were generated by sliding the 

"Brick&Steel" curve along the seismic intensity axis towards the left. JICA (JICA, 

2000) also provided the curves for less vulnerable building types (e.g. steel and RC 

framed structures) by shifting the basic curve to the right.  

Figure 5.18 shows the fragility curves for different types of masonry buildings that 

suffered heavy damage. In this figure, the "Block&Brick" type corresponding to the 

building type M2/M3 of this study refers to buildings made of concrete block with any 

kind of roof and brick/stone masonry buildings with a wooden or jack-arch steel roof. 

The "Sun-dried brick" type considers all buildings made of adobe with a wooden or 

mud roof. It is noted that the definition of the URM building type M2s is such that it 

corresponds to neither of the above-mentioned typologies identified in the damaged 

region, namely "Brick&Steel", "Block&Brick" and "Sun-dried brick".  
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Therefore, using the method proposed in this study, the fragility curves for the 

studied schools belong to the types M1 to M3 are plotted for the heavy damage grade. 

As expected, a good agreement can be observed between the curves of type 

"Brick&Steel" and type M1. Moreover, it is observed that the curves corresponding to 

types M2 and M3 are in good agreement with the curve of the type "Block&Brick".  

 

Figure 5.18. Comparison between the fragility curves of heavy damage generated by 

JICA (JICA, 2000) (in black) and the curves obtained for the studied schools (type M1 

in blue, type M2 in red and type M3 in gray). 

5.6 Conclusions 

Fragility curves obtained using empirical methods are very valuable due to the 

complexity related to the nonlinear behavior of masonry buildings and the limited 

availability of robust numerical tools, as they allow us to perform nonlinear dynamic 

analyses in a fast and accurate way. Using the database of unreinforced masonry schools 

located in the province of Yazd (Iran), this Chapter presents a method to generate 

empirical fragility curves for four school typologies. Evaluating the normalized index of 

the GNDT II level method for 25 schools from four typologies, the method was 

calibrated based on the results of an index-based method developed in Iran with the 

results of the GNDT II level method.  

Based on a procedure for correlating the GNDT II level method and Macroseismic 

method, the calibrated results were employed to derive a relationship for the school 

typologies that is capable of calculating the index V of the Macroseismic method with 

respect to a simple index Ri of the Iranian method. Consequently, the fragility and 

vulnerability curves for each school can be obtained after calculating its corresponding 
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index Ri value. The method can be used for all schools in Iran due to their similar 

architectural and structural configurations and construction techniques. Moreover, it can 

be employed to provide fragility curves for typical masonry residential buildings, given 

the building types considered: M1 (Confined masonry with RC slab), M2 (URM 

masonry with RC tie beams and flexible floor), M2s (URM masonry with RC tie beams 

and RC slab) and M3 (URM masonry without tie beams and flexible floor). 

Within the development of the proposed method, the damage factor values for 

different grades of damage in the EMS-98 scale were obtained using local financial data 

on repair/retrofitting works of masonry schools in Iran. Appropriate damage factor 

values are required for economic loss studies, allowing financial planning for the 

mitigation of earthquake risk, for not only school buildings but also the general building 

stock in Iran. 

The validity of the proposed empirical approach was also evaluated comparing the 

empirical vulnerability and fragility curves with those obtained from post-earthquake 

surveys in Iran. The validation, which was made based on the damage data after the 

2003 BAM and the 1990 Manjil-Rudbar earthquakes, confirms the credibility of both 

correlations assumed in the empirical method, namely correlation between seismic 

intensity measures I and PGA, and correlation between the physical damage and the 

damage factor.   
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6.1 Introduction 

Unlike the empirical fragility functions, the analytical methods are able to consider 

accurately effects of different sources of uncertainties based on analytical-probabilistic 

approaches. Consideration of both epistemic and aleatory uncertainties associated to the 

buildings geometric configuration, mechanical properties and, in particular, the ground 

motion records, makes the analytical approaches valuable to be further developed. The 

increasing progress in computational facilities and methods for seismic analysis and 

numerical modeling of structures leads to produce many research contributions in recent 

years towards development of analytical fragility functions. 

To achieve the main objective of the thesis, an analytical-based procedure is 

proposed in this Chapter for fragility analysis of a type of URM buildings. For a given 

building, in general, an analytical-based method involves performing several analyses 

under different levels of a seismic Intensity Measure 
5
 (IM), which provide a number of 

measures of structural response, namely an Engineering Demand Parameter (EDP) that 

can be evaluated. As a result, the median and dispersion (standard deviation for a 

probability distribution function) of the EDPs obtained for each damage state are 

estimated and can be used in the cumulative distribution function adopted for fragility 

analysis.  

The procedure proposed in this Chapter is essentially a capacity spectrum-based 

method consistence with the Mechanical method (Lagomarsino & Giovinazzi, 2006) 

implemented in the framework of Risk-UE project (RISK-UE, 2004) and the 

methodology adopted by HAZUS (FEMA, 2003). Within the HAZUS methodology and 

for each building type, fragility curves are generated as a function of the target 

displacement of the equivalent SDOF system using the median and dispersion of 

damage state thresholds. For a structure hit by an earthquake, first the target 

displacement is determined by intersecting the damped elastic response spectrum 

(seismic demand) by the pushover-obtained capacity curve at the so-called 

"performance point". Then, the probability of exceeding a given damage state with an 

assumed lognormal distribution is obtained for the given structure using the obtained 

fragility curves.  

In the case of statistics on a large number of capacity curves, the proposed 

procedure takes into account the FaMIVE method, which has been developed by 

(D’Ayala & Speranza, 2003; D’Ayala, 2005) to be applied on several masonry building 

samples. The FaMIVE method gives a multilinear capacity curve for each typical 

                                                 

 

5
 IM is a scalar quantity by which a ground motion record is characterized and can be linearly scaled with 

any scale factor. 
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building from the considered sample by performing nonlinear static analysis based on 

simplified mechanism models. The obtained capacity curves for the equivalent SDOF 

systems are then classified in subclasses in terms of failure mechanism and median 

capacity curves are derived. Assuming a lognormal distribution, fragility curves are 

obtained using the median and dispersion of the EDP capacities at each damage state. 

For a specific building, the exceedance probability of a given damage state can be 

calculated by first determining the performance point by a NSP applied to its respective 

capacity curve and then using the fragility curves obtained in terms of the target 

displacement for different failure mechanisms.  

The adoption of these methodologies requires performing several pushover analyses 

for which an important aspect is to take into account higher mode effects as discussed in 

Chapter 4. Thus, the proposed procedure uses the basic N2 method and its extended 

version for determining the target displacement and distribution of seismic demand in 

the buildings, respectively. The proposed method takes into account the building-to-

building variability of typical masonry schools along with the other uncertainties 

associated with capacity and the record-to-record variability to provide the fragility 

curves belong to a certain URM building type. As done in Chapter 5, the URM building 

type is selected among the available types of masonry schools in the province of Yazd, 

Iran.  

The terminology, abbreviations, symbols and step-by-step process proposed by the 

GEM foundation (D’Ayala et al., 2015) is used for generating the analytical curves. 

After providing the analytical curves, a comparison is made between the analytical 

method and the method developed empirically using the procedure proposed in 

Chapter 5. Finally, the vulnerability analysis is performed in terms of economic loss for 

the obtained fragility curves. 

6.2 Index buildings 

In any analytical vulnerability assessment on a specific building type, several classes or 

building samples are first determined within the building population. The building 

classes are identified with respect to the parameters significantly affecting building 

capacity and seismic response. These parameters, which are related to characteristics of 

the earthquake-resisting system and its structural members, usually present a large 

scatter arising from epistemic uncertainty. Examples of such parameters characterizing 

building capacity are as follows (D’Ayala et al., 2015):  

 Mechanical properties: strength of the material of the structural elements;  

 Building dimensions: e.g. total height/story height, plan dimensions, bay length, 

number of stories;  
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 Structural details: e.g. connection between structural members, reinforcing 

details of vertical/horizontal RC ties;  

 Geometric configuration: e.g. irregularity in plan and elevation, diaphragms 

rigidity, directional area of walls. 

One index building, three index buildings and multiple index buildings are three 

levels for building sampling used to ascertain prototypes that represent a building class. 

When time and cost resources are limited or adequate data for the building population is 

rare, the simplest way is to define one index building to which a typical quality class of 

buildings is associated. This building class includes engineered structures respecting 

pre-/low-code requirements and exhibiting an expected seismic performance. However, 

when it is needed to consider the uncertainty effects at a higher level, three index 

buildings are adopted with a more costly computational requirement. 

In this case, the central index building is characterized by the typical quality, while 

poor and good quality classes of buildings are ascribed respectively to the other two. 

Here, poor quality class represents non-engineered constructions such as rural 

dwellings, while the engineered buildings built based on the modern-code rules are 

classified into good quality class, with an excellent seismic performance. For each index 

building within either of the sampling levels, a central value together with lower and 

upper bounds have to be identified for each or a large number of the above-mentioned 

parameters as shown in Figure 6.1. This results in a more realistic distribution of 

structural elements' characteristics. 

At an even higher level, four, five or multiple index buildings can be defined, 

increasing the accuracy of building sampling, and representing the building stock 

population more comprehensively. This level of sampling deals with the most uncertain 

structural characteristics that affect the building seismic capacity, resulting in an actual 

sample estimate of the class variability, whereas the sampling levels described earlier 

account for the building-to-building variability estimating central and boundary values 

from an assumed distribution (see Figure 6.1). The use of multiple index buildings 

requires high computational effort and having adequate statistical data for each of the 

building characteristics considered (D’Ayala et al., 2015; Griffith & Lucas, 2016). 
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Figure 6.1. Definition of index buildings (D’Ayala et al., 2015). 

6.2.1 Adopted index buildings 

In what concerns the building typology, the URM building type should respect the main 

limitation associated to the structural component model and NSP adopted in this thesis. 

This means that its construction details should provide a dynamic box behavior for the 

structure. Among different types of URM schools studied in Chapter 5 (i.e. types M2, 

M3 and M2s); the type M2s was selected as the URM building typology for fragility 

analysis in this Chapter. The buildings of the type M2s have horizontal RC ties on the 

top of the main walls that guarantee the connection of masonry structural elements. 

Moreover, this building type is characterized by the use of RC slabs that behave as rigid 

diaphragms.  

It is noted that the type M2s also represents the brick URM schools belong to type 

M2 for which the existing jack-arch slabs are strengthened by a common technique used 

in the retrofitting projects in Iran. The technique, which was described in Section 5.3.3, 

is an efficient way to enhance the seismic performance of jack-arch slabs providing both 

integrity and rigidity for them. 

Thus, the building sample considered in Chapter 5 for the type M2s was adopted in 

this Chapter. Based on the discussion in Section 5.3.2, it can be claimed that the 

selected sample, including 25 school buildings with an acceptable variability in the 

buildings architectural drawings, represents comprehensively the population of the type 

in terms of building dimensions and geometric configuration. This means that the index 

buildings in terms of these building characteristics were not defined a priori. However, 

in the case of mechanical properties, one index building was chosen and further defined 

by central value, lower bound and upper bound, meaning that the earthquake-resisting 

system (masonry walls and RC slabs) is made of the material with typical quality.  
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Consequently, three set of mechanical properties were assigned to each sample 

inventory resulting in a total of 75 building models. Considering analytical and 

modeling uncertainties that affect the building capacity, a large number of models 

should be analyzed within the fragility assessment. This justifies the choice of one index 

building for sampling in terms of mechanical properties. Moreover, as Standard 2800 

(BHRC, 2012) requires the use of vertical and horizontal RC ties with rigid slabs for 

constructing masonry buildings (confined masonry buildings), the buildings belong to 

type M2s, which can be categorized as pre-/low-code structures classified into the 

typical quality class of buildings. Hence, the choice of one index building for sampling 

in terms of mechanical properties (using the typical strength of materials) is consistence 

with the selected building type. 

The prevalent type of brickwork used for constructing masonry schools is made of 

solid clay bricks and a cement-based mortar used commonly in Iran. The quality and 

strength of this type of bricks traditionally manufactured presents a relatively high 

scatter (e.g. its compressive strength ranges from 8 to 15 MPa.) due to the diversity of 

materials used and the non-standard firing process (Maheri, Motielahi, & 

Najafgholipour, 2011). The mortar usually consists of 0-5 mm fine aggregate or sand 

with a cement to aggregate ratio varying from 1:3-1:4 (Maheri & Sherafati, 2012).  

Compressive strength (fm), Young's modulus (E), shear modulus (G) and the 

equivalent values of cohesion (fvo) and friction coefficient (μ) of masonry material along 

with compressive strength of concrete (fc) and tensile strength of steel bars (fts) used in 

the horizontal RC ties are the mechanical properties considered uncertain in this study. 

The mechanical characteristics assessment was done to determine the most feasible 

range of expected values (central value, lower and upper bounds) for each of the 

selected mechanical properties. To this end, different sources of data were used as: 

(a) the results of in-situ tests performed in existing school buildings; (b) the results of 

available experimental investigations performed on masonry specimens made of similar 

constitutive components; (c) the requirements and proposed ranges specified by the 

national and international codes and guidelines.  

Within the national program for seismic safety upgrading of existing schools in Iran, 

several school buildings underwent preliminary (qualitative) and detailed (quantitative) 

seismic vulnerability evaluation prior to execution of retrofitting phase. In the 

vulnerability evaluation phase, an experimental program was implemented for existing 

school buildings including a number of field tests to obtain strength of existing 

materials and to identify the existing structural details. One of the most common in-situ 

tests was a standard shear test, which is carried out on masonry walls aiming at 

determining the shear strength between a masonry unit and the mortar bed joints above 

and beneath the unit.  

Concerning the test standard procedure, first, a full-length brick on the face wythe of 

the masonry wall is selected. Then, the bricks immediately after and before the test unit 

in the masonry course are removed such that the test brick has only two contact surfaces 
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with the bricks above and below it. Finally, a hydraulic jack imposes a horizontal force 

on the brick smallest side until brick sliding or crushing occurs. The bed joint shear 

strength under zero axial load (vto) is then calculated by subtracting the normal 

compressive stress due to gravity loads at the test location (σc) from the shear strength 

transferred across the upper and lower contact surface areas (Ab), as follows (FEMA, 

1997a): 

c

b

test

to
A

V
v   (6.1) 

where Vtest is the maximum load resisted by the test brick.  

It is noted that the above-mentioned test procedure is more relevant for single wythe 

masonry walls, in which there are no head joints behind the test brick that contribute to 

transfer the applied shear stress. However, brick layering in the common Iranian 

practice is such that the head joints are mostly without mortar (Maheri, Najafgholipour, 

& Rajabi, 2011). Therefore, in this case, the test results represent the actual shear 

strength of the bed joint. Two other destructive field tests usually carried out for 

masonry school buildings are compressive and tensile strength tests performed on 

concrete cores, and steel bar samples, respectively. The material sampling is usually 

done from the building foundation and/or RC ties.  

The three tests described above are performed at multiple locations for a masonry 

building. Next, the results are averaged and the mean value is considered as the 

expected value for the building material strength. From more than 200 individual in-situ 

tests and material samples, the expected material properties of ten, fifteen and eleven 

masonry school buildings in terms of, respectively, bed joint shear strength (vt0); 

concrete compressive strength (fc) and steel tensile strength (fys) were used. For each 

material strength, Table 6.1 presents the number of the considered school buildings 

along with the mean and standard deviation of the expected values of the buildings 

mechanical properties. 

Table 6.1. Mean and standard deviation of the mechanical properties obtained from in- 

situ tests conducted at schools. 

Mechanical properties 
Number of 

schools 
Mean 

Standard 

deviation 

Bed joint shear strength vt0 (MPa)  10 0.29 0.12 

Concrete compressive strength fc 

(MPa)  
15 16.11 4.18 

Steel yield strength fys (MPa)  11 373.23 81.10 
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Besides the in-situ tests, results of experimental tests carried out on masonry 

specimens can also be used for the mechanical characteristics assessment. Compressive 

strength of brick masonry (fm) and friction coefficient of mortar bed joint (μ') were 

evaluated directly from the available experimental data. However, according to ASCE 

41-13 (ASCE, 2013) and the Iranian instruction for seismic rehabilitation of existing 

URM buildings (MPO, 2007b), Young’s modulus (E) can be obtained as product of a 

coefficient and the masonry compressive strength. Therefore, such coefficients were 

also derived from the available experimental data. Table 6.2 summarizes the results of 

the available experimental studies, considering that they use clay brick and cement-

based mortar similar to those used in the common Iranian construction practice. 

Table 6.2. Mechanical properties of brick masonry obtained from the available 

experimental studies. 

Experimental studies 
Masonry compressive 

strength fm (MPa) 

Friction coefficient 

of bed joint μ' 
E / fm 

(Yaghoubifar, 2008) 5.07 0.53 201 

(Kalali & Kabir, 2012b) 4.95 0.58 137 

(Sistani Nezhad, Kabir, & 

Banazadeh, 2016) 
3.72 0.58 224 

(Kalali & Kabir, 2012a) 3.89 0.64 217 

(Mansouri, Marefat, & 

Khanmohammadi, 2014) 
2.30 - 190 

(Emami & Mohammadi, 

2016) 
9.50 - 180 

(H. A. Moghadam, 2004) 3.50 - 109 

(Darbhanzi, Marefat, & 

Khanmohammadi, 2014) 
3.00 - - 

(Tasnimi & Mohebkhah, 

2011) 
7.63 0.74 - 

(H. A. Moghadam, 

Mohammadi, & Ghaemian, 

2006) 

4.90 - - 

Mean 4.85 0.61 180 

Standard deviation 2.19 0.08 42 

Based on the index building defined in Figure 6.1, the mechanical characteristics 

assessment in this study deals with a masonry material with typical quality. Therefore, 

the results of in-situ tests and experimental studies are used considering the proposed 

ranges specified by codes and guidelines for typical quality class of mechanical 
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properties. Table 6.3 summarizes all the collected results for the mechanical properties 

considered uncertain in this study. Moreover, the following remarks should be noted 

regarding the values selected for the mechanical properties with typical quality. 

 The seismic codes and guidelines mentioned in Table 6.3 suggest the lower 

bound mechanical properties for different qualities of material (poor, typical and 

good). Then, they determine the central values using the translation factors 

dedicated for each material strength; 

 Comparing the test-obtained results and the ranges proposed in literature in 

terms of the mean value (central value) of masonry compressive strength (fm), it 

is concluded that the experimental sample given in Table 6.2 represents masonry 

with typical quality; 

 Considering the previous remark, the range of expected values for bed joint 

friction coefficient (μ') was obtained directly from the results of experimental 

studies (Table 6.2). Similarly, the Young’s modulus-compressive strength 

constant ratio was considered equal to 180 from Table 6.2; 

 The bed joint shear strength under zero axial load (vto) obtained from in-situ 

shear tests is equivalent to the bed joint cohesion (f'v0) introduced earlier in 

Section 3.4. For using in the TREMURI software, the equivalent cohesion (fv0) 

and friction coefficient (μ) were calculated using the relationships given in 

Equations (3.26); 

 According to NTC08 (NTC, 2008) and EC8-3 (EN 1998-3, 2005), the values 

adopted for Young’s modulus (E) and shear modulus (G = 0.4 E) were reduced 

by fifty percent in order to consider the nonlinear effects of cracked wall 

sections; 

 It is noted that the presented values for steel yield strength correspond to four 

levels of steel bars available in the Iranian market, which are manufactured in a 

standard process with almost constant quality; 

 According to Part 6 of the Iranian national building code (INBC-6) (INBC06, 

2013), the density of masonry (clay brick and cement mortar), reinforced 

concrete and steel were considered equal to 1850, 2500 and 7850 kg/m
3
, 

respectively;  

 For each masonry panel, the shear and flexural ultimate drifts were taken to 

0.004 and 0.006, respectively, as recommended in NTC08 (NTC, 2008); 

 Young’s modulus of reinforced concrete and steel were obtained from Part 9 of 

the Iranian national building code (INBC-9) (INBC09, 2013), and are equal to 

26×10
3
 and 200×10

3
 MPa, respectively. 
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Table 6.3. Range of expected values (central value (C), lower (L) and upper (U) 

bounds) adopted for typical quality class of mechanical properties. 

Mechanical properties Test-obtained results 
Data from 

literature 
Adopted values 

Masonry compressive 

strength fm (MPa) 

Mean = 4.85 

CV = 45% 

L: 4.00 

C: 4.80 

(MPO, 2007b) 

Mean = 5.00 

CV = 13% 

(Bakhshi & 

Karimi, 2008) 

L: 3.80 

C: 4.80 

U: 5.80 

Bed joint friction 

coefficient μ' 

Mean = 0.61 

CV = 13% - 

L: 0.50 

C: 0.60 

U: 0.70 

Bed joint shear 

strength vt0 (MPa) 

Mean = 0.29 

CV = 41% 

L: 0.20 

C: 0.24 

(MPO, 2007a, 

2007b) 

L: 0.20 

C: 0.30 

U: 0.40 

Concrete compressive 

strength fc (MPa) 

Mean = 16.1 

CV = 26% 

L: 15.0 

C: 18.8 

(MPO, 2007a, 

2007b) 

L: 15.0 

C: 17.0 

U: 19.0 

Steel yield strength fys 

(MPa) 

Mean = 373 

CV = 22% 
300, 340, 400, 

420 

L: 300 

C: 360 

U: 420 

6.3 Adopted analytical model and analysis method 

6.3.1 Buildings models 

Concerning the building modeling, the structural component model (macroelement) 

implemented in the TREMURI software was used to model all the school buildings 

under study. Modeling details and assumptions are those described earlier in Sections 

3.2.1 and 3.2.2. For each building, all the internal and external walls thicker than 20 cm 

(i.e. structural components according to Standard 2800 (BHRC, 2012)) were modelled 

assuming an adequate wall-floor connection provided by horizontal RC ties. Nonlinear 

RC beams included in TREMURI were adopted to model the horizontal ties. These 2D 

beam elements were defined between two nodes that belong to the same wall. An 

idealized elastoplastic behavior with limited resistance and plasticity concentrated at the 

end-element is attributed to the beam element in TREMURI. 
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Dimensions of transversal cross-section of beams, characteristics of longitudinal and 

transversal steel bars and concrete cover were defined according to the most common 

structural details used in the Iranian masonry schools, as shown in Figure 6.2. 

Moreover, the buildings floors/roof, which can be classified as a type of masonry-RC 

composite slabs (see Figure 6.2), were modeled in TREMURI as rigid diaphragms. 

According to INBC-6 (INBC06, 2013) and based on the as-built drawings, dead loads 

equal to 5.7 and 5.4 kN/m
2
 and live loads equal to 3.5 and 1.5 kN/m

2
 were considered 

for the floor(s) and roof of each school building. 

Figure 6.3 shows 3D models of the 25 selected buildings generated by the 

commercial software 3Muri (S.T.A.DATA, 2012) along with the X and Y directions 

assumed for each model. The buildings’ walls have the mean thickness of 0.39 m (CV = 

13%), while the mean inter-story height of the buildings is equal to 3.10 m (CV = 6%). 

The buildings stories have the mean area of 454 m
2
. The buildings walls resist 

earthquake-induced loads by their shear wall sections in the X and Y directions with the 

mean relative areas of 7% and 9% with respect to the story area, respectively. 

 

Figure 6.2. Dimensions (m) and structural details of a typical masonry-RC composite 

floor and horizontal RC tie used in the Iranian masonry schools. 

6.3.2 Seismic analysis method 

Considering different sources of uncertainties, any analytical fragility assessment 

requires performing a number of seismic analyses on buildings' analytical models to 

provide clouds of structural response results (IM vs. EDP) from which the needed 

parameters for generating fragility curves, namely the median and dispersion of EDP at 

each damage state, can be derived. Three levels of structural analysis are presented next 

in decreasing order of complexity (Calvi et al., 2006; D’Ayala et al., 2015): 
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Figure 6.3. 3D models of the 25 school buildings belong to the type M2s selected for 

analytical fragility analysis.                                                                                            

(The Y direction is orthogonal to the shown X direction) 
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 Nonlinear dynamic analysis: fragility assessment using this level of analysis 

requires a set of ground motion records scaled incrementally to conduct a large 

number of NLD analyses of a mathematical 3D or 2D model, namely 

performing the so-called Incremental Dynamic Analysis (IDA). IDA accurately 

estimates the effects of the uncertainties associated with record variability (see 

e.g. Park et al., 2009; Rota et al., 2010);  

 Nonlinear static or pushover analysis: as described earlier in Section 4.2.1, 

different NSPs can be used to obtain the maximum displacement demands with 

adequate accuracy, using idealized pushover capacity curves against elastic 

response spectra. NSPs consider record-to-record variability using a set of 

ground motion records to evaluate the mean and dispersion of log-normally 

distributed responses. Besides, it is possible to use a single response spectrum 

(smoothed design spectrum) to estimate the median response only; 

 Nonlinear static analysis based on simplified mechanical models: simplified 

analytical or numerical methods (e.g. limit analysis) are used to obtain capacity 

curves. This analysis approach results in the median response only, using a 

smoothed design response spectrum. 

In agreement with the main objective of this thesis, pushover analysis of 3D 

building models combined with the basic N2 method as nonlinear static procedure was 

adopted in this Chapter. The extended N2 method was also used to consider torsional 

effects. The details and formulation of the methods are those explained and validated in  

Chapter 4. Moreover, smoothed elastic response spectra defined in Standard 2800 

(BHRC, 2012) were adopted as seismic action. 

Standard 2800 (BHRC, 2012) defines four site classes for different regions of Iran 

based on the average shear wave velocity at 30 m depth ( sV ) and/or the site geological 

properties (Table 6.4). Regarding the soil type of Yazd province, most of the province 

regions, in particular the south, north and southeast ones are classified into site type III 

according to the studies performed by Adib (2009), Adib, Afzal, and Heydarzadeh 

(2015) and Komak Panah et al. (2002), respectively.  

According to Standard 2800 (BHRC, 2012) and as stated earlier in Section 5.3.2, the 

masonry schools of Yazd province are located in regions with moderate, high and very 

high seismic hazard levels. In other words, earthquakes with probable PGA values equal 

to 0.25, 0.30 and 0.35 g, which correspond to an exceedance probability of 10% in 50 

years, may hit the masonry schools. Figure 6.4 shows the elastic acceleration response 

spectra proposed by Standard 2800 (BHRC, 2012) for soil profile type III considering 

different probable PGA values of the region under study. 
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Table 6.4. Soil profile classification proposed by Standard 2800 (BHRC, 2012). 

Soil profile type Description sV (m/sec.) 

I Rocks >750 

II 
a) Loose rocks 

b) Stiff soils 
375-750 

III 
a) Disintegrated rocks 

b) Moderately stiff soils 
175-375 

IV 
a) Soft deposits 

b) Thick clay profiles 
<175 

V 

Similar to types II and III 

located on the rock 

profiles 

- 

  

 

Figure 6.4. Elastic response spectra defined by Standard 2800 (BHRC, 2012) for soil 

type III considering different PGA values. 

6.4 Definition of damage states 

An essential part of a fragility analysis is to determine different damage states 

considering the building capacity and behavior under seismic actions. Several EDPs 

(e.g. maximum inter-story drift) damage state thresholds are needed to distinguish 

among different damage states. The EDP capacities are inherently random variables and 

in general, it is assumed that these are log-normally distributed. Hence, EDPs full 
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definition needs a median and a dispersion value. EDPs damage thresholds may be 

defined using the following approaches (D’Ayala et al., 2015). 

 Custom-definition of capacities for each index building: the damage capacity 

information of each structural element can be implicitly defined by nonlinear 

modeling of the elements. Hence, it is reasonable to use the model definition to 

determine the threshold for each damage state at element or global level. This 

approach is applied to a given index building or sub-class of building typologies 

and results in capacity-demand correlations with a likely major effect on the 

fragility analysis results.  

 Pre-set definition of capacities for all buildings: for all index buildings that 

belong to a typology, damage states at global level can be defined by a single 

and pre-set definition, without consideration for the buildings' characteristic 

attribute (e.g. construction quality, ductility, etc.). This less accurate approach is 

a simpler evaluation of damage state thresholds, because these typical and 

predefined thresholds can be derived from performance-based design codes or 

seismic assessment standards.  

Hybrid fragility analyses adopt detailed mechanical methods based on the first 

approach. However, the second approach is used in analytical methods that adopt 

simplified models, which present directly the capacity curve without a detailed damage 

description in the building. These simplified models define different damage state 

thresholds based on: (a) using limit values of macro-parameters of the building response 

(e.g. the inter-story drift). For instance, the reader is referred to (D’Ayala & Kishali, 

2012), where predefined damage thresholds are proposed in terms of drift range for a 

whole masonry building; (b) the approach considers that the transition from one damage 

state to the following one usually happens in specific positions of the capacity curve 

(Lagomarsino & Cattari, 2014). 

In this Chapter, the four damage states proposed by HAZUS (FEMA, 2003), namely 

slight (ds1), moderate (ds2), extensive (ds3) and complete (ds4) were adopted. These 

damage sates can be associated with the five damage grades Dk (k = 1-5) defined by the 

EMS-98 macroseismic scale (see Table 5.7). It can be assumed that the first three 

damage states (dsi, i = 1-3) correspond directly to the first three damage grades (Dk, k = 

1-3). However, the very heavy damage (D4) and the building destruction (D5) defined 

apparently by the EMS-98 scale can hardly be distinguished within an analytical-based 

fragility assessment. Hence, the complete damage state represents both damage grades 

D4 and D5. As a practical solution, it is assumed that the complete damage state (ds4) is 

associated with the very heavy damage grade D4 (Lagomarsino & Giovinazzi, 2006). 

Based on the second approach for definition of damage thresholds, Lagomarsino 

and Giovinazzi (2006) propose four displacement limits corresponding to the damage 

states ds1 to ds4, which are identified on the bilinear capacity curve of the equivalent 

SDOF system. In this work and within the procedure adopted for generating fragility 
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curves (further details are provided in Section 6.5), the same damage thresholds were 

used defining them on the bilinear capacity curve of the MDOF structure as below: 






















uds,d

uyds,d

yds,d

yds,d

dS

dd.S

d.S

d.S

4

3

2

1

)(50

51

70

 (6.2) 

where Sd,dsi (i = 1-4) are the damage state thresholds that represent the median spectral 

displacement at damage states dsi. Moreover, dy and du are the yield and ultimate 

displacements of the bilinear capacity curve of the MDOF structure, respectively. 

In a different way with respect to the idealized bilinear curve, the pushover-obtained 

capacity curve presents a nonlinear behavior before the yield strength (fy) is reached. 

Hence, the first damage state threshold, which represents the elastic limit, has been 

defined as 0.7dy, considering an over strength ratio of 1.4. However, the second damage 

threshold, which is identified as 1.5dy, corresponds to the maximum strength (see 

Figure 6.5) (Lagomarsino & Cattari, 2014). 

 

Figure 6.5. Different damage states identified on the idealized bilinear capacity curve 

related to a pushover-obtained force-displacement (F-d) curve. 

6.5 Adopted procedure for fragility analysis 

In general, fragility analysis methods, which use pushover analysis and NSPs to 

estimate the inelastic displacement demand, aim to generate a sufficient number of 

performance points such that a stable estimation of the median capacity can be 

provided. The cloud of performance points is used to obtain the EDP for each damage 

state threshold and to estimate its dispersion. Then, fragility curve is created by fitting a 

statistical model.  
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The cloud of performance points is usually obtained adopting a suite of ground 

motion records under increasing IM until having a sufficient number of points around 

each damage state. This procedure cannot be appropriately used in this work due to the 

use of smoothed elastic response spectrum in which the record-to-record variability is 

not considered. Therefore, the proposed procedure, first defines a logic tree considering 

the uncertainties associated with building capacity and analytical method. Then, the 

median capacities and their dispersions are derived. The record-to-record variability 

(uncertainty in the seismic demand) is taken into account developing a procedure that 

convolves probability distributions of the demand spectrum and the capacity curve.  

6.5.1 Definition of logic tree 

As illustrated in Section 6.2.1, the 25 selected buildings are representative of the type 

M2s in terms of building dimensions, structural details and geometric configuration 

(different sources of the uncertainty in capacity). Pushover analyses were carried out on 

each of the 25 buildings in positive and negative orientation of each horizontal 

direction, meaning that four individual analyses were performed for each building 

model. This is equivalent to the use of 4 × 25 = 100 different building models and 

implies consideration of the uncertainties associated with capacity in a very high level. 

Concerning the uncertainty in the adopted analytical method (i.e. pushover analysis 

combined with the basic and extended N2 methods), the most influential uncertain 

factors identified in Sections 4.6.2 and 4.8.4 were considered in this analytical work, 

namely different load patterns for pushover analysis and different procedures for 

bilinear idealization of the SDOF capacity curves. Thus, both mass and first-mode 

proportional load patterns were considered for each of the 100 analytical models. On the 

other hand, both OPCM and modified OPCM procedures (see Section 4.8.2) were used 

to provide SDOF elastoplastic capacity curves. Consequently, for each of the material 

typical qualities (central value, lower and upper bounds), 400 analyses were performed 

resulting in 1200 analyses in total. Figure 6.6 shows the adopted logic tree, which 

consists of several branches each of them representing a possible pushover analysis. 

6.5.2 Analytical work in a branch of the logic tree 

Considering a seismic action (e.g. PGA = 0.25 g and soil type III, see Figure 6.4) and in 

each branch of the logic tree shown in Figure 6.6, first the target displacement at the 

roof CM was determined using the basic N2 method. Then, the corrected displacement 

demands due to higher mode effects (torsional effects) were obtained for the other roof 

nodes (3D nodes of the numerical model in TREMURI, see Figure 3.4) applying the 

extended N2 method. Finally, the node with the maximum inelastic displacement 

demand was selected among all the roof nodes.  
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Figure 6.6. Logic tree defined for the evaluation of the effects of the uncertainties 

associated with building capacity and analytical method. 

Based on the hypothesis that the target displacement measured from CM cannot be 

representative of the overall dynamic response of in-plan irregular buildings, the 

inelastic displacement demand of the selected node (the node with usually highest 

torsional effects hereafter called the critical node) was considered as EDP for the rest of 

the fragility analysis. Therefore, the damage state thresholds defined in Section 6.4 for 

the MDOF structure were identified on the bilinear capacity curve measured at the roof 

critical node rather than the roof CM.  
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Smoothed elastic response spectrum, which is appropriated to be used in seismic 

codes, represents the average or envelope of response spectra, meaning that the 

spectrum does not consider the demand dispersion due to record-to-record variability. 

Based on this principle, HAZUS (FEMA, 2003) proposes a procedure, which is also 

recommended in the GEM guidelines (D’Ayala et al., 2015), to obtain the median value 

of equivalent-PGA capacity (ag,dsi) for each damage state. For a damage state dsi with 

the median displacement capacity (damage state threshold Sd,dsi), the procedure defines 

that the median acceleration capacity corresponds to the elastic response spectrum by 

which the performance point displacement (d
*
t) is obtained equal or close to the 

considered damage threshold.  

Thus, the elastic response spectrum adopted is scaled uniformly at each period in 

terms of PGA, which implies using another 5% damped elastic response spectrum with 

different return period, until reaching the appropriate performance point. Once the 

appropriate median value for PGA (ag,dsi) is found through this process, then the median 

value of spectral acceleration (Sa,dsi) can also be obtained directly from the elastic 

response spectrum defined by ag,dsi. Figure 6.7 shows a schematic explanation of the 

procedure for the extensive damage (ds3) applied to the bilinear capacity curve of the 

equivalent SDOF system as proposed by HAZUS (FEMA, 2003). 

 

Figure 6.7. The HAZUS procedure for determining the median PGA of a damage state 

using smoothed elastic response spectrum (adapted from D’Ayala et al., 2015). 

Since in this work the inelastic displacement of the critical node is defined as EDP, 

the above-mentioned procedure was used considering some modifications. Due to 

definition of the damage state thresholds on the critical node's bilinear curve, first, the 

roof CM displacement (dCM,dsi, i = 1-4) in which the critical node displacement reaches 

the considered damage state threshold (Sd,dsi, i = 1-4) was determined. Thus, in each 

branch of the logic tree and for each damage state, several pushover analyses were 
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performed to obtain the roof CM displacement through a trial-and-error process as 

presented in Part 1 of the flowchart shown in Figure 6.8. It is noted that the basic N2 

method was not used in this Part such that the calculation process starts from an 

assumed displacement at the roof CM (dCM), and it proceeds until dCM,dsi is reached. In 

each loop, the corrected displacement of the critical node due to torsional effects was 

considered applying the extended N2 method. In the next flowchart part, the median 

acceleration capacities were obtained for each damage state using another trial-and-error 

process (see Part 2 in Figure 6.8), based on the HAZUS procedure and the basic N2 

method.  

6.5.3 Determination of EDPs damage state thresholds 

As stated before, this Chapter focuses on a set of typical buildings surveyed on a 

specific region. The number of the models under analysis became larger through 

consideration of different material qualities to characterize the exposure of the region, 

and of the uncertainty associated with the analytical method. Performing the analytical 

work described in Section 6.5.2 for all the branches of the logic tree, a large number of 

capacity curves were obtained on which damage state thresholds were defined. The 

resultant cloud of thresholds at each damage state (e.g. cloud of Sd,ds1) was adopted to 

determine the EDP for each damage state threshold, which will be needed further in 

Section 6.6 to generate fragility curves.  

According to the method proposed in the FaMIVE procedure (D’Ayala & Kishali, 

2012), determination of EDPs damage state thresholds is based on the assumption that a 

lognormal distribution fit each above-mentioned cloud of thresholds. Thus, the median 

value of n displacement capacity thresholds was calculated using the following 

relationship in order to obtain EDP for each damage state threshold.  
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where Ŝd,dsi is the median spectral displacement at the damage state dsi (i = 1-4). The 

variable j corresponds to a branch of the logic tree adopted in this work. Hence, for each 

level of typical quality class of mechanical properties, n is equal to 400 as indicated in 

Figure 6.6. It is worth reminding that Sd,dsi is obtained in each branch using the 

relationship given in Equation (6.2).  

The same procedure was used to determine different values for median acceleration 

capacity (a
^
 g,dsi, i = 1-4) corresponding to EDPs damage state thresholds. Thus, the cloud 

of acceleration capacities at each damage state (e.g. cloud of ag,ds1) resulting from the 

analytical work performed in the logic tree branches (see the flowchart shown in  
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Figure 6.8. Flowchart used to calculate the median PGA (ag,dsi) for the damage state dsi 

(i = 1-4) in a branch of the logic tree.  
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Figure 6.8), was adopted to calculate a
^
 g,dsi assuming a lognormal distribution, as 

follows: 
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For each level of material quality, Figure 6.9 presents the 400 bilinear capacity 

curves and the EDPs obtained for different damage state thresholds shown on the 

median bilinear capacity curve. Moreover, Tables 6.5 and 6.6 summarize the EDP 

calculated for each damage state threshold and the median value of PGA corresponding 

to each damage state. 

Table 6.5. EDPs damage state thresholds (mm) obtained for fragility analysis. 

Quality level of typical 

material 

Damage states 

ds1 ds2 ds3 ds4 

Upper bound quality 3.5 7.5 11.7 17.9 

Central quality 3.8 7.9 10.7 15.7 

Lower bound quality 3.8 7.9 9.5 13.3 

Table 6.6. Median PGA values (m/s
2
) corresponding to different damage states. 

Quality level of typical 

material 

Damage states 

ds1 ds2 ds3 ds4 

Upper bound quality 1.66 2.99 3.38 3.76 

Central quality 1.43 2.58 2.84 3.17 

Lower bound quality 1.13 2.06 2.21 2.49 
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Figure 6.9. Clouds of bilinear capacity curves (gray) along with the EDPs damage state 

thresholds (red circles) shown on the median bilinear capacity curves (black). 
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6.5.4 Determination of damage state dispersions 

Besides the median displacement/acceleration capacity obtained for a damage state, its 

total dispersion (β) will be needed to be used for generating fragility curves. The total 

dispersion, defined as the lognormal standard deviation (the standard deviation of the 

natural logarithm of the damage state), depends on the considered damage state taking 

into account the uncertainties associated with demand and capacity. Based on the 

categorization presented in FEMA P-58 (FEMA, 2012), HAZUS (FEMA, 2003) and 

(D’Ayala & Meslem, 2013), the dispersions associated with modeling uncertainty, 

randomness in the earthquake ground motion should be considered to calculate the total 

dispersion. The procedure adopted for each of these dispersions is presented next. 

6.5.4.1 Total modeling dispersion βM 

In general, the total modeling dispersion (βM), which is related to building capacity, is 

associated with variability in the definition of buildings structural characteristics 

(material properties, structural details, etc.), uncertainty in definition of building’s 

model (consideration of different mechanisms, geometric configuration of the model, 

etc.), uncertainty in the analytical methods (e.g. assumptions in the adopted seismic 

analysis technique) and building-to-building variability. Hence, in this work, βM was 

calculated directly from the lognormal distribution introduced in Section 6.5.3. In other 

words, using the following relationship, the total modeling dispersion at the damage 

state dsi was defined as the standard deviation of the natural logarithm of the 

displacement threshold at the considered damage state (Sd,dsi). Table 6.7 presents the 

total modeling dispersion calculated for each damage state. 
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Table 6.7. Modeling dispersion (βM) obtained for different damage states. 

Quality level of typical 

material 

Damage states 

ds1 ds2 ds3 ds4 

Upper bound quality 0.47 0.46 0.43 0.47 

Central quality 0.45 0.42 0.39 0.42 

Lower bound quality 0.45 0.42 0.38 0.39 
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6.5.4.2 Record-to-record dispersion βD 

As stated before, smoothed elastic response spectrum represents the average or envelope 

of response spectra, and record-to-record variability cannot be reflected by this type of 

response spectrum. Hence and in order to provide fragility curves considering the 

uncertainty in the ground motion, a closed form nonlinear solution proposed by Ruiz-

García and Miranda (2007) was used. It estimates the record-to-record dispersion (βD) 

by the following simplified Equation. 
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where T
*
 and R are the period of the equivalent SDOF system and the force-reduction 

factor obtained within the basic N2 method by using the relationships given in 

Equations (4.11) and (4.14), respectively.  

The different values of median capacity (a
^
 g,dsi) corresponding to EDPs damage state 

thresholds, which were already obtained in Section 6.5.3, can be adopted to calculate 

βD. Moreover, a bilinear capacity curve is needed on which the above relationship is 

applied. Thus, for each level of typical quality class of mechanical properties (central, 

lower bound and upper bound qualities), the median bilinear capacity curve was derived 

from the generated SDOF capacity curves (400 bilinear curves) measured at the roof 

CM assuming that the parameters needed to define it (d
*
y, f

*
y and d

*
u, see Section 4.8.2) 

are lognormally distributed. As an example, the following equation gives the 

relationship adopted for calculating the median yield displacement d
^*

y.  
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The proposed procedure involves the use of a NSP (the basic N2 method and its 

extended version) to determine the median capacity for different damage states. Hence, 

it can be stated that it convolves probability distributions of the demand spectrum and 

the capacity curve as recommended in HAZUS (FEMA, 2003) to calculate the demand 

dispersion associated with ground motion uncertainty (record-to-record variability). 

Table 6.8 presents the parameters values needed to construct the median bilinear 

capacity curve of the equivalent SDOF system measured at the roof CM. Applying the 

procedure to the median bilinear capacity curve presented in Table 6.8, the record-to-

record dispersion was obtained for each damage states as given in Table 6.9.  
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Table 6.8. Values of the parameters needed to construct the median SDOF bilinear 

curve measured at the roof CM. 

Quality level of typical 

material d
^*

y (mm) f
 ^*

y (kN) d
^*

u (mm) T
^
 
*
 (sec) 

Upper bound quality 4.3 3764 14.5 0.16 

Central quality 4.6 3296 12.9 0.17 

Lower bound quality 4.8 2649 11.3 0.20 

Table 6.9. Record-to-record dispersion (βD) obtained for different damage states. 

Quality level of typical 

material 

Damage states 

ds1 ds2 ds3 ds4 

Upper bound quality 0 0.13 0.22 0.30 

Central quality 0 0.11 0.18 0.26 

Lower bound quality 0 0.10 0.15 0.23 

6.6 Construction of analytical fragility curves 

For any building class under study, which suffered a damage state (DS) dsi, the 

probability of being in or exceeding the considered damage state given a level of ground 

motion intensity measure (IM) is expressed by fragility curves. Analytical fragility 

curves often model the exceedance probabilities by a lognormal cumulative distribution 

function. In general, fragility functions are based on the following mathematical 

expression (D’Ayala et al., 2015). 













DS|IM
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αIM
IMdsDSP

-)ln(
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where Ф[•] is the standard normal cumulative distribution function defined by αDS|IM 

and β as the lognormal mean of the generic structural response conditioned on IM and 

the lognormal standard deviation of DS| IM, respectively. 

In the case of analytical fragility functions, intensity measure is often represented in 

terms of parameters of the ground motion (PGA, PGV, PGD) or of the structural 

response of an elastic SDOF system (elastic spectral acceleration or spectral 

displacement, at a specific period) (Lagomarsino & Cattari, 2014). In order to make a 

feasible comparison between the analytical fragility curves and the empirical ones 

developed in Chapter 5 in terms of PGA, the intensity measure was taken to be equal to 
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the PGA for performing fragility analysis. In this case, the exceedance probability is 

estimated by the above expression rewritten in terms of PGA as below: 
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Here, β refers to the total dispersion for each damage state, while different values of the 

median acceleration capacity (a
^
 g,dsi), corresponding to different damage states, are 

presented in Table 6.6. 

Using the total modeling dispersion (Table 6.7) and the record-to-record dispersion 

(Table 6.9), the following relationship proposed by FEMA P-58 (FEMA, 2012) was 

used for the calculation of total dispersion β (see Table 6.10). 

22
DM    (6.10) 

Table 6.10. Total dispersion (β) obtained for different damage states. 

Quality level of typical 

material 

Damage states 

ds1 ds2 ds3 ds4 

Upper bound quality 0.47 0.47 0.48 0.56 

Central quality 0.45 0.44 0.43 0.49 

Lower bound quality 0.45 0.43 0.40 0.45 

Analytical fragility curves can be developed such that the probability of a certain 

damage state being reached or exceeded is expressed as a function of a structural 

response variable. In particular, HAZUS (FEMA, 2003) defines the fragility function in 

terms of the inelastic displacement demand Sd (target displacement of the equivalent 

SDOF system). Fragility curves in this format, which will be useful to be used in 

HAZUS-compatible vulnerability assessment frameworks, can be generated using the 

following relationship.  
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In this Chapter, fragility curves were also constructed in this format considering Sd 

as the inelastic displacement demand measured at the critical node of the MDOF 

structure. Accordingly, Ŝd,dsi represents EDPs damage state thresholds summarized in 

Table 6.5. Figures 6.10 and 6.11 show the analytical fragility curves obtained for three 

levels of typical class of mechanical characteristics in terms of PGA and the inelastic 

displacement demand Sd, respectively. 

In general, fragility functions (cumulative distribution functions) can be used to 

obtain probability distribution of damage states. For a given level of intensity measure 

im, the discrete probabilities (the probability histograms) of different damage states 

(pdsi, i = 1-4) can be obtained as below: 
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 (6.12) 

As stated before, numerical models are not able to simulate precisely the behavior of 

the building suffered important local collapse mechanisms. For this reason, the building 

collapse (ds5) cannot be defined apparently in analytical fragility analyses. When it is 

needed to have an estimation of the collapsed buildings, the probability of the complete 

damage state pds4 should be shared in the building collapse probability p5 and the 

probability of occurrence the heavy damage p4 (i.e. pds4 = p5 + p4) based on the 

assumption that ds4 includes both D4 and D5 (Lagomarsino & Giovinazzi, 2006). 

Assuming that the binomial distribution represents well the probability distribution 

of damage states, p5 can be approximated by the following formulation (Lagomarsino & 

Cattari, 2014). 

 
4

0.3541
5 )1401(180 ds

.
DS p..p   (6.13) 

where  


4

1i dsDS i
p . 

The probability distribution of damage states is completed by estimating the 

probability that the building has no damage (pds0) as:  

)|)(1 10
IMdsDSPpds   (6.14) 
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Upper bound quality 

 

Central quality 

 

Lower bound quality 

Figure 6.10. Analytical fragility curves obtained in terms of PGA. 
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Upper bound quality 

 

Central quality 

 

Lower bound quality 

Figure 6.11. Analytical fragility curves obtained in terms of Sd. 



Chapter 6 – Analytical seismic fragility analysis for masonry schools in Iran 

217 

6.7 Vulnerability analysis in terms of economic loss 

For a building at risk, the vulnerability curves/functions express the probabilities that 

the building can sustain different degrees of loss as a function of the variation of ground 

motion intensities (e.g. D’Ayala et al. (2015); Rossetto et al. (2015); Rossetto et al. 

(2014)). Economic losses, casualties, collapsed and uninhabitable buildings are 

examples of earthquake loss and consequence for each of which vulnerability functions 

can be obtained. This Section refers to economic losses usually represented by the 

damage factor DF as the ratio between the repair/retrofitting cost and the rebuilding cost 

of a building. 

Depending on the available data, demands of assessment project and 

computational/financial abilities and requirements, building-based or component-based 

approaches can be used for vulnerability assessment of buildings. As building level of 

fragility curves have been developed in this Chapter, the building-based approach has 

been adopted for vulnerability analysis, which convolves the obtained fragility curves 

with damage-to-loss functions (the cumulative cost of a given damage state dsi in case 

of economic loss). 

Based on the total probability rule and for n damage states considered, fragility 

functions can be transformed into vulnerability functions by the following expression. 

)|()s|()|(
0

i imdsDSPdcCEimcCE i

n

i

 


 (6.15) 

where P(DS = dsi | im) is the probability of a building presenting damage state dsi under 

a given level of intensity measure im. E(C > c | dsi) and E(C > c | im) refer to the 

complementary cumulative distribution of the cost (economic loss) given damage state 

dsi and given a level of intensity measure im, respectively.  

Consequently, the mean of the vulnerability (E(C | im)) given a specific level of 

intensity measure im, which is the common output of vulnerability assessment projects 

desirable for decision makers, can be obtained as follows: 

)|()s|(m)|(
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i imdsDSPdCEiCE i

n

i




 (6.16) 

where E(C | dsi) is the damage factor DF corresponding to each of the n damage states 

considered.  

Based on the economic analysis performed in Section 5.3.3.2 for masonry schools 

constructed in the region under study, the damage factors corresponding to damage 
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states ds1, ds2, ds3 and ds4 were obtained equal to 2.3%, 6.7%, 52.9% and 100.0%, 

respectively (Table 5.16). 

Concerning P(DS = dsi | im), the probability is equal to that defined in Section 6.6 as 

the discrete probability of damage state dsi (pdsi) derived directly from fragility 

functions. The discrete probabilities are obtained for different damage states given a 

specific level of intensity measure (PGA). As instance, for each level of typical class of 

mechanical characterisitcs, Figure 6.12 shows the probability histograms of the four 

damage states considered and the no-damage histogram (i = 0 in Equation above) 

assuming PGA =0.25 g.  

   

Upper bound quality Centeral quality Lower bound quality 

Figure 6.12. Damage probability histograms obtained for PGA = 0.25 g. 

Using the discrete probabilities and the damage factors obtained for different 

damage states, the mean damage factors of the index buildings with upper bound, 

central and lower bound qualities, subjected to PGA = 0.25 g, can be calculated as 

below: 

 For upper bound quality: 
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 For lower bound quality: 
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Finally and for PGA = 0.25 g, the mean vulnerability function (in terms of damage 

factor) of the URM buildings with typical quality class of mechanical properties, which 

belong to the type M2s, is estimated as: 



Chapter 6 – Analytical seismic fragility analysis for masonry schools in Iran 

219 

380g) 0.25PGA|(
3

1
g) 0.25PGA|(

3

1

.CECE
j

j  


 

Repeating the above-mentioned calculations for different values of PGA, the mean 

vulnerability curve is obtained as shown in Figure 6.13.  

 

Figure 6.13. Mean vulnerability curve obtained for the M2s buildings with typical class 

of material quality.  

6.8 Comparison between analytical and empirical fragility curves 

An empirical approach for fragility analysis was developed and validated in Chapter 5 

with respect to post-earthquake damage data, which is conceptually different from the 

analytical method proposed in this Chapter. Moreover, the methods are based on 

different derivation procedures by which fragility curves are provided. The empirical 

method defines a certain vulnerability index for each building in the sample selected as 

representative of the considered building typology. Empirical curves are then generated 

using the vulnerability index and assuming the beta distribution as probability 

distribution of the EMS-98 damage grades.  

However, the analytical fragility analysis aims to construct fragility curves for the 

considered building typology rather than each building sampled, considering typical 

quality class of material with three subclasses (lower bound, central and upper bound 

qualities). The analytical method also assumes the lognormal probability distribution for 

the given IM to generate fragility curves. Besides these differences, the analytical 

method relies on the procedure that convolve the probability distributions of uncertain 

parameters to develop fragility functions instead of using closed analytical formulations 

by which the comparison is more straightforward. Nevertheless, some common features 
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characterize both methods: (a) both methods use the same building typology and the 

same building sample; (b) the different damage states defined for the analytical method 

are in agreement with the EMS-98 damage grades used in the empirical method. These 

features make the comparison between the methods meaningful.  

6.8.1 Adopted correlation procedure 

In this Section, a quantitative comparison is made based on an analytical procedure 

proposed by Giovinazzi (2005) to correlate the Macroseismic and Mechanical methods 

implemented in (RISK-UE, 2004). The procedure, which is also implemented in the 

framework of the SYNER-G project (Lagomarsino & Cattari, 2014), leads to a 

reciprocal calibration of the two methods. Since the procedure compares the methods 

independently developed and allows for coherent and equivalent results, it is essentially 

a so-called "cross-validation" for the two methods. In other words, the adopted 

procedure aims to generate reliable hybrid fragility curves validated by both empirical 

and analytical approaches.  

As stated before in Section 6.4, there is a direct agreement between the first four 

damage levels used in the empirical method (damage grades Dk, k = 1-4) and those 

defined in the analytical method (damage states dsi, i = 1-4). Based on this agreement, 

the methods can be correlated by estimating a specific level of the intensity measures 

(PGA and the macroseismic intensity I in the analytical and empirical methods, 

respectively) causing the same damage level with 50% occurrence probability for both 

methods. In other words, the correlation procedure is based on evaluation of the median 

values for the intensity measures from the two methods and then equalizing them. This 

can be expressed as: 

50PGA)|(I)|( .dsDSPDDP ik   (6.17) 

where I)|)( kDDP   is the complement of the beta cumulative distribution function 

given in Equation (5.12) and PGA)|( idsDSP   is the lognormal cumulative 

distribution function given in Equation (6.9).  

According to the damage grades definition in the EMS-98 scale (empirical method) 

and damage thresholds identification on the capacity curve (analytical method), it can 

be claimed that definition of the fourth damage level in both method (damage grade D4 

and damage state ds4) is more reliable with respect to others (Lagomarsino & 

Giovinazzi, 2006). Hence and in order to avoid the approximations related to definition 

of damage levels, the adopted procedure refers to the damage grade D4 and damage 
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state ds4 and their corresponding median intensity measures (correlated I
^

4 and a
^
 g,ds4, 

respectively). 

The correlation procedure, which involves the cross-validation of the analytical and 

empirical approaches, consists of two main phases: 

1. Validation of the correlation procedure translating the median PGA value 

resulting from the analytical approach (a
^
 g,ds4) to an analytical-based index V and 

then comparing it with a reference index obtained empirically;  

2. Calibration of the empirical method with respect to the analytical approach 

based on the correlation procedure validated in the previous phase. This phase 

redefines the empirical fragility function and gives the possibility to define new 

subclasses in the empirical-obtained fragility curves. 

The correlation procedure is based on the 50% occurrence probability calculated by 

the two methods as expressed before in Equation (6.17). The left hand side of Equation 

(6.17) (the empirical-based probability) can be further detailed as: 
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 (6.18) 

For URM buildings not expected to present ductile behavior, the value Q = 2.3 

proposed in the Macroseismic method is acceptable to be assumed (Lagomarsino & 

Giovinazzi, 2006). Assuming this value for the ductility index Q, two types of problems 

can be solved based on the relationships given in Equation (6.18): (a) once the value of 

the median macroseismic intensity I
^
 corresponding to a given damage level is known, 

the vulnerability index V can be obtained; (b) when the value of the index V is known, 

the median intensity I
^
 can be evaluated for the considered damage level. 

Concerning the right hand side of Equation (6.17) (the analytical-based probability) 

and for each damage state dsi, the damage state threshold has a 50% probability of 

occurrence (the median value). Hence, the median values of PGA (a
^
 g,dsi, i = 1-4) 

corresponding to EDPs damage state thresholds and given in Table 6.6, are those that 

comply with 50PGA)|( .dsDSP i  .  

It is noted that the equivalence between the two sides of Equation (6.17) (empirical 

and analytical approaches) is verified only in establishing a I-PGA correlation. 

Moreover, the empirical method developed in Chapter 5 is highly affected by the 
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correlation between the macroseismic intensity I and the peak ground acceleration PGA. 

In Chapter 5, some Italian relationships with lower scatter were selected and their mean 

curve was considered as the I-PGA correlation. As a reliable solution to verify the 

accuracy of I-PGA, the final results (fragility/vulnerability curves) were validated with 

respect to the corresponding curves obtained on the basis of post-earthquake 

observations after the earthquakes that occurred in Iran. Hence, the calibrated 

relationship given in Equation (5.18) is used in this Section. 

It is worth noting that the Iranian method for vulnerability assessment of masonry 

schools refers to different quality levels of masonry material described by the terms 

"Good", "Fair" and "Poor" through the index k11 (Table 5.1). According to the 

vulnerability forms fulfilled within the Iranian method, a fair material quality has been 

ascribed to almost all of the school buildings sampled from the type M2s population. 

Hence, it can be claimed that the building sample used in Chapter 5 for generating 

empirical fragility/vulnerability curves represents the masonry school buildings with the 

central quality of material with respect to the material subclasses defined in this Chapter 

for the analytical fragility analysis. Therefore, the correlation procedure uses the results 

of the analytical method obtained for the central quality subclass of mechanical 

properties. 

6.8.2 Results 

In Phase 1, the correlation procedure is validated using the basic hypothesis assumed in 

the procedure, namely making equivalence between the analytical and empirical median 

intensity measures. For the central subclass of mechanical properties, first the median 

value of PGA corresponding to the damage state ds4 was derived from the analytical 

method results (Table 6.6) as a
^
 g,ds4 = 0.32 g., its equivalent median macroseismic 

intensity I
^

ds4 = 9.7 was then estimated using the relationship given in Equation (5.18). 

Next, from the relationships given in Equation (6.18) (the first problem type), the 

analytical-based index Vana was obtained equal to 0.69. It can be assumed that this index 

value, which is based on the analytical results, represents the vulnerability index of the 

considered building sample (a median value). The validity of this assumption and 

subsequently of the correlation procedure can be verified comparing the obtained index 

Vana with an empirical-based index representative of the 25 selected buildings.  

To this end, that step of the empirical method is considered in which the PGA 

values corresponding to different damage grades (ag,Dk, k = 1-5) are estimated 

individually from the Macroseismic parameters (indices V and Q). For a given damage 

grade Dk, the estimation is based on the relevant damage factor wDF,k (Table 5.16) and 

PGA boundary values yi (Equation (5.6)) and yc (Equation (5.7)) resulting from the 

GND II level method using a given value of index Iv, as follows:  
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where pk is equal to the probability of being in each damage grade Dk ( 0k  to 5) 

(Equation (5.11)).  

For each of the sampled buildings with a certain value of index Iv obtained from the 

relevant relationship given in Equation (5.14), the above relationship was used to 

estimate the PGA value ag,D4 at damage grade D4. Next, the PGA median value was 

calculated equal to 0.43 g, assuming a lognormal distribution to the cloud of the 

obtained PGA values. Using the relationship given in Equation (5.18), the PGA median 

value was then converted to its equivalent macroseismic intensity I
^

 = 10.25. Finally, the 

empirical-based vulnerability index Vemp = 0.71 was calculated using the closed 

formulation proposed in the Macroseismic method as: 
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(6.20) 

where Q = 2.3 and mean damage grade μD = 4. 

The results show that the analytical-based index Vana = 0.69 has an acceptable error 

of about 3% with respect to the empirical index Vemp, which confirms the validity of the 

adopted correlation procedure. Some approximations and assumptions are associated to 

the analytical fragility analysis arisen from the mechanical properties, the modeling 

approaches, the seismic analysis and the adopted probabilistic procedure. This 

validation confirms the reliability of the analytical method despite these assumptions. 

Within the correlation procedure, Phase 2 aims to redefine the relationship 

developed in Chapter 5 for the type M2s, which correlates the index V with the Iranian 

vulnerability index Ri. Based on the main hypothesis of the procedure, the relationship 

modification is made in such a way that the analytical and empirical median intensity 

measures corresponding to the damage levels ds4 and D4, respectively, become equal. 

To this end, a vulnerability modifier (ΔV) is introduced to allow for a redefined index V 

for the building type M2s. As expressed in the following relationship, ΔV is added to the 

relevant V-Ri relationship given in Equation (5.20).  

V.R.V i  4970000240  (6.21) 
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Thus, for each of the 25 school buildings in the selected sample, first the index V 

obtained from Equation (5.20) was adopted. Then, assuming a value for the 

vulnerability modifier to have an updated vulnerability index V
'
 = V + ΔV, the median 

macroseismic intensity for the damage state D4 was evaluated using the updated index 

V
'
 and based on the relationships given in Equation (6.18) (the second problem type). 

Next, for the considered building sample, the median macroseismic intensity at damage 

state D4 (I
^

4) was estimated assuming a lognormal probability distribution to the cloud of 

the obtained intensities. The obtained median intensity was then converted to its 

equivalent PGA (a
^
 g,D4) using the relationship given in Equation (5.18). This process was 

repeated assuming different values for the vulnerability modifier ΔV until reaching the 

criterion a
^
 g,D4 = a

^
 g,ds4. Considering that the PGA median value a

^
 g,ds4 resulting from the 

analytical method is equal to 0.32 g (Table 6.6), the vulnerability modifier ΔV = -0.015 

was obtained for the considered building type. As a result, the following calibrated 

relationship was obtained for the building type M2s. 

4820000240 .R.V i   (6.22) 

If the procedure adopted in Phase 1 to obtain index Vana is repeated for the other two 

subclasses of mechanical properties, it is possible to determine two vulnerability 

modifiers by which empirical fragility functions (Chapter 5) can be extended for 

different quality levels. Thus, adopting a
^
 g,ds4 = 0.38 g and a

^
 g,ds4 = 0.25 g  from Table 6.6 

for the upper bound and lower bound quality levels, the analytical-based vulnerability 

indices Vana = 0.63 and Vana = 0.77 were obtained, respectively. Subtracting Vana = 0.69 

(central quality) from the two obtained indices, the vulnerability modifiers 

corresponding to the upper bound and lower bound qualities of material were obtained 

as ΔVU = -0.06 and ΔVL = +0.08, respectively. 

6.9 Conclusions 

In this Chapter, an analytical method was proposed to generate fragility curves. The 

proposed method is based on the HAZUS methodology and the analytical-based 

FaMIVE procedure, which is appropriate for a large number of buildings instead of an 

individual prototype building. The method also uses the damage states definition 

implemented in the Mechanical method (Lagomarsino & Giovinazzi, 2006), which are 

consistence with the EMS-98 damage grades defined in the Macroseismic approach. 

Similar to Chapter 5, an URM school building type available in the province of 

Yazd, Iran was considered here. Among different types, the building type M2s, which 

includes URM schools built up by brick walls, horizontal RC ties and RC slabs, was 

selected. URM buildings belong to the type M2s comply with requirements and 
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limitations associated to the adopted analytical model in this thesis. In other words, they 

are expected to present a box-type behavior during earthquakes.  

The building sample considered in Chapter 5 was adopted in this Chapter, assuming 

that the 25 sampled buildings represent the M2s population in terms of building 

dimensions, structural details and geometric configuration. In the case of mechanical 

properties, one index building was selected, meaning that the considered buildings has a 

typical quality class of material with three levels (subclasses) of central, upper bound 

and lower bound. The structural component model implemented in the TREMURI 

software was adopted to simulate the 25 school buildings as representative of the M2s 

population. Pushover analysis method was used to perform nonlinear analyses and to 

obtain bilinear capacity curves of each of the sampled buildings. 

The proposed analytical method has been used the HAZUS methodology to define 

the median displacement capacities on each bilinear capacity curve (damage state 

thresholds) and to derive their equivalent median acceleration capacities in terms of 

PGA. To this end, the basic N2 method and its extended version (Chapter 4) were used 

to determine target displacements considering higher mode effects. The analytical-

probabilistic approach adopted in this Chapter was based on the FaMIVE procedure to 

derive the EDPs damage state thresholds and their dispersion at each damage state from 

the cloud of the bilinear capacity curves assuming a lognormal distribution. Both main 

types of uncertainties were considered, namely the variabilities in demand and capacity. 

Thus, modeling (capacity) dispersion due to geometric configuration, mechanical 

characteristics and analytical models assumptions and the record-to-record (demand) 

dispersion were calculated and combined. Analytical fragility functions were generated 

in terms of intensity measure (PGA) and the inelastic spectral displacement demand for 

three levels of typical quality class of mechanical properties, assuming a lognormal 

distribution to the building generic response. Analytical fragility functions were 

obtained for three levels of typical quality class of mechanical properties, assuming a 

lognormal distribution to the building generic response. The obtained fragility curves 

present the probability of exceeding each damage state given a level of intensity 

measure (PGA) or a value of the inelastic spectral displacement demand measured from 

a roof node with highest target displacement considering torsional effects.  

A procedure was also proposed to correlate the analytical and empirical fragility 

analysis methods developed in this Chapter and Chapter 5, respectively. Using the I-

PGA relationship calibrated in Chapter 5, the correlation was based on making 

equivalence between the seismic intensity measures from the two method, which cause 

a 50% probability of occurrence of a given damage level. Referring to damage state ds4 

and damage grade D4 as the most reliable defined damage levels, both methods were 

first validated translating the PGA median value obtained analytically to an analytical-

based vulnerability index V and then comparing it with a reference index obtained 

empirically. Next, the empirical V-Ri relationship developed in Chapter 5 for the type 

M2s with central material quality was calibrated with respect to the analytical results.  
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Moreover, two vulnerability modifiers ΔVU = -0.06 and ΔVL = +0.08 were derived 

from the validation procedure, corresponding to the upper bound and lower bound 

subclasses of mechanical characteristics, respectively. Applying these modifiers to the 

index V, the empirical fragility functions developed in Chapter 5 can be extended for 

different material quality levels.  

Finally, a financial-based vulnerability analysis was performed in order to show 

how fragility functions could be used to obtain vulnerability functions that indicate the 

exceedance probability of economic losses at each damage state. The vulnerability 

analysis was done using the probabilities resulting from the analytical fragility functions 

and the monetary-based damage factors obtained in Chapter 5. 
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7.1 Conclusions 

Within a loss assessment framework, fragility analysis, which results in the probability 

of exceeding different damage states given different levels of seismic intensity measure, 

is an essential part to be combined with damage-to-loss functions for evaluating seismic 

vulnerability. Thus, seismic risk mitigation projects require a reliable fragility analysis 

method. Considering that URM buildings are an important part of the exisitng 

constructions that are vulnerable to earthquakes, the main objective of this thesis was 

the development of a new methodology to obtain reliable analytical-based fragility 

curves for typical URM buildings. 

In general, analytical-based fragility assessment methods adopt structural analysis 

methods and analytical models with acceptable computational efforts to perform many 

analyses in a quick way. Hence, to accomplish the thesis main objective, structural 

component model implemented in the TREMURI software was used as an efficient, 

practical and simple analytical tool. On the other hand, pushover analysis with much 

less analysis requirements with respect to NLD analysis was chosen as structural 

analysis method. Moreover, the basic N2 method, which uses pushover analysis results 

to find target displacements, was adopted as NSP. Similar to other common NSPs, the 

basic N2 method assumes that the structure dynamic response is affected mainly by the 

motion of the main translational mode. Hence, a number of advanced pushover 

procedures such as the extended N2 method, have been developed for framed structures 

to improve pushover-based demands considering higher mode effects. However, there 

are almost no validated procedures, which are appropriated for URM buildings, while 

most of them are characterized by irregular configurations. 

Thus, the extended N2 method, as a method with acceptable universal results for 

framed structures, was adopted to consider higher mode effects in both plan and 

elevation within the analytical method developed for fragility analysis. Complementary, 

the thesis was aimed at validating the structural component model as well as the NSP 

adopted. Thus, first the validity of the macroelement model used in TREMURI, to 

perform reliable NLD analysis able to simulate actual seismic behavior of regular and 

irregular URM buildings with box behavior, was verified in Chapter 3. Then, the ability 

of the extended N2 method to estimate accurately higher mode effects in irregular URM 

buildings was evaluated in Chapter 4. NLD analysis in the TREMURI software, 

validated in Chapter 3, was used to provide the reference results for validation of the 

pushover analysis results obtained in Chapter 4. It is noted that the analytical work of 

the present study was performed for URM buildings with rigid diaphragms and box 

behavior. Therefore, the results obtained from this thesis can be used for new types of 

URM buildings and can be extended to the ancient masonry buildings strengthened 

adequately.  
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For masonry buildings, there are only a limited number of robust numerical tools 

capable of performing nonlinear seismic analyses with low computational efforts and 

high accuracy, due to their complex nonlinear behavior. Hence, empirically-derived 

fragility curves, which are based on the post-earthquake observation data or experts 

judgments or a combination of these, are valuable by themselves. Besides, the fragility 

analysis methods obtained empirically can be used for validation purposes. Thus, the 

present thesis was also intended to develop a reliable empirical method for fragility 

assessment of typical URM buildings (Chapter 5). As the final task of the thesis, a   

method was developed in Chapter 6 for analytical fragility analysis, and then a cross-

validation of the analytical and empirical methods was made based on the results of 

Chapter 5. 

Any seismic fragility analysis considers an inventory of elements at risk for which 

the probabilistic-based damage curves are obtained. In this regard, the current thesis 

referred to typical masonry school buildings located in the country of Iran, as one of the 

most seismically active areas of the world, which present a considerable vulnerability 

during past earthquakes. The availability of a comprehensive database of all existing 

schools in the country, which results from an extensive investment for seismic risk 

mitigation of existing vulnerable schools, provides a proper base to develop empirical 

fragility/vulnerability functions. Moreover, the database including schools' architectural 

and structural drawings could be useful for analytical-based fragility assessments. In the 

present thesis, the database of schools located in the province of Yazd, Iran was used, as 

the only available database for the author. However, the results obtained in this study 

can be used for masonry schools in other regions of the country, considering that the 

existing school buildings in Iran classified in different typologies have been built by a 

single organization using the approximate same architectural style and structural details. 

Next, the main conclusions of each Chapter are presented. 

7.1.1 Summary of the thesis chapters 

In Chapter 3, the equivalent frame modeling with 2D nonlinear macroelements 

implemented in the TREMURI software was validated comparing the numerical results 

with the results of shake table tests in terms of damage pattern, maximum in-plane 

displacement of walls and capacity curve. Thus, two experimental campaigns including 

four shake table tests were adopted respecting the main limitation of the software, 

namely simulation of URM buildings with box-behavior. Performing incremental 

dynamic analysis for each tested model based on the experimental-used seismic loading 

sequences, the mechanical properties were calibrated such that the experimental results 

were matched. The macroelement shear parameters obtained indicate that either the 

calibrated masonry panels under in-plane cyclic tests or the empirical relationships 

adopted in Chapter 3 can be used in practical cases for an accurate estimation of the 

shear parameters. 
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In order to obtain the damage pattern at each pier and spandrel, a graphic interface 

was developed using a multilinear approach for idealizing the cyclic test results and the 

material behaviors implemented in the TREMURI software. The results obtained 

confirm the ability of the proposed methodology to predict accurately the main failure 

modes of walls ae well as their damage severity. The exception was for some localized 

damage exhibited, which the adopted macroelement model with an equivalent in-plane 

behavior defined for a whole masonry panel is not able to reproduce them. In general 

and considering this modeling limitation, the results of Chapter 3 show that the 

structural component model implemented in the TREMURI software is a reliable 

numerical tool to perform incremental NLD analysis for regular and irregular (in-plan 

and in-elevation) URM buildings with box behavior. This numerical tool would be more 

useful considering that it needs much less computational efforts and mechanical 

properties with respect to sophisticated numerical modeling approaches, such as the 

finite element method.  

In Chapter 4, the applicability of the extended N2 method for in-plan and in-

elevation irregular URM buildings, which present dynamic behavior affected by higher 

modes, was evaluated. The evaluation was made applying the method to three case 

studies and comparing the demands with NLD analysis results. To this end, two 

procedures were used that their difference was related to the method adopted for 

determining target displacements, namely using the mean of the maximum displacement 

demands obtained by seven NLD analyses and using the basic N2 method as a NSP. 

Within the first procedure, and eliminating approximations related to the basic N2 

method, the pushover-obtained inter-story drifts and displacements were improved such 

that the underestimate results were amplified to the conservative values within the range 

of NLD response. Moreover, it was observed that the obtained correction factors in both 

plan and elevation could improve the damage patterns for the walls subjected to 

considerable inelastic deformations.  

Within the second procedure, first the basic N2 method was validated comparing the 

resultant target displacements with respect to the demands obtained by NLD analysis. 

Thus, the procedures proposed in (Costa et al., 2011) and (Guerrini et al., 2017) were 

considered for bilinear idealization of SDOF capacity curves and for estimating the 

maximum inelastic displacement from the maximum elastic displacement demand, 

respectively. Then, the extended N2 method was applied to the case studies. The 

obtained demands, which depend directly on the obtained target displacements, were 

often within the NLD range of variation, even if the target displacements were 

overestimated. The validity of the extended N2 method using the first procedure makes 

the method adequate to be combined with any NSP. While the reliability of the 

extended N2 method using the second procedure support incorporating the combination 

of it and the basic N2 method in seismic codes due to no extremely conservative results 

obtained in any case. 
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In Chapter 5, an empirical method to generate fragility curves was proposed for four 

building types from URM schools located in the province of Yazd (Iran): M1 (Confined 

masonry with RC slab); M2 (URM masonry with RC tie beams and flexible floor); M2s 

(URM masonry with RC tie beams and RC slab) and M3 (URM masonry without tie 

beams and flexible floor). Within the proposed method, the indices of the GNDT II 

level method and an index-based method developed in Iran were first evaluated for 25 

schools from the four typologies. The results were then correlated to calibrate the 

GNDT II level method. Then, a procedure was proposed for combining the GNDT II 

level method and the Macroseismic method correlating macroseismic intensity I and 

PGA as well as the physical damage and the damage factor. Finally and using this 

combination procedure, the calibrated results were employed to derive a relationship for 

the school typologies that is able to calculate the index V of the Macroseismic method 

with respect to a simple index Ri of the Iranian method. The validity of the proposed 

method for earthquakes that occurred in Iran was also confirmed using results of 

vulnerability analyses available from post-earthquake surveys in Iran.  

Within the main objective of the thesis, Chapter 6 was aimed at generating reliable 

analytical fragility curves using the analytical tool validated in Chapter 4 (performing 

the basic N2 and the extended N2 methods by using the TREMURI software) and the 

empirical fragility functions developed and validated in Chapter 5. Among different 

URM building types defined in Chapter 5, the type M2s was selected to develop 

fragility functions due to its likely box-type behavior during earthquakes. It was 

assumed that the M2s population is presented in terms of building dimensions, 

structural details and geometric configuration, by the 25 school buildings sampled in 

Chapter 5. However, a typical quality class of material with three levels of central, 

upper bound and lower bound was considered for the sampled buildings. Fragility 

analysis in Chapter 6 was performed for the four damage states defined in (Lagomarsino 

& Giovinazzi, 2006), which are in agreement with the EMS-98 damage grades defined 

in Chapter 5. 

Considering variabilities in capacity due to geometric configuration, mechanical 

characteristics and analytical models assumptions, a large number of bilinear capacity 

curves were obtained for each of which the damage state thresholds and their equivalent 

acceleration capacities (median values) were identified based on the HAZUS 

methodology. The EDPs damage state thresholds were obtained from the cloud of 

bilinear curves using the probabilistic approach proposed in the FaMIVE procedure. 

Considering also the demand uncertainty due to the record-to-record variability, the 

fragility curves were generated for three levels of typical quality class of mechanical 

properties, assuming a lognormal distribution to the building generic response. The 

obtained fragility curves are in terms of PGA and the inelastic spectral displacement 

demand measured from a roof node with largest target displacement considering 

torsional effects. Moreover, adopting the damage factors obtained in Chapter 5 based on 
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the local financial data, an economic vulnerability analysis was performed to show how 

fragility functions could be used to obtain vulnerability functions. 

For validation purposes, a procedure was also developed in Chapter 6 to correlate 

the analytical and empirical fragility analysis methods. Within this procedure, the 

analytical method was validated with respect to the empirical method comparing an 

analytical-based vulnerability index with a reference index obtained empirically in 

Chapter 5. Moreover, the V-Ri relationship developed empirically in Chapter 5 for the 

type M2s was calibrated with respect to the analytical results. From the correlation 

procedure, two vulnerability modifiers were also derived by which the empirical 

fragility functions developed in Chapter 5 can be extended for different material quality 

levels.  

7.2 Future works 

Based on the work carried out in this thesis, it is considered that in spite of 

important outcomes achieved in the present study, additional research is needed to 

advance the state of the art. Therefore, a set of recommendation is presented for future 

work: 

 Considering appropriate features of the structural component models for 

performing fragility analysis, the models capable of simulating accurately out-

of-plane behavior of URM buildings should be further developed. The 

development should consider the degree of adequate connection between the 

building components as well as the common out-of-plane failure modes of walls 

and diaphragms observed during earthquakes. 

 By using the above-mentioned analytical models, a SDOF system can be 

developed in which the out-of-plane failure modes of masonry walls and the 

wall-diaphragm interactions are considered. Such SDOF system could be used to 

obtain analytical formulation(s) for determining target displacements of URM 

buildings without box behavior. The formulation(s) would be ideal to be 

incorporated in the basic N2 method; 

 Performing further study on validation of the extended N2 method for URM 

buildings with box behavior and rigid diaphragms applying the method to more 

case studies; 

 Further evaluation of applicability and validity of the available methods in 

literature, which use a combination of effective modes such as multi-modal 

pushover analysis, modal pushover and modified modal pushover analysis, for 

URM buildings without box behavior and those have flexible diaphragms and 

present a box-type behavior;  
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 Development of advanced adaptive pushover algorithms to be implemented in 

the TREMURI software or other similar programs based on the structural 

component models. In the adaptive procedures, the force/displacement loading 

pattern should be updated at each step of the analysis with respect to either of 

these aspects: (a) the stiffness reduction and the change of level of inelasticity 

due to progressive damage; (b) the shape of all the effective modes by using the 

combination rules at each step;  

 Evaluation of effects of higher modes in the irregular URM buildings that are 

subjected to earthquakes with a significant vertical component of PGA; 

 Validation of empirical fragility functions developed in Chapter 5 for masonry 

school buildings located in other regions of Iran; 

 Development of analytical-based fragility curves for other URM building types 

studied in Chapter 5 to have a more effective validation of the analytical method 

and to calibrate the relevant empirical relationships obtained for each type in 

Chapter 5.  
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X direction 

 
Y direction  

 

Roof displacements (absolute values) obtained from the different methods for the 

seismic action of 0.05 g (COM building).  
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X direction 

 
Y direction  

 

Roof displacements (absolute values) obtained from the different methods for the 

seismic action of 0.15 g (COM building).  

 

 



Analytical and empirical seismic fragility analysis of irregular URM buildings with box behavior 

260 

 

 

 
X direction 

 
Y direction  

 

Roof displacements (absolute values) obtained from the different methods for the 

seismic action of 0.25 g (COM building).  
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X direction 

 
Y direction  

 

Roof displacements (absolute values) obtained from the different methods for the 

seismic action of 0.05 g (CLM building).  
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X direction 

 
Y direction  

 

Roof displacements (absolute values) obtained from the different methods for the 

seismic action of 0.15 g (CLM building).  
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X direction 

 
Y direction  

 

Roof displacements (absolute values) obtained from the different methods for the 

seismic action of 0.25 g (CLM building).  
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0.05 g 

 
0.15 g 

 

Roof displacements (absolute values) obtained from the different methods for the 

seismic action of 0.05 and 0.15 g (X direction of the ACM building).  
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Roof displacements (absolute values) obtained from the different methods for the 

seismic action of 0.25 g (X direction of the ACM building).  

 

 

 

 

 

 

 

 

 

 

 




