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Abstract 

Due to the high seismic risk posed by the school infrastructure in developing countries and the lack of technical 

quantitative tools for risk assessment and strengthening prioritization, this study aims to develop a seismic 

vulnerability assessment methodology recognizing the high variability in the seismic performance of different 

masonry typologies.  The expectation is that such framework should be applicable to countries in the Himalayan 

belt and possibly further afield.  To this end, the Nepalese school portfolio is used to develop as well as validate 

the framework.  A first step in this study is to classify a number of masonry typologies of school buildings, 

differentiated by construction materials, building height and seismic design level.  Although these parameters are 

sufficient to qualitatively rank the vulnerability of a typology, other construction features such as diaphragm type 

or wall panel length are critical to quantitatively determine its expected seismic response and fragility, as proven 

by the vulnerability results in this study.  The identification of these relevant parameters underpins a globally 

applicable taxonomy.  The applied element method is employed for the analysis so as to accurately represent the 

seismic capacity and failure mechanism of different masonry typologies.  For the typologies lacking box-like 

behaviour, a tailored pushover analysis approach is developed, allowing computation of in-plane and out-of-plane 

capacity and fragility separately, then combined to derive a mean global vulnerability function.  The vulnerability 

results for distinct typologies better inform effective risk reduction policies, by allowing prioritised and 

incremental strengthening strategies. In the Nepalese context, the results show that most of the masonry school 

typologies are in need of immediate strengthening while traditional seismic safety measures such as horizontal 

bands prove to be effective in order to comply with the life safety performance level under seismic hazard and also 

to ensure adequate functionality requirements. 
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Impact Statement 

Earthquake engineering, as a multi-disciplinary branch of engineering, beside its direct impact on the design and 

resistance of physical structures, it has a great influence on the social, economic, political, and cultural 

environment.  Recognising the importance of school infrastructure in our society, this study develops a reliable 

methodology for the seismic vulnerability evaluation of the masonry school buildings at a country level, identifying 

the distinct construction types as well as construction features in a national school portfolio.  From the research 

and scholarship viewpoint, the present research work has contributed significantly in several ways: development 

of a comprehensive structural taxonomy covering all the factors influencing the seismic performance of masonry 

buildings, development of an effective non-linear pushover analysis approach that is independent of the 

construction type or features, an efficient seismic performance assessment methodology for masonry buildings 

lacking box-like behaviour, including the critical out-of-plane response.   Moreover, the range of results of this 

research work, generated following rigorous and state-of-the-art methodologies, serve as benchmark as well as 

add value to the standard body of knowledge.  The findings of this study can assist governmental and non-

governmental organisations as well as communities in gaining better and clear understanding of the comparative 

seismic vulnerability of distinct typologies of school buildings under different seismic hazard level.  This can impact 

on the decision making for the school infrastructure e.g. preferences or construction materials or technology, the 

revision of policy including the seismic design codes, effective retrofitting strategy for seismic upgrading of the 

school portfolio in the country.  Furthermore, the fragility and vulnerability outcomes can be used by the 

stakeholders in effective and strategic planning of the upgrading of school infrastructure with respect to structural 

safety as well as healthier functionality requirement criteria.  
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Chapter 1 

Introduction 

1.1 Overview and Motivation 

1.1.1 Importance of Disaster Resilience of School Infrastructure 

Access to quality education is a basic human right and is the fourth of the UN Sustainable Development Goals 

(United Nations, 2015).  Better education is also a fundamental driver for poverty reduction.  A safer and resilient 

school infrastructure is fundamental for attaining quality education goals by ensuring the safety of school children 

during the time of natural disasters.  Moreover, structurally safe schools also provide a safe haven for the local 

community, serving as a temporary shelter and helping to bring normalcy back to society in times of disaster such 

as an earthquake (D’Ayala et al., 2020).  Despite their critical role in communities, school infrastructure in 

developing countries remain vulnerable to natural hazards.  In particular, earthquakes have caused huge 

destruction to schools causing fatalities to thousands of school children.  Table 1-1 summarizes the damage to 

school buildings and fatalities to school children caused by some past major earthquakes. 

Table 1-1.  Damage to school buildings and fatalities to school children due to some of the past major earthquakes (Modified 
from Petal et al., 2015) 

Earthquake Location, 
Magnitude, Year 

School buildings/classrooms 
damaged 

Fatalities 

Tangshan, China, M7.8, 1976 
 

Most school buildings destroyed 2,000 students killed in the dormitory of the 
College Mining Institute 

Spitak, Armenia, M 6.8, 1988 380 children and youth institution 
destroyed 

Likely thousands of school children killed.  At 
least 400 died due to the collapse of a 
Dzhrashen elementary school 

Ardekul, Iran, M 7.3, 1997 Elementary school collapsed 110 young girls were killed 

Gujrat, India, M 7.6, 2001 1,884 school buildings collapsed 
5,950 classrooms destroyed 

971 school children and 31 teachers were killed 

Kashmir, Pakistan and India, 
M 7.6, 2005 

More than 10,000 schools collapsed More than 18,000 school children died 

Wenchuan, China, M 7.9, 
2008 

157 schools in Sichuan and Shaanxi 
province were destroyed 

More than 5,300 school children died 
In the Beichuan Middle school alone, 1,300 or 
2,999 students and teachers died 

Port-au-Prince, Haiti, M 7.0, 
2010 

Estimated 4,992 schools severely 
affected (23% of the nation’s 
schools) 

Death of school children unknown but 
estimated 1.3 million children and youth 
affected 

Gorkha, Nepal, M 7.8, 2015 More than 7,000 schools completely 
or significantly damaged 

The earthquake occurred on school closure day 

Central Sulawesi, Indonesia, 
M 7.4, 2018 

About 1,200 school buildings 
damaged 

Death of school children unknown but 
estimated 0.5 million children affected 
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Due to the importance of school infrastructure as well as its exposure to frequent natural hazards, in recent years, 

there have been growing initiatives formulating frameworks and action plans at global level to increase the disaster 

resilience of school infrastructure.  Substantial reduction of disaster damage to educational facilities is one of the 

seven global targets of the Sendai Framework for Disaster Risk Reduction 2015–2030 (UNISDR, 2015). The 

Comprehensive School Safety (CSS) framework, built on three pillars: Safe Learning Facilities, School Disaster 

Management, Risk Education and Resilience Education; intends to promote school safety as a priority area for 

sustainable development, risk reduction and resilience, with a strong emphasis on the need for multi-hazard risk 

assessment and mitigation of the existing school infrastructure (UNISDR, 2017). Concurrently, the Worldwide 

Initiative for Safe Schools (WISS) (UNISDR, 2013), is a government-led global partnership for advancing safe 

school implementation at the national level, currently coordinated by the UN Office for Disaster Risk Reduction 

(UNDRR) to promote key safe school initiatives in support of the three main pillar of the CSS. 

The Organization for Economic Co-operation and Development (OECD) has produced a policy guidance on 

‘Protecting students and schools from earthquakes’ encompassing seven principles for school seismic safety: 

seismic safety policy, including financial and human resources to ensure implementation, accountability, building 

codes, training and qualification, preparedness and planning, community awareness, and risk reduction (OECD, 

2017). 

The Global Facility for Disaster Reduction and Recovery (GFDRR) launched the Global Program for Safer Schools 

(GPSS) in 2014 with a focus on integrating risk considerations into education infrastructure investments.  The 

GPSS has the following three main goals: 

• Facilitate and inform production of consistent evidence-based knowledge on safety and resilience of 

school infrastructure worldwide.  As a result, it will facilitate exchange of information among different 

countries, and build efficiency in the implementation of safer school projects across the world both in 

pre- and post-disaster contexts. 

• Inform the implementation of technical solutions to improve the safety of school infrastructure at scale 

based on past experiences and innovation, and open opportunities to adapt them to local contexts; and 

• Build efficiency on the implementation of investments for vulnerability reduction of school infrastructure 

by establishing consistent prioritization and optimization methodologies. 

Within the GPSS program, the World Bank has developed the Global Library of School Infrastructure (GLOSI) 

(The World Bank, 2019; D’Ayala et al., 2020) which documents tools and guidelines to assess the vulnerability 

of school infrastructure at national level, and to develop risk reduction solutions at scale. 

Thus, recognizing the need for safer schools, several global efforts have been initiated in the form of goals and 

action plans.  Some of these efforts, e.g. GLOSI, have been implemented in recent years in several developing 

countries such as Nepal, El Salvador and Dominican Republic (D’Ayala et al., 2020).  However, at country level, 

there are still technical challenges in the implementation of these frameworks to achieve the targets for safer school 

infrastructure.  One of the key challenges is the lack of knowledge in the vulnerability characteristics and associated 

uncertainty of the school infrastructure.  School buildings constructed prior to adequate building codes, often have 
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structural deficiencies which are heightened by their architectural configuration due to the specific use 

requirements, for example large classrooms and wide windows for daylight.  Reliable quantitative vulnerability 

assessment of different school building construction typologies is thus a key input for risk assessment and for 

effective investment decisions into the seismic upgrading of school infrastructure. 

Nepal is one of the developing countries with high seismicity and most of the school buildings are old unreinforced 

masonry constructions ranging from rubble stone masonry to brick masonry.  This thesis is motivated by the 

destruction suffered by the Nepalese school infrastructure due to the 2015 Gorkha earthquake and the 

methodology developed in this thesis is applied to the construction types and characteristics of the Nepalese 

masonry school buildings.  However, the situation is similar in several other countries in the Himalayan belt such 

as India and Pakistan. 

Thus, the next section provides a brief overview of the seismicity of Nepal, the impact of 2015 Gorkha earthquake 

and the importance of the seismic vulnerability assessment of poorly built existing masonry school buildings in 

order to improve the seismic resilience of the school infrastructure in the country. 

1.1.2 2015 Gorkha Earthquake and Impact on School Infrastructure 

Nepal is one of the most earthquake prone countries in the world and has experienced several devastating 

earthquakes of magnitude exceeding Mw7.5 (Figure 1-1).  The most recent major event, of Mw7.8, occurred in 

the central region of Nepal on April 25, 2015 with the epicentre located in Barpak village, Gorkha district, 

approximately 78 km northwest of Kathmandu with a focal depth of 15 km (USGS, 2015).  Hundreds of 

aftershocks with Mw ≥ 4.0 were recorded for more than a year after the first shock, with some significant seismic 

events having Mw6.7 and Mw7.3 on April 26, 2015 and May 12, 2015, respectively (Bhagat et al., 2018).  The 

seismic sequence, known hereafter as the 2015 Gorkha earthquake, resulted in a Maximum Modified Mercalli 

Intensity of IX (Violent) causing 8,790 deaths and nearly 22,300 injuries (NPC, 2015). About 8 million people 

were left homeless and the disaster related economic loss is estimated at $7 billion (NPC, 2015). 

The 2015 Gorkha earthquake caused collapse or significant damage to more than 7,000 school facilities but luckily 

the earthquake hit on a school closure day in Nepal (NPC, 2015).  In the hard-hit districts, more than 67% of the 

total school buildings either collapsed or were severely damaged making them unfit for teaching/learning activities 

(The World Bank, 2016).  More than 25,000 classrooms were destroyed, and another 22,000 classrooms were 

partially damaged, affecting the education of nearly a million children (NPC, 2015).  The cost of education sector 

damage and recovery is estimated at $415 million (Paci-Green et al., 2015). The immediate impact of the building 

damage caused complete school closure in the hard hit districts for a month, while the long-term impacts such as 

psychological effects on children, lack of enough classrooms, use of makeshift temporary facilities, poor WASH 

facilities (Save the Children, 2016) continues till now as the construction of about 20% of the required schools is 

yet to be completed (NRA, 2020).  A comprehensive survey (The World Bank, 2016) of school infrastructure, 

carried out after the seismic sequence in the 14 most affected districts, found that more than 80% of the school 

buildings belong to unreinforced masonry construction typologies ranging from rubble stone masonry to brick 
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masonry construction.  Moreover, most of these informal constructions do not include appropriate seismic safety 

measures such as horizontal bands and stiff floors/roof (The World Bank, 2016), thus lacking box-like behaviour 

(see Marques, 2015) under seismic loading.  A box-like seismic behaviour is expected when all the walls are well 

connected at cross-wall connections and by horizontal diaphragms, so that combined action of the masonry walls 

as a global system is obtained, improving the strength capacity as well as ductility.  As an example of the extent of 

damage during the 2015 Gorkha earthquake, Figure 1-2 shows a photograph of a heavily damaged stone masonry 

school building. 

 

Figure 1-1.  Epicentre of major earthquakes in Nepal (A and B denote the Kathmandu valley and 
Sindhupalchowk district respectively) (Bhagat et al., 2018). 

 
Figure 1-2.  Collapsed rubble stone masonry school building during the 2015 Gorkha earthquake (Copyright: 

The World Bank). 
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Although the construction practice for new school buildings after the 2015 event has significantly improved with 

strict enforcement of the newly revised national building code (NBC105: 2020) as well as a separate guideline for 

specific prototype designs of school buildings (Ministry of Education, 2016), the seismic upgrading of existing 

school buildings is urgent in order to increase the seismic resilience of school infrastructure across the whole 

country. The importance of seismic strengthening of Load Bearing Masonry (LBM) schools in the country was 

evidenced during the 2015 sequence, as most of the retrofitted LBM buildings (about 300 buildings) survived with 

no damage (Dixit et al., 2018).  These school buildings, located in the Kathmandu valley, were retrofitted under 

the School Earthquake Safety Program (SESP) by the Department of Education with technical assistance from the 

National Society for Earthquake Technology, Nepal (NSET-Nepal).  Figure 1-3 shows an example photograph of 

the retrofitting work on a multi-storied LBM school building in Lalitpur, Nepal. 

 
Figure 1-3.  A photograph showing ongoing retrofitting work (RCC jacketing) on a four-storeyed LBM school 

building in Lalitpur, Nepal.  (Photo Credit: Sunil Yadav, Department of Education, Nepal). 

Developing an effective risk reduction plan for the school infrastructure in a country requires a comprehensive 

seismic risk assessment at national level and an incremental intervention strategy, considering the enormous 

amount of time and resources needed.  This requires reliable answers to some fundamental construction-specific 

questions.  Do we know the range of construction types and their construction characteristics including 

variabilities?  Do we know how different typologies with different construction features behave in earthquakes, in 

both qualitative and quantitative terms?  Do we know the ranking of their seismic performance so that the 

intervention strategy can be prioritised appropriately and efficiently?  This research work aims to provide answers 

to these questions with respect to the portfolio of LBM school buildings in Nepal. 

1.2 Objectives of the Current Research 

The main aim of the present research work is to develop a globally applicable methodology to carry out reliable 

seismic vulnerability assessment of existing LBM school building in a country.  The validity of thus developed 
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methodology is applied and tested to the Nepalese LBM school buildings that represent more than 80% of the total 

portfolio of school buildings in the country (The World Bank, 2016).  As the unit size, masonry fabric and bond 

pattern greatly affect the seismic response of LBM buildings (D’Ayala, 2008), instead of a broad class-based 

approach that simply considers ‘masonry’ or ‘stone masonry’ and ‘brick masonry’ classes, this research work deals 

with the vulnerability assessment of LBM school buildings by identifying distinct typologies based on the masonry 

fabric e.g. dry-stone masonry, rubble stone in mud mortar masonry, brick in cement mortar masonry.  Moreover, 

given a masonry typology, all the construction features (e.g. seismic design level, type of roof structure, wall panel 

length) affecting the seismic vulnerability are identified and the distinct effect of these construction features in the 

vulnerability function is quantified.  Thus, the main hypothesis of the present study is that each different 

construction feature of LBM school buildings result in unique vulnerability characteristic and such analysis helps 

in minimizing the uncertainty associated with broad class-based vulnerability results.  Such detailed analysis better 

informs the decision makers to invest efficiently and strategically in the seismic upgrading of the school 

infrastructure by prioritizing intervention based on the relative vulnerability of different masonry typologies.  

However, apart from the structural vulnerability of school buildings, it is acknowledged that other criteria such as 

the functionality requirements, student population, role of school in community and redundancy in the school 

system might also affect the prioritization of the intervention.  The methodology and the outcomes of the current 

study will also be applicable to other countries where similar construction types of LBM school buildings exist e.g. 

India, Pakistan (Schildkamp and Araki, 2019) and further afield, countries with masonry school buildings not 

conforming to engineering standards. 

In answering the research questions formulated in the previous section, the thesis fulfils the following objectives: 

• A rigorous and systematic literature review to identify the appropriate tools as well as gaps that need 

addressing for the development a methodological framework for the seismic vulnerability assessment of 

LBM school buildings. 

• Development as well as application of a structural taxonomy for LBM school buildings to classify the 

population of buildings into distinct typologies based on their construction characteristics and the 

identification of characteristic index buildings to represent respective typologies. 

• Validation and calibration of lateral behaviour of different masonry typologies by reproducing their 

experimental behaviour with the use of the Applied Element Method (AEM), so as to confirm the 

applicability of AEM in the analysis of a range of LBM typologies. 

• Quantification of the seismic response, in terms of collapse mechanism and pushover curves, of different 

typologies of Nepalese LBM school buildings, including the out-of-plane (OOP) response. 

• Derivation of fragility and vulnerability functions for a range of typologies of Nepalese LBM school 

buildings using the analytical performance-based approach, shedding light on the ranking of their seismic 

behaviour which is valuable in developing incremental and prioritized intervention strategies. 

• Quantification of the effect of different construction features (e.g. seismic design level, type of roof 

structure, wall panel length) on the seismic response and vulnerability of LBM school buildings. 
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1.3 Outline of the Thesis 

Besides this introductory chapter, this thesis consists of 8 chapters. 

Chapter 2 deals with a systematic review of the published work in the area of seismic performance and vulnerability 

assessment of unreinforced masonry school buildings.  Gaps in the existing literature and research needs are 

identified and discussed to further define the research methodological requirements. 

Chapter 3 formulates and discusses the research methodology for the seismic fragility evaluation of unreinforced 

masonry school buildings.  This chapter also discusses rationale behind the choice of the different methods and also 

proposes plans to deal with the identified gaps to complete the methodology. 

Chapter 4 discusses the development of a comprehensive structural taxonomy for LBM school buildings and its 

application to the portfolio of Nepalese LBM schools in order to arrive at the list of key index buildings 

representative of the different masonry typologies. 

Chapter 5 deals with the numerical modelling of a range of unreinforced masonry typologies using the applied 

element method, also presenting a methodology for numerical validation and calibration of experimental lateral 

behaviour exemplified by a number of case studies for different masonry fabrics. 

Chapter 6 deals with the non-linear seismic analysis of different typologies of Nepalese LBM school buildings in 

order to derive their collapse mechanism and load-deformation behaviour.  For one construction type, non-linear 

time history analysis (NLTHA) is performed which is used as the benchmark to verify the non-linear pushover-

based approach.  An improved pushover analysis approach using linearly incremental ground acceleration input is 

presented and validated against the NLTHA results.  This chapter addresses pertaining issues in the pushover 

analysis of LBM structures without box-like behaviour and the inclusion of OOP behaviour in the global seismic 

behaviour, adding values to the state-of-the-art research. 

Chapter 7 discusses the seismic performance of LBM school buildings using non-linear static procedure and the 

derivation of the fragility and vulnerability functions for the different typologies of Nepalese LBM buildings.  For 

the typologies that lack box-like behaviour, the OOP fragility and vulnerability are presented separately as well as 

included in the global functions, as the OOP represents significant contribution of the seismic damage and loss in 

such LBM buildings. 

Chapter 8 presents the outcomes and discussions on the detailed sensitivity analysis on a representative LBM school 

construction type, considering the pertaining range of variability in different construction characteristics.  

Chapter 9 finally presents the summary and conclusions of the research works presented in this thesis and shows 

some directions for relevant future research. 
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Chapter 2 

Literature Review 

2.1 Introduction 

This chapter presents a detailed and systematic review of the literature in the area of seismic behaviour, 

computational analysis and vulnerability evaluation of LBM structures, focusing on school constructions.  The 

term LBM in this thesis refers mainly to unreinforced masonry construction built of brick and stone masonry, 

although these two broad construction types i.e. brick masonry and stone masonry have different characteristics 

and seismic behaviour.  There exist modern masonry construction types, even in school construction, such as 

confined masonry in which masonry walls are confined with lightly reinforced RC columns and beams, and reinforced 

masonry in which steel reinforcement is provided through the masonry in vertical or horizontal or both directions, 

both having much better seismic performance than unreinforced masonry and hence are excluded from the 

literature review.  Due to the widespread damage experienced by LBM structures in past earthquakes and with 

gradual advancement in the reliability of computational tools, the analytical as well as numerical seismic safety 

assessment of masonry structures has gained remarkable attention in recent years (D’Ayala & Speranza, 2003; 

Oliveira and Lourenco, 2004; Lemos, 2007; Karbassi and Nollet, 2013; Lagomarsino et al., 2013, D’Altri et al., 

2019; Minga et al., 2020; Malomo & DeJong, 2021). In spite of considerable efforts, LBM construction poses 

several difficulties to attain reliable numerical modelling and seismic analysis and the consideration of the OOP 

response in the global behaviour of 3-D LBM structures is still a challenging issue (Abrams et al., 2017). Since 

schools are built for a specific purpose, this in turn determines construction characteristics that make schools more 

vulnerable compared to residential buildings, for instance, as reported by Rodgers (2012). The seismic risk to 

which a structure is exposed is dependent on the seismicity in the region as well as its construction characteristics 

such as the material of construction, load resisting system, number of storeys, among others.  The need for a 

comprehensive literature review is driven by several questions that arise while dealing with the analytical seismic 

vulnerability assessment approach (followed in this thesis, see Chapter 3) that consists of several components i.e. 

data on construction characteristics, structural classification, structural analysis and seismic fragility analysis 

(D’Ayala et al., 2015, Silva et al., 2019). In this chapter, existing knowledge, methodologies, and tools published 

in literature in the area of each of the above-mentioned components are reviewed in detail.  The specific objectives 

of this detailed literature review can be articulated as follows: 

• To introduce material characteristics, construction characteristics and load resisting mechanisms of 

masonry structures. 
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• To understand the general seismic behaviour of LBM structures and the effects of different construction 

details on their seismic performance. 

• To identity structural classification systems that are applicable to classify LBM school buildings. 

• To assess pros and cons of different approaches for the numerical modelling and analysis of LBM 

structures and to identify a suitable method for reliable seismic analysis of LBM school buildings. 

• To identify a suitable method for the reliable seismic vulnerability assessment of LBM school buildings, 

with specific reference to Nepalese recurring typologies. 

In summary, this chapter is devoted to identifying appropriate methodologies for the achievement of the objectives 

outlined in Chapter 1, along with the identification of gaps in the literature that need to be addressed.  It is noted 

that frequent references to the Nepalese LBM construction and 2015 Gorkha earthquake are made in this chapter, 

as the portfolio of Nepalese school buildings is used as the case study for the validation of the methodology (Chapter 

3) developed in this thesis. 

2.2 Definition of Unreinforced Masonry 

Masonry consists of blocky units (brick, stone, concrete block) bonded together with a binding material, mortar; 

which can have as binding agent mud, lime, cement, or a mixture of them, and is characterized by its anisotropic 

nature and brittle behaviour (Lourenço, 1996). The units are laid down in layers following a regular pattern 

horizontally in succession with a mortar bed in between each course.  In properly built masonry, blocks in each 

course are staggered such that no vertical joints are continuous (D’Ayala, 2008). Mortar joints are in general 

weaker than the individual units and acting as the planes of weaknesses, and therefore they often control the seismic 

behaviour of masonry. 

 
 Figure 2-1.  (a) Commonly used masonry bond patterns and (b) English bond laying pattern and the 

terminology used in masonry wall construction (Design Building Wiki, 2021). 

Different types of bonds are used for brick masonry wall construction, commonly classified as running bond, 

English bond, Flemish bond, Common or American bond (Figure 2-1(a)), depending on different brick laying 

Stretcher 

course 

Header course 

Head joint 

Bed joint 
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patterns.  The type of bond used has a significant effect on the resulting strength of masonry walls (e.g. see 

Bacigalupo, Cavicchi and Gambarotta, 2012; Malomo, DeJong and Penna, 2019). (Figure 2-1(b)) illustrates a one 

brick thick masonry wall built in English bond where alternate courses of stretchers and headers are laid out.  Most 

of the brick masonry construction in Nepal (e.g. Figure 2-2) follows the English bond pattern (Dizhur et al., 2016; 

Adhikari and D’Ayala, 2019). 

 
Figure 2-2.  A brick in cement mortar masonry school building with walls built in English bond (Photo credit: 

The World Bank). 

 Stone masonry walls are usually laid in running bond pattern with two to three wythes connected by through stones 

(Figure 2-3).  Voids are filled with stone and mud mortar fillers.  Sometimes buildings are built up just of the stone 

units stacked together, known as dry-stone masonry construction (see Figure 2-4).  The stone masonry 

construction can take the form of dressed stone, semi-dressed stone, coursed rubble stone to uncoursed rubble 

stone masonry.  Detailed discussions on types of stone masonry wall constructions found in South Asia including 

Nepal can be found in Bothara and Brzev (2011), Pun (2015), Adhikari and D’Ayala (2020).  

 
Figure 2-3.  Stone masonry wall construction (NBC203: 2015). 
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Figure 2-4.  A dry-stone masonry school building from Nepal (Photo credit: The World Bank). 

2.3 Seismic Behaviour of Unreinforced Masonry Buildings 

In order to assess the existing seismic capacity of masonry structures and subsequent retrofitting needs, it is 

essential to understand their behaviour under seismic actions.  In the past decades, extensive post-earthquake 

damage assessment (e.g. Decanini et al., 2004; D’Ayala and Paganoni, 2011; Bhagat et al., 2018), experimental 

(e.g. Magenes, Kingsley and Calvi, 1995; Bothara, Dhakal and Mander, 2009; Tondelli et al., 2012; Ferreira et 

al., 2015; Graziotti et al., 2017) as well as analytical (e.g. D’Ayala et al., 1997; Lagomarsino et al. 2013; Malomo, 

Pinho and Penna, 2018; Giordano, Luca and Sextos, 2020) studies  have been conducted around the world to 

understand the seismic capacity and performance of LBM structures.  LBM structures, due to their inhomogeneous 

composition, have brittle mechanical behaviour in tension and modest ductility in compression.  LBM structures 

start to show non-linear behaviour at early stage of lateral loading due to poor tensile strength.  In LBM buildings, 

the seismic performance is mostly controlled by the following four level of connections (D’Ayala, 2008): 

• The bonding pattern and the connection of individual units within the masonry wall (i.e. brickwork). 

• The connection between the leaves of a wall in multi-leaf walls by means of ties at regular spacing.  In 

stone masonry constructions, this is achieved by using through stones. 

• The connection at the corners and junctions where the cross walls meet.  This ensures three-dimensional 

box-like behaviour of the masonry structures. 

• The connection between walls and the horizontal structures.  This level of connection influences the 

distribution of lateral seismic loading among the walls. 

It is often believed, based on past damage sustained by LBM constructions, that these structures are highly 

vulnerable overlooking the fact that most of these old constructions were not designed for seismic loadings.  But 

if designed or strengthened well following the principles of seismic design, these structures can withstand 

moderate to large shakings, as shown for instance by experimental tests on 3-D models (Bothara et al., 2009; 
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Magenes et al., 2012). There are examples of traditionally built stone masonry houses in Nepal that have stood 

several major earthquakes (Adhikari and D’Ayala, 2020). 

During earthquakes, masonry buildings can suffer different types of damage ranging from minor (e.g. minor cracks 

around openings and corners of the walls) to major damage (i.e. delamination, separation, partial collapse, or full 

collapse of walls and building) depending on their detailing level and seismic capacity (D’Ayala, 2005).  Figure 

2-5 shows the overall seismic behaviour of a masonry building with different possible failure modes.  Seismic 

behaviour of masonry walls can be summarized into two main categories: in-plane (IP) behaviour and out-of- plane 

(OOP) behaviour, depending on the direction of lateral loading a wall is subjected to.  There are several 

construction characteristics of LBM buildings such as the panel length, distribution, and size of openings etc. that 

affect their IP and OOP seismic behaviour.  Each of these is discussed in detail in the following sub-sections. 

 
Figure 2-5.  Deformation and typical damage to masonry walls under an earthquake (Tomazevic, 1999). 

2.3.1 In-plane Seismic Behaviour 

IP failure of masonry walls occurs when the lateral force is acting along the longitudinal direction of the wall.  

The IP seismic behaviour of masonry piers is mainly influenced by their aspect ratio (ratio of the height of wall 

to the length of wall) and the vertical compression level as observed in different experimental studies (Abrams 

and Shah, 1992; Magenes and Calvi, 1996; Anthoine, 1995; Churilov and Dumova-Jovanoska, 2010). The 

three main IP failure mechanisms of masonry walls under seismic loading based on past earthquake damage 

assessments, experimental and analytical studies (Magenes and Calvi, 1997; Lang, 2002; Caliò, Marletta and 

Pantò, 2012) can be identified as shown in Figure 2-6:  

1. Rocking or flexural failure: When bed joints crack in tension, the final failure is obtained by overturning of the 

wall and/or crushing of the compressed corner.  This failure mode occurs in walls with large aspect ratio (i.e. 

slender walls) and when there is comparatively high level of vertical compression load.  The deformation 

capacity of walls is generally high in this failure mode (Magenes and Calvi, 1997). 

2. Diagonal shear failure: Diagonal shear failure occurs for relatively small aspect ratios and is characterized by 

diagonal cracks whose progress can lead to the sliding shear failure or the overturning of the upper part of the 

wall (Lang, 2002). 

3. Shear sliding: In this failure mode, the tensile horizontal crack formed in the bed joints can propagate under 

increased horizontal loading or repeated cyclic loading thus forming potential sliding planes along the cracked 
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bed joints.  This failure mode generally occurs in squat walls when there is comparatively lower level of 

vertical load or low bed-joint friction (Calderini et al., 2009). 

 
Figure 2-6.  IP failure mechanisms of a masonry pier: (a) flexural failure; (b) diagonal shear failure; and (c) 

shear-sliding failure (Caliò, Marletta and Pantò, 2012). 

 
Figure 2-7.  Diagonal shear failure and flexural failure in LBM school buildings: (a) brick in cement mortar and 

(b) rubble stone masonry in mud mortar due to the 2015 Gorkha earthquakes (Photo: The World Bank). 

Figure 2-7 shows examples of Nepalese LBM school building sustaining different IP failure modes during the 2015 

Gorkha earthquake. 

The IP seismic behaviour is also influenced by the masonry characteristics such as the relative strength of units and 

mortar as well as the thickness of mortar joint.  Da Porto et al. (2010) conducted experimental and analytical 

study on several masonry wall assemblages with different unit strengths and different mortar thicknesses.  They 

found that the maximum shear and displacement capacity both decrease with increase in unit strength.  However, 

in masonry with thin mortar joints, the failure behaviour is controlled by shear irrespective of the unit strength. 

Thus, in low bond strength masonry (e.g. see Sarhosis and Sheng, 2014), shear failure is predominant. 

In masonry walls, the size and positioning of openings and the depth of the spandrels also affect the IP force-

deformation behaviour and the associated failure modes (Paulay and Priestley, 1992; Belmouden and Lestuzzi, 

 

Diagonal shear failure Flexural failure 

(a) (b) 
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2009; Saloustros et al., 2016). The spandrel above the opening play important role in transferring the lateral load 

between the piers as well as in concentrating the damage in spandrel thus dissipating the seismic energy (see 

Augenti et al., 2011). The loading history (monotonic or cyclic) also has a significant effect in the drift capacity of 

IP loaded shear-controlled walls.  As concluded by Wilding, Dolatshahi and Beyer (2017) through a numerical 

study and also citing the experimental campaigns by Magenes and Calvi (1992), the drift capacity is significantly 

reduced i.e. by half in reversed-cyclic loading compared to monotonic loading case, whereas, the maximum 

capacity and the stiffness were not much affected. 

2.3.2 Out-of-plane Seismic Behaviour 

Compared to IP behaviour, masonry walls are comparatively weaker in OOP behaviour (i.e. under transverse 

lateral loading) due to their low stiffness along this direction (Lourenço et al., 2011) and the OOP behaviour is 

controlled mainly by the level of connections of these walls to other walls and the diaphragms. Observations from 

several post-earthquake damage surveys (e.g. D’Ayala and Paganoni, 2011; Moon et al., 2014; Penna et al., 2014; 

Bhagat et al., 2018) have shown that the OOP failure modes have caused significant damage to LBM structures 

that lack box-like behaviour. Figure 2-8 presents an example OOP overturning damage suffered by a stone 

masonry school building during the 2015 Gorkha earthquake.  

 
Figure 2-8.  OOP gable collapse of stone masonry wall of a school building due to the 2015 Gorkha earthquake 

(Copyright: The World Bank). 

Figure 2-9 depicts the primary collapse mechanisms for an OOP wall in single story LBM buildings.  When the 

wall is not connected well to the cross-walls and the diaphragm, it acts as a free-standing cantilever wall and hence 

suffers flexural cracking at the base followed by overturning due to lateral loading under seismic action (OP1 

mechanism).  If the wall is properly connected to the diaphragm at the top but not at its sides, it fails by flexural 

hinging and overturning within the wall height (OP2 mechanism).  For walls properly connected to the cross-wall 

along the full height but not to the diaphragm, a partial collapse of the upper portion of the wall occurs due to the 

development of diagonal cracks (OP3 mechanism) (D’Ayala et al., 1997). Moreover, more complex failure modes 

such as combined IP-OOP failure modes can occur during bi-directional shaking.  For example, the shear cracks 

developed due to IP actions can act as the plane of weaknesses in the OOP behaviour thereby causing the partial 
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collapse of the wedges of walls (Bruneau, 1994; Dolatshahi and Yekrangnia, 2015). A comprehensive account of 

the possible OOP failure mechanisms of LBM walls in existing buildings can be found in D’Ayala and Speranza 

(2003). 

 
Figure 2-9.  Idealized main OOP mechanisms for different boundary conditions (adapted from D’Ayala et al., 

1997). 

Long and slender walls are more flexible and hence more vulnerable to OOP collapse due to lateral loading as 

these are subjected to more bending (Lang and Bachmann, 2003; Morandi, 2006). The size of units also affects 

the OOP strength of masonry walls, larger size of units resulting in increased strength (Godio et al., 2018).  In 

multi-wythe walls, if the wythes are not properly connected with ties or thorough stones, the walls become more 

susceptible to OOP failure.  Moreover, in multi-story LBM buildings with flexible type diaphragms, OOP walls 

are sensitive to the floor acceleration as observed in past earthquakes (e.g. Figure 2-10) as well as in several 

experimental studies (Bothara et al., 2010; Tondelli et al., 2012; Tondelli, Beyer and Dejong, 2016). A series of 

tests on unreinforced brick buildings conducted by Tomazevic et al. (1993, 1994) showed that the addition of 

connection ties between the cross walls can prevent the damage to the OOP walls. 

 
    Figure 2-10.  OOP collapse of second storey walls of (a) historical brick in mud mortar masonry and (b) 

rubble stone in mud mortar school buildings during the 2015 Gorkha earthquake.  (Photo credit: The World 
Bank) 

(a) (b) 
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2.4 Factors Affecting the Seismic Behaviour of LBM Buildings 

Observations from past earthquakes and experimental studies have shown that various construction characteristics 

of an LBM building affect its seismic capacity and behaviour – e.g. building height (Bothara, Dhakal and Mander, 

2009), opening details (Augenti and Parisi, 2010), seismic detailing level (Bhagat et al., 2018) among others. 

Several past studies (e.g. Rodgers, 2012; Brzev et al., 2013; D’Ayala et al., 2020) have highlighted that these 

characteristics altogether determine the seismic response of LBM buildings. The following sub-sections thus 

provide a brief review of the effects of different construction characteristics on the seismic behaviour of LBM 

buildings. 

2.4.1 Effect of Building Height on Seismic Behaviour 

As the building height i.e. number of stories increases, the seismic vulnerability increases due to the fact that its 

mass increases but the lateral stiffness decreases.  Hence, the natural period of a building increases with increase 

in height and there is higher displacement demand at upper stories.  By nature, masonry material is poor in its 

ductility.  Thus, in multi-story buildings the damage might be significant at upper stories due to the amplification 

of acceleration as well as higher displacement demand.  Moreover, when the diaphragms are flexible, OOP damage 

usually starts from the upper stories (Sharma, Deng and Noguez, 2016; Bothara, Dhakal and Mander, 2009; 

Tondelli et al., 2012; Tondelli et al., 2016) (Refer also to Figure 2-10). 

2.4.2 Effect of Seismic Detailing Measures on Seismic Behaviour 

There have been devastating damage to poorly designed masonry buildings due to past seismic events e.g. 2002 

Molise earthquake (Decanini et al., 2004), 2009 L’Aquila earthquake (D’Ayala and Paganoni, 2011), 2015 Gorkha 

earthquake (Bhagat et al., 2018). The seismic design level of a building structure is determined by the level of 

connectivity within the individual elements and integrity of the overall structure which are often prescribed in 

seismic design codes.  The seismic design codes prescribe the quality and strength of construction materials, 

workmanship of the walls, minimum thickness of the walls, use of through stones or ties in multi-wythe walls, 

proper anchorage at the connection of horizontal and vertical structures, proper diaphragm action of horizontal 

structures, maximum size and appropriate locations of openings, use of seismic bands etc.  (NBC, 1994; ACI, 

2002; EN 1888-1, 2004).  However, these prescriptions vary widely across different countries/regions depending 

on the drafting date or revisions of the relevant codes, as well as the application of knowledge and their 

enforcement in practice.  Generally speaking, appropriate seismic design at wall level includes the use of good 

quality unit/mortar, provision of strong bond pattern, relatively small openings, proper connection between wall 

leaves (e.g. using through stones in stone masonry) (Ceradini, 1992; Giuffre, 1993, Bothara and Brzev, 2012; 

D’Ayala, 2008; Vintzileou et al., 2015). Similarly, the level of connection between walls can be made robust with 

the use of corner quoins or vertical reinforcements at the cross-wall corners, using seismic bands (ties) such as sill 

bands, lintel bands and floor bands (Bothara, Guragain and Dixit, 2002). The connection of horizontal structures 
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(floors, roof) with the walls can be made stronger by providing proper anchorage, ties, pegs etc. (Magenes, 2006; 

Bothara, Dhakal and Mander; 2009).  

2.4.3 Effect of Diaphragm Flexibility on Seismic Behaviour 

Diaphragms are the horizontal elements in building structures that transfer the seismic or wind loads to the vertical 

load resisting elements such as the walls or columns.  Generally, if a diaphragm has sufficient IP stiffness and is 

well connected to the walls, it behaves as a rigid diaphragm by controlling the deformation at its level and 

transferring the lateral load to all the walls, i.e. a so-called box-like behaviour is achieved in which all the walls 

contribute to resist the lateral load.  As already mentioned in §2.3.2, in LBM buildings with flexible diaphragm, 

each wall behaves independently, and walls become highly susceptible to OOP failure (Lang, 2002; Piazza, 

Baldessari and Tomasi, 2008). Several design codes (NZS, 2004; IBC, 2003; FEMA 450) suggest that a diaphragm 

is classified as ‘flexible’ when the computed maximum IP deflection of the diaphragm itself under the lateral load 

is more than two times the average storey drift of the associated storey (Sadashiva et al., 2012).  In general, 

unbraced timber and steel framed floors/roof structures that are poorly connected to the walls are considered as 

flexible diaphragm, while a stiffened timber or steel structure or RC slab well anchored to the peripheral walls 

through a ring beam is considered as a stiff diaphragm (Senaldi et al., 2014). 

Several experimental tests on masonry building have verified that stiff diaphragms can reduce the displacement 

demand and the OOP failure of walls (Tomazevic et al., 1992; Simsir, Aschheim and Abrams, 2004; Piazza, 

Baldessari and Tomasi, 2008; Magenes et al., 2014; Karim, M.Sa’Don and Ingham, 2016). Bothara, Dhakal and 

Mander (2009) conducted a shaking table test on a two-story URM building with stiff floor/roof structure well 

connected to the walls.  The observed damage patterns at the roof-wall connection in the building showed that 

the roof diaphragm provided alternative path to transfer the lateral load to the IP walls and thus the OOP walls 

survived even after extensive global damage. 

Similarly, several analytical studies have also been conducted to understand the effect of diaphragm flexibility on 

the seismic behaviour of masonry buildings. Tena-Colunga (1992) concluded that the fundamental period of 

building systems with flexible diaphragms was found to be consistently longer than values estimated with simplified 

methods given by the then seismic codes (NEHRP, 1994; UBC, 1994). Nakamura et al. (2017) conducted a 

parametric analysis to study the effect of diaphragm flexibility on the global seismic behaviour.  A single-bay single-

story building was modelled using equivalent frame approach and the diaphragm was represented by quadrilateral 

membrane.  The results of the non-linear dynamic analysis showed that relatively flexible diaphragm can reduce 

the peak displacement demands in the IP walls, while relatively stiff diaphragm can lead to increased seismic 

demands.  However, the OOP behaviour is not fully represented by an equivalent frame approach. 

2.4.4 Effect of Openings on Seismic Behaviour 

Openings in a wall cause easier development and propagation of diagonal shear cracks under IP loading and the 

strength of wall can significantly decrease as the opening size or number increases (Augenti and Parisi, 2010; Liu 
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and Crewe, 2020). The strength reduction and vulnerability of a wall is more pronounced when the openings are 

of different size (Augenti and Parisi, 2010; Parisi and Augenti, 2013; Liu and Crewe, 2020) as shown in Figure 

2-11(a). An irregular distribution of openings often induces concentration of drift demands and damage in some 

particular regions of the wall (see Figure 2-11(b)), as observed in past earthquake damage surveys, for instance, 

conducted by Decanini et al. (2004) (2002 Molise earthquake); Kaplan et al. (2008) (2007 Cameli earthquake); 

D’Ayala and Paganoni (2011) (2009 L’Aquila earthquake) and experimental studies (e.g. Paquette and Bruneau, 

2003; Yi et al., 2006; Bothara, Dhakal and Mander, 2009). The OOP vulnerability also increases due to the 

presence of openings as the cracks initiating around the openings can easily trigger the damage in the transverse 

direction  (Abrams et al., 2017). If the openings are small and/or centrally positioned such that the piers are squat 

type, then the damage is mostly concentrated at the spandrel where the energy is dissipated, avoiding shear damage 

to the piers (Augenti et al., 2017). 

 
Figure 2-11.  (a) Diagonal shear failure of wall due to the presence of openings of different height and (b) 

damage concentration at the location of significant vertical irregularity (Parisi and Augenti, 2013). 

2.4.5 Effect of Wall Panel Length on Seismic Behaviour 

In flexible diaphragm masonry buildings, wall panels are susceptible to OOP damage under seismic loading and 

the vulnerability increases as the length of the unsupported wall panels increases (Bothara and Berzev, 2011).  This 

is mainly due to the reduced stiffness of longer walls in the OOP direction and hence the walls are subjected to 

two-way bending (Abrams et al., 2017).  Seismic behaviour of long and short panel masonry walls under OOP 

loading is shown in Figure 2-12 which is self-explanatory.  For example, during the 2008 Wenchuan earthquake, 

the main building of a primary school collapsed, while the adjacent dormitory of the same construction type, which 

had smaller rooms and more cross walls survived the earthquake (Rodgers, 2012).  Seismic design codes suggest 

a limit on the permissible length as a function of thickness of the masonry walls, e.g. NBC 203: 2015 recommends 

wall length to be less than 12 times the wall thickness. 

(a) (b) 
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Figure 2-12.  Seismic behaviour of long and short masonry wall panels (Murty, 2003). 

2.5 General Construction Characteristics of School Buildings 

There are several construction characteristics in existing LBM school buildings that contribute to the increase in 

the seismic vulnerability of these structures. Rodgers (2012) examined school damage data from 32 different 

earthquakes and seismic vulnerability assessment results on schools from different regions to determine the specific 

physical characteristics of school buildings responsible for such vulnerability.  Table 2-1 shows the prevalence of 

typical vulnerability creating characteristics for LBM school buildings. 

Table 2-1.  Prevalence of vulnerability creating characteristics in LBM school buildings (Modified from Rodgers, 
2012). 

Category Vulnerability creating characteristics 

Building Configuration Large rooms – no cross walls or buttresses 

No diaphragm or flexible diaphragms 

Plan irregularity (Rectangular long, complex shape etc.) 

Vertical irregularity (mass irregularity, stiffness irregularity) 

Masonry gable walls 

Heavy roofs 

Structural system and 
construction materials 

Non-engineered unreinforced brick or block masonry 

Non-engineered confined masonry 

Lack of seismic design understanding by engineers 

Local materials generating weak or brittle buildings 

Poor quality of construction materials 

Construction practices Unskilled/low-skilled local labour 

Builders not aware of earthquake-resistant construction practices 

Reducing quality to save time or money 

Poor construction quality 

Construction inspection Lack of inspection 

Corruption o inspection mechanism 

Maintenance Deferred / not done 

No provisions by builder or operator 

Modifications Subsequent structural modifications (e.g. addition of stories, extension 
of plan) 

Ineffective retrofits 

Falling hazards Façade and exterior 

Interior/contents 
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The sources of vulnerability creating characteristics for masonry school buildings are mainly related to the poor 

knowledge and awareness of people in the community on seismic resistant design, informal constructions using 

poor quality local materials, lack of construction supervision or regular maintenance resulting in poor 

construction.  Most of the existing masonry school buildings in rural as well as urban areas of developing countries 

such as Nepal are constructed using conventional informal construction techniques without any inputs from 

seismic design professionals and lack proper maintenance (Dixit et al., 2014a, Dixit et al., 2014b). Moreover, 

special requirement for long horizontal plan (for many classrooms in a row), large classrooms (and hence long 

wall panels without cross walls) and several large openings for doors and windows (for day lights) greatly 

contribute to the seismic vulnerability of LBM school buildings (D’Ayala et al., 2020). 

2.6 Structural Taxonomy for LBM Buildings 

There is sufficient statistical evidence from past destructive earthquakes to conclude that some types of 

constructions (typically old and non-engineered) are more vulnerable than others (Coburn and Spence, 2006). 

For example, rubble stone in mud mortar masonry buildings are likely to experience more damage than brick 

masonry buildings for the same level of seismic intensity.  Newly built school buildings do not guarantee a better 

seismic performance if the seismic design codes have not been followed or there is a compromise on the material 

quality and workmanship, as evidenced by past events (e.g. Kaplan et al., 2004). 

Several building classification systems have been developed and used, some being developed considering global 

construction types and hence globally applicable (e.g. Coburn and Spence, 2006; Jaiswal and Wald, 2008; Brzev 

et al., 2013) and some being of national or regional reference (e.g. ATC, 1985; Grünthal, 1998; SYNER-G, 2013). 

The structural characteristics used in the early classification systems such as ATC-13 (ATC, 1985), EMS scale 

(Grünthal, 1998), Coburn and Spence (2006) etc. are limited, and the corresponding building types are very 

generic dealing mainly with the lateral load resisting system and material of construction.  Recently, additional 

classifications systems have been proposed which include several other important parameters so as to define the 

seismic response more accurately, such as diaphragm flexibility, structural irregularities, openings, behaviour of 

non-structural components and others.  U.S. Geological Survey’s Prompt Assessment of Global Earthquakes for 

Response (PAGER) program developed a global construction type catalogue (Jaiswal and Wald, 2008; Jaiswal et 

al. 2011) based on the analysis of database from different countries across the world.  It captures most of the key 

structural aspects that affect the seismic performance (i.e. material and type of load bearing structure, lateral 

resisting system, diaphragm type and height of the structure).  It has been used widely in different regions across 

the world, to forecast the level of damage in the immediate aftermath of main shocks.  However, this classification 

system does not explicitly rank the typology parameters in terms of their influence on the seismic performance.  

SYNER-G project (SYNER-G, 2013) also developed a taxonomy system focusing on European building structures 

which includes most of the features recommended for a taxonomy, as well as most of the vulnerability 
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characteristics.  However, some parameters such as pounding susceptibility, structural health condition etc. are 

missing.  On the other hand, the Global Earthquake Model (GEM) global taxonomy system (Brzev et al., 2013) is 

based on the concept of ordering the taxonomy parameters from more generic to more specific, so that for each 

additional parameter considered, the resulting class is a subset of the one determined without that parameter.  The 

system has two main categories: primary parameters describing general building characteristics (e.g. height) and 

secondary parameters (e.g. height above grade) describing the primary parameter in more detail.  This 

classification system is more comprehensive than the previously mentioned classifications and results in a unique 

taxonomy string to each building structure.  

These classification systems are primarily focused on residential buildings, but school buildings in many cases have 

different construction/architectural characteristics (e.g. large classroom size, large and many openings) than that 

of the residential buildings (e.g. see Rodgers, 2012; Tischer, Mitchell and Mcclure, 2014; Clementi et al., 2015)) 

and further, the perceived seismic risk of school infrastructure is globally considered to be higher than that of 

residential buildings because of the importance of school infrastructure in a community as well as the number and 

vulnerability of children attending schools. Although the GEM taxonomy (Brzev et al., 2013) is comprehensive in 

terms of vulnerability parameters, it is focused on the construction characteristics of residential buildings.  Thus, 

there is a need to develop a comprehensive building taxonomy with vulnerability parameters tailored to school 

buildings for the seismic risk assessment of school infrastructure at regional level. 

2.7 Numerical Modelling and Analysis of Masonry 

As masonry is a composite, inhomogeneous and anisotropic material consisting of units (clay bricks/concrete 

blocks/stones) and mortar (cement, lime or mud mortar), there are a large number of influencing factors, such 

as the dimension and mechanical properties of units, thickness and mechanical properties of mortar, unit laying 

patterns, workmanship; which affect the performance of masonry under vertical or horizontal loadings (Lourenço, 

1996). Due to a large number of variables, reliable mechanical characterization, numerical simulation and analysis 

of masonry structures for the reliable seismic performance evaluation is complex (D’Altri et al., 2019). Due to 

the complexity of conducting full-scale experimental tests to characterize the seismic behaviour of buildings (e.g. 

Bothara et al. 2009), analytical/numerical seismic assessment methods are increasingly and widely used within the 

engineering community for masonry buildings (e.g. D’Ayala and Speranza 2003; Lagomarsino et al. 2013; D’Ayala 

et al. 2015).  Reliability and efficiency of numerical analysis have increased in recent years with the advancement 

of modelling approaches, software tools and computational capabilities.  Furthermore, numerical models afford 

the flexibility of conducting extensive parametric analysis, too expensive and unfeasible for experimental tests.  

Hence, in recent years, many researchers across the world have devoted their time and resources towards the 

analytical and numerical modelling of masonry (Lourenço, 1996; D’Ayala et al., 1997; Pelà, Cervera and Roca, 

2011; Aref and Dolatshahi, 2013; Minga, Macorini and Izzuddin, 2018; Malomo et al., 2019; D’Altri et al., 2020). 
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General strategies for masonry modelling can be categorized as: block-based models, continuum model, geometry 

based model and equivalent frame model as collated and documented by D’Altri et al. (2020). 

A discussion is presented on different masonry modelling approaches (viz. finite element method, discrete element 

method, applied element method, equivalent frame method and limit state methods) developed and used so far 

for the seismic analysis of masonry structures.  With the comparative merits and demerits of each method, an 

appropriate numerical tool for the simulation and seismic analysis of Nepalese LBM school buildings for the current 

study is then identified. 

Three approaches, detailed micro-modelling, simplified micro-modelling or macro-modelling (see Figure 2-13) 

can be used to create a numerical model of masonry (Rots, 1991; Lourenço, 1996). In the detailed micro-

modelling, the units and mortar in the joints are represented by continuum elements whereas the unit-mortar 

interface is represented by discontinuous elements (Lourenço and Rots, 1997). In the simplified micro-modelling, 

the expanded units are represented by continuum elements whereas the behaviour of the mortar joints and unit-

mortar interface is lumped into discontinuous elements (see, for example, Aref and Dolastshahi, 2013; Minga et 

al., 2017).  In macro-modelling, units, mortar and unit-mortar interface are smeared out in the continuum as a 

single composite material and the focus is on the component behaviour (e.g. Pasticier, Amadio and Fragiacomo, 

2008; Lagomarsino et al., 2013). The accuracy of the analysis results reduces from detailed micro- to macro-

modelling approach.  Due to the complex behaviour of masonry, the definition of constitutive models poses a 

major issue in the numerical modelling of masonry structures as many parameters (e.g. modulus of elasticity, 

compressive strength, tensile strength, cohesion, friction coefficient etc.) are needed to be defined (D’Ayala, 

2007). 

 
Figure 2-13.  Modelling strategies for masonry structures: (a) masonry sample; (b) detailed micro-modelling; (c) 

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

In particular, the analytical/numerical representation of OOP behaviour, which is critical in masonry buildings 

without box-like behaviour (see §2.3.2), is challenging with issues related to boundary conditions, geometrical 

considerations (i.e. spanning directions), failure modes (Abrams et al., 2017).  A good review of the assessment 



  Chapter 2 – Literature Review  

23 
 

methods (force-based and displacement-based methods as well as recommendations in different codes/standards) 

for OOP behaviour of URM walls is presented in Ferreira, Costa and Costa (2015) and Sorrentino et al. (2017). 

It is observed that so far developed force-based procedures are conservative in terms of displacement capacity of 

the OOP walls and the displacement-based procedures are based on few and specific experimental scenarios.  

There are some issues that are still open in the reliable seismic assessment of OOP behaviour in 3-D LBM buildings 

when using these simplified approaches.  One is the simplification of the boundary conditions.  In real structures, 

the boundary conditions are not always rigid or simply supported etc. as assumed in simplified assessment 

approaches (e.g. Doherty et al., 2002). Further, the extent of boundary conditions can vary depending on the 

strength of connections to the cross-wall or the geometry (e.g. opening position) and the material quality in the 

cross-walls (e.g. the OOP collapse mechanism can involve just the separation of inter-locking at the connection 

or it can include certain portion of cross-walls to form a combined failure mechanism (D’Ayala and Speranza, 

2003; De Felice and Giannini, 2001). Secondly, the presumed crack patterns have limitations and can change 

depending on either the geometry (e.g. wall aspect ratio, brick laying pattern) or mechanical properties of masonry 

or loading conditions.  

2.7.1 Limit State Mechanism Based Approach 

Limit analysis, based on the application of the limit theorems of plasticity over devised possible ultimate 

mechanisms, has been widely used in the past for the analysis of masonry structures.  Heyman (1966) outlines that 

the limit theorems of plasticity (lower-bound theorem and upper-bound theorem) can be applied to stone masonry 

structures assuming that masonry has no tensile strength but infinite compressive strength and sliding failure does 

not occur.  Within this framework the failure of masonry structures only occurs due to instability rather than 

material failure. Sinha (1978) applied the yield line theory to analyse the OOP behaviour of masonry walls and a 

good correlation was obtained between the theoretical and experimental results. 

VULNUS (Bernardini, 1997) is a computer-based procedure for seismic vulnerability assessment of masonry 

buildings which is based on the evaluation of critical values of the mean acceleration response corresponding to 

the IP and OOP collapse mechanisms of the wall systems or of each wall restrained by the floor slabs and transverse 

walls. 

D’Ayala and Speranza (2003) developed a computer-based tool, known as FaMIVE (Failure Mechanism 

Identification and Vulnerability Evaluation), which takes into account shear failure, that can be used to identify the 

partial and total failure mechanisms of dry stone or weak mortared masonry buildings with non-rigid floor slabs 

under seismic loading and calculates the collapse-load factor associated to each different OOP, IP or combined 

failure mechanism by means of limit analysis.  This tool can be used to verify and support different assumptions 

for more refined finite element models.  Being simple and computationally efficient, FaMIVE has been widely 

used for the seismic analysis and vulnerability assessment of historic masonry structures at territorial level 

(D’Ayala, 2005; D'Ayala et al., 2008; D’Ayala and Ansal, 2012; Dina D’Ayala, 2013; Novelli et al., 2015).  
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A state-of-the-art review on the limit analysis based methods applied to masonry walls can be found in Casapulla, 

Giresini and Lourenço (2017). 

Although simple and computationally efficient, mechanism-based approaches cannot consider the bond pattern 

such as English bond, local failures such as toe crushing and relies on several assumptions such as no tensile strength 

of masonry.  Further, these limits-based approaches are mainly developed for 2-dimensional analysis of individual 

walls and do not explicitly include the interaction between cross walls and horizontal structural elements in a 3-

D building. 

2.7.2 Finite Element Methods 

Finite element methods (FEMs) have been used since a long time for the numerical modelling and analysis of 

masonry structures.  Page (1987) applied FEM to model the IP behaviour of masonry walls using a continuum 

model of stress-strain.  D’Ayala and Carriero (1995) developed a numerical tool to simulate the non-linear 

behaviour of masonry structures using principal stress based as well as Mohr-Coulomb failure domains, by devising 

a simple step by step procedure that could be implemented in a commercial FE software.  Lourenco and Rots 

(1997) proposed an interface cap model (Figure 2-14) for micro-modelling of masonry which can consider all the 

failure mechanisms occurring in a masonry element i.e. tensile, compressive or shear-compression failure modes.  

 
Figure 2-14.  The interface cap model (adapted from Lourenço, 1996). 

Gambarotta and Lagomarsino, (1997) developed a finite element procedure for IP analysis of masonry walls 

incorporating a damage model for mortar joint considering both the mortar damage and brick-mortar decohesion.  

The bricks are modelled as iso-parametric elements connected by interfaces at both the bed and head mortar joints.  

They applied this damage model to analyse the lateral response of brick masonry walls, although assuming a 

continuum model with a simplified assumption of equivalent stratified medium consisting of layers of mortar bed 

joints and of the brick units with the head joints, respectively. 

D’Ayala (1998) used finite element analysis with micro-modelling approach to generate equivalent homogeneous 

material properties for masonry.  A preliminary simulation of the standard compression and bond test was 

performed and thus the individual bricks and mortar layers were modelled separately with their own failure criteria 

and constitutive law.  A Rankine type failure criterion with a tension cut off was used to define the state of stress 

internal to the single element of mortar or brick.  The bond between mortar and unit and the shear behaviour of 
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the units were defined by the Mohr-Coulomb failure criteria.  After the homogenization, the masonry is 

considered as a homogeneous orthotropic material using a smeared crack model and a Mohr-Coulomb failure 

criterion (i.e. simplified micro-model). 

Oliveira and Lourenço (2004) developed a constitutive model for the cyclic behaviour of masonry by defining two 

new yield surfaces in order to include non-linear unloading/reloading behaviour by extending the previously 

developed model (Lourenco and Rots, 1997) for monotonic loading.  

Homogenized modelling is another approach midway between the micro- and macro-modelling. Milani, Lourenço 

and Tralli (2006a) proposed and applied (Milani, Lourenço and Tralli, 2006b) a simple micro-mechanical model 

for the homogenised limit analysis of IP loaded masonry walls. The strength domains are implemented in finite 

element limit analysis codes and numerically treated both with a lower and an upper bound approach.  This 

approach requires only a few material parameters and there is no need for independent modelling of units and 

mortars separately.  It also provides limit multipliers of loads, failure mechanisms and stress distribution at collapse 

at critical sections.  A review of the analysis of masonry structures based on homogenization technique is presented 

in Lourenço et al., (2007). 

Akhaveissy (2011) proposed and implemented a new interface model for the mortar joints in masonry walls based 

on the plasticity theory.  The units follow Von Mises failure criterion while the interface laws for contact elements 

are formulated to simulate the softening of the mortar joint under tensile stress as well as a linear cap model for 

the compressive behaviour.  This study proposed a closed form solution to predict the ultimate lateral load of an 

URM wall which can be used for the analysis of masonry structures. 

There have been fewer developments and implementations of FE models to study the OOP behaviour of masonry 

walls. Noor-E-Khuda, Dhanasekar and Thambiratnam (2016) applied homogenised FE technique using a shell 

element to conduct a sensitivity study of the OOP behaviour of masonry walls.  This study found that there is 

profound influence of support conditions, aspect ratio, pre-compression and opening to the OOP strength and 

ductility of masonry walls. Silva, Lourenço and Milani (2017) developed a nonlinear discrete homogenized model 

for OOP loaded masonry walls by coupling the rigid elements with homogenized interfaces. 

In summary, as discussed above, several models and solutions have been proposed in the area of masonry modelling 

and analysis using FE techniques, but most of these studies are limited to the study of seismic behaviour of isolated 

masonry walls.  Further, reliable account and visualization of post-elastic large displacement and detachment of 

units or masonry portions is difficult in the FEM environment. 

2.7.3 Discrete Element Methods 

Techniques based on the discrete element method (DEM) have been applied for numerical modelling and analysis 

of different types of masonry structures by assuming the material as a discontinuous medium composed of rigid or 

deformable blocks and contact surfaces between the blocks for the simulation of the joints.  Different names exist 

for this method e.g. distinct elements method (Cundall, 1988), discontinuous deformation analysis (Shi, 1992) 

with variations in the model and formulations. Standard finite element codes mainly feature joint or interface 
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elements, thus representing masonry as a continuous medium cut by joints.  Discrete element models are 

generated from an inverse perspective: the material is viewed as an assembly of distinct bodies, the masonry units, 

interacting along their boundaries (Lemos, 2007).  The main features of this method are: it allows large 

displacement and rotation between the blocks, and automatic detection of new contact surfaces as the analysis 

progresses. The distinct element method was originally outlined by Cundall (1971) and several studies have been 

performed based on DEM for the static (Pagnoni, 1994; Brookes, 1998) and dynamic (Shabrawi, 1995; Lemos, 

1996) analysis of masonry structures. 

The representation of contact in many DE models (for example, Hart et al., 1988) is based on the point contact 

hypothesis: the interaction between blocks is represented by a set of contact points, each contact force being a 

function of the relative block displacement at that point. The main advantage of this approach lies in its generality 

and simplicity, being able to handle the various types of geometric interaction and permitting large block 

movements.  Instead of point contacts, the contact representation in several DE codes is based on edge–edge 

formulations (e.g. Barbosa, 1996; Munjiza et al., 1995; Petrinic, 1996) in which the contact is discretized in terms 

of interacting line segments of each block, allowing a linear variation of stresses on the contact surface to be 

assumed.  This hypothesis generally improves the contact stress results but requires adequate handling of some 

situations arising in problems with large movements.  Similarly, the constitutive behaviour of contacts can be: 

rigid contact or deformable contact. More details on these contact formulations for masonry modelling can be 

found in Lemos (2007). 

UDEC (2-dimensional) and 3-DEC (3-dimensional) computer programs developed by Itasca Consulting Group, 

MN, USA are widely used software based on discrete element method which evolved from the original works of 

Cundall (1988) and Hart et al. (1988). 

Azevedo et al. (2000) studied the seismic behaviour of simple masonry structures including a 2D wall by means 

of a DEM formulation and concluded the response of some real structures were in accordance with the damage 

and collapse patterns observed in past earthquakes.  The collapse mechanisms of traditional low-rise houses under 

earthquake loading were analysed by Alexandris, Protopapa and Psycharis (2004), both in 2-dimension and 3-

dimension. They validated the DE models with experimental results and evaluated alternative intervention 

options.  An analytical model based on this method was also developed by Zhuge (2008) to simulate the behaviour 

of unreinforced masonry walls under both IP static shear force and earthquake loading. Calio, Marletta and Panto 

(2012) developed an innovative equivalent discrete-element model for the simulation of the IP behaviour of 

masonry buildings which can reproduce the typical IP collapse behaviour of a masonry wall subjected to earthquake 

loading.  They verified the reliability of the proposed efficient and practical approach by comparing the results 

with the theoretical and/or experimental masonry collapse behaviour available in the literature. Sarhosis and Sheng 

(2014) applied DEM to estimate the parameters of constitutive models for the low bond strength masonry and 

found good correlation between computation and experimental results. Bui et al., (2017) applied DEM to model 

the seismic response of a number of IP and OOP loaded masonry models.  Recently, Godio et al. (2018) analysed 

masonry wallets using DEM approach to understand the effect of dilatancy and block size on the OOP behaviour.  

Blocks were modelled as rigid elements while interfaces/joints were modelled as deformable elements (i.e. soft-



  Chapter 2 – Literature Review  

27 
 

contacts assumption).  Their study, validated with experimental results, showed that zero dilatancy reduces the 

stress in masonry by a considerable amount (i.e. 25%) and increasing size of blocks increases the strength of 

masonry. 

2.7.4 Combined Finite/Discrete Element Method 

In recent years, researchers have developed and applied a number of numerical models combining the advantages 

of discrete and finite element methods to analyse masonry structures.  The material model in the finite elements 

is linear elastic, while the material nonlinearity, fracture and fragmentation of discrete elements are considered 

through displacement-based contact elements implemented within a finite element mesh.  Recently, combined 

Finite Discrete Element Method (FDEM) has been applied in the analysis of 2-D dry-stone masonry structures 

(Smoljanović, Živaljić and Nikolić, 2013), 2-D masonry structures with mortar joints (Smoljanović et al., 2015) 

and 3-D dry stone masonry walls (Smoljanović et al., 2018) where the response of several experimentally tested 

structures were successfully reproduced. AlShawa, Sorrentino and Liberatore (2017) applied FDEM strategy 

incorporated in LS-DYNA software to model the OOP seismic behaviour of the shaking-table experiments on U-

shaped brick masonry and stone masonry specimens with reasonable accuracy. Baraldi et al. (2018) compared the 

ultimate loads and collapse mechanisms of IP loaded masonry walls by FDEM and DEM modelling. Malomo and 

DeJong (2021) developed a new Macro-Distinct Element Model (M-DEM) for the analysis of the IP behaviour of 

URM structures aiming to combine the efficiency of simplified approaches with the accuracy of discontinuum-

based micro-modelling methods, along with validation through comparison against a number of both experimental 

and numerical tests on URM components. 

2.7.5 Applied Element Method 

In the applied element method (AEM), a structure is modelled as an assembly of rigid elements connected to each 

other by means of distributed springs in both normal and tangential directions (Meguro and Tagel-Din, 2000). 

Each spring represent the stresses and deformations of certain portion of the applied elements.  These springs can 

simulate the joint de-bonding, shear sliding and direct tension; and partial connectivity between the elements is 

allowed i.e. when some springs fail, others are still effective (Karbassi and Nollet, 2013). 

Several studies (Mayorca and Meguro, 2003; Pandey and Meguro, 2004; Guragain et al., 2006; Karbassi and 

Nollet, 2013; Guragain, 2015; Malomo, Pinho and Penna, 2018) have proved the applicability of AEM in 

simulating the crack initiation, propagation and displacement response of masonry structures under static and 

dynamic loadings. Mayorca and Meguro (2003) were the first to apply this method for the numerical modelling 

and analysis of masonry walls using tension cut-off and Coulomb failure surfaces similar to those proposed by 

Lourenco (1996).  Pandey and Meguro (2004) used AEM to simulate the behaviour of 2-D masonry walls under 

monotonic loading and studied the effect of wall aspect ratio, openings and boundary conditions on the seismic 

response.  Using AEM, a retrofit design on masonry using polypropylene bands arranged in a mesh fashion and 

embedded in a mortar overlay was studied by Mayorca et al. (2004) to confirm the effectiveness of retrofitting.  
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Malomo, Pinho and Penna (2018) used AEM to reproduce the experimental cyclic behavior of IP masonry walls 

with varying aspect ratios. 

More recently, several researchers have used this method for the seismic fragility analysis of 3-D masonry buildings 

using time-history analysis. Karbassi and Nollet (2013) conducted an incremental dynamic analysis on a 6-story 

URM building and used the IDA curves to develop seismic fragility curves.  Guragain (2015) applied AEM for 

non-linear dynamic analysis of a number of low-rise Nepalese masonry building typologies.  Using AEM, Malomo, 

Pinho and Penna (2019) reproduced the dynamic behaviour of shaking table test of a full-scale masonry building 

with flexible diaphragm to find a good agreement in the displacement profile, hysteretic response and crack 

pattern, at a computational cost within acceptable limits. Detailed account of the constitutive models as well as 

micro-modelling strategy used for masonry modelling in AEM can be found in Malomo et al. (2019) and is 

discussed further in Chapter 5. 

2.7.6 Equivalent Frame Method 

Being a more efficient and relatively simpler method compared to micro-modelling, the equivalent frame method 

(EFM) has been used extensively for the modelling and non-linear seismic analysis of masonry structures 

(Gambarotta and Lagomarsino, 1996; Magenes and Della Fontana, 1998; Kappos, Penelis and Drakopoulos, 2002; 

Roca, Molins and Marí, 2005; Belmouden and Lestuzzi, 2009; Lagomarsino et al., 2013). This is also popular 

among practicing engineers, as the global analysis of masonry structures can be performed with reasonable 

computational cost and modest level of modelling knowledge.  In EFM, each resistant masonry panel is subdivided 

into a deformable panel connected by rigid portions as depicted in Figure 2-15.  The deformable panels are 

modelled using equivalent macro-elements having shear, flexural or rocking behaviour (Lagomarsino et al., 2013). 

 
Figure 2-15.  URM wall idealization according to equivalent frame models (adapted from Lagomarsino et al., 

2013). 
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Magenes and Fontana (1998) presented a simplified non-linear seismic analysis method based on the equivalent 

frame idealization of walls (into piers, spandrels and joints) to derive the pushover curves of an URM wall with 

openings and found the result to be in accordance with that from the FEM micro-modelling analysis.  Similarly, 

Kappos et al. (2002) conducted non-linear static analysis on planar as well as 3-D masonry structures using both 

FEM and EFM and concluded that the equivalent frame approach was accurate enough to predict the IP seismic 

behaviour of URM structures. Similar agreements with numerical and experimental results were obtained by 

Belmouden and Lestuzzi (2009). 

Continuous development of this method (Galasco et al., 2004; Penna et al., 2004; Galasco et al., 2006 etc.) has 

resulted in the formulation of a computer program called TREMURI (Lagomarsino et al., 2013) for the pushover 

analysis of 3D masonry buildings which has been used in several studies (Petry and Beyer, 2014; Penna, 2015; 

Marino et al., 2016, Nakamura et al., 2017) for the seismic analysis of masonry structures. 

There have been extensive experimental and analytical studies on the force-deformation behaviour of piers and 

several researchers have proposed strength models (e.g. Magenes and Calvi, 1997; Chen, Moon and Yi, 2008) but 

the spandrel behaviour was often neglected until recently (Beyer and Mangalathu, 2013). Cattari and Lagomarsino 

(2008) proposed a strength criterion for the flexural behaviour of spandrel validated through a number of non-

linear parametric analyses.  A critical review of the numerical models for masonry spandrels used in the past are 

presented in Beyer and Mangalathu (2013). Recently, Sandoli et al., (2020) developed and applied a strut and tie 

model for the spandrel instead of traditionally used horizontal beam element and applied to two case study URM 

buildings.  

The equivalent frame procedures developed so far mainly capture the IP seismic response and assume that walls 

are well connected by stiff diaphragms to develop box-like behaviour.  Thus, the use of EFM in the analysis of 

masonry buildings with poor cross-wall connections and flexible diaphragms, where the OOP seismic vulnerability 

is the major issue, cannot yield reliable outcome.  The rigid portions of the walls as assumed in this approach are 

not always rigid and they experience seismic damages, especially in the case of low-strength masonry such as rubble 

stone in mud mortar.  Although there is experimental evidence to support the cyclic seismic behaviour (force-

deformation relationship) of piers, the force-deformation behaviour of spandrel is often not considered explicitly 

and is still in the development phase. 

In summary, as discussed in §2.7.1 to §2.7.6, although the FEM, DEM, F-DEM and EFM approaches have been 

extensively used for the IP behaviour on 2-D masonry walls, the reliable prediction of OOP response within the 

3-D environment is still complex and have not been investigated in detail using these approaches. Furthermore, 

dealing with a range of non-engineered masonry typologies such as the masonry school buildings in Nepal, 

demanding element by element modelling, is difficult with these approaches.  On the other hand, the AEM 

approach has been adopted by several researchers for the element-by-element numerical modelling of 3-D 

structures of brick masonry (e.g. Karbassi and Nollet, 2013; Guragain, 2015; Malomo, Pinho and Penna, 2019) 

as well as stone masonry typologies (e.g. Guragain, 2015) and reliable prediction of non-linear OOP response is 

possible as it allows the separation and contact of the units or masonry elements in the discontinuous and large 

displacement regime. Furthermore, the application and reliability of AEM in the numerical modelling and seismic 
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analysis of a range of masonry typologies is investigated in detail in Chapter 5 before applying it to model the actual 

Nepalese masonry typologies in Chapter 6. 

2.8 Seismic Fragility and Vulnerability Assessment: LBM Structures 

Seismic risk assessment methodologies have emerged in recent decades to probabilistically quantify the economic 

and human loss, and these results are critical in planning and implementation of an intervention scheme for seismic 

strengthening of infrastructure.  Seismic fragility and vulnerability evaluation of structures is the most important 

and extensive component of a seismic loss assessment framework (Silva et al., 2019).  A seismic fragility function 

can be defined as a mathematical function that expresses the probability that some undesirable event to a building 

structure occurs (reaches or exceeds some clearly defined limit state) as a function of some measure of 

environmental excitation (typically a measure of acceleration, deformation, or force in an earthquake) (Porter, 

2007).  A seismic vulnerability function is a relationship or a set of relationships which defines expected losses (in 

terms of structural, physical or human loss) for a single or class of buildings as a function of an intensity measure 

(D’Ayala et al., 2015).  Although the fragility and vulnerability are two different terms, fragility measuring the 

probability of damage and the vulnerability measuring the expected losses, the vulnerability functions can be 

derived from the fragility functions once the consequence model is available (D’Ayala et al., 2015).  

2.8.1 Seismic Fragility and Vulnerability Evaluation Methods 

Vulnerability evaluation methods can be grouped into two main categories: empirical or analytical.  The empirical 

fragility and vulnerability evaluation method evolved during the 70’s as a function of macro-seismic intensities 

(Whitman, Reed and Hong, 1973) and is based on records of observed damage during past earthquakes.  The 

analytical method (e.g. Singhal and Kiremidjian, 1996; Rossetto and Elnashai, 2005; Vamvatsikos and 

Pantazopoulou, 2016), on the other hand, uses the results of seismic analysis on computational models of buildings 

to derive the fragility and vulnerability functions. A hybrid method of seismic vulnerability assessment has also 

been proposed, making use of the advantages of both empirical and analytical method (e.g. Kappos, Stylianidis and 

Pitilakis, 1998; Kappos et al., 2006). A detailed discussion on the different approaches for seismic vulnerability 

evaluation is beyond the scope of this work, the same can be found in Calvi et al. (2006) and D’Ayala (2013). 

With the increase in computational power and availability of improved modelling options, and with the 

development of seismic hazard maps in terms of PGA and spectral ordinates (spectral acceleration, spectral 

velocity or spectral displacement), the analytical approach of fragility and vulnerability evaluation has attracted the 

attention of many researchers (Singhal and Kiremidjian, 1996; Masi, 2003; Rossetto and Elnashai, 2003, 2005, 

D’Ayala 2005, D’Ayala et al., 2015; Rossetto et al. 2016; Silva et al., 2020). It is considered to be a reliable and 

comprehensive approach, as it relies on first-hand seismic analysis of structures and can be applied to any 

construction types and regions irrespective of past damage data availability. 
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One of the early developments of the analytical vulnerability evaluation and loss estimation method was formulated 

by Kircher et al. (1997).  HAZUS methodology (FEMA, 2011), developed on the basis of the work by Kircher et 

al., (1997) includes two components in the damage functions: capacity curves and fragility curves. There are 36 

predefined building typologies for which capacity curves are derived based on several engineering parameters.  

The fragility functions are component based i.e. different fragility functions are produced for structural systems 

and non-structural systems.  Four different damage states (slight, moderate, extensive and complete) are defined 

to generate the fragility functions.  The building performance (response) is generated using the capacity spectrum 

method by intersecting the capacity curve with the 5% damped response spectrum. 

The Federal Emergency Management Authority, USA has developed a performance based methodology i.e. the 

FEMA P58 methodology (FEMA, 2012) for seismic performance evaluation of buildings based on the analytical 

approach. The methodology consists of the following components: assemble building capacity curves, define 

earthquake hazard, analyse building response, develop collapse fragility and calculate performance.  The building 

component model consists of a collection of data on the building structural characteristics, occupancy, structural 

and non-structural components etc.  A component-based fragility function for each component derived from 

laboratory testing or based on past damage data is used in this methodology.  A fragility database of nearly 700 

structural and non-structural components is developed and made available.  Both the non-linear time history and 

simplified methods can be used for analysing the building response, the minimum number of non-linear time 

history analysis being at least for 7 pairs of carefully selected ground motions.  Simplified analysis is permitted for 

low-rise regular shaped buildings as long as the non-linear response can be studied. 

The Global Earthquake Model (GEM) (D’Ayala et al., 2015) has documented a comprehensive analytical 

vulnerability evaluation method that discusses the detailed procedure for the analytical vulnerability assessment of 

different types of building structures including LBM structures.  Both non-linear static analysis (pushover analysis) 

or dynamic time-history analysis can be used to get the capacity of structures under different intensity levels, then 

in turn to generate the fragility functions.  The main components of the GEM analytical vulnerability evaluation 

methodology can be summarised as:  

• definition and selection of the index buildings (representative in-situ building structures) 

• numerical modelling of the structure (SDOF, MDOF model etc.) 

• characterization of the appropriate ground motion 

• definition of damage states  

• seismic structural analysis of the numerical model (linear static or dynamic analysis, non-linear static or 

dynamic analysis etc.) 

• selection of intensity measure (IM) and calculation of engineering demand parameter (EDP), and their 

correlation 

• generation of fragility curves 

• derivation of vulnerability curves 
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Thus, the GEM methodology is a state-of-the-art methodology and is flexible as it can accommodate any structure 

type or analysis method. 

2.8.2 Review of Seismic Fragility and Vulnerability Studies on LBM Buildings 

Seismic performance, fragility and vulnerability evaluation of LBM buildings through a scientific methodology 

started since as early as 80’s.  The ABK methodology (ABK, 1984) was one of the first among these studies 

developed in the USA for mitigating seismic risk to LBM building typologies found then in California.  This study 

is based on the test results and hence is often considered as an empirical, but it had substantial contribution to the 

later developments of the seismic evaluation methodologies e.g. ATC-14 (ATC, 1987), ATC-22 (ATC, 1989a, 

1989b) and NEHRP Handbook for Seismic Evaluation of Existing Buildings (FEMA, 1992). 

The studies on the seismic vulnerability assessment of masonry buildings in the 1980s were based mostly on a 

statistical approach, developing vulnerability index for the crucial parameters, usually based on very simple 

structural models whose validity relies on expected normal distribution of a large number of samples (e.g. Augusti 

et al., 1985; Benedetti et al., 1988; Coburn and Spence, 2006). 

Calvi (1999) proposed a displacement-based analytical approach for the seismic vulnerability evaluation of classes 

(including RC and masonry) of building for global seismic loss estimate prediction.  This simplified methodology 

is based on the single degree of freedom model and considers only a single masonry building typology i.e. 

constructed without any seismic provisions and neglects the OOP failure modes.  Four different damage limit 

states are defined in terms of drift ratios of the building under increased seismic loading based on very limited past 

studies. 

Due to the simplicity and computationally efficient method, the collapse mechanism based FaMIVE (D’Ayala and 

Speranza, 2003) approach has been applied widely to study the vulnerability of historic masonry buildings in 

several locations worldwide such as Italy (D’Ayala and Speranza, 2003), Nepal (D’Ayala, 2004), India (D’Ayala 

and Kansal, 2004), Italy (D’Ayala and Paganoni, 2011), Algeria (Novelli and D’Ayala, 2014). Lang and Bachmann 

(2003) proposed a methodology for seismic vulnerability evaluation for URM buildings in Switzerland based on 

non-linear static analysis considering both the IP and OOP failure modes.  However, the failure modes resulting 

from the interaction of cross-walls are not considered. 

Pasticier, Amadio and Fragiacomo (2008) explored the possibility of using a widely used SAP2000 program for 

the static pushover as well as incremental dynamic analysis and seismic vulnerability evaluation of URM buildings. 

Park et al. (2009) developed fragility curves for a 2-story URM building based on 2-dimensional models of walls 

considering both the IP and OOP responses.  Non-linear dynamic analysis was conducted on composite spring 

models of the walls in DRAIN-2DX software to evaluate the seismic performance.  The fragility curves are 

developed following the HAZUS methodology and it was concluded that the OOP behaviour had significant effect 

on the fragility functions. 

Rota, Penna and Magenes (2010) proposed a rigorous methodology for deriving analytical fragility functions for 

masonry buildings based on nonlinear stochastic analysis.  The uncertainty in the variation of mechanical properties 
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is dealt with Monte Carlo simulations and the fragility curves are derived from the results of both non-linear 

pushover as well as incremental dynamic analysis were performed on the numerical model.  Four different building 

specific damage states based on the drift levels are used.  The OOP behaviour is again excluded from the analysis 

i.e. the global box behaviour of buildings is assumed. 

Frankie et al. (2012) developed analytical simulation-based fragility functions for URM buildings based on the 

capacity curves collected from a literature survey.  They collected nearly 50 capacity curves from six different 

studies (some analytical and some experimental) and used capacity spectrum method to evaluate the seismic 

performance considering a suite of synthetically derived ground motions.  However, the fragility curves were 

developed based on the global box-type behaviour without considering the OOP or combined failure mechanisms. 

Quite recently several studies (e.g. Rota, Penna and Magenes, 2014; Gonzalez-Drigo et al., 2015; Simões et al., 

2015; Crowley et al., 2017; Maio et al., 2017) based on the equivalent frame approach using TREMURI program 

have been used for the analytical fragility/vulnerability assessment of URM buildings, most of which consider 

mainly the IP global behaviour neglecting the OOP failure modes. 

Karbassi and Nollet (2013) conducted a performance based seismic vulnerability evaluation of a 6-story URM 

building using incremental dynamic analysis on a 3-D model in AEM and used the IDA curves to develop spectral-

based and displacement-based fragility curves under different performance level.  The numerical model was 

calibrated with respect to both the IP and OOP behaviour obtained from experimental tests.  Guragain (2015) 

developed a seismic risk assessment methodology for the LBM residential building typologies in Nepal using non-

linear time history analysis on 3-D element-by-element models using AEM.  Fragility functions for both brick and 

stone masonry in mud and cement mortar typologies were developed using the cumulative probability of damage 

for increasing level of ground motion.  This study is the first of its kind to conduct a rigorous seismic vulnerability 

assessment of Nepalese LBM buildings. 

Although there exist several methodologies for the seismic vulnerability assessment of LBM buildings, in terms of 

reliability and robustness, the analytical performance-based approach using the results of non-linear analysis on 3-

D element by element models (which can consider IP, OOP as well as combined failure mechanisms) seems to be 

the most reliable, considering the complex seismic behaviour of non-engineered LBM school typologies in Nepal.  

Thus, the GEM methodology seems to be appropriate for the present study for the seismic vulnerability evaluation 

of Nepalese low-rise LBM school structures, using the micro-modelling technique in the AEM environment for 

3D numerical modelling and analysis. 

2.8.3 Seismic Risk Assessment and Reduction Initiatives on School Buildings 

Compared to residential or historic masonry buildings, there are very limited studies focused on school buildings 

at a country level.  The Federal Emergency Management Agency in the USA (FEMA, 2003) developed a guideline 

for school administrators for the seismic vulnerability assessment and incremental rehabilitation of school buildings 

in the USA.  The seismic vulnerability assessment procedure involves the rapid visual screening (based on FEMA 
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154 (FEMA, 2002)) and then more detailed seismic performance assessment based on ASCE 31 - Seismic 

Evaluation of Existing Buildings (ASCE, 2002). 

The Organisation for Economic Co-operation and Development (OECD, 2004) organized an ad hoc Experts’ 

Group Meeting on Earthquake Safety in Schools in which several researchers from across the globe (i.e. USA, 

Venezuela, Turkey, Italy, Algeria, India etc.) presented in-country experiences on seismic vulnerability and risk 

reduction of school buildings.  The output of the meeting emphasized on the analysis of reasons why the seismic 

vulnerability exists, and actions required to reduce it.  

United Nations Centre for Regional Development (UNCRD, 2009) initiated the School Earthquake Safety 

Initiative (SESI) since 1999 and the early engagements of SESI include exchange programs and seismic retrofitting 

projects in Nepal, India, Pakistan, Indonesia, Iran etc.  One of the major objectives of SESI is to assess the seismic 

vulnerability and enhance the seismic safety by retrofitting.  The initiative also disseminates the outputs and 

strengthens the capacity of local stakeholders through a number of workshops and symposiums. 

Grant et al. (2007) proposed a framework for the seismic vulnerability evaluation and retrofitting intervention 

scheme for the seismic rehabilitation of Italian school buildings.  The framework consisted of a multi-level 

assessment scheme with increasing levels of structural details.  The first step involved the assessment based on 

desk study in which the building capacity in terms of PGA were compared to the PGA values in the hazard maps 

and the vulnerability level was identified for each building.  In the second level, the building identified in the first 

step were evaluated by visual inspection and assessed for the vulnerability using the GNDT vulnerability index 

method.  The third level studies the buildings using mechanics-based seismic performance evaluation methods.  

Finally, guidelines for the retrofitting prioritization scheme and timescale for implementation is proposed. 

The Comprehensive School Safety (CSS) Framework (UNISDR and GADRRES, 2017) is built on three pillars: 

Safe Learning Facilities; School Disaster Management; Risk Education and Resilience Education. The CSS 

framework is intended to promote school safety as a priority area for sustainable development, risk reduction and 

resilience, with a strong emphasis on the need for multi-hazard risk assessment and mitigation of the existing 

school infrastructure.  Concurrently, the Worldwide Initiative for Safe Schools (WISS) (UNDRR, 2019), is a 

government-led global partnership for advancing safe school implementation at the national level, currently 

coordinated by the UN Office for Disaster Risk Reduction (UNDRR) to promote key safe school initiatives in 

support of resilient educational facilities, school disaster management, disaster risk reduction and resilience 

education. 

VISUS (Grimaz and Malisan, 2020) is a multi-hazard expert-based methodology that provides decision-makers 

with an overall description of the situation, concerning the type and level of risk in schools, the typology of 

interventions for safety upgrading and their costs. VISUS methodology has been adopted by UNESCO and has 

completed pilot projects in El Salvador, Indonesia and Laos. 

In Nepal, School Earthquake Safety Program (SESP) is being implemented by NSET since last two decades to 

assess and improve the seismic performance of public school buildings (NSET, 2000; Dhungel et al., 2012; Amod 

Mani Dixit et al., 2014b). More than 1,000 schools representing the variation of country level school building 

typologies were studied with respect to year of construction, seismic design level and quality of construction, 
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structural characteristics, among others.  The study enabled to understand the typological distribution of schools, 

age of schools and other vulnerability creating characteristics present in the school infrastructures.  An intensity 

based (MSK intensity) vulnerability assessment based on expert opinion was conducted for a scenario earthquake 

and it was found out that about 12% of the school buildings needed replacement and reconstruction and almost 

75% of the school buildings were in need of some forms of retrofitting interventions.  For developing retrofitting 

strategies, the expert opinion- based fragility functions were used.  This indicates that there is a lack of 

comprehensive analytical seismic vulnerability assessment methodology and appropriate fragility functions for 

common school construction typologies in Nepal.  Under the SESP program and NSET-Nepal’s technical support, 

Ministry of Education in Nepal retrofitted more than 300 low-strength masonry schools in Kathmandu valley most 

of which survived with minor damage in the 2015 seismic sequence (Dixit et al., 2018). 

After the 2015 seismic sequence in Nepal, there are few studies deriving the fragility and vulnerability functions 

of Nepalese LBM school buildings. Adhikari and Gautam (2019), Gautam et al., (2020) and Giordano et al. (2020) 

used the school damage data collected by the Structural Integrity and Damage Assessment (SIDA) survey (The 

World Bank, 2016) and the estimated hazard distribution in the affected regions to derive empirical fragility 

functions for different typologies of LBM schools.  As there was no  proper network of seismometers except in 

few locations in Kathmandu valley, the hazard distribution from the shake map (USGS, 2015) produced is not 

reliable. Giordano, De Luca and Sextos (2020) derived analytical fragility functions for few selected typologies of 

LBM school buildings based on the analytical expressions developed for regular well-built masonry walls in 

European countries.  Thus, the application of such analytical expressions to the poorly built masonry construction 

in Nepal is questionable. 

Recognizing the importance of safer schools, the Global Facility for Disaster Reduction and Recovery (GFDRR) 

launched the GPSS in 2014 with a focus on integrating risk considerations into education infrastructure 

investments.  GPSS has recently developed the Global Library of School Infrastructure (GLOSI) (The World Bank, 

2019) which is a collection of tools and methodologies that are useful for the seismic risk assessment and reduction 

solutions for school infrastructure at scale.  GLOSI includes guidelines for the data collection, structural 

classification, seismic performance assessment, fragility and vulnerability evaluation and risk reduction solutions 

for LBM and RC typologies of school construction.  GLOSI has been successfully applied in the national level 

seismic risk assessment of school infrastructure in El Salvador and Dominican Republic.  More details on the 

GLOSI tools and guidelines can be found in D’Ayala et al. (2019). 

Thus, although the need for seismic risk assessment and strengthening is globally recognised and some efforts on 

the vulnerability evaluation of Nepalese school portfolio exist in the literature, a methodological framework for 

vulnerability evaluation at country level is missing and the reliable quantification of vulnerability of a range of non-

engineered LBM school construction types in Nepal is not yet achieved. 
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2.9  Conclusions 

The present chapter presented an extensive literature review on a number of key elements of the seismic 

vulnerability assessment of LBM schools i.e. seismic behaviour, factors influencing the seismic performance, 

structural classification systems, numerical modelling and analysis methods and seismic vulnerability assessment 

methodologies.  Some important conclusions from the literature review can be outlined as follows: 

• Old and poorly constructed LBM structures are among the most vulnerable construction types. 

• The IP wall seismic behaviour is mainly controlled by the shear dominated failure modes although three 

different failure modes i.e. rocking or flexural, diagonal shear, shear sliding failure modes can occur in 

IP loaded masonry walls.  The aspect ratio, presence of openings, gravitational load and the loading 

fashion also control the IP strength and failure modes. 

• LBM walls are comparatively weaker under OOP actions due to their low stiffness in this direction, 

combined with the brittle nature of masonry.  The possible failure modes and collapse mechanism are 

influenced mainly by the boundary conditions i.e. the connection to other walls and the horizontal 

structures. 

• Seismic design level is one of the most influencing factors controlling the seismic vulnerability of LBM 

structures.  The seismic design level itself is controlled by several construction features: wall bond pattern 

and cross-wall connections, connection of wall to horizontal structures, provision of horizontal bands 

etc. 

• Diaphragm flexibility is another important factor in the seismic performance of LBM buildings.  A rigid 

diagram enhances the box-like behaviour and hence reduces the OOP seismic vulnerability by distributing 

the lateral load to IP walls. 

• Other factors influencing the vulnerability of masonry school buildings are: number of stories, opening 

configurations, structural irregularities, classroom size (i.e. wall panel lengths).  

• The literature lacks to provide a comprehensive structural classification system for LBM school buildings 

considering all the relevant vulnerability parameters and the range of their attributes that influence the 

vulnerability.  This will be developed and applied to LBM structures in Chapter 4. 

• There exist mainly three approaches for the numerical modelling of masonry i.e. detailed micro-

modelling, simplified micro-modelling and macro-modelling with different level of computation effort 

and efficiency, the accuracy generally reducing from detailed micro- to macro-modelling approach. 

• Different methods have been used for the modelling and analysis of masonry buildings i.e. limit state 

based, finite element based, discrete element-based methods etc.  The accuracy and efficiency depend on 

the type of structure under analysis, the modelling techniques used, calibration of models using 

experimental results etc. 

• While the failure mechanism and strength behaviour of IP seismic behaviour is well established, the same 

for OOP behaviour, in 3-D buildings, is still a challenging issue for the research community.  Widely 
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used equivalent frame (i.e. macro-element) approach is computationally efficient but still lacks the 

capacity to consider the OOP and combined failure modes in masonry buildings which are the most 

important failure modes in masonry structures without box-like behaviour, such as the portfolio of 

Nepalese LBM schools. 

• Although there have been few studies carried out for the seismic fragility and vulnerability assessment of 

Nepalese LBM buildings, these studies do not include all the variations in the LBM typologies.  Moreover, 

the empirical studies based on the damage data from the 2015 seismic sequence rely on unreliable hazard 

distribution while the analytical studies are based on the analytical formulations, developed for well-built 

European masonry construction, not necessarily applicable to the range of poorly built old Nepalese LBM 

constructions. Also, reliable material characterization of a range of non-engineered masonry typologies 

is another challenge for numerical modelling and analysis, as experimental mechanical characterization 

tests on Nepalese masonry are scarce. Similar situation exists in other developing countries. 

• Considering the range of building types to be analysed, the element by element simplified micro-

modelling approach using AEM seems to be an appropriate strategy for the numerical modelling and non-

linear seismic analysis of different construction types of Nepalese LBM school buildings as it allows us, at 

a reasonable computational cost, to capture the non-linear behaviour of 3-D buildings including the IP, 

OOP and combined failure modes.  Chapter 5 is devoted to the modelling, validation and calibration of 

masonry seismic behaviour in AEM while Chapter 6 presents its application to the seismic analysis of the 

Nepalese LBM school buildings. 

• The literature lacks to provide a systemic approach to deal with the seismic vulnerability assessment of 

LBM buildings at a country level representing a range of masonry typologies with different construction 

characteristics.   

Next chapter i.e. Chapter 3 presents the methodological framework of the methodology development in this thesis 

for the seismic vulnerability evaluation of LBM school buildings at a country level. 
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Chapter 3 

Research Methodology 

3.1 Introduction 

Despite global efforts and initiatives to reduce the seismic risk to school infrastructure and children, as discussed 

in  §1.1.1 and §2.8.3,  these risk reduction activities are largely hindered by the lack of understanding of the 

vulnerability characteristics of school buildings. As the vulnerability evaluation involves several components, from 

data collection to seismic analysis, fragility analysis and vulnerability derivation; a practical, reliable and 

comprehensive methodology for carrying out seismic vulnerability evaluation of school buildings at a territorial 

level is not available in the literature. As discussed in Chapter 2, for developing such methodology, several gaps 

and issues exist.  First of all, considering the peculiarities of LBM school buildings e.g. large openings, long wall 

panels, the literature lacks to provide a comprehensive structural taxonomy for LBM school buildings considering 

all the relevant vulnerability parameters and the range of their attributes that influence the vulnerability.  Since a 

national portfolio of school buildings often consists of a range of masonry construction types with great 

uncertainties in the construction characteristics, such taxonomy is necessary to identify independent LBM 

typologies and index buildings (IBs) that represent each typology. 

Since most of the existing LBM school buildings in developing countries like Nepal are community-built with no 

or minimal use of seismic design codes, their seismic response is often unknown and can vary greatly from that of 

well-built modern masonry constructions.  Also, the uncertainty in the broad masonry ‘class’ based approach 

increases as the construction types range from rubble stone masonry to brick masonry, with binding material 

varying from mud to cement-sand mortar. Thus, the use of simplified approaches such as analytical methods (e.g. 

D’Ayala and Speranza, 2003; Lagomarsino and Giovinazzi, 2006) or equivalent frame approach (e.g. Lagomarsino 

et al., 2013) cannot yield reliable results for such buildings. Furthermore, the literature lacks to provide a proper 

methodology for the seismic analysis as well as vulnerability evaluation of the LBM buildings without box-like 

behaviour, as the OOP response as well as damage is critical in such buildings.  Hence the use of 3-D element-by-

element modelling approach encompassing all the construction details (i.e. the size and shape of units, masonry 

fabric, cross-wall connections) specific to the considered LBM school buildings is necessary for the reliable seismic 

performance evaluation of these buildings. 

Addressing the above-mentioned technical gaps, this thesis provides a methodological framework for the seismic 

vulnerability evaluation of LBM school buildings at national level.  This methodology should be applicable to any 

country where a range of construction types of LBM school buildings exists.  Furthermore, considering that the 

ultimate goal of any seismic vulnerability/risk assessment studies is to intervene and mitigate the future seismic 
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risk, with reliable seismic performance evaluation from rigorous numerical modelling, this study seeks to identify 

the deficiencies in the existing LBM school buildings typologies and the ways to improve their seismic resistance. 

The focus of the present methodology is on using a performance-based approach in which the most likely seismic 

behaviour of different typologies of LBM buildings under different level of seismic intensity are analytically 

derived, thereby enabling one to identify the seismic loss sustained by each typology as a function of an intensity 

measure (IM).  This forms the basis for seismic risk assessment and for planning a prioritized and incremental 

retrofitting intervention scheme to gradually improve the seismic safety level of existing LBM school buildings at 

a country level.  The following section and sub-sections present the step-by-step details of the methodology 

developed in this thesis for the seismic vulnerability evaluation of LBM school buildings at a country level. 

3.2 Methodology for Analytical Seismic Vulnerability Assessment 

In this research work, a seismic vulnerability evaluation methodology, for a range of typologies of existing LBM 

school buildings with various construction features, is developed, applying a rigorous 3-D element-by-element 

numerical modelling technique.  The methodology encompasses the critical OOP response of the LBM 

construction types that lack box-like behaviour.  The reliability in the seismic vulnerability evaluation is tested 

through each step: from the data collection to the numerical modelling and vulnerability evaluation.  As an 

application of the proposed methodology, fragility and vulnerability functions for ten different index buildings 

(IBs) representing real construction typologies of Nepalese LBM school buildings are derived.  Such database of 

observed and simulated collapse mechanisms, resulting capacity curves, fragility and vulnerability functions for 

existing school buildings, are valuable resources for different stakeholders such as governments, NGOs and 

communities and serve as benchmark data for the research communities beyond Nepal, as detailed and rigorous 

level of analysis results for such buildings are rare in current literature.  Rather than a single building specific study, 

the analysis carried out in this study is typology based, represented by a characteristic index building.  Therefore, 

typology-based strengthening strategies can be designed and applied to a large number of buildings in a country or 

territory which minimizes time and resources required, thus providing solutions at scale.  Moreover, the detailed 

analysis results in terms of discrete seismic performance levels against given seismic intensity levels also provide 

clarity for adopting incremental retrofitting i.e. reducing risk by upgrading the seismic performance in phases.  

Although the methodology is developed and tested for the portfolio of Nepalese LBM school buildings, it is 

comprehensive as well as flexible to be applicable to carry out seismic vulnerability evaluation of school buildings 

in any country. 

The flow chart shown in Figure 3-1 depicts the overall methodology developed in this research work for the 

seismic vulnerability assessment of LBM school buildings.  It is noteworthy to mention that the methodology has 

benefitted from the author’s engagements in the GLOSI project of the World Bank (The World Bank, 2019) for 

the seismic risk assessment of school infrastructure in El Salvador and Dominican Republic. 
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Figure 3-1.  Research methodology for the seismic vulnerability evaluation of LBM Schools buildings at a 

country level. 

The following sub-sections discuss the objectives, methods used, associated risk and limitations of each step of the 

methodology. 
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3.2.1 Step 1 - Data Collection 

Data collection on the construction characteristics of the different typologies of school buildings is the first step 

for the seismic vulnerability assessment at regional level.  The purpose of data collection is to systematically collect 

all the data on the construction characteristics e.g. masonry fabric type including the bond pattern, seismic 

detailing level, material quality etc. of the school buildings, along with the variations and uncertainty in their 

attributes.  In many developing countries, such databases with detailed information on structural characteristics 

useful for the seismic vulnerability assessment are not available.  For example, during the GLOSI engagements in 

El Salvador and Dominican Republic (D’Ayala et al., 2020; Fernández et al., 2020), these data were collected for 

the World Bank as a first step to carry out the seismic vulnerability and risk assessment of the school infrastructure, 

which took extensive time and resources.  In the case of Nepal, following the 2015 Gorkha earthquake, 

comprehensive data was collected by the SIDA survey (The World Bank, 2016) in the 14 most affected districts.  

The SIDA survey methodology and data collection forms were prepared by the World Bank team and international 

and local experts, the surveyors were all adequately trained civil engineers (The World Bank, 2016) and data were 

reviewed, and quality checked by local structural and earthquake engineering experts.  In this study, as resources 

for a region-wide survey were not available, the SIDA database was used as reference to identify LBM school 

typologies and their construction features.  Although the SIDA survey does not cover the entire nation, it includes 

data on 14,000 LBM school buildings from 14 mountainous districts.  Therefore, the data collected can be assumed 

to include the majority of construction types and variations in construction characteristics of existing LBM school 

buildings in Nepal and sufficient to define the characteristics of representative index buildings.  This 

notwithstanding, the set of parameters defining the element level detail such as unit size, mortar thickness and 

bond pattern required to develop reliable numerical models were lacking.  To obviate this, in April 2018, the 

author conducted a field survey of schools in the Kathmandu valley (urban area) and the Kavrepalanchowk district 

(rural area) by visiting a number of selected unreinforced masonry school buildings pertaining to different 

typologies.  During the field visit, the author also met local experts in structural engineering, design engineers in 

the Ministry of Education, Nepal in order to ascertain further details on local construction characteristics and 

seismic performance of such typologies in past earthquakes.  More details on the data collected by the SIDA survey 

and author’s field visit are provided in Chapter 4. 

One of the most difficult but important aspects of numerical modelling of masonry is to identify the reliable 

material characterisation of the masonry i.e. the values of material properties such as elastic moduli, compressive 

strength, tensile strength, cohesion.  Mechanical characteristics highly affect the seismic response of masonry 

structures (e.g. see Li et al., 2016; Adhikari and D’Ayala, 2020) and are influenced by the size and quality of units, 

thickness and quality of mortar joints as well as the masonry bond pattern.  In developing countries such as Nepal 

where most of the existing LBM school buildings are non-engineered, the material characteristics present 

significant variations and uncertainties within a typology.  In such constructions, spatial variation within a building 

(e.g. see Sarhosis et al., 2019) is also common as the workmanship quality is not supervised.  Moreover, it is 

uncommon in developing countries to carry out in-situ mechanical characterisation tests. Although it is more 

reliable to carry out such in-situ testing on a large number of samples which is both difficult and resource intensive, 
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it is recommended in this methodology to select at least few buildings per masonry typology to establish the 

average value and the variation in the material properties.  If the in-situ tests are not possible to carry out, then 

establishing appropriate values from literature including international codes and standards becomes the only option 

for developing the numerical models.  More discussion on the in-situ testing methods for obtaining different 

material parameters is provided in §5.2.2 of Chapter 5, along with recommendations for numerical calibration of 

material properties obtained from the literature (§5.4). 

3.2.2 Step 2 - Development of a Structural Taxonomy 

Usually broad-class based structural classification systems are used to develop empirical vulnerability indexes (e.g. 

Lagomarsino and Giovinazzi, 2006; Azizi-Bondarabadi et al., 2016). By addressing the gap in literature as discussed 

in §2.6, the main objective of developing a comprehensive structural classification system in this work is to identify 

distinct structural typologies of LBM school buildings by considering all the qualitative and quantitative data 

pertaining to their seismic response so that characteristic index buildings representative of typologies can be 

developed.  With such detailed level of information on each index building, reliable numerical models can be 

produced, and analytical fragility and vulnerability functions can be derived.  Analytical fragility functions have 

more flexibility and applicability compared to empirical fragility functions, especially in regions where the 

network of seismometers is poor and historic damage records are not complete (D’Ayala et al., 2015; Adhikari 

and D’Ayala, 2020).  

In this taxonomy, presented in detail in Chapter 4, a list of 12 vulnerability parameters is identified based on the 

analysis of school building database, existing classification systems (Brzev et al., 2013; Jaiswal and Wald, 2008) 

and literature review on the behaviour of LBM structures. For LBM school buildings, the most important 

structural characteristics are identified as the masonry typology, building height and the seismic design level of the 

building (The World Bank, 2019; D’Ayala et al., 2020).  These three parameters are therefore considered as 

primary parameters.  Other parameters such as the diaphragm flexibility, structural irregularity, wall openings 

etc. are considered as secondary parameters.  

The attributes and range of variation of different vulnerability parameters are identified through the detailed 

analysis of the database and photographs of the school buildings collected by the World Bank (The World Bank, 

2019).  The value ranges that define a specific attribute are validated using detailed sensitivity analysis to 

understand the effects of each parameter on the seismic performance and vulnerability functions (see further in 

§3.2.8).  For example, the definition of flexible diagram (zero in-plane stiffness) and rigid diaphragm (infinite in-

plane stiffness) might not be sufficient and a semi-rigid type of diaphragm with a finite in-plane stiffness might best 

represent the actual observed behaviour.  A major limitation of the existing databases reviewed (The World Bank, 

2019) is the fact that the seismic design level parameter was not explicitly assigned to these buildings, as most of 

them are not compliant with seismic design code.  Nonetheless these buildings typologies show considerably 

different seismic capacities.  This required the development of a qualitative criteria based on the construction 

features to define different categories of seismic design levels to account for such difference in behaviour (see 
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details in Chapter 4).  During the GLOSI engagements in El Salvador and Dominican Republic, there were 

conflicts with the local engineers in the assignment of seismic design level to the local LBM buildings due to the 

differences in the understanding and notions of seismic design levels.  For the reinforced masonry school buildings 

in El Salvador, although well built, the local engineers were assigning lower seismic design level compared to the 

level that would result from the taxonomy, simply because those were built following older seismic design code 

in the country. 

Ultimately, the application of the taxonomy results in a unique taxonomy string (containing 12 attribute codes, 

one each for 12 vulnerability parameters) per building structure which defines its qualitative vulnerability.  

Comparisons of such classification tags readily help to identify relative vulnerability of school buildings which serve 

as the initial screening for prioritising further assessment.  The approach used to develop such taxonomy and the 

identification of the Nepalese typologies are presented in Chapter 4. 

3.2.3 Step 3 – Classification and Selection of Index Buildings 

This step deals with the application of the taxonomy discussed in §3.2.2 for the classification of the LBM school 

building portfolio in order to identify key structural typologies and the corresponding characteristic index 

buildings (IBs).  IBs are the representative models of a typology, for which the attributes and values of all the 

twelve taxonomy parameters are known.  A complete definition of the IBs also requires other intrinsic parameters 

such as the geometry of walls and other structural elements, material properties etc. which can be gathered from 

existing databases or can be collected from field surveys of representative samples of buildings.  The seismic 

performance of each typology of school building is then represented by the corresponding index buildings (IB).  

IBs are in general chosen in such a way that they define the typical construction characteristics of the corresponding 

typology of LBM school buildings.  Although this means considering all the combinations of primary parameters 

i.e. lateral load bearing system, height range and seismic design level, in reality many of these combinations do 

not exist or their occurrence is negligible.  The attributes of the secondary parameters are chosen such that the 

most recurring attributes imposing greater vulnerability is included.  For example, if 90% of the buildings 

pertaining to a particular typology have flexible type diaphragm, an IB with flexible type diaphragm is selected to 

represent that typology. 

The application of the taxonomy to the Nepalese LBM school portfolio yields two main generic classes according 

to the load bearing system: stone masonry typologies (dry, in mud mortar or cement mortar) and brick masonry 

typologies (in mud or cement mortar).  It also shows that majority of the school buildings are low-rise throughout 

the country.  As most of the LBM structures are community-built, seismic design level is generally low, relying 

on traditional community-led construction methods.  Therefore, based on the SIDA database (The World Bank, 

2016), ten key IBs are selected for the Nepalese LBM school typologies and analyzed in detail in this study.  Out 

of these IBs two groups can be considered: one with box-like behaviour and the other without box-like behaviour.  

The selection criteria and characterization of IBs are elaborated further in Chapter 4. 
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3.2.4 Step 4 – Detailed Modelling of Masonry 

As discussed in §3.1, due to the variety of masonry construction types ranging from rubble stone masonry to brick 

masonry as well as the variability in their construction features e.g. buildings with RC floors/roof to timber framed 

roof, 3-D element-by-element modelling and analysis is necessary to generate reliable seismic behaviour and 

capacity of the LBM school buildings.  As concluded on the basis of the literature review presented in Chapter 2, 

the applied element method (AEM) is one of the most suitable approaches for detailed numerical modelling and 

seismic analysis of masonry structures as it allows to investigate the damage and force-deformation behaviour of 

masonry structures from the initiation of cracking to the ultimate collapse stage.  Thus, AEM is proposed as a 

reliable modelling tool for the methodology developed herein and hence is used in this study for the numerical 

modelling and seismic analysis of the Nepalese LBM school IBs identified in §3.2.3.  For the discussion on general 

formulation of AEM, the readers are referred to Meguro and Tagel-Din (2000a, 2000b and 2001) and Malomo, 

Pinho and Penna (2018). In AEM, masonry is usually modelled by adopting simplified micro-modelling technique 

(refer to Lourenco, 1996) which is particularly useful because of the composite nature of masonry i.e. relatively 

stiffer and larger units connected by less stiff and small thickness mortar layers.  Although modelling strategies for 

regular brick masonry in AEM are already available in literature (e.g. Karbassi and Nollet, 2013; Malomo, Pinho 

and Penna, 2018), a new approach is used in this thesis for modelling random rubble stone masonry by 

representing the irregular units by triangular elements. The use of AEM for masonry modelling is discussed in 

detail in Chapter 5. 

A methodology for the validation and calibration of LBM seismic response in AEM environment is elaborated in 

§5.4 along with several examples to confirm the capability of the AEM to reproduce the experimental load-

deformation behaviour and collapse mechanisms of different masonry fabric types, both at single wall level and 3-

D configuration and for both the IP and OOP lateral behaviour.  Since no experimental tests on Nepalese LBM 

constructions are carried out by the author, the required material properties for the numerical models of IBs are 

obtained from the limited available literature (§6.2).  

3.2.5 Step 5 – Nonlinear Seismic Analysis – Time History and Pushover Analysis 

3.2.5.1 Damage Scale and Limit States 

Although damage is a continuous variable changing randomly with the variation in IM, a damage scale consisting 

of some discrete limit states is necessary for seismic vulnerability assessment (D’Ayala et al., 2015).  These discrete 

damage states help us in interpreting the results of seismic fragility/vulnerability assessment to be useful in terms 

of decision making e.g. for seismic retrofitting which is an important component in the seismic risk reduction of 

school infrastructure.  In this study, a damage scale with five different discrete damage states: No damage, Slight 

damage, Moderate damage, Extensive damage and Collapse are used, following the GEM Analytical Vulnerability 

Guidelines (D’Ayala et al., 2015).  The roof drift is chosen as the engineering demand parameter (EDP) by defining 

the limit state thresholds in terms of global or wall level roof drift, depending on the diaphragm action of the 

studied IB.  As non-linear pushover analysis for each of the IBs are explicitly conducted in this study, the thresholds 
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of different damage states are derived explicitly for each IB from their numerical analysis, as opposed to the code-

recommended (e.g. FEMA, 2015; FEMA-273) or literature-based (e.g. Calvi, 1999; Lagomarsino and Giovinazzi, 

2006; D’Ayala, 2013 etc.) drift limits which are not necessarily applicable to Nepalese LBM school buildings (e.g. 

see Guragain, 2015).  These thresholds are identified along the capacity curves, with a careful observation of the 

progressive damage in terms of crack pattern development and crack width, as well as the change in stiffness and 

strength along the capacity curve, which are possible only with the detailed AEM modelling adopted in this work.  

More discussion on the definition of damage states and their thresholds are presented in §6.4. 

3.2.5.2 Nonlinear Time History Analysis (NLTHA) 

Incremental Dynamic Analysis (IDA) (Vamvatsikos and Allin Cornell, 2002) is one of the more robust tools 

available to assess the seismic performance and fragility of structures, requiring to run a series of NLTHA for 

incrementally scaled suite of ground motions. Due to the computational burden and lack of appropriate modelling 

tools for masonry behaviour, IDA has received little attention in the past in case of LBM buildings.  One of the 

benefits of such rigorous analysis is that the most efficient and sufficient EDP and IM indicators can be identified 

from the consistency of the IDA output, critical to reduce the level of uncertainty present in the fragility functions.  

Another benefit is that different collapse mechanisms of the building due to ground motions with different 

characteristics (amplitude, frequency content, energy content etc.) can also be identified through NLTHA analyses 

results, because the structure’s response does not need to be pre-assumed.  Therefore, the full gamut of possible 

collapse mechanisms can be identified.  However, existing IDA studies on LBM structures (e.g. Rota, Penna and 

Magenes, 2010a; Karbassi and Nollet, 2013; Kappos and Papanikolaou, 2015; Avila-Haro et al., 2017) have not 

addressed these issues.  Hence, in this study, an IDA analysis is conducted on a typical multi-storied LBM school 

IB and these issues are addressed in detail.  The outcomes of the NLTHA analysis are used then to validate the 

pushover loading application approach (§3.2.5.3) and the seismic performance outputs from the non-linear static 

procedure (§3.2.6). 

For the hazard characterisation, as there are very limited ground motion records available from seismic events in 

Nepal (Goda et al. 2015; Takai et al. 2016), a suite of 22 ground motions suggested in FEMA P695 (FEMA 2009) 

is used in the NLTHA as well as for the fragility and vulnerability evaluation (§3.2.6 and §3.2.7), in order to 

consider the effect of record-to-record variability. This ground motion suite contains a considerable dispersion in 

the ground motion characteristics such as the total time of shaking, PGA, frequency content, energy content etc. 

3.2.5.3 Derivation of Capacity Curve and Collapse Mechanisms – Non-linear Pushover Analysis 

Since NLTHA is highly time and resource intensive, pushover-based procedures,  such as the capacity spectrum 

method (ATC, 1996) and the N2 method (Fajfar, 2000) are widely used in the seismic assessment of LBM buildings 

(e.g. Ademovic, Hrasnica and Oliveira, 2013; Lagomarsino and Cattari, 2014; Gonzalez-Drigo et al., 2015; 

D’Ayala  et al., 2015). Furthermore, since a large number of masonry typologies and IBs are studied in this thesis 

and the ultimate goal is to develop fragility and vulnerability functions, the use of NLTHA is arduous.  Therefore, 

for the purpose of generating capacity curves and the collapse mechanisms of the different Nepalese LBM school 
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IBs, non-linear pushover analysis in the AEM modelling environment is followed in this study.  The conventional 

pushover analysis (e.g. Endo, Pelà and Roca, 2017) for a masonry building with such a three-dimensional micro-

modelling is difficult when force or displacement-based methods are used, because of the localised failure in the 

regions of force/displacement applications.  To overcome this issue, a novel pushover analysis approach is 

proposed in this study, in which the numerical models are subjected to a linearly incremental ground acceleration, 

as an alternative to displacement-based pushover application, in which horizontal force is exerted on the structure 

proportional to the vertical distribution of mass of the structure.  To confirm the reliability of such approach of 

pushover application, the resulting capacity curve is compared with the capacity curves from a number of pushover 

loading approaches used in the literature i.e. triangular, uniform etc. as well as with the results of NLTHA analysis 

(§6.7.2). As discussed in §3.2.5.1, the thresholds of damage states are identified from the progressive damage 

behaviour and capacity curves from the pushover analysis.  In order to assess the reliability of the collapse 

mechanisms of the different IBs, the numerical collapse mechanisms are compared to the real damage data of 

school buildings from the 2015 Gorkha earthquake. 

3.2.6 Step 6 - Seismic Performance Assessment 

For the statistical fitting of fragility functions, numerous performance points under several ground motions are 

required so that enough data points for each performance level can be obtained.  Hence, the use of non-linear time 

history analyses (NLTHA) for all the IBs would be highly resource and time intensive, particularly for the rigorous 

modelling approach (Chapter 5 and 6) adopted in this study.  Hence the N2 method (Fajfar, 2000; D’Ayala et al., 

2015), which is prescribed in several seismic design codes (EN 1998-1, NTC18) and has been employed by several 

researchers in the seismic performance assessment of LBM buildings (Galasco, Lagomarsino and Penna, 2007; 

Tondelli et al., 2012; Croce et al. 2019) is chosen for the seismic performance assessment. In the N2 approach, 

since the bi-linear idealization of the capacity curve affects the seismic performance against a given ground motion 

spectrum, a sensitivity analysis is carried out to select a reliable idealization strategy for Nepalese LBM school IBs 

against different damage states, by comparing the cloud of seismic performance results against the NLTHA results 

(§3.2.5.2). 

With the capacity curves and damage state thresholds obtained as per §3.2.5.3, the seismic performance of each 

IB is assessed following the N2 method under the action of NBC 105: 2020 recommended design spectrum as well 

as the suit of FEMA P695 ground motions, as presented in §7.5 and  §7.6.  Each of the FEMA P695 ground 

motions is scaled up and down to get sufficient performance points for statistical fragility fitting at each damage 

state.   While concerns are often expressed about the validity of the performance points obtained by the scaling of 

ground motions, although common in research and practice, Vamvatsikos and Cornell (2002) have discussed the 

legitimacy of scaling.  It is noteworthy to mention here that for the IBs lacking box-like behaviour, the seismic 

performance assessment is carried out with respect to the IP and OOP behaviour, separately, highlighting the 

respective seismic capacity of the IP and OOP systems (see further in §3.2.7). 
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3.2.7 Step 7 – Fragility and Vulnerability Derivation 

Once the cloud of performance points (§3.2.6) and the threshold of damage states (§3.2.5.3) are available, several 

statistical models are available for the derivation of fragility functions: least square regression, generalized linear 

model etc. (see D’Ayala et al., 2015 for a summary of different models). Least squares regression is a widely used 

technique to estimate, for each damage threshold, the probabilistic relation between EDPs and IMs (e.g. Shome 

and Cornell, 1999; Cornell et al. 2002; Ellingwood and Kinali 2009; Ibarra and Krawinkler, 2005; Baker, 2015).  

In this study, the least square regression is used to estimate the fragility parameters (median and the standard 

deviation) at each damage state. 

From the fragility functions, vulnerability functions for the IBs are generated by computing the damage 

probabilities for each damage states at a given IM (i.e. PGA) level and then convolving with a consequence model 

(see Yamin et al. 2014; D’Ayala et al. 2015).  HAZUS (FEMA, 2012) consequence model for school occupancy 

class are used in this study, as a country-specific damage to loss functions for Nepalese LBM buildings has not been 

developed yet and the loss functions would be dependent on factors whose quantification is beyond the scopes of 

this study, such as the cost of materials, labour cost, policies etc. (see Hill and Rossetto 2008; Bal et al. 2008; 

D’Ayala et al. 2015 etc.).  While the author is aware of the limitations of such choice, the HAZUS consequence 

model has been used by other researchers for seismic loss assessment in developing countries, e.g. Pakistan 

(Ahmad et al., 2014), and can be used for comparison of relative vulnerability within the same scenario. 

For the IBs with global box-type behaviour, single global building-based fragility and vulnerability functions are 

derived.  However, for the IBs without box-type behaviour, fragility and vulnerability functions are first derived 

with respect to the IP and OOP directions, respectively, using the respective seismic performance assessment 

outputs.  These two vulnerability functions are finally combined based on their relative mass contribution in the 

building, to generate the global building level mean vulnerability function.  Details of the fragility and vulnerability 

evaluation methodologies are discussed in §7.3. 

3.2.8 Step 8 - Sensitivity Analysis 

The representation of the seismic behaviour and vulnerability of LBM buildings is highly affected by both the 

aleatory uncertainty (inherent randomness in the construction characteristics and material quality as well as the 

record-to-record variability in the seismic demand) and the epistemic uncertainties (imposed by the numerical 

modelling assumptions, lack of knowledge, e.g. in material characterization) (Parisi and Augenti, 2012; D’Ayala 

et al. 2015).  Both types of uncertainty affect the computed structural response as well as the resulting vulnerability 

characteristics of these buildings.  For example, material properties of masonry can vary greatly, with coefficient 

of variation (CoV) as high as 50% or more (Parisi and Augenti, 2012; Milosevic et al., 2013), being influenced by 

many factors such as the properties of units and mortar, masonry fabric, state of deterioration etc. Moreover, in 

the case of community-led informal construction, the uncertainty in the construction characteristics can be even 

greater.  A quantification of the effect of variation of the vulnerability parameters on the structural response and 

the resulting vulnerability is thus needed to validate and justify the need for a large number of IBs, each requiring 
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IB-specific detailed structural analysis and seismic vulnerability assessment.  Sensitivity analysis with respect to 

different vulnerability parameters is also important to verify the need for a taxonomy (§3.2.2) covering a wide 

range of parameters and their attributes.  Therefore, a sensitivity analysis is conducted for the brick masonry in 

cement mortar typology to understand and quantify the effect of different vulnerability parameters and their 

associated attributes on the collapse mechanism, seismic capacity and vulnerability functions.  This typology is 

chosen in this investigation as brick and cement mortar binder are preferred in LBM school construction in Nepal 

in recent years, following the 2015 seismic sequence, and therefore the results obtained can be of use in future 

applications.  One-at-a-time (OAT) method (e.g. see Pannell, 1997) of sensitivity analysis is followed i.e. only 

the attribute of a single relevant parameter is varied at a time, keeping all others constant at their baseline values. 

OAT method is a practical method for sensitivity analysis in this work due to the fact that the range of existence 

of the parameters is relatively easily identified (§3.2.2) and they are largely independent.  The benefit of this 

method is that the effect in the outputs (failure modes, capacity curves, fragility functions) are unambiguously due 

to the change in the attributes of the single parameter under investigation only.  Furthermore, the comparability 

of the results also increases, as the analysis is done with respect to the baseline values of the attributes, except for 

the one under consideration.  This method is also useful in determining issues with instability or convergence of 

numerical models: if they indeed occur, the cause can be immediately identified.  However, it is worth noting that 

this method doesn’t account for the interaction of the variability of more parameters (Czitrom, 1999). 

A total of 10 different models with different vulnerability parameters and the variation in their attributes (e.g. 

poor, low, medium and high cases of seismic design level) are considered in the sensitivity analysis and each model 

is subjected to the rigorous numerical analysis and seismic performance assessment.  It is worth noting that 

although the attributes of the taxonomy (§3.2.2) are mostly qualitative, these are converted to quantitative data 

to be used in numerical models (see details in Chapter 8).  As the index buildings selected in this study are not 

exhaustive covering all the range of variability in the construction characteristics of the different typologies of 

masonry school buildings (see §4.5.2), the methodology is concluded with a sensitivity analysis in order to 

understand and quantify the uncertainty due to the effect of variability associated with the construction 

characteristics of the LBM school buildings.  The outputs of the detailed sensitivity analyses help to identify the 

level of influence each taxonomy parameter has on the seismic response of LBM school buildings, which then 

informs the application of better and cost-effective intervention options to improve the seismic performance of 

these buildings.  Details of the sensitivity analysis are presented in Chapter 8. 

3.3 Conclusions 

The research methodology presented herein is developed based on the outcomes of the literature review 

summarised in §2.9 and addresses the gaps identified therein for developing a robust seismic vulnerability 

assessment methodology for LBM school building at a country level.  The methodology contributes to the key 
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technical component of the seismic risk reduction efforts on school infrastructure: the quantification of seismic 

capacity and vulnerability of different LBM school construction typologies.  

Instead of broad class-based typologies, this methodology allows to identify a number of independent typologies, 

differentiated by the attributes of several construction features, thereby reducing the uncertainty in their fragility 

and vulnerability functions.  This then informs the effective risk reduction planning for national school portfolio, 

by allowing the prioritised and incremental strengthening approach.  Although the proposed methodology is 

validated against the portfolio of Nepalese LBM school buildings, it can be applied to any country for the seismic 

vulnerability assessment of LBM school infrastructure, as long as the data on construction characteristics of school 

buildings are collected at required level such that the structural typologies and corresponding IBs can be defined. 

The proposed methodology also provides a reliable solution to deal with the OOP seismic behaviour of LBM 

structures lacking box-like behaviour, which is critical in such buildings.  The OOP behaviour and IP behaviour 

are dealt independently, and the results are combined to understand the global building level seismic vulnerability. 

The methodology contributes greatly to the framework of Global Program for Safer Schools (GPSS) of the Global 

Facility for Disaster Reduction and Recovery (GFDRR) which aims to reduce the natural disaster related risk to 

school infrastructure in developing countries (The World Bank, 2019).  Furthermore, the vulnerability results 

obtained in this thesis for several LBM school typologies are of great importance, not only in Nepalese context, 

but at the global level as similar school building types exist in other regions as well.  This is made easier by the use 

of the taxonomy string to tag a building, as this provides a global language for understanding the vulnerability 

information, regardless of the local notions. 

There are few limitations of the proposed methodology.  If the existing databases (e.g. collected by the ministry 

of education) are superficial with limited information on the construction characteristics, then the reliability of 

their structural classification and IBs characterization is questionable.  If there are no existing databases, it requires 

field data collection on several construction characteristics, which is highly resources and time consuming.  Also, 

trained structural engineers are required for the structural classification of the school buildings.  Although the 

methodology allows any simplified approaches to derive capacity curves for the use of non-linear static procedure 

for seismic performance assessment, the present methodology proposes to use a detailed element-by-element 

modelling approach for generating reliable capacity curves and collapse mechanisms of the LBM school buildings.  

Such detailed modelling requires expert knowledge of the masonry behaviour and the material characterization.  

Furthermore, such detailed modelling requires the characterization of several masonry material properties e.g. 

compressive strength, tensile strength, cohesion, coefficient of friction etc.  The values of these properties 

reported in literature present large uncertainty and scatter thus resulting in increased uncertainty in the fragility 

functions, unless in-situ tests on each masonry fabric type are carried out which is onerous. 

Following the methodology presented in this chapter, the next chapter (Chapter 4) presents the details of the 

structural taxonomy developed in this thesis and its application to the portfolio of Nepalese LBM school buildings 

in order to identified and characterize key index buildings.  Chapter 5 presents the AE modelling of different 

fabrics of masonry along with calibration and validation of the IP, OOP and global seismic behaviour of masonry 

walls in order to test the reliability and applicability of AEM to varied masonry fabrics.  Chapter 6 presents the 
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non-linear modelling and seismic analysis results for the Nepalese LBM school IBs in order to derive their capacity 

curves and collapse mechanisms.  Chapter 7 presents the seismic performance assessment and the derivation of 

seismic fragility functions and vulnerability functions for the IBs.  A detailed sensitivity analysis on one of the most 

common typologies i.e. brick in cement mortar masonry is also presented in Chapter 8.  Finally, Chapter 9 

presents the summary and conclusions of the works presented in this thesis.
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Chapter 4 

Structural Classification, Selection and 
Characterization of Index Buildings 

4.1 Introduction 

The seismic response of a building is not only dependent on the seismic intensity it experiences during a particular 

event but is equally dependent on its construction characteristics such as the main material of construction, the 

lateral load resisting mechanism, seismic design level, number of stories, quality of construction, among others.  

In rural, or even urban areas of developing countries, school building stock still contains a majority of community-

built non-engineered structures with modest technical input, using locally available materials and reflecting local 

construction traditions (e.g. Dixit et al., 2014). This is more common in case of LBM school buildings, than 

modern Reinforced Concrete (RC) and steel framed construction, also for the reason that LBM construction 

represents considerable proportion of the school buildings in developing countries such as Nepal, where more 

than 80% of school buildings belong to masonry construction (The World Bank, 2016). Furthermore, there is 

sufficient statistical evidence from past destructive earthquakes to conclude that existing LBM constructions 

(typically unreinforced and non-engineered) are more vulnerable than recent construction types such as RC and 

steel framed constructions (Coburn and Spence, 2006). However, newly built school buildings do not guarantee 

a better seismic performance if the seismic design codes have not been followed or if material quality and 

workmanship have been compromised, as evidenced in recent seismic events (e.g. Kaplan et al., 2004). Hence, 

reliance on age of the building is not sufficient; indeed, there is a need to explore in-depth a wider set of parameters 

representing the load bearing mechanisms, seismic enhancement elements, quality of workmanship and material 

quality of existing school buildings in order to categorize and rank different typologies with respect to their seismic 

vulnerability. 

Thus, to address the above issue and also following the discussion in §2.6, a comprehensive taxonomy tailored to 

school infrastructure is needed to classify and rank each school building in terms of its seismic performance.  This 

will help in increasing the efficiency in the overall process of seismic risk assessment and intervention prioritization 

at a country level and beyond. 

This chapter thus focuses on the development and application of a comprehensive building taxonomy for different 

construction types of LBM schools.  It is worth noting here that taxonomy for LBM schools presented herein is 

developed by the author as a contribution to a wider taxonomy, part of the Word Bank GLOSI initiative, which 

also includes other construction types such as RC construction (D’Ayala et al., 2020; The World Bank, 2019).  
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The taxonomy is developed based on the data and information on school buildings from different countries viz. 

Nepal, El Salvador, Peru and Kyrgyz Republic.  It is tailored to the construction characteristics of school buildings 

and the taxonomy parameters that form the classification systems are well defined and distinct with respect to the 

variations and the range of the attributes based on existing school buildings in the case-study countries.  The 

taxonomy ranks key vulnerability parameters by relative importance in defining and characterizing the seismic 

response.  Such a taxonomy also provides a common language for the seismic vulnerability and risk communication 

with respect to the school infrastructure, which allows exchange of vulnerability information on different school 

building typologies at global level. 

The taxonomy is applied to the portfolio of Nepalese LBM school buildings using the SIDA database (The World 

Bank, 2016) in order to identify main typologies and corresponding index buildings, in order to validate the 

methodology developed in Chapter 3.  The SIDA database includes detailed building level information on school 

buildings from the 14 most affected districts in the aftermath of the 2015 Gorkha earthquake.  Furthermore, as 

the survey was commissioned soon after the earthquake, it also collected the post-earthquake damage information 

at each building level.  In order to validate and complement the building level data in the SIDA database, a field 

survey was carried out by the author in April 2018. 

This chapter is organized as follows.  First, the details of the comprehensive taxonomy for LBM school buildings 

is presented.  Next, the SIDA data collection survey is reviewed in order to assess the level of details and the 

quality of data collected.  Within the same context, a summary of the field survey carried out in 2018 is also 

presented.  Finally, based on the SIDA survey database, the application of the taxonomy to the Nepalese LBM 

school portfolio is presented in order to identify main building types and the index buildings representative of each 

LBM typology which are subjected to detailed analytical seismic vulnerability assessment in this thesis.  

4.2 Taxonomy for LBM School Buildings 

This section presents the part of the taxonomy focusing on the LBM construction typologies, as the author 

contributed directly to the development of this part of the taxonomy.  The readers are referred to the GLOSI 

library (The World Bank, 2019) for a complete overview of the methodology and the comprehensive taxonomy 

that consists of major construction types of school buildings i.e. LBM, RC framed, steel framed constructions.  

The taxonomy parameters are the characteristics of a building structure that directly affect its seismic performance.  

Based on the available information on the construction characteristics of schools in four case study countries: 

Nepal, El Salvador, Peru and Kyrgyz Republic (see Adhikari and D’Ayala, 2017) and literature review (§2.4), 

twelve different taxonomy parameters affecting the seismic vulnerability of LBM school buildings are identified 

and included in the taxonomy, as listed in Table 4-1 along with a brief description of each parameter. The 

parameters and their attributes are presented in further detail in sub-sections §4.2.1 to §4.2.12.  Although further 

discussion on other construction types is not relevant to the work in this thesis, it is worth mentioning that the 
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parameters are chosen to be equally applicable to other construction types such as RC schools, with few variations 

to address the difference between frame and load-bearing wall systems (The World Bank, 2019). 

Table 4-1.  Taxonomy parameters for LBM buildings in the taxonomy. 

 
S.N. Taxonomy Parameter Description 
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 1 Masonry typology 

Deals with the main construction materials, masonry fabric 

type and lateral load resisting system 

2 Height range 

Deals with the number of stories in the structure.  Controls the 

dynamic response of the structure and its vibration modes and 

periods 

3 Seismic design level 

Deals with the quality of construction materials, level of 

workmanship, structural detailing and the inclusion of seismic 

enhancement measures 

Se
co

nd
ar

y 
P

ar
am

et
er

s 

4 Diaphragm type 
Deals with the roof/floor diaphragm behaviour (connection to lateral load 

resisting system and horizontal flexibility) 

5 Structural irregularity  
Deals with the abrupt changes in strength or stiffness in plan as well as 

elevation 

6 Wall panel length 
Deals with the unrestrained length of a wall panel between two cross-

walls/buttresses/confining elements in LBM construction 

7 Wall openings 
Deals with the size and number of openings within a typical wall panel in 

LBM construction 
 

8 Foundation type 
Deals with the material and type of foundation structure as well as the site 

soil type 

9 Seismic pounding risk 
Deals with the susceptibility to damage due to the different vibrational 

characteristics of adjacent buildings 

10 Effective seismic retrofitting Deals with the history of effective retrofitting on the structure (if any) 

11 Structural health condition 
Deals with the condition of the building in terms of structural damage or 

deterioration 

12 Non-structural components  Deals with the vulnerability/hazardousness of non-structural components 

 

Based on the importance with respect to the seismic performance and level of effort required in the data collection, 

the taxonomy parameters are grouped into following two classes:  

a) Primary parameters 

b) Secondary parameters 

The primary parameters (in bold in Table 4-1) are the main parameters that highly affect and govern the expected 

seismic behaviour of a school building.  These are:  masonry typology, height range and seismic design level.  The 

masonry typology defines the main material and load resisting system covering the fundamental aspects of the 

expected seismic behaviour such as the stiffness, lateral strength and capacity to deform into the inelastic range, 

better known as the ductility of the system.  The height of the building controls the vibrational characteristics of a 

building, with taller buildings being increasingly more vulnerable.  Finally, the seismic design level encompasses 

the quality of construction materials, level of workmanship, structural detailing and integrity of the structural 

elements in the construction of the building in terms of earthquake resistance.  

The secondary parameters are a group of characteristics that have a key role in modifying the usual expected 

behaviour of a building that is already identified by the three primary parameters.  These are: diaphragm type, 
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structural irregularity, wall panel length, wall openings, foundation type, seismic pounding risk, effective seismic 

retrofitting, structural health condition and non-structural components.  The primary and secondary parameters 

collectively define the complete taxonomy of a building. 

4.2.1 Masonry Typology 

In LBM constructions, the unit type (e.g. stone, bricks, concrete blocks), binding agent (e.g. mud mortar, cement 

mortar) and the resulting masonry bond pattern greatly affect the seismic performance (e.g. see D’Ayala, 2008 

and the discussion in §2.2). Thus, the masonry typology is selected as the foremost parameter of the taxonomy, 

given its most significant influence on the seismic behaviour.  This parameter determines the integrity of the 

structural elements, their stiffness, strength and their primary damage behaviour, i.e. brittle or ductile.  In modern 

masonry constructions, the seismic performance is enhanced using internal reinforcements (reinforced masonry) 

or confining elements (confined masonry).  Both bricks and concrete blocks have regular rectangular shape and 

size, thus these two are collectively known as rectangular blocks unlike stone units which often have variation as 

indicated in Table 4-2. 

The possible attributes for the masonry typology parameter are shown in Table 4-2, each defined in the text that 

follow. 

Table 4-2.  Attributes for masonry typology. 

Taxonomy parameter Attributes Commentaries 

Masonry typology 

A - Adobe 

 

UCM-URM - Unconfined/Unreinforced Masonry  

UCM-URM1 - Dry stone masonry 

UCM-URM2 - Rubble stone in mud mortar masonry   

UCM-URM3 - Dressed stone in mud mortar masonry     

UCM-URM4 - Rectangular block in mud mortar masonry     

UCM-URM5 - Rubble stone in cement mortar masonry   

UCM-URM6 - Dressed stone in cement mortar masonry      

UCM-URM7 - Rectangular block in cement mortar masonry     

 

CM - Confined masonry with rectangular block in cement mortar 

 
RM - Reinforced masonry with rectangular block in cement mortar 
 
SFM – Light Steel Frame with LBM walls  

SFM1 - Light steel frame with stone in mud mortar wall 

SFM2 - Light steel frame with rectangular block in mud mortar wall 

SFM3 - Light steel frame with stone in cement mortar wall 

SFM4 - Light steel frame with rectangular block in cement mortar wall 

        SFM5 - Light steel frame with confined masonry wall 

        SFM6 - Light steel frame with reinforced masonry wall 

  

 

Description of 

each attribute is 

given in the text 

following the 

table  

 

 

 

 

  

A – Adobe 
These are generally unreinforced LBM buildings having adobe units (sun-dried mud bricks) with mud mortar walls 

as the main lateral load resisting system (World Housing Encyclopedia, n.d.). 
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UCM-URM – Unconfined Unreinforced Masonry 
These are LBM buildings with unconfined/unreinforced masonry walls as the main lateral load resisting system.  

As the existing UCM-URM school buildings have different unit-mortar combinations (Adhikari and D’Ayala, 

2018), it is further sub-divided into different typologies (see Table 4-2) as different masonry fabric type affects the 

seismic performance of LBM buildings. 

CM – Confined Masonry 
These are confined masonry school buildings in which the masonry walls are confined with lightly reinforced RC 

columns and beams (known as tie-columns and tie-beams) of relatively small cross-section for improving the 

integrity of the walls (e.g. see Meli et al., 2011). Generally, the seismic performance is better than that of A or 

UCM-URM because of the improved integrity and ductility due to the presence of RC tie-elements. 

RM – Reinforced Masonry 
These are LBM school buildings which have reinforced masonry walls of concrete block units in the main lateral 

load resisting system (e.g. see Taly, 2010).  In general, this construction type has better seismic performance than 

A, URM-URM or CM constructions since the integrity and ductility is greatly improved because of closely spaced 

vertical and horizontal reinforcements through the masonry walls. 

SFM – Steel Framed Masonry 
This construction type of school buildings has light steel framed structure with LMB walls (e.g. see NSET, 2000).  

Generally, the light steel frame is provided to support the roof structure.  As the LBM walls can vary from stone 

masonry to brick masonry (Adhikari and D’Ayala, 2018) and unreinforced to reinforced (The World Bank, 2019), 

SFM construction type is further sub-divided into a number of categories (see Table 4-2) depending on the type 

of LBM walls. 

As seen, there are no further sub-division of the CM and RM categories because the experience and evidences in 

different countries e.g. El Salvador (The World Bank, 2019), Dominican Republic (The World Bank, 2021) and 

Indonesia (Rossetto et al., 2019) shows that the masonry fabric in these constructions do not vary i.e. clay bricks 

in cement mortar in CM construction and concrete blocks in cement mortar in RM construction. 

4.2.2 Height Range 

Building height is an important characteristic of a building controlling the dynamic behaviour during earthquake 

ground motions.  The number of stories affects the vibrational modes and periods of a building under earthquake 

excitations.  Under similar design and seismic intensity, high-rise buildings, being more flexible, are subjected to 

more deformation and higher modes come into play during seismic excitation.  LBM school buildings are mostly 

single storied while few 2 – 5 stories masonry school buildings are also present, especially in urban areas.  For 

example, in Nepal, almost 90% of the LBM schools in the mountainous districts are single-storeyed.  In order to 

develop a uniform classification system and since single storied buildings are distinct to multi-storied buildings in 

terms of experienced demand and seismic damage (e.g. see Heresi and Miranda, 2019), this study categorizes 

LBM buildings into low-rise (single-storeyed), mid-rise (2 – 3 stories) and high-rise (4+ stories) (Table 4-3). 
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Table 4-3.  Attributes for height range. 

Taxonomy parameter Attributes Commentaries 

Height Range 

LR() - Low Rise  

MR() - Mid Rise  

HR() - High Rise  

- LR: single story 

- MR: 2 to 3 stories 

- HR: 4+ stories 

 

Exact number of stories to be given in brackets (). 

4.2.3 Seismic Design Level 

As discussed in §2.4.2, seismic design level of a building structure highly affects its seismic performance.  In the 

present classification systems, the seismic design level of a building structure represents the level of connectivity 

within the individual elements and integrity of the overall structure which are often prescribed in seismic design 

codes (e.g. NBC 203 2015) as fundamental to attain a given level of seismic capacity.  Different attributes for 

seismic design levels (i.e. poor, low, medium and high) along with their description are summarized in Table 4-4.  

Please note that the definitions of different seismic design levels in Table 4-4 are with respect to unreinforced 

masonry construction.  For more discussion on the definitions of seismic design levels on other masonry typologies 

i.e. CM and RM, the reader is referred to the GLOSI library (The World Bank, 2019) and Parammal Vatteri and 

D’Ayala (2021) 

Table 4-4.  Attributes for seismic design level. 

Taxonomy parameter Attributes Commentaries 

Seismic design level 

PD - Poor design  

LD - Low design  

MD - Medium design  

HD - High design  

- PD: there are none of the seismic enhancement measures 
 

- LD: there are minor seismic enhancement measures (i.e. 

through stone, corner stone or ties) mainly at wall level (see 

Figure 4-1) 
 

- MD: there are minor (e.g. through stone, corner stone or ties) 

and few major seismic enhancement measures (i.e. buttresses, 

lintel band above openings) 
 

 - HD: there are all the forms of minor (i.e. corner quoin, 

through stone) and major seismic enhancement measures (lintel 

band above openings, roof band, gable band, intermediate ties) 

(see Figure 4-2) 
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Figure 4-1.  Code recommended detailing at joints: (a) stone masonry and (b) brick masonry wall constructions 

(NBC203: 2015). 

(a) 

(b) 
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Figure 4-2.  Horizontal bands recommended in NBC203: 2015. 

In the case of unreinforced LBM construction, even when a building does not explicit follow seismic code 

provisions and the construction is carried out by local masons, it is considered as a well-designed structure if it 

meets the following conditions:  it has good workmanship in the construction of individual walls and the walls are 

properly connected to each other so as to enforce a global box-like behaviour.  Good seismic design at wall level 

includes the provision of strong type of masonry bond pattern, provision of proper connection between wall leaves 

e.g. by using through elements in stone masonry (D’Ayala, 2008).  Similarly, the quality of seismic design at global 

level includes good connection between the walls with the use of quoins/corner stones or vertical reinforcements 

at the cross-wall corners, using seismic bands such as sill bands, lintel bands and floor bands (Bothara, Ingham and 

Dizhur, 2018). In case of CM buildings, the density of confining elements affects the seismic performance.  For 

example, in CM school buildings in El Salvador, the density of RC confining element is very good and is applied 

around the openings as well; while in India and Indonesia, this school construction type in many cases have poor 

level of confinement and often lacks the same around the openings (see Rossetto et al., 2019).  Various 

construction types of CM buildings from different countries and associated seismic design levels are discussed in 

detail in Parammal Vatteri and D’Ayala (2021). Similarly, in RM buildings, the layout of reinforcement (whether 

it is horizontal only, vertical only or both) and the density of reinforcement (size and spacing of reinforcement) 

affects the seismic design level.  As these details are hard to be detectable from a visual inspection, these need to 

be collected from the structural drawings if available, or rebar detectors can be used to detect the layout of 

reinforcement in existing buildings. 
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Very often, the date of construction is used as a proxy for the seismic design level, by considering it as an indication 

of the seismic design codes in force in the country at the time the building was built.  As seismic codes’ provisions 

have improved with time, it is generally assumed that more recent buildings will have better seismic design and 

therefore will perform better than older buildings.  But the year of construction is not always a reliable indicator 

of actual seismic design level applied in the building construction.  During 2003 Bingöl earthquake, many of the 

newly built RC school buildings, constructed within 5 years from the release of the new Seismic Turkish Code in 

1997, were heavily damaged because the code was not effectively enforced in the construction of these schools 

(Kaplan et al., 2004).  Furthermore, the quality of materials was also compromised. 

In the case study countries, many older LBM school buildings in constructions exist, which were not designed to 

resist seismic loading (e.g. in Nepal) or were designed following earlier seismic design codes.  However, some of 

the local seismic enhancement measures (e.g. through stones, bands and laces of timber elements as recommended 

in NBC 203: 2015) have been included in these older constructions in many cases, which should be accounted for 

in the assessment of the seismic design level.  Moreover, in countries such as Nepal or Perú, it has been found that 

school buildings from past decades were mostly constructed by the local communities, without adhering to the 

seismic codes or guidelines even when they were available in the country (Dixit et al., 2014; Yamin et al., 2015).  

For example, in Nepal, about 70% of the total school facilities are built by local communities (The World Bank, 

2016).  Thus, several factors such as the designer and contractor (e.g. government, community, private contractor 

etc.), code enforcement capacity in the country, workmanship and level of quality control during construction 

influence the seismic design level and should be assessed prior to assigning a design level class to a specific building.  

Notion of the seismic building culture of the country and its evolution are also essential e.g. low design for a country 

could be medium design for another.  In the present study, the level of seismic design (Table 4-4) are defined based 

on the construction features of the building, irrespective of the region-specific notions of seismic design levels 

defined in local seismic design codes. 

4.2.4 Diaphragm Type 

Since the floors and roof are key horizontal components which transfer the seismic load to the vertical load resisting 

elements.  As discussed in §2.4.3, the in-plane stiffness and level of connection of the horizontal structure plays 

an important role in controlling the global box-type seismic behaviour of LBM buildings. 

If the floors/roof have significant in-plane stiffness, several times greater than the lateral stiffness of the vertical 

resisting system and are properly connected to the vertical load resisting elements, it can be assumed that the 

lateral displacement at the floor/roof level is constant for all structural elements connected to that floor level.  

This in turns provide a more even distribution of the lateral forces among all structural elements in proportion of 

their stiffness, and hence the structures are best suited to resist the lateral forces and have a robust behaviour.  

Such types of floors/roof structures are referred to as rigid diaphragms and they are realized by building reinforced 

concrete (RC) slabs.  Moreover, stiffened floors and roof of braced timber or steel structures also provide 
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sufficiently stiff diaphragm action for effective distribution of lateral loads (Senaldi et al., 2014). In this taxonomy, 

RC slab as well as braced timber or steel structures are categorized as rigid type diaphragm. 

On the other hand, a light floor/roof structure without bracing and with poor connection to the lateral load 

resisting elements (e.g. Figure 4-3) is unable to impose a uniform lateral displacement at the floor/roof level and 

hence the building lack box-like behaviour during earthquakes (Tomaževič et al., 1991; Magenes et al., 2014; 

Senaldi et al., 2014; Vintzileou et al., 2015).  Such types of floors and roof structure which do not provide or 

impart minimal diaphragm action are categorized as flexible diaphragms.  The attributes of the diaphragm type are 

listed in Table 4-5. 

 
Figure 4-3.  An LBM school building having a light roof structure with unbraced timber joists. 

Table 4-5.  Attributes for diaphragm type. 

Taxonomy parameter Attributes Commentaries 

Diaphragm type 
FD: Flexible diaphragm 

RD: Rigid diaphragm 

A rigid diaphragm should have: 

 

1. Floors/roof structure with sufficient in-plane stiffness 
such as: 

• RC flat slab 

• Reinforced brick concrete (RBC) slab e.g. see IS 
10440: 1983 

• Conventional slabs supported with concrete joists  

• Composite (steel and RC) deck 

• Braced timber or steel framework 
 

2. Good connection of the floors/roof to the lateral load 
resisting system such as: 

• Monolithically connected to the walls or columns 
and beams with proper anchorage (e.g. tied with 
the reinforcing bars) 
 

- If a floor/roof structure does not meet both of the above-

mentioned criteria, it is considered to be a flexible 

diaphragm.   
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4.2.5 Structural Irregularity 

Structural irregularities (horizontal, vertical) tend to make structures more vulnerable than simple and regular 

structures.  Horizontal (plan) irregularity describes the building’s irregular (e.g. rectangular long, T-, C- or H-

shaped) footprint or unsymmetrical positioning of lateral load resisting elements, whereas vertical irregularity 

includes the variation in story height or mass or stiffness over the building height.  If the building plan shape is 

irregular or longer in one direction or openings are distributed unevenly, it experiences torsional effects and hence 

increased shear during seismic loadings (Bothara et al, 2002; Erberik, 2008).  Different types of combination of 

irregularities and their consideration as the attributes of the structural irregularity parameter are summarized in 

Table 4-6. 

Table 4-6. Attributes for structural irregularity. 

Taxonomy parameter Attributes Commentaries 

Structural irregularity  

NI - No irregularities  

HI - Horizontal  

VI - Vertical  

HV - Both Horizontal 

and Vertical 

HI might include: 

-Long plan 

-Torsional irregularity 

-Re-entrant corner 

-Diaphragm discontinuity  

-OOP offset 

-Non-parallel system 

VI might include: 

-Soft storey 

-Weak storey 

-Mass Irregularity 

-Vertical geometric irregularity 

-In-plane discontinuity in 

lateral load resisting elements 

4.2.6 Wall Panel Length 

In LBM buildings, wall panels are susceptible to OOP damage under seismic loading as their vulnerability is 

directly proportional to the unrestrained length.  This is mainly due to the two-way bending the walls are subjected 

to as well as the low moment of resistance (i.e. flexibility) along the OOP direction (Murty, 2003; Abrams et al., 

2017).  For example, in the 2008 Wenchuan earthquake, main building of a primary school collapsed, while the 

adjacent dormitory of the same construction type, which had smaller rooms with more cross walls survived the 

earthquake (Rodgers, 2012). 

Masonry walls are generally restrained by cross-walls or buttresses.  Several studies and seismic design codes have 

suggested a limit on the permissible length as a function of thickness of the URM walls i.e. usually less than 12 

times the wall thickness (e.g. NBC 203, 2015).  Thus, the unrestrained wall panels are categorized into two types: 

long panel and short panel (see Table 4-7).  In stone masonry school buildings, the walls are generally thick (more 

than 400 mm with two to three leaves) hence the walls are usually short panel in length, but in brick masonry 

construction where the thickness is generally low (250 mm to 375 mm), similar lengths of walls make them long 

panels.  However, attention needs to be paid as to how good is the connection of the leaves of walls across the 

thickness for multi-leaf stone masonry walls.  Indeed, if the wall is multi-leaf and adequately spaced through 

elements are not present, then the wall slenderness should be computed with reference to one leaf only, not the 

whole thickness of the wall. 
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Table 4-7. Attributes for wall panel length. 

Taxonomy parameter Attributes Commentaries 

LBM: Wall panel length 
SP - Short Panel   

LP - Long Panel 

If the wall length is less than 12 times the wall 

thickness, it is an SP, otherwise LP. 

4.2.7 Wall Openings 

The size, number and distribution of openings in masonry walls largely affect the seismic behaviour of an URM 

building, as it determines the shape and size of piers and spandrels and their relative stiffness and capacity (e.g. Liu 

and Crewe, 2020). The presence of openings in an LBM wall reduces the IP capacity and stiffness and causes 

damage concentration in the areas around openings.  Large openings also result in weak and slender spandrels.  

Openings in a wall cause the easier development and propagation of diagonal shear cracks and this effect is more 

pronounced when the openings are of different size and irregular distribution (Augenti and Parisi, 2010). An 

irregular distribution of openings often induces concentration of drift demands and damage in particular regions 

of the wall which causes an increased seismic vulnerability, as observed in past earthquake damage surveys, for 

instance, conducted by Decanini et al. (2004) (2002 Molise earthquake); Kaplan et al. (2008) (2007 Cameli 

earthquake); D'Ayala and Paganoni (2011) (2009 L’Aquila earthquake) and experimental studies (e.g. Paquette 

and Bruneau, 2003; Bothara et al., 2010).  To limit the seismic damage, openings need to be located at a specified 

minimum clear distance from the ends and top of the walls and if unavoidable, should be reinforced (Bothara et 

al., 2002). 

In this taxonomy, the openings are considered to be either small or large opening.  The opening is small if the 

combined width of the openings on a wall between two consecutive cross walls is less than 50% of the wall length 

and it is large when it is equal to or more than 50% of the wall length.  This choice is based on the analysis of the 

opening characteristics in the school buildings from case study countries.  Table 4-8 summaries the attributes for 

this parameter. 

Table 4-8.  Attributes for wall openings. 

Taxonomy parameter Attributes Commentaries 

LBM: Wall openings  
SO - Small Openings 

LO - Large Openings 
 

- If the opening width in a wall between two 

consecutive cross walls is less than 50% of the wall 

length, it is considered a SO; otherwise LO. 

4.2.8 Foundation Type 

The type of foundation influences the seismic performance of a building by controlling the settlements, cracking, 

deformations and overturning at the base of the main lateral load resisting systems.  In fact, all the foundation 

structures have some flexibility.  Depending on the foundation structure, depth and the underlying soil properties, 
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a foundation structure can be categorized as flexible or rigid compared to the flexibility of superstructure. A rigid 

type of foundation usually prevents large foundation deformations as well as anticipated failures.  On the other 

hand, flexible foundations contribute to the horizontal deformations of the building generating possibility of 

anticipated failures both at the foundation level and in upper structural elements.  

Masonry walls usually have stepped stone masonry or brick masonry strip type foundation below the ground level 

(see Figure 4-4).  Table 4-9 summaries the types of foundations that are usual in LBM school buildings. 

 
Figure 4-4.  Foundation provisions for load bearing masonry buildings in Nepal (NBC 202: 2015). 

Table 4-9. Attributes for foundation type. 

Taxonomy parameter Attributes Commentaries 

Foundation type 
FF - Flexible foundation  

RF - Rigid foundation 

The foundation type depends on two main factors. 

1. The foundation details: materials, structure and 

depth below the ground level. 

• The material can be RC, brick masonry, 

stone masonry or dry-stone masonry 

• The structure type is usually strip footing 

below the walls. 

• Foundation depth can be shallow or deep. 

2. The soil type in the site which can be soft, 

medium or hard type. 

 

The combination of these two factors decides the 

type of foundation. 

For example a 1 m deep strip type foundation made 

of brick masonry work in hard rock site is considered 

as a rigid type foundation. 
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4.2.9 Seismic Pounding Risk 

Seismic pounding occurs when two adjacent building having different vibration characteristics collide with each 

other during earthquakes.  Although this is not a significant issue in case of low-rise building structures, if the gap 

between the buildings is very small, it can cause damage to non-structural or even to structural elements of 

buildings due to hammering.  The minimum gap recommended by FEMA (FEMA 273, 1997) and other codes is 

at least 4% of the building height.  The attributes for this parameter are given in Table 4-10. 

Table 4-10.  Attributes for seismic pounding risk. 

Taxonomy parameter Attributes Commentaries 

Seismic pounding risk 
PR - Pounding risk  

NP - No pounding  

Seismic gap between buildings at least 4% of the 

critical height.  Critical height is the height of the 

shorter building where the expected collision occurs. 

4.2.10 Effective Seismic Retrofitting 

Effective seismic retrofitting is a process of strengthening a building structure in terms of stiffness, strength and/or 

ductility, by which its seismic resistance is increased.  Seismic strengthening can be mainly categorized into two 

types: strengthening of vertical load resisting system and strengthening of horizontal structures.  The strengthening 

of vertical load resisting elements includes the different measures to increase the stiffness, strength, ductility etc. 

of the vertical members such as walls or frames or improving the connections among the vertical load resisting 

elements.  An example of such interventions is the ferrocement jacketing of LBM walls.  On the other hand, the 

strengthening of horizontal structures includes the in-plane stiffening of floors/roof as well as the improvement 

of connection of these to the vertical load resisting system.  These retrofitting interventions can improve the 

seismic performance of poorly designed school buildings in the future earthquakes.  For example, few old LBM 

school buildings retrofitted with ferrocement jacketing technique in Nepal survived without any noticeable damage 

during the 2015 Gorkha earthquake (Dixit et al., 2018). Unfortunately, the retrofitting of school buildings is not 

common in developing countries like Nepal.  As the retrofitting work is usually covered, e.g. with plaster, it is 

often necessary to enquire the school administrators to know more about the seismic retrofitting history on the 

school building. 

The attributes for this parameter are either original structure or retrofitted structure as shown in Table 4-11. It is 

noted here that the seismic design level (§4.2.3) of such buildings is assigned considering the condition after the 

retrofitting. 

Table 4-11.  Attributes for effective seismic retrofitting. 

Taxonomy parameter Attributes Commentaries 

Effective seismic retrofitting 
OS - Original structure  

RS - Retrofitted structure  

-If a building has been retrofitted effectively so 

that the seismic behaviour has been improved 

considerably with respect to its original situation, 

it is a retrofitted structure (RS).  Minor non-

structural improvements and/or maintenance do 

not make a building a retrofitted structure. 
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4.2.11 Structural Health Condition 

Structural health condition describes a building’s current physical condition with respect to the material quality, 

deterioration and existing damages in the structure.  Masonry materials such as brick and mortar can deteriorate 

over time.  Similarly, steel reinforcement bars in confined, reinforced masonry or reinforced concrete structures 

may get corroded or exposed over time due to the disintegration of the concrete cover.  Existing damages (e.g. 

building out of plumb, delaminated walls, corner separation, cracks in the walls etc.) contribute more to the 

seismic vulnerability of a building.  The state of structural health condition significantly affects the lateral seismic 

resistance of LBM buildings (e.g. see Adhikari and D’Ayala, 2020). Based on these analyses, buildings can be 

categorized in terms of the health condition as good, fair or poor (see Table 4-12). 

Examples of factors that determine the structural health condition for LBM buildings are: 

• State of deterioration of materials (units and mortar) that affect the material properties of masonry 

• Deteriorated connections among structural and non-structural elements (e.g. between walls and 

floors/roofs, between roof structure and roof covering tiles/sheets) 

• Exposed reinforcement bars or corrosion in the reinforcement bars in RM or CM constructions 

• Existing structural damages (cracks in the walls, beams, columns, corner separation of walls, tilted 

building/walls etc.) 

Table 4-12.  Attributes for structural health condition. 

Taxonomy parameter Attributes Commentaries 

Structural Health Condition 

PC - Poor Condition 

FC - Fair Condition 

GC - Good Condition 

- Engineering judgement is required to 

categorise a building into PC or GC type. 

4.2.12 Non-Structural Components 

In school buildings, several forms of non-structural components such as gables, parapets, heavy roof covering (e.g. 

tiles), in-class furniture may impose special vulnerability conditions during earthquakes.  If not secured properly, 

heavy masonry gables are one of the most vulnerable non-structural components as they act like cantilever walls 

and are subjected to amplified acceleration (Bothara et al., 2010).  Also, proper tying of the roof tiles to the purlins 

greatly reduces the vulnerability roof tiles during a seismic event (Bothara et al., 2010).  Unsecured furniture, 

blackboards, covers, partitions, equipment, pipes, installations or windows can topple down during earthquakes 

and thus can be harmful to the building occupants.  

The number, location, self-weight and connection details of various non-structural elements maybe assessed 

collectively, and the building can be rated as vulnerable or non-vulnerable with respect to non-structural elements 

depending on the collective severity (Table 4-13). 
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Table 4-13.  Attributes for non-structural components. 

Taxonomy parameter Attributes Commentaries 

Non-Structural 

Components 

VN - Vulnerable 

NN - Non-vulnerable 

-It refers to components whose vulnerability can 

produce economic losses or human casualties such as 

parapet, ceiling, roof tile, non-structural infill walls.  

This parameter is rather qualitative, and the selection 

of associated attributes depends on the assessment of 

all the non-structural components with respect to the 

location, self-weight, connection to the main 

structural elements. 

4.3 Application Examples and Validation of the Taxonomy 

Table 4-14 presents the application of the taxonomy to LBM school buildings from different countries across the 

world.  Note that these photographs are collected by the author during field visit to different countries.  As per 

this taxonomy, each building is identified by a unique 12-parameter string.  Comparison of the taxonomy strings 

readily allows to identify similarities as well as differences in the construction characteristics.  As seen in Table 

4-14, in terms of the masonry typology, it varies from unreinforced construction with stone or bricks in mud 

mortar (e.g. UCM-URM2 and UCM-URM4) in Nepal to confined (CM) and reinforced masonry (RM) 

construction in El Salvador or Dominican Republic.  In terms of seismic design level, it varies from community-

led non-engineered construction (e.g. LD in Nepal) to modern code conforming schools (e.g. HD in El Salvador).  

It is noteworthy that the level of confining elements in the CM construction in different countries is different, 

affecting the seismic design level e.g. the density and connection of confining elements provided in CM schools in 

El Salvador is much better than those in Indonesia, see further in Parammal Vatteri and D’Ayala  (2021).  In terms 

of roof structure, most of the single-storied LBM constructions worldwide have gable type roof with light steel or 

timber structure without bracing and proper connection to the LBM walls i.e. flexible diaphragm (FD) type.  The 

attributes for wall opening in LBM schools (i.e. small opening and large opening and criteria presented in Table 

4-8) also applies well to the schools from across the world since the width of opening distributions are centred 

around 50% of the wall panel length.  Most of the LBM schools are not seismically retrofitted (i.e. OS) apart from 

few localized cases e.g. in Nepal.  These examples show that the taxonomy is applicable to a range of LBM 

constructions with immediate identification of similarity and differences in the vulnerability parameters.  Further 

validation of the taxonomy and significance of the attributes of different parameters is presented in Chapter 7 via 

a detailed sensitivity analysis. 
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Table 4-14.  Application of the taxonomy to LBM school buildings from different countries. 

Country School building Taxonomy string 

Nepal 

Rubble stone in mud mortar masonry 

 

UCM-
URM2/LR(1)/LD/FD/NI/SP/SO/RF/NP/OS/PC/VN  

Brick in mud mortar masonry 

 

UCM-
URM4/MR(4)/MD/RD/HV/LP/LO/RF/NP/RS/PC/VN 

El Salvador 

Reinforced masonry 

 

RM/LR(1)/HD/FD/NI/SP/LO/RF/NP/OS/GC/NN 

Confined masonry 

 

CM/LR(1)/HD/FD/NI/SP/LO/RF/NP/OS/PC/NN 

Dominican 
Republic 

Reinforced masonry 

 

RM/LR(1)/MD/FD/NI/SP/LO/RF/NP/OS/PC/NN 

Indonesia 

Confined masonry 

 

CM/LR(1)/LD/FD/NI/LP/LO/RF/NP/OS/GC/VN 
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4.4 Definition and Identification of Index Buildings 

Following the taxonomy presented in §4.2, a building type represents a broad class of buildings having distinct 

attributes of the primary parameters but all the possible variations in the attributes of the secondary parameters 

such as diaphragm type, structural irregularities, wall panel length.  Identification and selection of the 

representative attributes of the secondary parameters then result in one or more index buildings (IBs) for a building 

type, the detailed seismic analyses of which collectively define the seismic performance of the building type.  Thus, 

an IB is a representative model of a building type which has specifically assigned attributes for all the twelve 

taxonomy parameters. 

It is important to note that the determination of a set of index buildings for a particular country or region is the 

result of the detailed data collection survey and taxonomy parameter screening, i.e. it is not pre-codified, even 

though for the definition and selection of relevant parameters and their attributes, prior knowledge and literature 

needs to be carefully examined. 

 

 

Figure 4-5.  Taxonomy parameters and general schema for the generation of IB catalogue. 
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Figure 4-5 presents the general strategy for defining index buildings.  Apart from primary and secondary 

parameters which are already dealt in §4.2, another set of parameters called intrinsic parameters is introduced here.  

These parameters deal with the intrinsic characteristics i.e. dimension, geometry, internal reinforcement details 

of structural elements as well as the material characterization.  These details are required for the complete 

definition of the IB for developing reliable numerical models for consequent seismic performance and vulnerability 

assessment.  In this thesis, most of these intrinsic parameters are obtained from the SIDA database (§4.5) and the 

data collected from the field visit carried out in 2018 (§4.5.1), while the material properties are established from 

the literature, as discussed further in Chapter 6. As seen in Figure 4-5, the IBs are defined primarily based on the 

building types i.e. the most probable combinations of the attributes of the primary parameters.  The attributes for 

the secondary parameters are selected as the most representative attributes in the school building portfolio.  The 

choice of attributes of the secondary parameters also depends on the distribution of the attributes or the relative 

weight of each attribute on the structure’s vulnerability, thus sometimes resulting in multiple IBs for the same 

building type.  For example, if 90% of the building portfolio has flexible type roof diaphragm, the importance of 

the other 10% buildings with rigid type diaphragm (less vulnerable) becomes negligible in the IB categorization 

stage.  But if the distribution of rigid type and flexible type diaphragm is 50% - 50%, then it becomes necessary 

to define two separate IBs related to the diaphragm type parameter.  Thus, engineering judgement is required at 

this stage. 

4.5 Review of SIDA Survey of Nepalese LBM School Building 

After the 2015 Gorkha earthquake, a data collection survey (The World Bank, 2016) of public-school buildings in 

the 14 most affected districts (see Figure 4-6) was conducted from 2015 to 2016 in two phases with the technical 

assistance of the Global Program for Safer School (GPSS) of the World Bank (The World Bank, 2019).  Civil 

engineers trained for the purpose were employed to conduct the data collection.  The SIDA survey collected data 

at building level for 5,751 school compounds (Figure 4-6) in the central part of the country, covering both the 

rural (e.g. Sindhupalchowk) and urban (e.g. Kathmandu) districts.  Therefore, the collected data can represent 

well the nation-wide distribution of LBM school construction types in Nepal.  In total, data on 17,698 individual 

buildings were collected, of which 80% belong to LBM constructions, summing up to a total of 45,111 classrooms 

(The World Bank, 2016). 

The data collected by the SIDA survey include constructor information, construction year, plan and elevation 

geometry, gap between adjacent buildings, structural irregularities, load bearing wall type, building height, floor 

and roof structure and their connections, foundation details, wall panel lengths, wall opening details, non-

structural elements, seismic enhancement measures, previous retrofitting intervention if any and existing damage 

in the buildings due to the 2015 seismic sequence. For each building, the database includes several photographs at 

building and structural element level, hand-drawn sketches of plan and elevation along with dimensions.  Thus, 

although reliable and sufficient information was collected for each school building allowing the definition of 
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relevant index buildings for each typology, the information in the database is not sufficient for the element-by-

element numerical model development of the index buildings.  The detailed level of information on the intrinsic 

characteristics of the buildings i.e. material properties, size of units, mortar thickness, level of connections 

between the walls, not available from the SIDA survey, was collected during a separate survey, carried out in the 

context of this research in April 2018.  This also served the purpose of verifying the information contained in the 

SIDA database, by random checking of few school compounds.  The outcomes of this second survey are described 

in §4.5.1. 

 
Figure 4-6.  Map showing the categorization of 31 earthquake-affected districts (NPC, 2015).  The 14 districts 

included in the SIDA survey are ‘Severely Hit’ and ‘Crisis Hit’ categories. 

4.5.1 Field Survey 2018 

In order to validate and complement the data available at school and building level in the SIDA database, in April 

2018, a field survey was carried out by the author in Bhaktapur, Lalitpur and Kavre districts (Figure 4-7) during 

which a total of 12 school compounds were visited.  The first two districts lie in the Kathmandu valley, 

characterised by high population density and urban setting, while Kavre is a rural district.  In the schools visited in 

the Kathmandu valley, the main typologies were brick masonry (UCM-URM4, UCM-URM7 and SFM4) while 

the schools in the Kavrepalanchowk district were of stone masonry constructions (UCM-URM2, UCM-URM5, 

UCM-URM6). 

The data on structural characteristics at building level were collected using the data collection forms developed in 

the GLOSI library (The World Bank, 2019) and were compared with the data collected on the respective schools 

by the SIDA database.  The comparison showed that reliable data were collected by the SIDA survey, although 
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some of the heavily damaged schools in 2015 seismic sequence were already demolished at the time of this field 

survey in 2018, hence correlation of heavy damage to specific construction details could not be verified.  Table 

4-15 lists the schools visited and the school construction types found in each compound. 

 
Figure 4-7.  Location map of districts (Lalitpur, Bhaktapur and Kavre) visited for the intrinsic data collection on 

schools and validation of SIDA database (The World Bank, 2016). 

Table 4-15.  List of schools and construction types of buildings surveyed during the 2018 field survey. 

SN District School name School construction types1 

1 Bhaktapur Shree Adarsh Azad Higher Secondary School UCM-URM4 

2 Bal Mandir Primary School UCM-URM4 

3 Shree Baradayani Lower Secondary School SFM4, UCM-URM7 

4 Jagriti Secondary School  UCM-URM7 

5 Shree Padma Higher Secondary School SFM4, UCM-URM7, UCM-URM4 

6 Lalitpur Adarsha Kanya Niketan Higher Secondary School UCM-URM4 

7 Pravat Secondary School  UCM-URM4 

8 Shree Shanti Vidhyashram Higher Secondary School UCM-URM4 

9 Shree Tika Vidhyashram Higher Secondary School SFM4, UCM-URM4 

10 Kavre Buddha Primary School UCM-URM2 

11 Gautam Nath Adarsha Secondary School UCM-URM5 

12 Amarnath Primary School URM-URM6 

 

Moreover, during this field survey, element level (wall panels) and unit level (masonry fabric) construction 

characteristics were also observed in each school building, to complement information lacking in the SIDA 

database.  The brick masonry (UCM-URM4 and UCM-URM7) walls are built in English bond pattern with mortar 

 
1 Refer to the taxonomy discussed in §4.2. 
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thickness of 10 mm to 15 mm.  The brick size is 57 mm (H) x 115 mm (W) x240 mm (L) with minimum crushing 

strength of 3.5 MPa (NBC 202: 1994).  LBM walls of single storied brick masonry constructions are mostly one 

brick thick (230 mm) while the multi-storied constructions are one-and-a-half brick thick (375 mm). 

In stone masonry typologies, the walls are constructed in running bond pattern of two wythes, held together by 

through stones, although not at the code prescribed level (NBC 203: 2015).  The stone size and shape vary based 

on their source and level of workmanship (see also Adhikari and D’Ayala, 2020). Corner connections usually have 

large and rectangular corner stones at regular vertical spacing.  The mortar thickness varies with the random shape 

of stone units, with an average of 20 mm.  In order to identify the material properties of different masonry fabrics, 

meetings were organized with local experts but due to the lack of sufficient laboratory test in Nepal, the solution 

to this issue was to establish these properties from available literature as further discussed in Chapter 6. 

The above discussed construction features together with the characterization of IBs in the next section (§4.5.2), 

with respect to each different building type, underpin the development of numerical models reported in Chapter 

6. 

4.5.2 Nepalese LBM School Building Types and Index Buildings 

By analysing the SIDA database (The World Bank, 2016) discussed in §4.5, all the possible LBM school building 

types are listed in Table 4-16.  Theoretically, in the seismic risk assessment of school infrastructure at country 

level, all the school building types and resulting IBs should be considered, in order to arrive at reliable risk results.  

This approach was undertaken in the case of El Salvador and Dominican Republic (The World Bank, 2021) under 

GPSS engagements to which the author contributed.  Although there are 32 building types identified and listed in 

Table 4-16 and each might result in more than one IBs, it is not possible to analyse such a large number of IBs 

within the timeframe of this study, considering the detailed modelling approach used (Chapter 5 and 6).  Figure 

4-8 presents the distribution of attributes of different construction characteristics of the Nepalese LBM buildings 

from the SIDA database.  More than 90% of the single storied LBM school buildings have flexible type diaphragm 

(FD) and are regular in plan (NI).  In the brick masonry school buildings, the wall panel is long type in most cases 

(82%) while 64% of the stone masonry school buildings have short type panel.  It is noted that most of the LBM 

school buildings are not effectively retrofitted apart from few localised cases in Kathmandu valley (Dixit et al., 

2014).  Moreover, since most buildings are isolated from each other by at least 0.50 m, there is no susceptibility 

of seismic pounding in these school buildings.  Based on the presence of building types (Table 4-16), analysis of 

construction features (Figure 4-8, Adhikari and D’Ayala, 2017) and the criteria outlined in §4.4 (see also Adhikari 

et al., 2018; Adhikari and D’Ayala, 2019; D’Ayala et al., 2020).  Table 4-17 presents the list of key IBs of Nepalese 

LBM schools that are selected for detailed fragility and vulnerability assessment in this study (Chapter 6), with 

their taxonomic string. 
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Table 4-16.  List of Nepalese LBM school building types. 

SN 
LBM Construction 

Type 
Building Type 

Proportion of occurrence 
in the SIDA database 

Comments 

1 
A 

A/LR/LD 0.1%  

2 A/MR/LD 0.03%  

3 
UCM-URM1 

UCM-URM1/LR/LD 0.6%  

4 UCM-URM1/MR/LD 0.04%  

5 
UCM-URM2 

UCM-URM2/LR/LD 24.0% 
Most common in 

mountainous districts 

6 UCM-URM2/MR/LD 2.1%  

7 
UCM-URM3 

UCM-URM3/LR/LD 10%  

8 UCM-URM3/MR/LD 0.7%  

9 

UCM-URM4 

UCM-URM4/LR/PD 0.4%  

10 UCM-URM4/LR/LD 1.1%  

11 UCM-URM4/MR/LD 1.4% 
Mostly in Kathmandu 

valley 

12 UCM-URM4/MR/MD 1.8% 
Retrofitted schools in 

Kathmandu valley 

13 
UCM-URM5 

UCM-URM5/LR/LD 1.6%  

14 UCM-URM5/MR/LD 0.7%  

15 

UCM-URM6 

UCM-URM6/LR/LD 0.9%  

16 UCM-URM6/LR/MD 0.3%  

17 UCM-URM6/MR/LD 0.2%  

18 

UCM-URM7 

UCM-URM7/LR/LD 10.1%  

19 UCM-URM7/LR/MD 0.05%  

20 UCM-URM7/LR/HD 0.05%  

21 UCM-URM7/MR/LD 0.5% 
Mostly in Kathmandu 

valley 

22 UCM-URM7/HR/LD 0.2% 
Mostly in Kathmandu 

valley 

23 
SFM1 

SFM1/LR/LD 19.5%  

24 SFM1/LR/MD 7.2%  

25 
SFM2 

SFM2/LR/LD 0.3%  

26 SFM2/LR/MD 0.1%  

27 

SFM3 

SFM3/LR/LD 1%  

28 SFM3/LR/MD 0.6%  

29 SFM3/LR/HD 0.05%  

30 

SFM4 

SFM4/LR/LD 1.1%  

31 SFM4/LR/MD 6.0%  

32 SFM4/LR/HD 0.05%  

 

It is noted here that the existing and newly built school construction types built adhering to the Nepal building 

codes (NBC 202, NBC 203: 2015) are excluded from the selection for further study, by assuming that they meet 

the Nepalese seismic design code (NBC105: 2020) requirements.  In particular, the UCM-URM4/LR/PD and 

UCM-URM6/LR/MD IBs are selected to show the effect of PD type and MD type seismic design level in the 

seismic response and vulnerability of these LBM school buildings.  Out of the ten selected IBs, most are regular in 

plan and elevation, are single-storeyed, have low seismic design level and flexible type diaphragm.  The double 

storied IBs however have rigid type diaphragms.  Detailed construction characteristics behind the selection of the 

IB specific attributes with respect to each parameter along with typical photographs for each IB is given in Appendix 

A.  Representative photographs and dimensional details of each selected IB are provided in Table 4-17 and Table 

4-18. 
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Figure 4-8.  Construction characteristics of Nepalese LBM school buildings for IB characterisation: (a) diaphragm 
type, (b) horizontal irregularity, (c) wall panel type of brick masonry buildings and (d) wall panel type of stone 

masonry buildings and (e) opening type. 

 

(a) (b) 

(c) (d) 

(e) 
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Table 4-17. Representative photographs and taxonomy string of the selected IBs.  

IB 

No. 
Masonry typology 

Height 

range 

Seismic 

design level 

Representative 

photograph 
Taxonomy string 

IB1 
UCM-URM1 

(Dry stone masonry) 
Low-rise Low 

 

UCM-URM1/LR/LD/FD/NI/SP/LO/RF/NP/OS/GC/VN 

IB2 
UCM-URM2 

(Rubble stone in mud mortar) 
Low-rise Low 

 

UCM-URM2/LR/LD/FD/NI/SP/SO/RF/NP/OS/PC/VN 

IB3 
UCM-URM3 

(Dressed stone in mud mortar) 
Low-rise Low 

 

UCM-URM3/LR/LD/FD/NI/SP/LO/RF/NP/OS/PC/VN 

IB4 
UCM-URM4 

(Brick in mud mortar) 
Low-rise Poor 

 

UCM-URM4/LR/PD/FD/NI/LP/SO/RF/NP/OS/PC/VN 
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IB5 Mid-rise Low 

 

UCM-URM4/MR/LD/RD/NI/LP/SO/RF/NP/OS/PC/NN 

IB6 
UCM-URM5 

(Rubble stone in cement mortar) 
Low-rise Low 

 

UCM-URM5/LR/LD/FD/NI/SP/LO/RF/NP/OS/GC/VN 

IB7 
UCM-URM6 

(Dressed stone in cement mortar) 
Low-rise Medium 

 

UCM-URM6/LR/MD/FD/NI/SP/SO/RF/NP/OS/GC/VN 

IB8 

UCM-URM7 

(Brick in cement mortar) 

Low-rise Low 

 

UCM-URM7/LR/LD/FD/NI/LP/SO/RF/NP/OS/PC/VN 

IB9 Mid-rise Low 

 

UCM-URM7/MR/LD/RD/NI/LP/LO/RF/NP/OS/PC/NN 

IB10 

SFM4 

(Light steel frame with brick in 

cement mortar) 

Low-rise Medium 

 

SFM4/LR/MD/FD/NI/LP/LO/RF/NP/OS/PC/VN 
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Table 4-18.  Summary of architectural details of the selected IBs. 

 

It is clearly seen from Table 4-18 that these IBs are small plan buildings with low storey heights ranging from 2.3 

m to 2.8 m.  The walls in stone masonry typologies are quite thick at 480 mm average, while the wall thickness 

in case of brick masonry typologies varying from 250 mm to 375 mm.  The wall panel length (see Table 4-7) is 

thus short type in all the stone masonry typologies while it is long type in case of all the brick masonry typologies 

as per the criteria in Table 4-7.  In terms of wall opening, half of the IBs have large openings (equal to or more 

than 50%) while the other half have small openings (less than 50%).  These dimensional details in Table 4-18 are 

used to create the numerical models of these IBs, as presented later in Chapter 6. All of these 10 IBs are subjected 

to detailed seismic analysis (Chapter 6) as well as seismic performance assessment, fragility and vulnerability 

evaluation (Chapters 7). 

4.6 Conclusions 

The comprehensive taxonomy for LBM school buildings developed in this Chapter allows each school building to 

be tagged with a unique 12-parameter string collectively defining its seismic vulnerability.  The application of this 

taxonomy to different construction types of LBM school buildings from different parts of the world shows that it 

can readily identify similarities and differences in the construction characteristics, hence can rank the buildings 

with respect to their seismic vulnerability.  This helps in exchanging vulnerability information of different school 

 
2 These are double storeyed school buildings. 

IB 

No. 
Building type 

No of 

classroom 

Plan 

dimension, 

m x m 

Building 

height, m 

Wall 

thickness, 

mm 

Panel 

length, 

m 

Opening, 

% 

IB1 
UCM-

URM1/LR/LD 
2 14.0 x 5.0 2.4 480 

5.0 

(Short) 
54 (Large) 

IB2 
UCM-

URM2/LR/LD 
2 9.2 x 4.0 2.3 480 

4.0 

(Short) 
51 (Large) 

IB3 
UCM-

URM3/LR/LD 
4 21.0 x 4.2 2.3 480 

4.2 

(Short) 
40 (Small) 

IB4 
UCM-

URM4/LR/PD 
3 16.3 x 4.4 2.6 375 

4.4 

(Short) 
43 (Small) 

IB5 
UCM-

URM4/MR/LD2 
8 14.3 x 10 4.8 375 

5.0 

(Long) 
36 (Small) 

IB6 
UCM-

URM5/LR/LD 
2 9.2 x 4.0 2.3 480 

4.0 

(Short) 
51 (Large) 

IB7 
UCM-

URM6/LR/MD 
3 14.4 x 3.8 2.5 480 

3.8 

(Short) 
43 (Small) 

IB8 
UCM-

URM7/LR/LD 
2 11.4 x 5.3 2.8 230 

5.3 

(Long) 
46 (Small) 

IB9 
UCM-

URM7/MR/LD1 
6 15.0 x 5.0 5.6 375 

5.0 

(Long) 
57 (Large) 

IB10 SFM1/LR/MD 2 13.6 x 4.3 2.8 230 
4.3 

(Long) 
51 (Large) 
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building types at global level, contributing to the aim of global initiatives such as the GPSS program (The World 

Bank, 2019) to reduce seismic vulnerability of school infrastructure. 

Although the taxonomy is comprehensive and clearly defined with respect to each parameter, the application is 

not always straightforward.  During the field survey for data collection in different countries, some building types 

are encountered for which the identification of construction features are not readily detectable.  In the Dominican 

Republic case (The World Bank, 2021), there were old LBM buildings built from 1960s of which the wall 

construction details (i.e. unreinforced or reinforced) were not known, even after a discussion with local engineers 

on the evolution of construction practice and seismic design codes in the country.  With the use of rebar detector, 

it was later confirmed that these were reinforced masonry walls.   Similarly, during field survey in Nepal, several 

high-rise LBM buildings were encountered which apparently looked like recently built RC framed constructions.  

However, an enquiry with the school administration revealed that these are in fact old unreinforced masonry 

buildings built from 1950s that were recently retrofitted. 

Although the application of the taxonomy discussed in this Chapter is in qualitative terms, further quantitative 

validation of the taxonomy and significance of the range of vulnerability parameters and associated attributes are 

discussed in Chapter 6 and Chapter 7. 

The identification of IBs for Nepalese school portfolio by using the secondary database (i.e. SIDA database) shows 

that if reliable and detailed databases exist in a country, then both time and resources could be saved by using such 

existing databases, once the information is verified by field visit to selected school facilities (Field visit 2018 

discussed in §4.5.1).  However, this is not the case in many developing countries, as such detailed building level 

structural information is not usually collected at large scale.  For the seismic vulnerability assessment of school 

infrastructure in El Salvador and Dominican Republic, in which the author was involved, first-hand data had to be 

collected, investing a lot of resources over several months (The World Bank, 2019; D’Ayala et al., 2020; 

Fernandez et al., 2020; The World Bank, 2021).  In the Dominican Republic case, only about 20% of the primary 

data at building type level could be collected in about a year time, using a number of parallel strategies such as in-

situ field survey, areal imagery analysis, online survey involving school principals.  With such limited information, 

an algorithm (see The World Bank, 2021) was developed based on the distribution of the 20% surveyed school 

buildings in order to assign the building types of the school buildings in the whole portfolio.  During the same data 

collection campaign, all the construction features required for the generation of full taxonomy strings were 

collected only for about 5% of the buildings.  These 5% schools were chosen such that these include all the range 

of building types across different regions of the country and showed minimal variation in the construction features 

of the secondary parameters.  Thus the IB characterization for each building type was possible from the surveyed 

data on 5% of the school building. 

The identification of building types is not very complicated in school construction as it would be in case of 

residential buildings.  This is because the schools built by certain government programs often follow the same 

template throughout the country, thus imposing less variability in the construction features within the same 

typology, as observed in Dominican Republic and El Salvador (The World Bank, 2019; D’Ayala et al., 2020; 

Fernandez et al., 2020; The World Bank, 2021).  Even in countries where the community-led informal 
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construction is prevalent in school buildings such as the masonry typologies in Nepal, although variations do exist 

in the building types (Table 4-16), only few building types represent significant proportion of the portfolio.  Also, 

within a building type, the construction features generally do not vary, as tabulated in Table 4-17 (see also Adhikari 

and D’Ayala, 2017).  Therefore, the general strategy outlined in this study (§4.4) works well to define and 

characterize building types and associated IBs per building type of the school buildings. 

Before developing the numerical models of the selected IBs, Chapter 5 discusses the numerical modelling strategy 

and its reliability to model and analyse a range of masonry fabric types.  Then Chapter 6 presents development of 

detailed numerical models and subsequent seismic analyses of the selected IBs. 
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Chapter 5 

Applied Element Modelling of Masonry 

5.1 Introduction 

This chapter presents the details of the modelling strategy applied in this study for the numerical seismic analysis 

of the LBM school index buildings (IBs) identified through the typological analysis conducted in Chapter 4.  For 

any computational modelling tools, the input values of the various mechanical properties of masonry (e.g. elastic 

modulus, cohesion, friction coefficient) play key role in the reliability of the analysis outputs (e.g. Sarhosis and 

Sheng, 2014).  Considering that these properties vary greatly from building to building within the same masonry 

typology, and different ways of obtaining and interpreting these properties, the uncertainty can accumulate to 

yield erroneous analysis results.  Furthermore, this study deals with the numerical seismic analysis of a range of 

IBs of different masonry construction types built in stonework and brickwork, as listed in Table 4-17.  This 

demands a numerical tool that is versatile enough for explicit element-by-element modelling as well as analysis of 

a range of masonry fabric types.  As concluded from Chapter 2, the applied element method (AEM) is thus selected 

for the numerical modelling and seismic analysis of the IBs in this study.  Since these LBM building types and their 

construction features have not been analysed in the past with such detailed modelling, testing the reliability of the 

modelling tool is necessary to confirm its applicability for a wide range of masonry types. 

In this chapter, first, the details of the simplified micro-modelling, constitutive laws and failure criteria for 

masonry used in AEM are presented.  Then, various mechanical properties of masonry whose input values are 

required for detailed numerical modelling of masonry in AEM, the issues in their interpretation and the suitable 

testing methods to obtain these are discussed.  Then, several examples of validation and calibration analysis of 

experimental tests on 3-D configuration, IP and OOP masonry walls made up of each masonry fabric type of the 

different Nepalese LBM school IBs (Table 4-17), both under monotonic and cyclic loadings are presented.  Such 

analyses are critical in assessing the reliability of the modelling tool as well as to calibrate the material parameters 

for the analysis of 3-D buildings of similar masonry typologies (Atamturktur, Hemez and Laman, 2012; Lemos, 

2019).  Backed up by these extensive validation and calibration studies, a methodology for validation and 

calibration of the modelling tool making use of available experimental test results is then presented and discussed.  

Finally, some conclusions are drawn based on the results and discussion presented. 
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5.2 Numerical Modelling of Masonry 

In the last half-century, several computational modelling approaches have been developed and used for the 

modelling and analysis of masonry structures.  Although these different approaches have been already introduced 

in §2.7, D’Altri et al. (2020) presents further discussion on different approaches and classify them into four main 

categories: block-based models, continuum models, geometry-based models, and macro-element model.  AEM 

falls under the block-based method where the units and their fabric can be explicitly modelled.  The following 

sub-section presents the details of the modelling of masonry in AEM, which is followed in §5.2.2 by the relevant 

material characterization of masonry required in the AEM. 

5.2.1 Applied Element Modelling of Masonry 

The applied element method (AEM) is a block-based method for detailed numerical modelling and seismic analysis 

of masonry structures where the masonry fabric (units and mortar) as well as anisotropy can be modelled 

explicitly.  Furthermore, it allows to investigate the damage and force-deformation behaviour of masonry 

structures from the initiation of cracking to the ultimate collapse stage (see Michel, Karbassi and Lestuzzi, 2018; 

Adhikari and D’Ayala, 2020; Adhikari et al., 2020). For the detailed discussion on general formulation of AEM 

for linear, non-linear and cyclic loadings, the reader is referred to Meguro and Tagel-Din (2000a, 2000b and 

2001).  The solution for dynamic problems adopts the step-by-step integration method and the solution of the 

equilibrium equations in each step is performed using an exact solver (Cholesky upper-lower decomposition) (ASI, 

2020).  Only the masonry modelling approach adopted in this research work is discussed herein.  It should be 

noted further that the focus of the present work is to study the structure level seismic behaviour rather than the 

micro-level behaviour of masonry. 

 
Figure 5-1.  Modelling of structures in AEM. 

In the AEM, the structural elements (e.g. beam, column, wall) are discretized into a number of applied elements 

and the continuity between these elements is represented by springs (Figure 5-1).  This is one of the main 
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distinctions of the AEM from FEM i.e. in the latter, the finite elements are connected at nodes.  These springs 

define the point of contact between the adjoining surfaces of the applied elements and each spring represents the 

deformation and non-linearity of a certain volume of the applied elements, as shown in Figure 5-1.  It should be 

noted that each set of spring includes three distinct spring elements: one axial spring and two shear springs in two 

orthogonal directions perpendicular to the axis of the axial spring (ASI, 2021; Malomo et al., 2018).  Thus, the 

larger the number of springs per face, the better the representation of the contact, the spatialization of the 

connectivity as well as the improved account of the complex stress-strain distribution in the non-linear regime.  

Through the use of the interface springs at contact surfaces, the transition from linear and continuous regime to 

non-linear and discontinuous regime is possible with explicit modelling of cracking.  Moreover, the transition 

from small displacement to large displacement regime is straightforward in the applied elements method with the 

use of non-linear springs, which is difficult with the ordinary finite element methods which depend for their 

solution on the continuity of elements at nodes. 

For modelling masonry using the simplified micro-modelling approach (refer to Lourenco, 1996), the units are 

modelled as 3-D applied elements while the zero-thickness joints are represented by springs.  Two types of springs 

are used: ‘element’ or ‘unit’ springs connecting the applied elements of the units (i.e. same material) representing 

the continuity within the units, and ‘interface’ or ‘joint’ springs to represent the equivalent properties of mortar 

and mortar-unit interface (see Figure 5-2).  The elastic and non-linear force-deformation relationships of masonry 

are completely represented by these sets of springs while the applied elements act as rigid bodies.  For modelling 

regular masonry fabric with rectangular units (bricks, solid blocks or dressed stone) arranged in horizontal layers, 

3-D elements with rectangular faces are used (Figure 5-2).  In low bond strength masonry such as the Nepalese 

masonry construction where the mortar layer and the interfaces are much weaker than the units (Parajuli, 2012; 

Phaiju and Pradhan, 2018; Endo et al., 2020), each unit can be considered as a single rigid element, as the damage 

in such masonry occurs mainly through the mortar or unit-mortar interfaces (Giamundo et al., 2014; Kržan et al., 

2015; Sarhosis, Garrity and Sheng, 2015). Accordingly, the unit springs can be avoided for modelling such 

masonry, substantially reducing the computational burden. 

 
Figure 5-2.  Schematic of the simplified micro-modelling of masonry in AEM. 

Applied (rigid) elements 

Interface springs (representing the 
mortar plus unit-mortar interface) 

Unit springs (establishing 
the continuity within the 
units) 

Masonry wall 
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For the interface spring, as it represents the properties of unit-mortar interfaces plus the mortar, the elastic 

properties obtained from experimental tests on the masonry material should be used.  However, if the elastic 

properties of units and mortars are individually available, then the equivalent stiffness of masonry can be computed 

from these, assuming springs in series (Lourenço, 1996; ASI, 2021).  The material constitutive laws used in AEM 

for the interface springs in uniaxial compression, tension and shear behaviour are shown in Figure 5-3.  For those 

springs subjected to uniaxial tension, spring stiffness (unloading and reloading) is assumed as the initial stiffness 

until reaching the cracking point (Figure 5-3 (a)).  After cracking, the stiffness of springs subjected to tension is 

set to zero i.e. no tension softening behaviour (e.g. Lourenço and Rots, 1997) is considered. This is a reasonable 

approach, considering the poor quality of mortar in the existing Nepalese LBM school buildings (Parajuli, 2012; 

Phaiju and Pradhan, 2018; Endo et al., 2020), in order to reduce the computation time in the analysis.  However, 

the elasto-plastic fracture model originally developed by El-Kashif and Maekawa (2004), is used for simulating the 

cyclic cumulative damage of masonry elements subjected to uniaxial compression (Figure 5-3 (a)). Similar 

constitutive models are used by several researchers for uniaxial compressive behaviour of masonry (e.g. see 

Oliveira and Lourenço, 2004; Thamboo et al., 2020). As can be seen, the reloading stiffness is the same as the 

initial stiffness up to the peak compressive strength value while it reduces by the fracture parameter (K0, defined 

in Figure 5-3 (a)) in the post-peak range.  The relationship between shear stress and shear strain is assumed to 

remain linear till cracking.  Then, the shear stress drops down as shown in Figure 5-3(b), the level of drop 

depending on the roughness of the crack surface and is defined by the residual shear strength factor.  The unloading 

and reloading stiffness under cyclic loading conditions remain as the initial shear modulus value.  When a spring is 

subjected to combined normal and shear stresses, the failure criterion follows the Mohr-Column failure envelope 

as shown in Figure 5-4, which is a simplified a version of the ‘composite interface cap model’ developed by 

Lourenço and Rots (1997). Further discussions on the formulation, constitutive laws and failure criteria for 

masonry modelling employed in AEM can be found in Meguro and Tagel-Din (2000a, 2000b, 2001), ASI (2018), 

Malomo, Pinho and Penna (2018), Malomo, Pinho and Penna (2019). 

 
Figure 5-3.  Constitutive relationship for interface springs: a) stress-strain diagram in tension and compression, 

b) stress-strain diagram for shear behaviour (ASI, 2018; Malomo, Pinho and Penna, 2019). 

 

(b) (a) 
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Figure 5-4.  Failure criterion for interface springs under combined axial and shear loading (Malomo, Pinho and 

Penna, 2018; ASI, 2021). 

 
Figure 5-5.  Examples of Nepalese rubble stone masonry construction. 

 
Figure 5-6.  Schematic of the modelling of random rubble stone masonry in ELS using AEM. 

Unlike the modelling of regular masonry which is well established as shown in Figure 5-2 and discussed in 

preceding paragraphs, the modelling of random rubble stone masonry is complex because of the irregular pattern 

(see Figure 5-5) and hence cannot be well represented by the use of rectangular faced elements.  For the modelling 

of random rubble stone masonry with irregular shape of units, a new approach (initially proposed by Guragain, 

2015) is followed  i.e. a solid wall is built first, which is then meshed into 3-D applied elements with triangular 

faces, which are subsequently clustered to form irregular shape of stone units, as illustrated in Figure 5-6.  The 
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blue and cyan coloured cluster represent each single stone unit, whose dimensions are about the size of the rubble 

stone units i.e. 150 mm in average.  Although manually clustered and chaotic, such elements better represent the 

irregular nature of random rubble stone masonry without distinct horizontal layers.  This approach is particularly 

useful and efficient in creating 3-D numerical models of buildings, as the exact fabric of random rubble stone 

masonry is not possible to be replicated in the numerical model.  Further discussion on this approach along with 

applications to the seismic analysis of real random rubble stone masonry residential buildings from Nepal can be 

found in Adhikari and D’Ayala (2020) and Adhikari et al. (2020). 

Extreme Loading for Structures (ELS) software (ASI, 2021) based on the applied element modelling, which 

integrates the constitutive laws and failure criteria discussed in §5.2.1, is used in this research for the validation 

and calibration studies (§5.3) and seismic analysis of the Nepalese LBM school IBs in Chapter 6. 

5.2.2 Mechanical Characterization of Masonry 

Careful design of experiments as well as post-processing of data should be conducted in order to obtain reliable 

values of material parameters for masonry.  The input material properties (i.e. of the interface springs that 

represent the mortar layer plus the unit-mortar interfaces) required in the AEM modelling are elastic modulus, 

shear modulus, compressive strength, tensile bond strength, cohesion and coefficient of friction for the ‘masonry’ 

material.  Table 5-1 lists a summary of the parameters needed for the characterisation of the interface springs, the 

relevant in-situ or laboratory tests, as well as their role in the lateral behaviour of masonry. 

Table 5-1.  Material properties of the interface springs for AEM modelling of masonry and their contributions in 
the lateral behavior. 

Material 
properties 

Relevant testing methods Contribution to lateral 
seismic behaviour 

Compressive 
strength and 
Modulus of 
elasticity  

In-situ test: double flat jack tests (ASTM C1197-20e1 and 
RILEM MDT.D.4: 2004) 
Laboratory test: uniaxial compression tests on masonry prisms 
or wallettes (ASTM C1314 – 18 and BS EN 1052-1:1999)  

Mostly affect the initial 
stiffness and peak strength. 

Shear modulus In-situ test: although no standardised procedure exists for 

measuring shear modulus (Tomaževič, 2009), mortar joint shear 
index test (ASTM C1531-16) can be used 

Affects the initial and post-
yield stiffness. 

Tensile bond 
strength 

Laboratory test: direct tension tests (see Schubert, 1994) or 
diagonal compression tests on wallettes (ASTM E519/E519M – 
15)  

Affects the yield strength in 
the load deformation 
behaviour. 

Cohesion 
(Initial shear 
strength) 

In-situ test: mortar joint shear index test (ASTM C1531-16) 
Laboratory test: initial shear strength test (BS EN 1052-
3:2002) or diagonal compression tests on wallettes (ASTM 
E519/E519M – 15) 

Affects the yield strength 
(initial peak strength) in the 
load deformation behaviour. 

Coefficient of 
friction 

In-situ test: mortar joint shear index test (ASTM C1531-16) 
with a series of pre-compression levels and applying Mohr-
Coulomb criterion. 
Laboratory test: initial shear strength test (BS EN 1052-
3:2002) with a series of pre-compression levels and applying 
Mohr-Coulomb criterion.   

Affects the post-yield strength 
development based on the 
level of pre-compression 
loading. 

 

When the compression tests are conducted on masonry prisms (vertical stack of 3 to 5 units), both the compressive 

strength and the modulus of elasticity are higher than the same from masonry wallete test results.  This is because 
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of the discontinuity imposed by head joints in wallettes as shown by experimental tests (Thamboo and Dhanasekar, 

2019a). Thus, masonry wallettes tests are preferred for characterising the compressive strength and hence the 

modulus of elasticity of the interface springs as such specimens better represent the real fabric of masonry in 

structures. 

Although most of the material properties listed in Table 5-1 are directly measured from experiments as well as 

frequently discussed in literature, shear modulus (G) along the bed joints, an important parameter for simplified 

micro-modelling of masonry under seismic loading (e.g. Senthivel and Lourenço, 2009; Bui et al., 2017), is one 

of the experimentally least explored material parameters. This parameter is usually not included in the material 

characterization tests during experimental campaigns (e.g. Vasconcelos and Lourenço, 2009; Candeias et al., 

2017). Most of the codes and standards (FEMA 356: 2000, Eurocode 6: 2005, ACI 530-11: 2011) recommend 

that this property can be computed from the elastic modulus under compression obtained from uniaxial 

compression tests perpendicular to the bed joints, and the corresponding Poisson’s ratio; resulting in the following 

relationship for isotropic material under elastic behaviour: 

 

𝐺 = 0.4𝐸 ………….......... (5-1) 

 

Although this relationship is reliable for stiff mortar, due to the increased anisotropy in low bond masonry with 

weak mortar, this relationship highly overestimates the shear modulus as confirmed by several researchers based 

on experimental evidences (Tomazevic, 1999; Bosiljkov et al. 2005; Tomaževič, 2009; Radovanović et al., 2015; 

D’Altri, Messali, et al., 2019). This is also supported by the evidence from the results of an experimental test 

campaign in existing Nepalese masonry construction.  In the in-situ experimental tests conducted by Guragain 

(2015) on a sample of 54 different existing Nepalese masonry buildings, the mortar joint shear strength test as per 

the ASTM C1531 – 16 procedure on brick in mud mortar masonry resulted in an average shear modulus of 18.75 

MPa that was calculated based on the measured shear stress and strain.  With this value of shear modulus, the 

relationship in Eqn. 5-1 would yield an elastic modulus of about 45.0 MPa.  However, the compressive strength 

test on the same sample resulted in an average value of elastic modulus of 943.8 MPa.  This results in a /G E ratio 

of about 0.02 which is significantly less than 0.4 (Eqn. 5-1).  Similarly, from the same experimental campaign, the 

/G E ratio was found to be about 0.05 for brick in cement mortar masonry.  This evidence highlights how 

Nepalese masonry construction is a low bond strength masonry for which the ‘standard’ relationship for shear 

modulus (Eqn. 2) is not applicable.  Similar conclusions are provided by Tomaževič (1999), Bosiljkov, Totoev and 

Nichols (2005), Tomaževič (2009); Kržan, Gostič and Bosiljkov (2015), Sarah and Baker (2015), reporting that 

the shear modulus for weak mortar masonry varies between 6% to 25% of the elastic modulus.  However, several 

numerical studies on such masonry employing FEM or DEM rely on the use of Eqn. 5-1 to derive the shear 

modulus (e.g. Senthivel and Lourenço, 2009; Bui et al., 2017), which therefore underestimates deformability and 

overestimate shear stiffness. 
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Hence for low bond strength masonry, one should independently find the shear modulus of the bed joints by 

conducting in-situ shear tests (see Guragain, 2015; Kržan, Gostič and Bosiljkov, 2015), or it should be estimated 

from numerical calibration studies on experimental tests on laterally tested masonry walls, as demonstrated 

further in detail in §5.3. 

The above discussion indicates that reliable material properties are necessary to be established before conducting 

any numerical analyses.  If the values of necessary material properties are not independently or reliably obtained 

from experimental tests, then calibration of their values should be carried out for the chosen numerical tool, using 

experimentally tested masonry walls or 3-D buildings from the literature.  Accordingly, in the following section, 

a number of calibration and validation studies on several masonry fabric types are conducted using AEM in order 

to calibrate the material properties for subsequent numerical analyses of the Nepalese LBM school IBs (Chapter 

6). 

5.3 Validation and Calibration Study on Experimental Tests on Masonry 
Walls 

The calibration of numerical models with experimental data is a key issue in masonry modelling community 

(Lemos, 2019).  The values of material properties conventionally characterised from tests on small specimens with 

small number of bricks and mortar joints might not always be reliable for the actual structure as the material 

properties are affected by several factors such as the spatial variability of the unit and mortar strength in actual 

structure, specimen test conditions, testing methods etc.  (Sarhosis and Sheng, 2014).  This section thus presents 

a number of validation and calibration studies on experimentally tested 2-D and 3-D configurations of masonry 

walls of different fabric type, in order to calibrate the input material parameters for the AEM numerical modelling.  

The other purpose of these studies is to validate the capability of the AEM tool in reproducing the experimental 

lateral behaviour of different masonry typologies.  It is noted here that for each of the validation and calibration 

studies presented, 3x3 set of springs per shared face are used, unless otherwise stated and the calibration of the 

values of material properties is carried out such that good correlation is obtained with respect to both the damage 

pattern and load-deformation behaviour.  As shown in the following examples, the required material properties 

whose values are not reported or not measured corresponding to the relevant experimental test are also calibrated 

through AEM analysis.  These calibrated values per masonry typology are used for the numerical modelling of 

LBM school IBs of respective masonry typology later in Chapter 6.  Moreover, following such extensive studies, 

a methodology is finally synthesized for carrying out a validation and calibration study on the lateral behaviour of 

masonry walls or buildings. 

5.3.1 Dry Stone Masonry 

For the application of AEM to model the IP behaviour of dry-stone masonry, the experimental tests conducted by 

Vasconcelos (2005) are considered.  Two tests conducted for two different pre-compression levels, i.e. specimens 
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WS.100 with 0.5 MPa pre-compression and WS.175 with 0.875 MPa pre-compression, respectively, are 

modelled and analysed in ELS using AEM.  Figure 5-7 shows the geometrical details of the tested wall and the 

AEM numerical model which is fixed at the base and is subjected to a top lateral displacement of up to 40 mm.  

The material properties obtained from the tests are reported in Table 5-2.  Since there is no elastic behaviour in 

dry stone masonry, the apparent shear modulus for the interface springs in AEM needs to be established from the 

calibration study such that the numerical analysis outputs are comparable to the experimental results. 

 
Figure 5-7.  (a) Geometry of the tested wall (Vasconcelos, 2005) and (b) AEM model 

Table 5-2.  Material properties for dry stone masonry (Vasconcelos, 2005). 

Material Properties Values (units) 

Modulus of elasticity (E) 3287.5 MPa 

Compressive strength (fc) 73 MPa 

Coefficient of friction (µ) 0.65 

 
Figure 5-8.  Comparison of numerical and experimental load-deformation curves. 

Figure 5-8 and Figure 5-9 compare the load-deformation curves and damage pattern from the AEM analyses and 

the experiment.  In terms of load-deformation behaviour, the initial stiffness, peak lateral capacity and ultimate 

(a) (b) 
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displacement capacity of both walls are well reproduced by the AEM analysis (Figure 5-8).  In terms of the failure 

mechanism, in the case of low pre-compression level (WS.100 case), the failure involves a single diagonal shear 

crack dividing the wall into two rigid bodies.  However, with an increased pre-compression level (WS.175 case), 

multiple shear cracks form as shown in Figure 5-9. 

 
Figure 5-9.  Comparison of crack patterns from the AEM analysis and the experiments. 

The calibration study showed that apparent shear moduli of 70 MPa and 110 MPa are appropriate for the WS.100 

and WS.175 models, respectively, to get the experimental load-deformation behaviour and damage pattern.  

Similarly, friction coefficient of 0.55 and 0.60 were appropriate for the WS.100 and WS.175 numerical models, 

respectively, against the value of 0.65 reported from the experiment. 

5.3.2 Brick in Cement Mortar Masonry 

Three different sets of laboratory tests are reproduced to validate and calibrate the necessary parameters for 

application of AEM in the modelling of lateral seismic behaviour of brick in cement mortar masonry typology, 

under both IP and OOP behaviour:  

• IP behaviour - Raijmakers and Vermeltfoort (1992) and Vermeltfoort et al. (1993)  

• OOP behaviour – Doherty et al. (2002) and Vaculick (2012) 

• 3-D (U shaped configuration) behaviour - Candeias et al. (2017) 
 

5.3.2.1 IP Behaviour 

For the validation and calibration of the IP behaviour, the shear tests of masonry walls conducted by Raijmakers 

and Vermeltfoort (1992) and Vermeltfoort et al. (1993) are used.  The tests from these experimental campaigns 

are selected because the material characterization of the masonry used is also available.  Two cases are considered, 

both with a surface area of 1 m2: the first is a solid wall (SW), the second is a wall with 8% opening (OW), as 

shown in Figure 5-10.  The brick size is 204 mm x 98 mm x 50 mm, and the mortar bed joints are 10 mm thick.  

Experimental  AEM analysis Experimental  
(a) WS.100 (b) WS.175 

AEM analysis 
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Two steel beams restrain the top and bottom brick layers.  The average material properties from material 

characterization tests are listed in Table 5-3. 

 
Figure 5-10.  Geometrical details of the tested walls. 

Table 5-3.  Average masonry material properties reported from the experiment (Raijmakers and Vermeltfoort, 
1992). 

Material Properties Value (units) 

Modulus of elasticity (E) 8,000 MPa 

Compressive strength (ft) 11.5 MPa 

Tensile strength (ft) 0.25 MPa 

Cohesion (c) 0.35 MPa 

Coefficient of friction (µ) 0.75 

 

The SW wall is first loaded with 1.21 MPa pre-compression and then subjected to a top lateral monotonically 

increasing displacement until failure.  Similarly, the OW wall is first loaded with 0.3 MPa pre-compression and 

then subjected to a monotonically increasing top lateral displacement until failure.  More details on the 

experimental setup and procedure can be found in Raijmakers and Vermeltfoort (1992) and Vermeltfoort et al. 

(1993).  

Figure 5-11 compares the load-deformation curves from the AEM numerical analyses with the experimental 

curves.  Overall, the experimental behaviour is well reproduced by the AEM analyses.  For the SW wall, as a high 

(b) SW wall (AEM model) (c) OW wall (AEM model) 

1 m 

1 m 

(a) experimental set-up and measurement scheme (Raijmakers and Vermeltfoort, 1992; 
Vermeltfoort et al., 1993) 
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value of coefficient of friction (i.e. 0.75) was reported from the experiment and the shear failure mode is 

predominant, AEM analysis shows strength hardening after tensile cracking and debonding, unlike the 

experimental behaviour in which strength degradation starts earlier.  Lourenco and Rots (1997) also reported 

comparatively longer hardening using FEM analyses.  However, an AEM analysis with reduced value of coefficient 

of friction (0.60) produces better result that matches well with the experimental result in the post-peak range.  

This suggests that the values of masonry parameters reported from experimental campaigns might not be reliable 

(see also Sarhosis and Sheng, 2014). 

 
Figure 5-11.  Comparison of experimental (Raijmakers and Vermeltfoort, 1992; Vermeltfoort et al., 1993) and 

numerical load-deformation curves. 

Figure 5-12 compares the crack patterns obtained from the AEM analysis with the experimental damage patterns.  

Since the numerical model considers each single unit as an applied element (i.e. discretization of bricks is not 

considered) in order to reduce the computation time, the damage through the bricks (although very few, see 

Figure 5-12(a)) could not be reproduced.  For both cases, the crack pattern is well reproduced, the dominant 

failure mode in both cases being the stair-step like shear failure mode.  The OW wall also exhibits flexural 

behaviour allowing larger post-peak displacement due to the division into two slender piers imposed by the 

opening.  Because of such behaviour, the sensitivity to the value of friction coefficient is less important in the OW 

wall model. 

For both the SW and OW models, both the tensile strength and the cohesion values had to be reduced during the 

calibration, to 0.18 MPa and 0.22 MPa, compared to the reported values of 0.25 MPa and 0.35 MPa, respectively 

in order to yield good correlation with the experimental results.  Furthermore, as the value of shear modulus 

along the bed joint was not directly reported from the experiment, the calibration study showed that values of 

about 980 MPa and 870 MPa, respectively, were appropriate for the SW and OW models. 
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Figure 5-12.  Comparisons of experimental (Raijmakers and Vermeltfoort, 1992; Vermeltfoort et al., 1993) and 

numerical damage patterns obtained in this study. 

Sensitivity analysis: effect of number of interface springs on IP behaviour 

The interface springs between the adjacent surfaces of applied elements are the key parameters in AEM analysis as 

they model the force-deformation characteristics in the linear and non-linear phases.  Although it is understood 

that the larger the number of springs, better the representation of the stress-strain distribution and non-linearity 

(see §5.2.1), a sensitivity analysis on the minimum number of springs (per shared faces of applied elements) 

necessary to produce reliable numerical results is helpful in order to reduce the computation time.  Hence, a 

sensitivity analysis with respect to the number of springs is conducted on the OW wall used in the calibration 

study (§5.3.2.1).  Figure 5-13 and Figure 5-14 present the result of the sensitivity analysis with respect to the 

load-deformation behaviour and the damage pattern, respectively.  As can be seen from the comparison of 4 

different cases (i.e. with 2x2, 3x3, 4x4 and 5x5 set of springs per shared face), the number of springs used in the 

analysis has minimal effect on the lateral IP response in this particular case, although the minimum number i.e. 

2x2 springs tend to underestimate the strength in the non-linear range. 

(a) Experimental damage pattern (b) AEM analysis damage pattern 

AEM analysis 

SW wall 

OW wall 
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Figure 5-13.  Effect of number of springs in the IP load-deformation behaviour. 

 
2x2 springs 

 
3x3 springs 

 
4x4 springs 

 
5x5 springs 

Figure 5-14.  Effect of number of interface springs used on the IP damage pattern. 

5.3.2.2 OOP Behaviour 

In this section, the OOP seismic behaviour of masonry walls are reproduced with the AEM analysis.  Two cases 

are considered: a cantilever wall (Doherty et al., 2002) and a two-way bending wall with mixed boundary 

conditions tested by Vaculik (2012). 
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Doherty et al. (2002) 

In order to reproduce the experimental behaviour of cantilever wall subjected to horizontal seismic loading, a wall 

built of English bond masonry (Figure 5-15) is considered.  The wall dimensions are selected as typical of brick in 

cement mortar masonry school IB from Nepal (see Table 4-18).  The lateral load-deformation behaviour of this 

wall from AEM analysis is compared with the bi-linear model (rigid body assumption) and trilinear model 

(deformable wall assumption) recommended in (Doherty et al., 2002). The quality of the lowermost bed joint 

quality for deformable wall case is considered to be ‘severely deteriorated’ (Doherty et al., 2002). It is noted that 

the trilinear model recommended by Doherty et al. (2002) is based on the results of several experimental tests. 

Figure 5-15(b) shows the flexural tensile crack development in the lowermost bed joint layer and subsequent 

overturning failure mechanism of the wall under lateral OOP seismic loading (ground acceleration).  Figure 5-16 

compares the load-deformation behaviour from the AEM analysis with the bi-linear and trilinear models, 

confirming the reliable output from AEM analysis. 

 
Figure 5-15.  (a) Geometry and AEM model of the cantilever wall considered and (b) Collapse mechanism 

(overturning) from AEM numerical analysis. 
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Figure 5-16.  Comparison of AEM load-deformation behavior with the bi-linear model (rigid body assumption) 
and trilinear (deformable wall with ‘severely deteriorated’ case) model from Doherty et al. (2002). 

Vaculik (2012) 

To validate the application of AEM for the load-deformation behaviour and the failure modes of masonry walls 

under OOP lateral loading, the experimental test carried out by Vaculik (2012) is used.  This is particularly 

selected for validation because both the inputs (i.e. model geometry, boundary conditions, loadings, material 

properties) and the outputs (i.e. load-deformation behaviour and failure modes) are clearly reported.  Figure 5-17 

shows the details of the ‘s1’ wall which was subjected first to a pre-compression of 0.1 MPa and then to a uniform 

lateral pressure on the wall face until failure.  Table 5-4 lists key material properties obtained on the sample of 

masonry used to construct the ‘s1’ wall. 

  
Figure 5-17.  (a) Geometrical details and the boundary condition of ‘s1’ wall tested by Vaculik (2012) and (b) 

AEM numerical model. 

Table 5-4.  Masonry material properties for the ‘s1’ wall (Vaculik, 2012). 

Material Properties Value (units) 

Modulus of elasticity (E) 3190 MPa 

Compressive strength (fc) 17.6 MPa 

Flexural tensile strength (ft) 0.72 MPa 

 

Figure 5-18 compares the load-deformation behaviour from the experiment and the AEM numerical analysis.  The 

initial stiffness, peak strength as well as the ultimate displacement capacity obtained from the numerical analysis 

are all well correlated with the same obtained from the experiments.  Similarly, as shown in Figure 5-19, the 

experimental crack patterns i.e. X-shaped diagonal cracks are well reproduced by the numerical analyses.  

Although the final failure involves cracks at the two sides with fixed boundary conditions (Figure 5-17), as seen in 

the numerical collapse mechanism (Figure 5-19), the experimental crack pattern is reported at earlier time 

(Vaculik, 2012), before the moment capacity is reached at the fixed sides. As the X-shaped diagonal cracks appear 

first, these allow the portions of the walls to rotate allowing a considerable displacement at the mid-point until 

the moment capacity at the fixed ends is reached, thus higher ductility capacity is observed (Figure 5-18). 

(a) (b) 
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From this study, the tensile strength value for the springs was calibrated to be about 0.20 MPa, against the reported 

value of 0.72 MPa for the flexural tensile strength.  Similar results were reported by (Galvez et al., 2018) with 

FEM and DEM modelling.  However, the results were found to be almost insensitive to the shear modulus and 

coefficient of friction, because of the flexure-controlled behaviour. 

  
Figure 5-18.  Comparisons of experimental and numerical load-deformation curves. 

 
Figure 5-19.  Comparison of crack patterns: (a) Experimental damage pattern (reproduced from Vaculik, 2012), 

(b) Final failure pattern obtained from AEM analysis. 

Sensitivity analysis: effect of number of interface springs on OOP behaviour 

In order to investigate the effect of number of interface springs per contact face on the lateral behaviour of OOP 

walls in the AEM environment, a sensitivity analysis is conducted on the same ‘s1’ wall used in the calibration 

study (Vaculik, 2012).  Figure 5-20 and Figure 5-21 present the result of the sensitivity analysis with respect to 

the load-deformation behaviour and the damage pattern, respectively.  As can be seen from the results, the case 

with small number of springs (i.e. 2x2 springs) results in significant underestimation of the wall strength as these 

are not enough to represent the partialization of the contact as well as non-linearity under the flexural behaviour.  

However, 3x3 springs can be satisfactorily be used for reliable outputs, and an increased number does not improve 
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the output.  Similarly, the crack pattern is not very sensitive to the number of springs, although larger number of 

springs tend to refine the result (see Figure 5-21 and Figure 5-19). 

 

Figure 5-20.  Sensitivity analysis: effect of number of springs on OOP lateral load-deformation behaviour. 
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Figure 5-21.  Sensitivity analysis: effect of number of interface springs used on the OOP damage pattern. 
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5.3.2.3 3-D Behaviour 

To test the capability of AEM for modelling the cyclic seismic behaviour of 3-D configurations of interconnected 

cross-walls, the results of a shake table test on U-shaped configuration of brick in cement mortar masonry, as 

shown in Figure 5-22, conducted by Candeias et al. (2017) is considered. 

The U-shaped structure is constructed with English bond masonry and is subjected to a series of seismic ground 

motion along the East-West direction i.e. the wall with opening and gable is subjected to OOP action.  More 

details of the experimental setup, loading, test procedure and results can be found in Candeias et al. (2017).  

Extensive results ranging from the mode shapes and frequencies, time histories of displacement, acceleration 

responses, progressive damage pattern etc. are available in the same reference.  The average values and CoV of 

the material properties from material characterization tests are listed in Table 5-5. 

 

Figure 5-22.  Geometrical details of the U-shaped wall (Candeias et al., 2017). 

Table 5-5.  Masonry material properties from mechanical characterization (Candeias et al., 2017). 

Material Properties Value (units) CoV 

Modulus of elasticity (E) 5170 MPa 29% 

Shear modulus (G) NA - 

Compressive strength (fc) 2.48 MPa 14% 

Tensile strength (ft) 0.10 MPa 19% 
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The numerical model ( Figure 5-23 (b)) is first subjected to an Eigen analysis in the frequency domain in the 

Extreme Loadings for Structures® (ELS) software and the natural frequency outputs are compared with the 

experimental results in Figure 5-24 and Figure 5-25. As seen from Figure 5-24, the vibration frequencies of first 

six modes are well reproduced by the numerical analysis, the maximum error being 15%.  In terms of mode shapes 

(Figure 5-25), the first two mode are translational in transverse (North-South) direction, third mode is also 

translational but along the longitudinal (East-West) direction and the rest of the modes are torsional, as observed 

in the experiment.  This proves the capability of AEM analysis in predicting the elastic behaviour of 3-D masonry 

structures with reliable accuracy, which is an important requirement of a numerical model for dynamic earthquake 

loading (Lemos, 2019). 

 
Figure 5-23.  Test structure: (a) photograph of the structure and (b) AEM numerical model. 

 

Figure 5-24.  Comparison of time periods of first six modes. 
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Mode 1 - Translational 

 

Mode 2 - Translational 

 

Mode 3 – Translational 

 

Mode 4 - Torsional 

 

Mode 5 – Torsional 

 

Mode 6 - Torsional 

Figure 5-25.  First six mode shapes from AEM analysis. 

 

Figure 5-26.  Comparison of displacement history at the top central level of the OOP wall: (a) experimental 
(Candeias et al., 2017) and (b) AEM analysis. 

Next, the numerical model is subjected to a series of 8 scaled ground motions as in the experiment (see Candeias 

et al., 2017 for details) to study the non-linear displacement response, acceleration amplification as well as the 

ultimate collapse behaviour.  Figure 5-26 and Figure 5-27 compare the displacement and acceleration response, 

(a) 

(b) 
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respectively at the top central level at the OOP wall where it can be seen that both the displacement response and 

dynamic amplification of acceleration response are well reproduced by the AEM analysis. 

 

Figure 5-27.  Comparison of acceleration amplification at the top central level of OOP wall. 

 
Figure 5-28.  Comparison of ultimate collapse mechanisms: (a) experimental (Candeias et al., 2017) and (b) 

AEM analysis. 
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In terms of failure mechanisms at ultimate collapse stage, Figure 5-28 compare the experimental and AEM analysis 

damage patterns at the end of TEST08 with a PGA of 1.27 g.  The AEM analysis have correctly reproduced the 

experimental damage patterns: first the gable portion above the opening in the OOP wall suffers flexural rocking 

behaviour and collapses by overturning, which is then followed by the shear damage of the spandrel and flexural 

damage of the end pier in the cross-wall with opening.  The solid cross-wall suffers no visible damage. 

In this case as well, the calibration study showed that a shear modulus value of about 775 MPa is appropriate.  

Since the value of cohesion was not reported from the material characterization test (see Candeias et al., 2017), it 

was calibrated to be 1.70ft which is within the range (1.4ft – 2.3ft) considered by other researchers for English 

bonded masonry (Lourenço and Rots, 1997; Milani, 2008; Macorini and Izzuddin, 2013). Also, as the coefficient 

of friction for the masonry used in the experiment was not mentioned in Candeias et al., 2017; a value of 0.65 

was found appropriate from the numerical analysis. 

5.3.3 Random Rubble Stone in Mud Mortar Masonry 

For the validation and calibration of the proposed numerical modelling strategy (§5.2.1), numerically obtained 

compressive and lateral behaviour of stone masonry specimens are compared against three distinct experimental 

tests: uniaxial compression behaviour, IP shear-compression behaviour and lateral bending behaviour. 

5.3.3.1 Uniaxial compression behaviour 

The uniaxial compression test on Nepalese random rubble stone masonry wallete conducted by Build Change 

(2019) is numerically reproduced.  The test specimens of size 400 mm x 470 mm x 540 mm (thickness x width x 

height)) were built by local masons using local stone and mud mortar from rural districts and hence are well 

representative of the Nepalese LBM school constructions.  Key material properties from the accompanied 

mechanical characterization tests are presented in Table 5-6 which are used for the numerical modelling and 

analysis in the present study.  It is interesting to note that some studies have used an elastic modulus for the 

Nepalese random rubble stone masonry constructions as high as 850 MPa in the FEM-based numerical studies 

(e.g. Bothara et al. 2018) which is an order of magnitude higher than the recent test results (Table 5-6). Bothara 

et al. (2018) computed the elastic modulus as 450 times the compressive strength of masonry without any 

references, which does not seem to be applicable for the Nepalese random rubble stone masonry constructions. 

Table 5-6.  Material properties for Nepalese random rubble stone masonry (Build Change, 2019). 

Material properties Average value CoV (%) 

Unit weight 2200 kg/m3 - 

Young’s modulus 65.10 MPa 31 

Compressive strength 2.40 MPa 13 

Tensile strength 0.02 MPa 16.5 

Cohesion 0.013 MPa 16.5 
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Figure 5-29.  Comparisons of experimental and numerical behaviour: (a) crack pattern and (b) stress-strain 

curve. 

Figure 5-29 compares the numerical crack patterns and the stress-strain diagram to the experimental results for 

the random rubble stone masonry wallette subjected to uniaxial compression.  Vertical and inclined cracks are 

observed which mainly pass through the mud mortar joints, both in the experiment and numerical analysis result.  

In terms of stress-strain curve, apart from a slight discrepancy in the initial stiffness, the average Young’s modulus 

as well as peak strength and strain are well predicted by the numerical analysis.  The difference in the initial stiffness 

is most probably due to the fact that the test specimen presented some voids and hence showed non-linearity at 

the beginning of testing. 

5.3.3.2 Lateral shear-compression behaviour 

For the validation of the lateral IP behaviour of random rubble stone masonry wall, the cyclic shear-compression 

test conducted by Build Change (2019) is modelled.  The wall specimen has a size of 1.2 m (length) x 1.2 m 

(height) x 0.45 m (thickness) and is built by local masons.  Since this test is also from the same test campaign, the 

material properties listed in Table 5-6 are applicable.  The wall is subjected to a cyclic (loading-unloading) 

displacement history up to a maximum lateral displacement of 48 mm under a vertical pre-compression of 0.011 

MPa.  

  
Figure 5-30.  Crack patterns comparison under cyclic shear-compression loading: (a) experimental and (b) AEM 

analysis (maximum crack opening is 20 mm). 
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Figure 5-31.  Comparison of cyclic hysteretic response from experimental and AEM analysis under shear-

compression loading. 

Figure 5-30 shows the comparison of ultimate crack pattern under cyclic shear-compression loading.  As the cyclic 

displacement level increases, the cracks become widely distributed all over the wall surface, passing mostly 

through the mud mortar joint/interfaces.  Figure 5-31 compares of hysteretic load-deformation behaviour from 

the AEM analysis and the experiment.  Overall, the lateral loading and unloading stiffnesses, peak capacity as well 

as the ductility are well reproduced by the AEM analysis. 

As the shear modulus as well as friction coefficient values were not characterized in the experimental tests by Build 

Change (2019), these values were also calibrated from the validation and calibration studies.  A shear modulus of 

about 23 MPa and a friction coefficient of 0.40 were found appropriate from the numerical calibration study. 

5.3.4 Summary of Calibration and Validation Study 

The results of the calibration studies with respect to different material parameters across different masonry fabric 

types (§5.3.1 to §5.3.3) are summarized in Table 5-7.  As noted, the numerical outputs are not sensitive (NS) to 

the compressive strength values across the three typologies.  The experimental values of both the elastic as well as 

non-linear parameters always need to be reduced in the numerical models, across all three masonry typologies.  

The modulus of elasticity needs to be reduced by up to 20%, which is usually within the range of the CoV of this 

parameter (see Table 5-5 and Table 5-6).  With respect to the apparent shear modulus value for the AEM 

numerical model of dry-stone and brick masonry, it has to be significantly reduced (i.e. by up to 95%), from the 

theoretical value given by Eqn. 5-1.  Accordingly, a range of (0.02 0.05)G E= −  for dry stone masonry and a 

range of (0.10 0.15)G E= −  for brick in cement mortar masonry is found appropriate for the AEM modelling.  

These values are in line with the ranges reported by Tomazevic (1999) and Bosiljkov et al. (2005) for masonry 

with low-strength mortar.  However, in the case of rubble stone in mud mortar masonry, due to the randomness 

of the fabric in all direction, the relationship between E and G is more homogeneous compared to the case of 

regular masonry in which case E is usually measured in the direction perpendicular to the bed joint.  Accordingly, 

a range of   (0.35-0.38)G E= seems appropriate for rubble stone masonry, which is in close correlation with the 

recommended (EN 1996-1-1, MSJC 2011) relationship given in Eqn. 5-1. 
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Table 5-7.  Summary of the numerical calibration studies: change in the values of material properties. 

Material property 

% change between the reported value and the numerical model 

Dry stone 
masonry 

Brick in cement mortar 
Random rubble stone in mud 

mortar 

Modulus of elasticity (E) -10% to -20% -7% to -15% -5% to -10% 

Shear modulus (G)3 -88% to -95%  -63% to -75% -5% to -12% 

Compressive strength (fc) NS NS NS 

Tensile strength(ft) - -20% to -32% -23% to -30% 

Cohesion (c) - -22% to -30% -25% to -35% 

Coefficient of friction (µ) -8% to -17% -12% to -20% NA4 (calibrated) 

 

For the tensile bond strength and cohesion values, the numerical input values also need to be reduced from the 

reported values, by about 20% to 30%, which exceeds the range of experimentally reported CoVs for these 

parameters (e.g. see Candeias et al., 2017; Sarhosis, Forgacs and Lemos, 2020).  Similarly, the experimental 

friction coefficient reported in the literature seems slightly higher to be directly applicable in the numerical model.  

Such discrepancy between the values from experimental material characterization and input values in the 

numerical model might be due to several factors such as the small test specimen size used in the material 

characterization, different loading and boundary condition, spatial variation of material characteristics (Thamboo 

and Dhanasekar, 2019; Sarhosis and Sheng, 2014; Galvez et al., 2018). 

Although further experimental research and more validation and calibration studies are needed for verification, 

the results of these calibration studies will be used for the modelling of LBM school IBs in this research work 

(Chapter 6). 

5.4 Methodology for Validation/Calibration of Lateral Behaviour of 
Masonry 

Several examples of validation and calibration studies presented and discussed in §5.3 showed that the values of 

the necessary material parameters for AEM modelling of a particular typology of masonry are not always available 

or reliable, requiring numerical calibration.  Backed up by these examples, a validation and calibration 

methodology, based on experimental tests, is synthesized in this section in order to calibrate the values of material 

parameters for numerical modelling of structures with similar masonry typology.  This task also confirms the 

applicability and reliability of the modelling tool adopted.  It is noted that although stochastic calibration or even 

surrogate models have been adopted by researchers for calibration of material properties for masonry structures 

(e.g. Sarhosis and Sheng, 2014; Albu Jasim, 2020), the calibration methodology discussed herein is manual 

deterministic type (Atamturktur, Hemez and Unal, 2010) with respect to the mean values of the material 

properties. This is due to the lack of quantification of uncertainty and variation of material properties and outputs 

reported in most of the experimental tests (see §5.3), as well as the lack of probabilistic distribution of material 

parameters for actual building structures to be modelled (later reported in §6.2). The material parameters 

 
3 Experimental shear modulus is calculated as 0.4 times the elastic modulus, as its value is not reported (see §5.2.2). 
4 This value was not measured in the mechanical characterization tests. 
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considered for the calibration are: the elastic moduli, tensile bond strength, cohesion and the coefficient of friction.  

The general methodology proposed for the validation and calibration is presented in Figure 5-32.  These steps are 

elaborated below: 

 
Figure 5-32.  Validation and calibration methodology for numerical modelling and analysis of masonry 

structures. 
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Step 1: Identify the masonry fabric type (unit, mortar and bond pattern) 

The first task is to identify the masonry type to be studied e.g. dry-stone masonry, brick in cement mortar 

masonry.  The size of unit, mortar thickness, number of wythes as well as the masonry bond pattern (e.g. running 

bond, English bond) should all be known as these affect the values of material properties as well as lateral behaviour 

of masonry.  This task can be achieved by carrying out field surveys, analysing photographs of buildings or via 

discussion with experts having knowledge on the local construction type (e.g. see Adhikari and D’Ayala, 2019; 

Adhikari and D’Ayala, 2020). 

Step 2: Identify reliable experimental tests and results from literature 

If it is possible and feasible to carry out experimental tests, it is always better to conduct first-hand lateral load 

tests on masonry walls (IP shear and rocking tests, OOP flexure tests or 3-D configuration tests) and the material 

properties characterization tests (see Table 5-1).  But this is extremely time as well as resource consuming and an 

efficient alternative is to identify (from the literature) the details of experimental tests under lateral loadings 

conducted on single walls or 3-D configurations of masonry walls. 

The masonry typology of the selected experimental test structure should be comparable to the typology of the 

main structure identified in Step 1.  The masonry typology is mainly compared with respect to the unit type, 

mortar thickness and bond pattern.  Although this is straightforward in case of regular brick masonry, it can be 

challenging in case of irregular stone masonry in which case parameters such as Line of Minimum Trace (LMT) 

and block area ratio can be used to identify similar typologies (e.g. see Zhang and Beyer, 2019).  The test structure 

details: geometry, boundary conditions, material properties and loading scheme should be identified from the 

relevant literature. Since the main outputs for comparison in such calibration studies are the crack pattern and 

load-deformation behaviour (§5.3.1 to §5.3.3), these should be explicitly available for the selected experimental 

test.  As the details and outputs of experimental tests are sometimes reported across more than one source (e.g. 

multiple journal publications, research reports, dissertations), it is better to collect and review all these sources in 

order to reduce uncertainty in the information related to the test structure. 

Since there are uncertainties related to the testing methods (for the lateral load tests as well as material 

characterization test), strength of units and mortar, test conditions (e.g. see Sarhosis and Sheng, 2014), numerical 

calibration study using a single experimental test might not be reliable.  Therefore, it is suggested to identify at 

least three sets of experiments and consider these for the calibration study in order to quantify the range of 

calibrated material properties.  In some cases, a single experimental campaign might have tested several walls of 

different configurations (e.g. Vasconcelos, 2005; Vaculik, 2012). In such tests, the uncertainty related to the 

testing method or material characteristics of the units and mortar is low.  However, considering three different 

tests from different experimental campaigns allows to consider the effect of such uncertainty.  Moreover, the 

experimental tests from the same locality represents the better characteristics and behaviour of the actual masonry 

structures, thus increasing the reliability of the calibration and validation process.  For example, the tests on rubble 

stone masonry discussed in §5.3.3 better represent the characteristics of Nepalese random rubble stone masonry 
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school IB (Table 4-17).  However, such tests from the same locality are not always available for all the masonry 

typologies (e.g. §5.3.1). 

Although 3-D configuration of walls can include both the IP and OOP response, such tests might not be available 

in the literature for the selected masonry typology.  However, out of the three selected experimental tests, at least 

one should be for IP wall and one should be for OOP wall test.  Step 3 to Step 7 should be followed for each of 

these experimental tests. 

Step 3: Create the numerical model of the experimentally tested structure 

The third step is to create the numerical model the experimentally tested walls or 3-D buildings identified in Step 

2 using the selected numerical modelling approach, with appropriate boundary conditions and loading 

representation (self-weight of the structure, pre-compression level as well as lateral loadings).  It is important to 

apply both the gravity loading along with pre-compression if any before the application of the lateral loading.  The 

loading scheme in the experimental tests could be force-based (e.g. Vaculik, 2012) or displacement-based (e.g. 

(Vasconcelos and Lourenço, 2009) and hence the same should be reproduced in the numerical modelling.  

Incorrect modelling decisions such as improper boundary conditions and/or loading representation lead to 

erroneous outputs and hence the calibration of the material properties becomes worthless. 

Step 4: Apply material properties in the numerical model 

Collect all material properties for the interface springs (see Table 5-1) reported in the literature along with the 

no. of test samples and coefficient of variations (CoV) if any.  Usually experimental campaigns include material 

characterization tests such as uniaxial compression, diagonal compression test (e.g. Vaculik, 2012; Candeias et al., 

2017)  . If the values of some of the necessary material properties (see Table 5-1) are missing or have been reported 

with known limitations (e.g. shear modulus), reasonable average estimates should be used for these material 

properties, with reference to the relative stiffness and strength of mortar and units.  Standards such as FEMA 356: 

2000, MIT 2009; Eurocode 6: 2005, ACI 530-11: 2011 can be followed to estimate the initial values of missing 

parameters for the chosen masonry typology.  In particular for the shear modulus, in case of modern brick masonry 

with stiff mortar, the initial estimate value can be taken as the 40% of the elastic modulus while for low bond 

masonry, an initial value in the range of 5% – 25% of the elastic modulus can be taken (see §5.3, Tomazevic, 

1999; Bosiljkov, Totoev and Nichols, 2005, Kržan, Gostič and Bosiljkov, 2015). 

Step 5: Analyse and obtain the damage pattern and load-deformation behaviour 

Next step is to apply the material properties from Step 4 into the numerical model created in Step 3 and analyse 

the numerical model as per the loading condition of the experiment (monotonic or cyclic).  The outputs of the 

analysis to be collected mainly include the nature of damage at joint level (tensile failure, shear failure, compressive 

crushing), damage pattern (diagonal shear crack, flexural cracks) and the load-deformation behaviour up to the 

target ‘ultimate state’ as defined in the experiment. 
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Step 6: Comparison of the analytical and experimental damage pattern  

Before comparing the load-deformation behaviour, the numerical damage pattern should be compared with the 

experimental one.  As this would be qualitative comparison requiring engineering judgement of the analyst, the 

distribution of joint-level damage (compressive crushing, tensile failure or shear failure) as well as the damage 

pattern (e.g. diagonal shear failure or flexural type damage) should be identified and compared.  If reliable 

modelling and analysis is carried out following the Steps 1 – 5, the damage pattern will be reproduced with an 

acceptable accuracy.  If this is not the case, one should revisit the model with respect to the boundary conditions 

and loading scheme. 

Step 7: Comparison of the analytical and experimental load-deformation behaviour 

This is the main step of calibration as it quantitatively compares both the elastic and non-linear outputs of the 

numerical analysis and experimental behaviour.  If these are not matching well, then the values of the relevant 

material properties assumed in Step 5 should be revised and the analysis needs to be re-run.  To simplify the 

comparison and acceptance of the numerical outputs, feature-to-feature comparison approach (see Atamturktur, 

Hemez and Unal, 2010) is considered with respect to the following features of a load-deformation curve. 

• Initial stiffness 

• Peak capacity point (Peak strength capacity and corresponding displacement capacity) 

• Post-peak stiffness 

• Ultimate displacement capacity 
 

A range of bounds (% difference between the numerical and experimental value) of the outputs are reported in 

literature as acceptable for numerical calibration, e.g.  ±5% (Sevim et al., 2011), ±10% (Pantò et al., 2017) to 

±20% (Ferreira, 2016).  Based on these guidance and the fact that the detailed account of the aleatory and 

epistemic uncertainties in the material characteristics, modelling and outputs (see Kiureghian and Ditlevsen, 2009) 

are not considered explicitly in the present methodology, bounds of ±10% for the peak capacity point (peak 

strength capacity and corresponding displacement capacity) is considered acceptable in this study.  However, for 

the initial stiffness, post-peak stiffness and the ultimate displacement capacity features, a bound of ±20% is 

considered acceptable.  Stricter bounds (i.e. ±10%) for the peak capacity point, in comparison to other features, 

is considered as this is usually the most significant feature in force-based (e.g. Pantò et al., 2017)  as well as 

displacement-based (e.g. see D’Ayala, 2005) assessment methods.  An illustration of the acceptable bounds of 

numerical outputs compared to the experimental load-deformation curve is shown in Figure 5-33. 
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Figure 5-33.  An illustration of the comparison of acceptable numerical (upper and lower bounds) and 

experimental load-deformation behaviour. 

It should be noted that if the number of test samples and coefficient of variation (CoV) are reported (see Step 3), 

revised values of the material properties should preferably be within the bound of uncertainty (e.g. see Galvez et 

al., 2018).   Although assuming a known parameter with low uncertainty as a calibration parameter can sometimes 

result in outputs that fit better with the experimental data, this can mask the effect of other parameters with higher 

uncertainty.  Similarly, attempts to calibrate a parameter that has low sensitivity on the outputs may lead to 

numerical ill-conditioning (Atamturktur, Hemez and Laman, 2012).  Followings are general suggestions to reduce 

the number of iterations.  It is suggested that in each iteration, only one parameter is revised so that the iteration 

process is controlled: 

• The initial stiffness is influenced mainly by the elastic properties i.e. elastic and shear modulus.  These 

moduli have relatively high uncertainty (e.g. Atamturktur, Hemez and Laman, 2012). If the elastic 

branch of the load-deformation curve is not matching well with the experimental result, these 

moduli should be revised within their bounds of CoVs, if reported.  In case the CoVs are not available 

and if the shear modulus was assumed in step 5 (which usually is the case), the value of shear modulus 

itself should be revised in the first iteration.  First estimates of these values as well as the range of 

change in the during the calibration process for different masonry typologies can be made following 

the recommendations in §5.3.4 and literature (Tomazevic, 1999; Bosiljkov, Totoev and Nichols, 

2005; MIT, 2009; Kržan, Gostič and Bosiljkov, 2015). 

• Once the initial stiffness is within the acceptable bounds, the next feature i.e. peak capacity point (peak 

strength capacity and corresponding displacement capacity) is considered for comparison.  As this 

peak point in the load-deformation curve is controlled by the tensile bond strength, cohesion, 

residual shear strength as well as friction coefficient, these should be revised in the next iteration if 

the numerical values of the feature are not within the acceptable bound with respect to the 

experimental result.  Again, these strength parameters need to be revised within the limits of their 
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CoVs if reported in the experiment.  If CoVs are not available, the limits of changes recommended 

in §5.3.4 or literature can be used as a guidance. 

• The coefficient of friction controls the post peak strength hardening and strength-degradation in 

masonry.  Thus, if the post-peak stiffness is not within the bounds, the coefficient of friction should be 

revised in the next iteration. 

• Ultimate displacement is usually controlled by the experimental limitations and is often specified as 

target displacement (e.g. see examples in §5.3).  The target displacement in the test however might 

not necessarily mean the ultimate displacement capacity of the test specimen.  In order to replicate 

the ductility capacity, the numerical model should be subjected to the target displacement value 

specified in the experiment or as seen in the experimental load deformation curve. 

Step 8: Calibrated values of material properties 

The final values of material properties, used in the numerical model to yield reliable numerical results (Step 6 

and Step 7), are the calibrated material properties for the particular experimental work considered.  As discussed 

in Step 2, as at least three sets of experimental tests are considered for the calibration study on the selected 

masonry typology, at least three sets of calibrated values for each material property are obtained by the end of 

Step 7.  For masonry buildings such as the Nepalese LBM school IBs identified in §4.5.2, the values of material 

properties (from in-situ test or from literature) might be different to the ones found in the experimental test used 

for the validation and calibration study.  Hence, for the masonry typology considered, a calibration factor (CF) for 

each of the material parameter can be computed from the particular experiment considered, as given by Eqn. 5-

2: 

 

  .......................(5 2)

    

c

r

m
CF

m
= −

 

Where, mc and mr are the calibrated values and reported values of the material property from the selected 

experimental test.  From the calibration study with at least three experimental tests for each masonry typology, 

at least three values CF for each material parameter are obtained.  From these, the mean CF along with the range 

(lower and upper limit) is computed.  Thus, for the numerical model of the actual structure, once the mean values 

of material properties are identified (from in-situ test or from literature), these CFs can be applied to get the final 

calibrated material properties that are ready to be used in the numerical analysis. 

 

  .......................(5 3)

    

C EM CF M=  −

 

Where, MC and ME are the calibrated and estimated value (from in-situ test or from literature, which could be the 

same set as mr) of the material property for the selected real structure to be modelled.  If a single numerical model 

of the structure is considered in the analysis, the mean CF values can be used to derive mean values of calibrated 
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material properties for the model.  If the material uncertainty is considered, for example using three numerical 

models (e.g. see D’Ayala et al., 2015), then the lower bound, mean as well the upper bound value of the CF for 

each material parameter can be applied to these numerical models to quantify the uncertainty on the output (e.g. 

capacity curve). 

An example on how to determine the coefficient of friction for a numerical analysis is provided herein to further 

clarify the calibration process.  Let us assume that the calibration study includes three experimental tests.  For a 

particular experimental test, the coefficient of friction reported from the experiment is 0.75 and Step – 7 yields 

a final calibrated value of 0.60.  Hence, CF for coefficient of friction, for this particular case, as per Eqn. 5-2 is 

0.60/0.75 = 0.80.  Similarly, let us assume that the calibration study for the other two experimental tests yields 

a CF of 0.70 and 0.95, respectively.  Thus, with these three values of CFs, the mean value is 0.82 and the lower 

and upper bounds are 0.70 and 0.95, respectively. 

Finally, if the coefficient of friction for the actual structure to be analysed is found to be 0.65 (from in-situ test or 

literature), then the calibrated mean value to be used in the numerical model, as per Eqn. 5-3, would be 0.82 × 

0.65 = 0.53.  Similarly, the lower and upper bound input values of the coefficient of friction would be 0.70 × 

0.65 = 0.46 and 0.95 × 0.65 = 0.62, respectively. 

5.5 Conclusions 

This chapter is devoted to various aspects of masonry modelling and analysis in the applied element modelling 

(AEM) environment using the simplified micro-modelling approach.  The numerical modelling strategies discussed 

for masonry in AEM showed that this approach is appropriate as well as efficient for low bond strength masonry 

where the units mostly suffer no damage under lateral loading i.e. act as rigid elements compared to the weak 

mortar joints and interfaces.  Moreover, for modelling random rubble stone masonry, applied element with 

triangular faces is proposed to be used to reproduce the randomness of the units in such masonry. 

A discussion on the definition of mechanical characteristics of masonry for the interface springs in AEM is also 

presented, focusing on the issue of the appropriate input value of the apparent shear modulus, which is often 

computed in literature from isotropic relationship with the elastic modulus.   

To test the reliability of the analysis tool used and to calibrate the material properties, a number of validation and 

calibration studies is carried out using several experimental tests from literature on a range of masonry type under 

monotonic and cyclic lateral loading conditions.  It was found that the experimentally reported values of the elastic 

moduli as well as non-linear parameters need to be reduced, sometimes beyond their CoVs, in order to be 

applicable in the numerical model.  The most used relationship between the shear modulus and the elastic modulus 

(i.e. Eqn. 5-1) is proven by the present study to be highly overestimating because of the discontinuous and 

heterogeneous nature of masonry, more pronounced in the case of low bond strength masonry.  This has been 

supported by past studies (Tomazevic, 1999; Bosiljkov et al. 2005; Tomaževič, 2009; Radovanović et al., 2015; 

Guragain, 2015; D’Altri, Messali, et al., 2019) and the calibration studies on a number of masonry fabric types 
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presented and discussed in this chapter.  The calibration studies showed that, for three different types of masonry 

texture: dry stone masonry, brick in cement mortar masonry and random rubble stone masonry, different 

relationships between shear and elastic modulus are applicable: G = (0.02 to 0.05)E, G = (0.10 to 0.15)E and G = 

(0.35 to 0.38)E, respectively.  However, more experimental as well as numerical studies are required to arrive at 

more robust conclusions for each masonry type.  Also, experimentally reported values of the tensile bond strength, 

cohesion and coefficient of friction need to be reduced by up to 30% to be used in the numerical model, which 

has been indicated by other researchers as well (e.g. Galvez et al., 2018).  Based on these experiences, a 

methodology is proposed and step by step procedure is discussed for the calibration of material properties, along 

with guidance on reducing the number of iterations.  Although it is not robust with respect to the treatment of 

individual uncertainties, this is expected to be useful in the numerical modelling of masonry within the research 

community, as such procedures are rarely documented in the literature. 

The sensitivity analysis on the number of springs per shared area showed that a set of at least 3x3 springs per shared 

faces of the applied elements can yield satisfactory results for both the IP and OOP lateral behaviour of masonry. 

In all the validation/calibration studies presented, experimental response was well reproduced by modelling units 

as single applied element (i.e. rigid element) without any meshing.  This approach particularly helps in substantial 

reduction in the computational time when 3-D buildings are analysed.  Furthermore, most of the Nepalese LBM 

school buildings (§4.5.2) have low-bond strength masonry types and are low-rise that have minimal gravity loads 

which reduces the chances of compression failure of units under lateral loading (Sarhosis and Sheng, 2014; 

Giamundo et al., 2014). 

The AEM modelling strategies as well as the outputs of validation and calibration studies discussed in this Chapter 

are used to conduct the non-linear time history and pushover analysis on the Nepalese school IBs, in order to 

develop the capacity curves, failure mechanisms and to identify reliable building-based damage limit states.  These 

are presented in the next chapter (Chapter 6).
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Chapter 6 

Non-Linear Seismic Analysis: Time History and 
Pushover Analysis 

6.1 Introduction 

This chapter deals with the non-linear seismic analyses of the IBs representative of the Nepalese LBM school 

typologies identified and characterised in §4.5.2.  As already discussed in §2.7 and Chapter 5, numerical modelling 

and non-linear seismic analysis of LBM buildings is complex compared to RC or steel framed buildings because of 

the heterogenous nature of masonry, being composed of unit and mortar usually displaying different stiffness and 

strength properties.  Non-Linear Time History Analysis (NLTHA) is regarded as the most rigorous analysis tool 

for non-linear seismic performance assessment contemplating the time-dependant input i.e. earthquake time 

histories and outputs e.g. time histories of displacement, acceleration.  Several fragility evaluation methods have 

been developed in the last two decades, relying on the output of suites of NLTHAs: Incremental Dynamic Analysis 

(IDA)  (Vamvatsikos and Allin Cornell, 2002), cloud analysis (Jalayer, 2003), multiple stripe analysis (Jalayer and 

Cornell, 2009). However, NLTHA would be highly resource and time intensive for the analysis of several IBs each 

modelled with detailed element-by-element AEM modelling adopted in this work (see Chapter 5) and could not 

be considered a viable solution if this approach were to be used in practice in determining vulnerability and risk 

for portfolios of schools at national level.  Therefore, a Non-linear Static Procedure (NSP) (Freeman, 1998; Fajfar, 

2000) is followed in this thesis for the seismic performance and consequent fragility evaluation (Chapter 7).  Such 

methods have been widely used in the seismic assessment of LBM buildings (e.g. Ademovic, Hrasnica and Oliveira, 

2013; Lagomarsino and Cattari, 2014; Gonzalez-Drigo et al., 2015; D’Ayala  et al., 2015). However, in order to 

validate the NSP outputs, for one IB of the Nepalese LBM schools, NLTHA and subsequent IDA analysis 

(Vamvatsikos and Allin Cornell, 2002) are carried out in this work. IDA is particularly selected for validating the 

pushover based NSP procedure as the IDA is often regarded as the dynamic equivalent of static pushover analysis 

in which time-histories of ground motions are increased in steps until the ultimate collapse is reached in the 

structure. 

As discussed in §2.3.2, compared to IP behaviour, LBM walls are more flexible and weaker under OOP loading 

and are subjected to different types of bending failures depending on their geometry and condition of cross-wall 

connections.  A detailed overview of different OOP failure mechanisms of LBM walls in existing buildings is 

available in D’Ayala and Speranza (2003).  In existing LBM building, the boundary conditions are not always fixed 

or simply supported etc. as assumed in the simplified assessment approaches (e.g. Doherty et al., 2002). Further, 
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the extent of boundary can vary depending on the strength of cross-wall connections or the geometry such as the 

opening position and the material quality in the cross-wall connections e.g. the OOP collapse mechanism can 

involve just the separation of inter-locking at the connection or it can include certain portion of cross-walls forming 

a combined failure mechanism (De Felice and Giannini, 2001; D’Ayala and Speranza, 2003). Moreover, the 

formulations, failure modes and crack patterns available in simplified methods developed on the basis of tests on 

well-built masonry walls (e.g. (Doherty et al., 2002; Ferreira, Costa and Costa, 2015; Giordano, De Luca and 

Sextos, 2020) are not reliable to be directly applied in the assessment of Nepalese low bond strength masonry.  

The use of existing formulations to the present study is further hindered by the range of masonry typologies of the 

IBs in this study (refer to §4.5.2).  Thus, the use of detailed element-by-element modelling (see Chapter 5) of the 

full 3-D building adopted in this study is justified in order to capture the realistic OOP response. 

For the LBM buildings with RD type diaphragms, the pushover application as well as the generation of pushover 

curves can follow the standard procedure (e.g. FEMA-440) as it meets the assumption of redistribution of 

horizontal actions by the rigid slab inducing uniform displacement of the vertical structures. However, there are 

variations in the pushover loading approach and patterns (inverse triangular, uniform, mode shape proportional 

or mass proportional) resulting in significant dispersion in the resulting pushover curves (Parisi and Augenti, 2012; 

Bucchi, Arangio and Bontempi, 2013; Endo, Pelà and Roca, 2017; Lourenco and Karanikoloudis, 2019). 

Moreover, with the 3-D element-by-element modelling of masonry using the AEM approach where the joints are 

represented by springs with finite stiffness and strength properties, the application of pushover force or 

displacement pattern concentrated at particular location (e.g. at floor/roof levels) is not always practical to analyse 

the complete post-elastic behaviour of the building, due to stress concentration and premature local failure.  To 

overcome these, a different approach of pushover loading, using a linearly increasing ground acceleration is 

proposed and implemented for Nepalese LBM school buildings along with validation against the NLTHA results. 

So far in the literature, no comprehensive strategy is available for dealing with the pushover based seismic 

assessment of LBM buildings without box-type behaviour, considering both the IP and OOP behaviour along with 

their interaction in 3-D configurations.  Instead, in the assessment of overall seismic behaviour of LBM structures 

with FD type diaphragms, many researchers have neglected or given little importance to the OOP behavior e.g. 

by considering OOP failure modes as secondary or local failure modes (e.g. Calvi, 1999; Lang, 2002; Pasticier, 

Amadio and Fragiacomo, 2008) because of the complexity in modelling, analysis and interpretation of the OOP 

behaviour. Even when considering the IP behaviour only, the choice of ‘master node’ representing the 

displacement in the global pushover curve of a 3-D building consisting of walls with different opening 

configurations and stiffnesses also causes uncertainty in the resulting output (Galasco, Lagomarsino and Penna, 

2006).  Widely used equivalent frame modelling approach for masonry walls (e.g. Lagomarsino et al., 2013) 

focuses on the global response considering the capacity and failure modes of IP walls only, meaning that such 

approach does not yield reliable results for buildings with FD type diaphragms. In the mechanics-based FaMIVE 

procedure (D’Ayala and Speranza, 2003) analysis is conducted with respect to pre-defined possible IP, OOP and 

combined collapse mechanisms to identify most likely collapse mechanisms. In the FaMIVE approach the detailed 

post-elastic behaviour and the interaction of the walls acting in OOP and IP direction cannot be accounted for.  
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Therefore, in a 3-D element-by-element modelling and analysis environment, a reliable strategy for dealing with 

the seismic performance and global vulnerability assessment of LBM buildings without box-type behaviour, 

considering the IP and OOP behaviour, is proposed in this study, and is implemented for the analysis of Nepalese 

LBM school IBs. 

The capacity curves as well as the drift limits for different damage states are influenced by several factors such as 

the masonry fabric, level of gravity load and the boundary conditions (e.g. D’Ayala, 2005; Penna et al., 2013). 

Thus, single capacity curve and single-valued thresholds of damage states, as the one suggested in HAZUS 

(HAZUS, 2003) or literature (e.g. Calvi, 1999) to represent broader class of unreinforced masonry, would not 

yield reliable results for the different Nepalese LBM school IBs consisting of varieties of masonry typologies. Thus 

specific IB-based capacity curves and threshold of damage states are derived in this study for each of the Nepalese 

school IBs. 

This chapter is organized as follows.  As reliable material characterization is crucial in the AEM modelling of LBM 

buildings and a first-hand experimental material characterization study was not carried out by the author, 

representative material properties for each masonry typology are collected from the literature and are presented 

in §6.2.  The sufficiency of data on the construction characteristics of the IBs (§4.5.2) and assumptions in 

developing the 3-D numerical models of the IBs are then presented in §6.3.  For the fragility and vulnerability 

assessment, a well-defined damage scale consisting of a number of discrete limit states is necessary, which is 

presented in detail in §6.4.  §6.5 presents the ground motion suite selected for the IDA study as well as for the 

seismic fragility and vulnerability assessment, the latter being presented and discussed in Chapter 7.  §6.6 presents 

the results and discussions of the NLTHA and IDA analyses on the UCM-URM7/MR/LD IB.  The methodology 

and results of the non-linear pushover analysis on the Nepalese LBM school IBs are all presented and discussed in 

§6.7.  A methodology for pushover loading application based on the linearly increasing ground acceleration is 

discussed and validated in §6.7.1 and §6.7.2.  In §6.7.3, the numerical collapse mechanisms are compared against 

the actual OOP damage patterns suffered by Nepalese LBM school buildings during the 2015 Gorkha earthquake.  

In §6.7.4, a pushover-based procedure developed for the seismic performance assessment of LBM buildings 

without box-like behaviour is discussed.  §6.7.5 presents the capacity curves, thresholds of damage states for each 

IB, along with a discussion on their dispersion due to the range of masonry typology.  Finally, some concluding 

remarks are drawn in §6.8. 

6.2 Material Properties Characterization for Different Masonry Typologies 

For the development of AEM numerical models of the LBM buildings, the input values of different material 

properties for the masonry material i.e. elastic modulus, shear modulus, compressive strength, tensile strength, 

cohesion and coefficient of friction; are required (Chapter 5).  Because of time and resource limitation and the 

volume of work required, first-hand mechanical characterization tests could not be conducted in the present study, 

hence the material properties data for different LBM typologies are obtained from literature.  For existing brick 
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in mud (UCM-URM4) and brick in cement mortar (UCM-URM7) typologies, the masonry material properties 

are taken from Guragain (2015). These tests were carried out in several existing Nepalese LBM buildings using 

in-situ testing methods (Guragain, 2015). Although the test results for bricks and mortar in existing school 

construction is not available, recent experimental studies (Parajuli, 2012; Corrallo and Spears, 2018; Phaiju and 

Pradhan, 2018; Shrestha, 2019; Endo et al., 2020) show that Nepalese bricks have a minimum compressive 

strength of 5.0 MPa and the cement-sand mortar have a compressive strength of 3.0 MPa. Similarly, a compressive 

strength in the range of 1.0 MPa – 1.6 MPa was found for Nepalese mud mortar mixes (Parajuli, 2012; Corrallo 

and Spears, 2018; Endo et al., 2020). 

For stone in mud mortar typologies (UCM-URM2 and UCM-URM3), results of laboratory material 

characterization tests conducted by Build Change (2019) and Pun (2015) are used.  Build Change (2019) 

conducted a series of uniaxial compression, diagonal tension and shear-compression tests on laboratory specimens 

constructed by local masons from locally available stone and mud mortar from rural areas of Nepal.  Average 

compressive strength of the stone units was found to be 38.20 MPa (CoV = 56%). 

However, for the dry-stone masonry (UCM-URM1) and stone masonry in cement mortar constructions (UCM-

URM5 and UCM-URM6), no results are available in the literature from tests on similar Nepalese LBM 

constructions.  Hence, the material properties characterized in the extensive experimental tests by Vasconcelos 

(2005) are used. These sets of experimental results are particularly chosen in this study because the material 

properties data for the three typologies: UCM-URM1, UCM-URM5 and UCM-URM6, can be characterised from 

the single experimental campaign, thus reducing the bias related to the test set up, specimen dimensions, sample 

size and specimen preparation.  Furthermore, results on both prisms and wallettes tests are available from this 

source, hence ensuring full correlation among all parameters needed in AEM.  As these tests are carried out on 

freshly prepared laboratory specimens, these represent the material properties of recently constructed schools 

with good quality workmanship and with a mortar of compressive strength of at least 3 MPa (i.e. mortar type M2 

with 1:6 ratio of cement to sand as per NBC 109:1994). 

From the above discussed sources, the key material properties along with their CoVs, when available, for different 

typologies of LBM constructions to be used in the numerical modelling and analysis of the Nepalese LBM school 

IBs are summarized in Table 6-1.  The variability of different material parameters with respect to masonry typology 

as observed in Table 6-1 justifies the need to consider each separate IB per masonry typology (§4.5.2).  Moreover, 

even for a particular typology, scatter is always present even within a quality-controlled test campaign, as seen 

from the values of CoVs reported in Table 6-1.   

As most of the existing Nepalese LBM schools are community-led constructions, without any formal quality 

control or input from trained engineers (Dixit et al., 2014). Accordingly, the material properties of these 

buildings, even when of same masonry typology, can exhibit significant variability.  As there are no extensive 

experimental studies on the material characterization of Nepalese LBM constructions, these uncertainties could 

not be quantified and hence is not considered in this study.  However, in order to shed some light on the effect of 

material quality on the Nepalese LBM school buildings, a sensitivity analysis is conducted for a typical IB with 

respect to the material quality in Chapter 8. 
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Table 6-1.  Material properties selected for different construction types of LBM school buildings. 

LBM typology 
(Reference) 

Unit weight Modulus of elasticity Compressive strength Tensile strength Cohesion 
Coefficient of 

friction 

Average value 
(kg/m3) 

CoV 
(%) 

Average value 
(MPa) 

CoV 
(%) 

Average value 
(MPa) 

CoV 
(%) 

Average value 
(MPa) 

CoV 
(%) 

Average value 
(MPa) 

CoV 

(%) 

Average 
value 

CoV 
(%) 

UCM-URM1 
(Vasconcelos, 2005) 

2200  - 3287.5 18.7 73.00 9.1 0.00 - 0.00 - 0.65 - 

UCM-URM2 (Build 
Change, 2019) 

2200 - 65.1 31.0 2.40 13.0 0.02 16.5 0.01 16.5 - - 

UCM-URM3 (Pun, 
2015) 

2200 - 240.0 6.1 1.80 7.2 0.05 8.0 0.05 8.0 - - 

UCM-URM4 (Guragain, 
2015) 

1768 - 150.0 90.0 1.21 - 0.05 - 0.05 59.0 - - 

UCM-URM5 
(Vasconcelos, 2005) 

2200 - 1248.0 27.6 18.40 8.9 0.11 19.2 0.11 - 0.63 - 

UCM-URM6 
(Vasconcelos, 2005) 

2200 - 3840.8 15.3 37.00 11.8 0.11 - 0.36 - 0.63 - 

UCM-URM7 (Guragain, 
2015) 

1920 - 872.0 79 4.14 - 0.07 - 0.17 67.0 - - 
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6.3 Modelling Assumptions for the Index Buildings 

In this section, the assumptions and strategies for numerical modelling of the IBs of different building types of 

LBM schools are presented.  Numerical modelling for each different IBs is based on their structural and geometric 

characterization presented in (§4.5.2).  3-D element-by-element AEM numerical models of each IB is created 

using the simplified micro-modelling technique which was discussed in detail in Chapter 5.  For the brick masonry 

IBs (UCM-URM4/LR/PD, UCM-URM4/MR/LD, UCM-URM7/LR/LD and UCM-URM7/MR/LD), 

masonry walls and the cross-wall connections are modelled exactly as in the English bond pattern to represent the 

actual construction (see Figure 6-1).  It is worth noting that the UCM-URM7/LR/LD building type is a one-brick 

thick construction (250 mm wall thickness) while UCM-URM4/LR/PD, UCM-URM4/MR/LD and UCM-

URM7/MR/LD building types are one-and-a-half brick thick constructions (375 mm wall thickness) (The World 

Bank, 2016).  The internal cross-wall of the UCM-URM4/LR/PD IB has poor cross-wall connection at the two 

ends i.e. without interlocking as it would be in a standard English bond joint.   

 
Figure 6-1.  3-D numerical model for the UCM-URM7/LR/LD IB created in ELS using the AEM. 

For the dry and dressed stone masonry IBs (UCM-URM1/LR/LD, UCM-URM3/LR/LD and UCM-

URM6/LR/LD IBs) with fairly rectangular units, the walls are modelled as two wythes of stretcher bonds, 

representing the actual construction.  Although in reality the size and shape of stone units vary from building to 

building, depending on the source and workmanship of dressing, these are modelled as uniform sized rectangular 

elements.  This might incur some level of uncertainty in the outcomes.  For modelling uncoursed random rubble 

stone masonry IBs (UCM-URM2/LR/LD and UCM-URM5/LR/LD), a triangular element based modelling 

technique discussed in §5.2.1 is employed.  Because of the inherent randomness of the unit and the mortar 

thickness in such masonry, this modelling approach might not reproduce the exact masonry fabric.  For all the 

stone masonry IBs, through stones represented by rigid elements are provided in the walls at a horizontal and 

vertical spacing of about 1.2 m each, as observed in the field survey (which is inadequate as per NBC 203: 2015).  

Lintel above 
openings 

English bond 

pattern 
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Rigid elements are also used to model the corner stones in all stone masonry IBs, as most of these school buildings 

present corner stones at cross-wall connections (see Figure 6-2). 

 
Figure 6-2.  (a) Large rectangular corner stones in UCM-URM3/LR/LD type school building and (b) AEM 

model. 

The timber lintels above the openings, that are present in all the LBM school constructions, are modelled as elastic 

elements (Figure 6-1) and are meshed so that the element size is about the size of units.  RC beams and slabs are 

meshed such that the element size is equivalent to the size of units of the masonry.  In particular, the 

SFM4/LR/MD IB presents buttresses (300 mm in length) at the cross-wall connections as well as columns and a 

ring beam of hollow steel tubular elements.  These steel members are modelled as linear elastic elements and 

meshed such that the element length is comparable to the size of units.  For each different IBs, the interfaces 

between the RC or steel or timber elements and the masonry is represented by the properties of mortar used in 

respective masonry typologies. 

As seen from the analysis of the IB characteristics (§4.5.2),  there are two groups of IBs in the Nepalese LBM 

school portfolio: one group (all of the single-storied IBs) that have FD type diaphragm i.e. light timber or steel 

roof structures and a second smaller group (viz. UCM-URM4/MR/LD and UCM-URM7/MR/LD) with floor 

and roof made up of RC slab (i.e. RD type diaphragms). Since the roof structure in IBs with FD type diaphragm 

is light and the roof elements are poorly connected to the masonry walls (see Figure 6-3), it is not modelled 

structurally, but their equivalent weight is directly applied to the top of the walls, as lumped masses so that the 

contribution of roof to both gravity and horizontal loading is reproduced in the numerical model. A comparative 

study on the effect of neglecting such light roof structures in the numerical model is presented and discussed in 

§8.4, where the difference is shown to be negligible.  However, for IBs having RC slabs as floor/roof (i.e. RD 

type diaphragms), these are explicitly modelled and meshed such that the element size is comparable to the size 

of units. 

(a) (b) 
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(a) UCM-URM4/LR/PD type 
school building 

 

(b) UCM-URM7/LR/LD type 
school building 

 

(c) UCM-URM3/LR/LD type 
school building 

Figure 6-3.  Photographs of poorly connected timber roof elements in Nepalese LBM school buildings. 

For each different masonry fabric type, the corresponding material properties listed in Table 6-1 are used.  The 

concrete for all the RC structural elements in different IBs (i.e. beam and slab) is considered as M15 grade with a 

compressive strength of 15 MPa while an elastic modulus of 200 GPa is used for the steel members in the 

SFM4/LR/MD IB.  The foundations being thick, strip type stone masonry work and more than 0.5 m deep in the 

ground (The World Bank, 2016), the superstructure to foundation connection is modelled as a fixed boundary 

condition at the ground level.  Thus, the soil-structure interaction and foundation flexibility are not considered in 

this study.  Based on the above discussions and assumptions, Table 6-2 presents the 3-D views of the AEM 

numerical models of the ten IBs considered in this study. 

Table 6-2.  3-D numerical models of the Nepalese LBM school IBs created in ELS using the AEM. 

 
No. of elements – 9,454, No. of springs – 85,066 

(a) UCM-URM1/LR/LD 

Dry stone masonry, single story, low seismic design 

 
No. of elements – 39,666, No. of springs – 356,994 

(b) UCM-URM2/LR/LD 

Rubble stone masonry in mud mortar, single story, low 
seismic design 

 
No. of elements – 7,466, No. of springs – 67,194 

(c) UCM-URM3/LR/LD 

Dressed stone masonry in mud mortar, single story, low 
seismic design 

 
No. of elements – 19,667, No. of springs – 177,003 

(d) UCM-URM4/LR/PD 

Brick masonry in mud mortar, single story, poor seismic 
design 
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No. of elements – 48,684, No. of springs – 438,156 

(e) UCM-URM4/MR/LD 

Brick masonry in mud mortar, medium rise, low seismic 
design 

 
No. of elements – 39,666, No. of springs – 356,994 

(f) UCM-URM5/LR/LD 

Rubble stone masonry in cement mortar, single story, low 
seismic design 

 
No. of elements – 7,566, No. of springs – 68,094 

(g) UCM-URM6/LR/MD 

Dressed stone masonry in cement mortar, single story, 
medium seismic design 

 
No. of elements – 12,495, No. of springs - 112,455 

(h) UCM-URM7/LR/LD  

Brick masonry in cement mortar, single story, low seismic 
design 

 
No. of elements – 42,171, No. of springs - 379,539 

(i) UCM-URM7/MR/LD 

Brick masonry in cement mortar, medium rise, low 
seismic design 

 
No. of elements – 18,335, No. of springs - 165,015 

(j) SFM4/LR/MD 

Light steel frame with brick masonry in cement mortar, 
single story, medium seismic design 

 

Although not outlined in the Nepalese seismic design codes (NBC105: 2020), wall density is a simple indicator of 

the seismic capacity of an LBM building and seismic design codes in several countries specify minimum 

requirements with respect to the wall density (e.g. BHRC, 2007; BCP, 2007).  Table 6-3 presents the wall density 

of the ten IBs in the two principal directions.  As per the Iranian seismic design code (BHRC, 2007), minimum 

wall density suggested for single storeyed brick masonry (UCM-URM4/LR and UCM-URM7/LR), two-storied 

brick masonry (UCM-URM4/MR and UCM-URM7/MR) and for single storeyed stone masonry (UCM-URM1, 

UCM-URM2, UCM-URM3, UCM-URM5 and UCM-URM6) are 4%, 6% and 5% respectively.  Similarly, the 
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Building Code of Pakistan (BCP, 2007) recommends a wall density of 6% for the highest seismic hazard 

(PGA>0.32g) zone.  All the IBs listed in Table 6-3 have a wall density generally greater than these recommended 

values, which however, does not confirm the seismic safety of several of these constructions for the seismic hazard 

level in Nepal.  Furthermore, wall density is not the only measure of seismic performance i.e. smaller wall density 

does not mean the building is weaker and vice-versa.  In most of the IBs, the wall density in the long direction is 

smaller than in the short direction (because of the openings present in the long walls) indicating that when 

subjected to same level of seismic intensity, the longer direction is generally more vulnerable.  The seismic capacity 

and vulnerability of these different IBs will be discussed later in §6.7 with respect to the results of collapse 

mechanisms, equivalent lateral capacity, capacity curves; and in Chapter 7 with respect to the fragility and 

vulnerability functions. 

Table 6-3.  Wall density of the IBs in two principal directions. 

IB No. Building Type 
Total 

plan area 
(m2) 

Net wall 
area in 

long 
direction 

Net wall area 
in short 

direction 

Wall density 
in long 

direction (%) 

Wall density 
in short 

direction (%) 

1 UCM-URM1/LR/LD 61.5 5.3 8.3 8.6 13.4 

2 UCM-URM2/LR/LD 45.3 5.0 6.2 10.9 13.7 

3 UCM-URM3/LR/LD 88.4 12.5 9.6 14.1 10.9 

4 UCM-URM4/LR/PD 71.1 7.7 6.6 10.8 9.2 

5 UCM-URM4/MR/LD 121.1 12.1 7.5 10.0 6.2 

6 UCM-URM5/LR/LD 45.3 5.0 6.2 10.9 13.7 

7 UCM-URM6/LR/MD 67.7 8.0 9.0 11.9 13.4 

8 UCM-URM7/LR/LD 65.4 3.1 4.3 4.7 6.6 

9 UCM-URM7/MR/LD 75.0 7.1 7.5 9.8 10.0 

10 SFM4/LR/MD 64.6 3.6 3.6 5.5 5.5 

 

Since detailed element-by-element numerical models are developed and analysed in this study, the seismic 

performance and fragility evaluation is carried out based on the building-specific damage limit states which are 

derived in this chapter later in §6.7.5.  Moreover, since there are two groups of IBs: one with FD type diaphragm 

and the other with RD type diagram, the damage states and their thresholds adopted in this thesis are defined in 

the next section (§6.4) 

6.4 Definition of Damage Scale and Limit States 

Although damage states and the values of their threshold for LBM buildings are suggested in literature (e.g. FEMA-

273;  Calvi, 1999; Lagomarsino and Giovinazzi, 2006; D’Ayala, 2013; FEMA 2015), these are not necessarily 

applicable to the wide range of masonry typologies of Nepalese LBM school buildings (e.g. see Guragain, 2015).  

Thus, in this study, the thresholds of different damage states for each IB are derived based on the physical damage 

sustained by the respective IBs, obtained from the results of explicit non-linear pushover analysis.  A damage scale 
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with five different limit states: No damage (DS0), Slight damage (DS1), Moderate damage (DS2), Extensive damage 

(DS3) and Collapse (DS4) is used in this study, following the recommendations in D’Ayala et al. (2015).  In the 

LBM buildings with RD type diaphragms enforcing box-like behaviour, the damage is mostly concentrated in the 

IP walls because of uniform displacement imposed at the floor/roof level.  Therefore global damage states are 

used for these IBs.  On the other hand, IBs with FD type diaphragm lack box-like behaviour and walls acting in 

OOP direction are subjected to large displacements suffering damage much earlier than the IP walls (see Adhikari 

and D’Ayala, 2019; Figure 6-4).  Accordingly, damage states for these IBs are defined at IP and OOP wall level 

and seismic fragility assessment is carried out with respect to IP and OOP wall behaviour (discussed later in §6.7.3 

and §6.7.4). 

 
Figure 6-4.  Example collapse mechanism of the LBM building without box-like behaviour.  The OOP gable wall 

is already on the verge of collapse while no visible damage can be seen yet in the IP walls. 

The definition of the different damage states (DSs) and their thresholds (DTs) i.e. onset of the damage state are 

explained in Table 6-4.  The equivalence of the adopted damage scale with most widely used damage scales from 

literature is also shown in Table 6-4 so that comparison of the fragility functions (Chapter 7) derived in this work 

with those available in the literature is facilitated.  The equivalence with respect to the FEMA performance levels 

(FEMA, 2012) is of particular significance to school buildings as after a seismic event, the state of damage of the 

building expressed in terms of its performance and functionality is a more relevant information  to communicate 

to the public than referring to structural and non-structural damage. In general, the moderate damage state (DS2) 

is the limit up to which a building is repairable/retrofittable while beyond extensive damage (DS3), life safety is 

threatened, and the building is usually scheduled for demolition and replacement.  Thus, the teaching learning 

activities are hampered for several months to years if a school building experiences higher damage state than the 

moderate damage (DS2).  Such disruption was experienced in Nepal in the aftermath of the 2015 Gorkha 

earthquake as more than 90% of the school buildings suffered extensive damage (DS3) to collapse (DS4) in several 

hard-hit districts such as Gorkha and Sindhupalchowk (UNICEF, 2015). 
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Table 6-4. Definition of global damage scale and equivalence to damage scales from literature. 

Damage 
state5 

Damage state definition  Damage state threshold 

Equivalent damage states 

HAZUS (2003) 

FEMA 
Performance 

Levels (FEMA, 
2012) 

EMS 98 (Grünthal, 
1998) 

DS0 - No 
Damage 

No damage - None Operational Grade 1 

DS1 - 
Slight 

Damage 

Hairline to minor cracks (about 1 
mm width) around the corners of 

openings (doors and windows) 

DT1 – elastic (cracking limit); strength is 
increasing; slight reduction in initial stiffness starts 

Slight 
Immediate 
Occupancy 

Grade 2  

DS2 - 
Moderate 
Damage 

Minor diagonal cracks extended 
from the corners of most of the 

openings, some being wider (about 
5 mm in width); walls may have 

visible separation from the floor or 
roof diaphragms 

DT2 – yield limit; strength is mildly increasing; 
stiffness starts to reduce noticeably 

Moderate Life Safety Grade 3  

DS3 - 
Extensive 
Damage 

Most of the walls have developed 
major shear and flexural cracks 

(about 10 mm in width); 
unrestrained gables on verge of 

collapse; visible separation of beams 
or slabs in floors and roof 

structures. 

DT3 - peak strength is achieved; stiffness changes 
from positive to zero; the structure now enters 
plastic deformation state i.e. it will withstand 

certain deformation at nearly constant capacity. 

Extensive 
Collapse 

Prevention 
Grade 4  

DS4 – 
Collapse 

Most of the walls develop extensive 
shear and flexural cracks of width 
more than 10 mm. some gables 

collapsed; some walls or portions 
on the verge of collapse 

DT4 - strength start to degrade rapidly; rate of 
increment of drift becomes excessive; structural 
instability; further lateral loading will cause the 

structure to collapse. 

Complete - Grade 5 

 
5 Used in the present study 
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A representative capacity curve is presented in Figure 6-5, showing both the damage states and their thresholds, 

as adopted in this study.  The roof drift is chosen as the engineering demand parameter (EDP) by defining the limit 

state thresholds (DT1, DT2 etc.) in terms of global or wall level roof drift, depending on the diaphragm action of 

the studied IB.  These thresholds are identified along the capacity curves, with a careful observation of the 

progressive damage, in terms of crack pattern development and crack width, in the numerical model of the 

building as well as the change in stiffness and strength along the capacity curve.  The efficiency and sufficiency of 

different EDPs for multi-storied LBM buildings is discussed in §6.6 with respect to the results of NLTHA and IDA 

analyses. 

 
Figure 6-5.  Illustration of different damage states and thresholds along a typical capacity curve. 

The ultimate drift corresponding to the collapse state is ambiguous because it is hard to numerically define the 

collapse state of a building or component using the drift level, as also discussed by Rota, Penna and Magenes 

(2010). Thus, in this study, the ultimate drift in the capacity curve is taken as the collapse threshold (DT4) i.e. the 

onset of the collapse state.  This is defined from the pushover analysis, corresponding to the state of the building 

(or a wall) at which a complete collapse mechanism has formed with extensive crack width (e.g. in the order of 

10 mm or more for the UCM-URM7 typology), such that the rate of incremental displacement for further 

incremental loading becomes excessive (e.g. in the order of ≥5 mm for the UCM-URM7 typology).  Furthermore, 

as OOP walls can show higher drift limits because of bending behaviour, their ultimate drift limits are controlled 

by limiting the maximum crack opening at the cross-wall connection (e.g. 15 mm for the UCM-URM7/LR/LD 

IB). 

The physical definition of the global damage states (DSs) for an IB with RD type diaphragm are shown in Figure 

6-6.  Similarly, the physical definition of the wall-level local damage states for IP behaviour and OOP behaviour 

of IBs with FD type diaphragm are presented in Table 6-5 and Table 6-6, respectively.  In these tables, each of the 

numerical damage state are also correlated with examples of real damage states of the LBM school buildings from 

the 2015 Gorkha earthquake (The World Bank, 2016). 

 

DS0 - No Damage 

DS1 - Slight Damage 

DS2 - Moderate 

Damage DS3 - Extensive 
Damage 

DS4 - Collapse 

Vmax 

0.8V
max

 

DT1 

DT2 

DT3 DT4 

Base shear, V 

Roof drift, Δ 
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The above discussed damage states descriptions are typical for brick in cement mortar masonry typology (UCM-

URM7).  For different IBs with different masonry fabrics and construction characteristics, these damage state 

definitions in terms of crack pattern and width could vary.  However, for each of the ten IBs, the physical state of 

damage in terms of crack patterns and width at each damage state is explicitly presented in Appendix B (also 

discussed later in §6.7.5). 

 

 

DS1 – Slight Damage 

 

DS2 – Moderate Damage 

 

DS3 – Extensive Damage 

 

DS4 – Collapse 

Figure 6-6.  Illustration of physical damage at each damage states for UCM-URM7/MR/MD IB when loaded in 
the longitudinal direction.  Black cracks represent hairline to minor cracks of width ≤ 5 mm, red cracks 

represent major to extensive cracks of width > 5 mm. 



Chapter 6 - Non-linear Seismic Analysis: Time History and Pushover Analysis 

128 
 

Table 6-5.  Definition of damage limit states for IP walls in IBs without box-like behaviour. 

Damage 
State 

Definition Typical Physical Damage 
Correlation of damage states from 

the 2015 Gorkha earthquake 

Slight 
Damage 

(DS1) 

Hairline to minor cracks 
(black, about 1 mm 
width) around the 

corners of openings 
(doors and windows) 

 
 

Moderate 
Damage 

(DS2) 

Minor diagonal cracks 
(black) extended from 
the corners of most of 

the openings, some 
being wider (about 5 

mm in width) 

 
 

Extensive 
Damage 

(DS3) 

Most of the walls have 
developed major shear 
and flexural cracks in 

piers and spandrels (red, 
about 10 mm in width) 

  

Collapse 
(DS4) 

Most of the walls 
develop extensive shear 

and flexural cracks of 
width more than 10 mm 

(red); some spandrels 
on the verge of collapse 
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Table 6-6.  Definition of damage limit states for OOP walls in IBs without box-like behaviour. 

Damage 
State 

Definition 
Typical physical damage from 

numerical analysis 

Correlation with real damage 
states from the 2015 Gorkha 

earthquake 

Slight 
Damage 

(DS1) 

Hairline cracks (blue) 
appeared at the top 

cross-wall connection 
between the OOP and 

IP walls 

 
 

Moderate 
Damage 

(DS2) 

Minor crack (blue, up 
to 5 mm wide) 

extended through the 
height of cross-wall 
connections; gables 
develop a hairline 

horizontal crack at its 
base. 

 
 

Extensive 
Damage 

(DS3) 

Major separation cracks 
(red, of about 10 mm 

width) at the cross-wall 
connection; gables on 

verge of collapse; 
minor full thickness 

horizontal or diagonal 
cracks developed 

through full length of 
wall.  

 

Collapse 
(DS4) 

The separation at cross-
wall connection 

becomes extensive i.e. 
about 20 mm; gables 
collapsed; OOP wall 

collapse mechanism has 
formed (red cracks). 
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6.5 Ground Motions for Seismic Performance Assessment 

As the seismic ground motions are usually non-repetitive and highly scattered in terms of their characteristics (i.e. 

PGA, frequency content, energy content etc.), the seismic performance assessment with a single or few records 

is not sufficient to understand the full spectrum of seismic response that a building will undergo and hence to 

conduct a comprehensive seismic fragility assessment (Vamvatsikos and Allin Cornell, 2002; Rota, Penna and 

Magenes, 2010).  As there are very limited ground motion records available from seismic events in Nepal (Goda 

et al. 2015, Takai et al. 2016), for the hazard description, a suite of 22 far-field ground motions recommended in 

FEMA P-695 (FEMA, 2009) is used in this study to consider the record-to-record variability.  Each of these records 

are scaled with respect to the acceleration axis such that the full range of performance outcomes are obtained in 

order to statistically fit the fragility functions at each damage states.  Although recent trend is to consider a large 

suite of unscaled records (e.g. Jalayer and Cornell, 2009; Nassirpour, 2018), the FEMA P-695 suite contains  

ground motions from earthquakes in different countries originating from a range of seismic fault types; and is 

considered a standard set of ground motions by the research community (e.g. see Vigh et al., 2013; Upadhyay, 

Pantelides and Ibarra, 2019; Dabaghi, Saad and Allhassania, 2019). Hence the derivation of fragility functions of 

the school buildings using the FEMA P-695 ground motion suite allows to draw comparison with the fragility 

functions for other buildings available in the literature and also adds to the standardised body of knowledge. 

It should be noted that the FEMA P-695 suite contains two horizontal components per recording station and the 

stronger component of each ground motion is chosen for this study.  The PGA of these ground motions varies 

from 0.2g to 0.8g and spectral acceleration in the low period range (i.e.  T1< 0.5 sec, in case of low-rise masonry 

buildings) also has a considerable dispersion so that the effect of wider record-to-record variability can be captured 

in the fragility functions. 

 
Figure 6-7.  Comparison of design spectra (NBC 105: 2020) and the mean of the FEMA P695 far field suite of 

ground motions. 
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Figure 6-7 compares the mean response spectrum of the FEMA P-695 far field suite of ground motions with the 

elastic design spectra for different site soil types as per NBC 105: 2020.  The code spectra are generated based on 

an importance factor of 1.25 (school buildings) and a zone factor of 0.3. Although the code spectra for different 

soil type have different corner periods, the mean of the FEMA P695 ground motion suite matches well with the 

code spectra in the low period range (> 0.5 sec).  Nonetheless, the individual ground motions contain significant 

variation in their characteristics and each ground motion is scaled up and down so that the entire range of soil type 

as well as zone factor from NBC 105: 2020 are covered by the considered ground motions. 

6.6 Non-linear Time History and Incremental Dynamic Analysis 

As already discussed in §6.1, the seismic analysis and fragility and vulnerability evaluation of all the IBs are based 

on non-linear static (i.e. pushover) based procedures (e.g. D’Ayala et al., 2015).  However, as the pushover 

analysis is static and monotonic; and is based on the fact that the building behaves as an SDoF system, it is necessary 

to verify the seismic performance thus assessed by comparing the results against the NLTHA results under several 

ground motions.  Thus, in this section, the results of NLTHA and IDA (Vamvatsikos and Allin Cornell, 2002) 

analyses using the set of 22 FEMA P-695 ground motions (§6.5) on an UCM-URM7/MR/LD IB  are presented 

and discussed.  The geometrical details and construction features of the UCM-URM7/MR/LD IB is presented 

and discussed already in §4.5.2 and the 3-D numerical model is presented in §6.3.  This particular IB is chosen 

because this is a double-storied construction and the validity of the non-linear static procedure (NSP) based results 

for this IB will confirm the reliability of the NSP based results for single-storied IBs as the SDoF assumption is 

closer to the real behaviour for single-storeyed buildings than multi-storeyed buildings.  It is noted here that the 

NLTHA and IDA analyses are carried out in the long direction as the seismic analysis and fragility assessment of 

all the IBs using the NSP are conducted in the long direction (see later in §6.7.3).  The specific objectives of the 

NLTHA and IDA analyses presented in this section are listed below. 

• To understand the roles of modal properties (§6.6.1) in the seismic response and failure mechanism 

under different ground motions can be understood (§6.6.2). 

• To verify the applicability of the proposed pushover loading application approach (§6.7.2). 

• To investigate the reliability of different EDPs and the efficiency of IM indicators (specifically PGA and 

Sa(T1)) for LBM buildings (§6.6.3), using the IDA curves. 

• To verify the seismic performance assessment of LBM buildings derived using the non-linear static 

procedure as presented in § 7.4. 

6.6.1 Modal Analysis  

An Eigen analysis in the frequency domain is first conducted on the 3-D model of the IB in order to understand 

the free vibration properties.  The first five vibration modes and the modal frequencies are presented in Figure 

6-8.  First translational modes in the two principal directions have almost similar frequencies meaning that the 
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building has similar stiffness in both directions, albeit the longitudinal direction is slightly more flexible.  The 

building being slightly irregular due to the difference in the size of openings (doors on the front face and windows 

on the back), some torsional response (see Figure 6-8 (c)) can be expected during bi-directional excitation.  As 

the building is being analysed under the earthquake loading in the long direction (§6.6.2, §6.6.3), the first two 

translational modes in this direction (Figure 6-8(a) and (d)), having periods of 0.15 s (T1) and 0.06 s (T2), 

respectively, are of particular interest.  Corresponding mass participation factors of these modes are 92% and 8% 

respectively, indicating that the seismic behaviour of this building is dominated by the first mode response.  The 

assessment of lateral displacement at each of the walls at the roof and floor level under the first two translational 

modes in the long direction showed (Figure 6-8(a) and (d)) that the displacement is uniform, indicating that the 

floor and roof diaphragms have sufficient in-plane stiffness to act as RD type diaphragm.  The modal displacement 

profiles of these two modes are shown in Figure 6-9.   

 

 

(a) First mode – 6.58 Hz (First 
translational in longitudinal direction) 

 

(b) Second mode – 6.80 Hz (First 
translational in transverse direction) 

 

(c) Third mode – 8.54 Hz 
(Torsional mode) 

 
(d) Fourth mode – 16.67 Hz (Second 

translational mode in longitudinal 
direction) 

 

(e) Fifth mode – 20 Hz 

Second translational mode in transverse 
direction 

 

Figure 6-8.  Mode shapes and frequencies for first five modes of the UCM-URM7/MR/LD IB. 

 

Figure 6-9.  Displacement profile of the first two modes in the longitudinal direction. 
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6.6.2 Collapse Mechanism 

Figure 6-10 presents the collapse mechanisms under three different ground motions (DZC270, RIO360 and 

ABBER-T, each scaled until collapse is reached) whose response spectra are plotted in Figure 6-11.  These three 

collapse mechanisms shown here are representatives of the collapse mechanisms generated by the 22 ground 

motions of the FEMA P695 far-field suite. 

 

 

  
(a) DZC270 ground motion (scaled to 0.45g PGA) 

  
(b) RIO360 ground motion (scaled to 0.5g PGA) 

  
(c) ABBER-T ground motion (Scaled to 0.5g PGA) 

Figure 6-10.  Collapse mechanisms of the UCM-URM7/MR/LD IB from NLTHA under 3 different ground 
motions (note that the principal normal strain scale applies to all three cases). 

Front Back 
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In all three ground motion cases, slender piers (aspect ratio – H/L = 1) in the front long wall are subjected to 

combined shear-flexure damage while more squat piers (aspect ratio – H/L = 0.33) on the back long wall are 

subjected to diagonal X-shaped shear damage.  For DZC270 ground motion, the collapse mechanism involves the 

damage concentrated mostly to the ground storey although the first storey also suffers some damage.  For RIO360 

ground motion, both stories are almost equally damaged.  These damage distributions suggest that both collapse 

mechanisms are related to the first mode shape (see Figure 6-8 (a) and Figure 6-9) and contribution of the second 

mode is minimal.  However, for the ABBER-T ground motion, the failure mode is entirely different: first storey 

suffers more severe damage than the ground storey.  Such failure mode is most probably due to the combination 

of the two modes i.e. excitation of the second mode as well in the longitudinal direction (i.e. see Figure 6-8 (d) 

and Figure 6-9).  

 
Figure 6-11.  5% damped response spectra of three different ground motions (scaled).  First two modal periods 

of the UCM-URM7/MR/LD IB in the long direction are also marked. 

The collapse mechanisms are further interpreted with reference to the response spectra of the ground motions 

(Figure 6-11).  For the response spectra of the DZC270 and RIO360 ground motions, the spectral acceleration is 

high in the 1st mode period (T1) region than in the 2nd mode period (T2) region, therefore the first mode is mainly 

excited, hence the displacement profile follows the first mode shape, hence the failure modes observed.  Slightly 

more damage in the first story in case of RIO360 ground motion can be explained by the period elongation as well 

as the contribution of 2nd mode response (Figure 6-11).  In the case of the ABBER-T ground motion, the spectral 

acceleration in the region of the 2nd mode period (note the fact that some period elongation occurs in the post-

yield range because of the reduced effective stiffness) is higher and there is the possibility of this mode also being 

excited (although the mass participation factor is low i.e. 8%), hence the mixed mode type displacement profile 

is observed, resulting in the collapse mechanism as shown in Figure 6-10 (c). For all the 22 ground motions of the 
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FEMA-P695 suite, the collapse mechanism is almost equally distributed to the three mechanisms presented in 

Figure 6-10, meaning that two-third of the ground motions result in 1st mode shape dominated collapse 

mechanisms. 

6.6.3 IDA Curves: Sufficiency and Efficiency of IMs and EDPs 

This section presents the result of IDA analyses in the form of IDA curves for the UCM-URM7/MR/LD IB under 

the suite of FEMA P695 ground motions.  First an investigation is conducted on the choice of an appropriate EDP 

for LBM buildings.  The 22 IDA curves obtained through the NLTHA are presented in Figure 6-12, having chosen 

their PGA as the IM and considering in turn the first storey inter-storey drift (ISD), the ground storey ISD, the 

maximum ISD and the roof drift as the EDPs.  The reference collapse damage state threshold (DT4) ISD = 0.50% 

is also marked in these IDA plots.  This threshold is obtained from the analysis of NLTHA results, as it is observed 

that in most of the ground motion cases, after a maximum ISD of 0.50%, the rate of subsequent incremental 

displacement becomes excessive, in the order of 5 mm or more, with relatively negligible increment in base shear.  

As seen from the IDA curves, the dispersion of PGA values for the drifts in the post-yield range (after 0.1% drift) 

is quite significant for all considered EDPs.  The IDA curves are smoother in the cases with the maximum ISD or 

roof drift as EDPs than in the cases with first storey and ground storey ISDs.  The wider scatter in the IDA curves 

with the first or the ground storey ISD as EDP is due to the different displacement response (hence different 

collapse mechanisms) associated with different ground motions.  The discussion here is presented with respect to 

the three ground motions whose collapse mechanism were presented in §6.6.2.  In case of the DZC270 ground 

motion, which causes heavy damage to the ground storey (see Figure 6-10 (a)) compared to the first storey, an 

ISD of 0.50% in the ground storey is achieved at a PGA of about 0.42g (Figure 6-12 (b)). However, an ISD of 

only about 0.20% is reached in the first storey for the same level of PGA.  In this particular case, the ground storey 

ISD seems the most reliable EDP.  In the case of the RIO360 ground motion, since the collapse mechanism is 

formed with almost similar level of damage to the ground and the first storey (Figure 6-10 (b)), both EDPs reach 

0.40% - 0.50% at a PGA of about 0.40g. Accordingly, both the ground storey ISD and the first storey ISD are 

equally reliable.  On the other hand, for the ABBER-T ground motion, as the damage mechanism involves severe 

damage to the first storey (Figure 6-10 (c)), an ISD of 0.50% in the first storey is reached at a PGA of as low as 

0.40g. However, the same PGA level results in an ISD of only 0.22% in the ground storey.  In this particular case, 

the first storey ISD is the most reliable EDP.  Although ISD is the most suitable indicator of damage in LBM 

structures, the above observations show that a single ISD (ground storey or first storey) cannot represent the 

damage level of the IB due to a range of ground motions with different characteristics.  Thus, instead of using an 

ISD of a particular storey, the use of maximum ISD as the EDP (see Figure 6-12 (c)) seems most the reliable 

indicator of the damage in the structure, irrespective of the collapse mechanism. 

However, the use of the maximum ISD for multi-storey buildings has complexities in the fragility assessment and 

strengthening of existing buildings, as it is not straightforward to identify the most appropriate intervention 
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strategy if the critical locations and/or elements are not clearly identified.  This would require that the collapse 

mechanisms for each ground motions are studied in detail, to inform such decisions. 

In the case of the UCM-URM7/MR/LD IB (two-storeyed with equal storey heights), since the collapse 

mechanism for two-third of the ground motions is first-mode dominated (§6.6.2), the roof drift seems an 

appropriate choice of the EDP.  If we see the IDA curves with roof drift as the EDP, for all three ground motions 

discussed in the previous paragraph (i.e. DZC270, RIO360 and ABBER-T), the roof drift reaches 0.40% - 0.50% 

when the maximum ISD of 0.5% is reached.  Therefore, in all three cases, the roof drift seems to well predict the 

damage level (i.e. 0.5%), although slightly conservatively, because the exceedance of the collapse ISD threshold 

in either of the stories can be observed in the roof drift.  Hence, the roof drift is used as the EDP in the case of the 

multi-storied Nepalese LBM school IBs.  It is noteworthy that the roof drift might not be a sufficient EDP in case 

of high-rise (i.e. ≥ four-storeyed) LBM buildings as the effect of higher modes are more pronounced, resulting in 

complex displacement profiles and collapse mechanisms, the discussion of which is beyond the scope of this study.  

It is obvious that the roof drift and the ISD are same in the cases of single-storied LBM IBs. 

Figure 6-13 show the 22 individual IDA curves as well as their statistics in the form of 16% fractile, median and 

84% fractile curves considering PGA (Figure 6-13 (a)) and Sa (T1) (Figure 6-13 (b)) as possible IM.  As seen from 

these, median yield capacity of the IB is low at about 0.22 g in terms of PGA (or 0.43g in terms of Sa(T1)).  

Similarly, median collapse capacity is about 0.43g in terms of PGA (or 0.83g in terms of Sa(T1)).  The dispersion 

up to the yield drift (i.e. 0.1%) is greater in the case when PGA is IM (Figure 6-13 (a)), as expected, as Sa(T1) is a 

structure dependant IM.  Thus, for linear behaviour (approximately up to the threshold of moderate damage (see 

§6.4), Sa(T1) is undoubtedly more efficient than PGA.  However, the dispersion in the post-yield range (i.e. after 

a roof drift of 0.10%) is lesser in the case with PGA as IM (CoV – 23.3%), compared to the dispersion with respect 

to Sa(T1) (CoV – 35.0%).  Higher dispersion in the non-linear range in the case with Sa(T1) as IM, is mainly due 

to the stiffness degradation causing the elongation of vibration periods of the building, and partly due to the fact 

that it does not represent the contribution of the higher modes (with T ≠ T1).  Similar issues have also been 

discussed by other researchers (Luco, Cornell and Eeri, 2001; Deierlein, Krawinkler and Cornell, 2003; 

Ebrahimian et al., 2014) regarding the selection of efficient IMs. Considering the fact that the damage states in the 

non-linear range i.e. beyond the yield behaviour of school buildings are of greater concern than the linear 

behaviour, these results suggest that the PGA is a more efficient representation of IM having better correlation 

with the EDP (i.e. roof drift).  In the literature, ‘PGA and roof drift’ pair as ‘IM and EDP’ have been used by 

many researchers in the derivation of fragility functions for LBM buildings (e.g. Erberik, 2008; Rota, Penna and 

Magenes, 2010).  Hence the fragility and vulnerability analysis for all the Nepalese LBM school IBs are assessed 

considering the PGA as the IM (Chapter 7).  The IDA curves presented in this section are used further in §7.4 for 

deriving fragility functions and a comparison is made therein with the fragility functions obtained from the non-

linear static procedure. 
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(a) (b) 

 
 

 

(c) (d) 

Figure 6-12.  IDA curves for each of the 22 FEMA P695 ground motions, with different EDPs: (a) first storey ISD (b) ground storey ISD (c) maximum ISD and (d) roof drift. 

(MUL279, HEC090, LOS270 etc. are the names of the ground motion records). 
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(a) (b) 

Figure 6-13.  22 IDA curves under FEMA P-695 far-field ground motions and their statistics in the form of 16% fractile, median and 84% fractile curves: (a) PGA as IM and 
(b) Sa(T1) as IM. 
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6.7 Non-linear Pushover Analysis 

6.7.1 Application of Pushover Loading: the LIGA Method 

Conventional pushover analysis methods usually involve the application of concentrated force or displacement 

vector at specific levels along the height (i.e. at the floors/roof level) on simplified models (e.g. stick model with 

concentrated storey masses) of 3-D buildings (e.g. see D’Ayala et al., 2015).  Although such modelling 

assumptions and pushover application might yield reliable output for RC structures with stiff diaphragms, they are 

not applicable to LBM structures where the majority of the mass is uniformly distributed along the height of the 

structures and have lightweight and flexible diaphragms.  Furthermore, the pushover load vectors with discrete 

values at each floor level in 3-D element-by-element models of LBM structures (see §6.3), with joints represented 

by non-linear interface springs that can separate during loading (i.e. see details of AEM modelling in Chapter 5), 

is complex as the application of such loads often cause stress concentration on a particular element or region 

thereby causing premature local failure without realising the full global capacity of the structure. To avoid such 

premature model failures, in the present study, an innovative approach for applying pushover loading is proposed 

and applied in this study in which the numerical model is subjected to a Linearly Incremental Ground Acceleration 

(termed hereafter as the ‘LIGA’ method), rather than a force or displacement pattern on the structure, until 

collapse.  Application of such increasing ground acceleration causes a linearly increasing ‘effective inertia force’ 

on the structure.  At each instant of such loading, in LBM structures represented by element-to-element 3-D 

models, each of the elements (e.g. masonry units) will get mass-proportional lateral force exerted on it.  Thus, 

the lateral force distribution is proportional to the mass distribution along the height.  The proposed LIGA method 

of pushover application has the following main benefits: 

• The issues of local or premature failure modes in LBM structures, associated with the traditional force or 

displacement-based approaches involving the application of pushover force/displacement at the 

concentrated locations i.e. the floor and the roof level, are avoided. 

• The loading application on the structure is automatic and realistic compared to the traditional lateral load 

application patterns used in pushover analysis.  Accordingly, analysts do not have ambiguity about which 

load pattern to apply for their structures and the computational time taken by the analyses, considering 

different trial load patterns to find appropriate loading pattern, is reduced.  This is further discussed 

below in §6.7.2. 

• Since linearly increasing ground acceleration is used, this is equivalent to a time history analysis with 

seismic ground motion, except that there is no cyclic effect on the structure.  Accordingly, by the end of 

the pushover analysis, the analyst already has an estimate of the equivalent lateral acceleration capacity at 

which the structure collapses.  This is quite useful to quickly compare the relative seismic capacity and 

vulnerability of different structures. 
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6.7.2 Validation of the LIGA Method 

In order to prove the validity of the LIGA method of pushover analysis, the UCM-URM7/MR/LD IB, whose 

NLTHA and IDA analyses results were discussed in §6.6, is considered.  The 3-D numerical model of the IB (§6.3) 

is subjected to a number of pushover analyses in the long direction, using the proposed LIGA method as well as 

different lateral force pattern, i.e. triangular, first mode shape proportional, uniform and mass-proportional.  It 

is worth noting that the triangular, 1st mode shape proportional and the uniform lateral load patterns are discretised 

at the floor/roof levels, while the mass proportional loading is applied as a distributed pattern over the height of 

the building.  The resulting capacity curves are compared in Figure 6-14 against the NLTHA backbone curves 

(84% fractile, median and 16% fractile curves) for the FEMA P-695 suite of 22 different ground motion records. 

  
Figure 6-14.  Capacity curves obtained from pushover analysis using the LIGA method, different lateral load 

patterns against the backbone curves NLTHA. 

With the inverse triangular and the 1st mode shape proportional load patterns, the lateral load is mostly 

concentrated on the first storey.  As seen, the damage is mostly concentrated at the roof slab-wall interface (i.e. 

premature model failure).  Accordingly, the first storey suffers extensive damage compared to the ground storey 

(Figure 6-15 (a)).  This is also seen in the capacity curve: the stiffness of the building is highly underestimated, and 

the maximum capacity achieved is only about 65 – 70% of the median NLTHA ultimate capacity.  Similarly, in 

the case of uniform loading, stiffness as well as the ultimate capacity are underestimated but results are better 

(ultimate capacity is about 85% of the median NLTHA ultimate capacity) compared to the 1st mode shape or 

inverse triangular loading cases.  The damage behaviour (Figure 6-15 (b)) is also similar to the previous ones, 

except that there is slightly more shear damage in the ground storey piers.  Thus, if existing LBM buildings are 

assessed with the pushover curves obtained from these load patterns (i.e. inverse triangular, 1st mode shape 

proportional or uniform), the capacity of the buildings would be highly underestimated.  Moreover, if used in the 

design of new LBM buildings, the resulting design will be highly conservative.  However, in case of mass 
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proportional and the LIGA approach, both of which are essentially same, differing only in the application 

approach); the initial stiffness, yield, and post-yield behaviour (except for the degradation) matches well with the 

NLTHA backbone curves, being within the 16% and 84% fractiles.  The post-yield strength degradation (about 

10%) in the NLTHA backbone curves is due to the effect of dynamic and hysteretic behaviour which are not 

simulated by the static pushover analyses.  Furthermore, at the ultimate drift of 0.5%, the shear/flexural cracks 

have a width of about 10 -15 mm which is less than half of the interlocking between the units in English bond 

masonry, thus no strength degradation is seen in the capacity curves because of the available frictional resistance.   

 

 

  

(a) Triangular and First mode proportional (b) Uniform 

 
(c) Mass proportional and the LIGA method 

 Figure 6-15.  Collapse mechanism of the UCM-URM7/MR/LD IB under different pushover loading schemes. 

The collapse mechanism from the LIGA method or the mass proportional load pattern (Figure 6-15 (a)) involves 

damage mostly concentrated at the ground storey, matching well with the NLTHA collapse mechanism with the 
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DZC270 ground motion already presented and discussed in §6.6.2 (note that a pushover analysis cannot provide 

the whole spectrum of collapse mechanisms obtained from NLTHA using different ground motions).  For multi-

storied UCM-URM7 buildings, similar collapse mechanisms (i.e. involving ground storey IP shear damage) was 

observed due to the 2015 Gorkha earthquake (see later in §6.7.3) as well as in the shake table tests (see Tomaževič, 

2007). Thus, the uncertainties related to the load characterization as well as in the resulting failure mechanism 

and capacity curve are greatly minimized by using the proposed LIGA method.  Other researchers (Galasco, 

Lagomarsino and Penna, 2007; Endo, Pelà and Roca, 2017; Lourenco and Karanikoloudis, 2019) also found 

similar conclusions with respect to the outcomes associated with different load patterns: mass proportional load 

pattern resulting in close comparison with the NLTHA envelopes. 

Thus, it can be concluded, also considering the advantages already outlined in §6.7.1, that the proposed LIGA 

method is the most suitable and reliable pushover analysis method resulting in close comparison with the NLTHA 

backbone curves and collapse mechanisms.  For all these reasons, the LIGA approach is followed in this study to 

conduct the non-linear pushover analysis of Nepalese LBM school buildings. 

In the following sections, the results (collapse mechanism and capacity curves) of pushover analyses on each IB are 

presented and discussed with reference to the past seismic damage data as well as literature.  A pushover based 

seismic performance assessment strategy for LBM buildings with FD type roof diaphragm is also developed and 

discussed in this section. 

6.7.3 Non-linear Pushover Analysis Results: Collapse Mechanisms 

In this section, the collapse mechanism of the IBs obtained from pushover analysis are presented and discussed.  

Thanks to the SIDA survey database (The World Bank, 2016) for the collection of photographs of the school 

buildings damaged by the 2015 Gorkha earthquake, which has been used herein to compare the AEM numerical 

analysis results.  While the collapse mechanisms in the two principal directions for all ten Nepalese LBM school 

IBs are presented in Appendix B, for selected IBs, the damage mechanisms from AEM analysis are compared against 

the common damage mechanisms observed during the 2015 Gorkha earthquake (Table 6-7 to Table 6-14).  The 

AEM analysis collapse mechanism shown in Table 6-7 to Table 6-14 show the state at which either local collapse 

(i.e. collapse of OOP walls) or global collapse of the structure is observed.  Also, blue colour represents extensive 

cracks of opening ≥10 mm, meaning that the components showing such cracks start falling to the ground.  

Although widely present everywhere, minor to major cracks are intentionally not shown in these figures for the 

sake of clarity. The physical damage definition for each IB, in terms of crack pattern (both minor and major), their 

extent and width at different damage states as per the definitions presented in §6.4, are provided later in §6.7.5 

and Appendix C. 

As seen from Table 6-7 to Table 6-14, for the group of single-storeyed IBs lacking box-like behavior and with 

gables in the end short walls, the failure mechanism when loaded in the long direction usually starts with the 

overturning collapse of the gables, and subsequent partial or complete overturning collapse of the OOP gable 

walls, separating mostly at the cross-wall connection (e.g. Table 6-7 and Table 6-9) or at the weak spandrel joints 
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(e.g. Table 6-8). Particularly, for the UCM-URM4/LR/PD IB (Table 6-10), since the internal short walls have 

no frictional interlocking at the cross-wall connection with the long walls, these act as cantilever walls and collapse 

much earlier than the end short walls that have frictional interlocking at the cross-wall connections.  In most of 

the longitudinal direction loading cases, the long walls acting in the IP behaviour show quite considerable stiffness 

and strength properties, standing without significant damage even when the short OOP cross-walls have collapsed.  

When loaded in the short direction, the long walls acting in the OOP behaviour get damaged in OOP bending, 

separating themselves often at the cross-wall connections while the short solid walls acting in IP behaviour again 

exhibit significantly higher stiffness and strength.  The difference in the capacity curves of the OOP walls and the 

IP walls for these single storeyed IBs are discussed further in §6.7.4 and §6.7.5.  As observed in most of the single-

storied IB cases that lack box-like behaviour, the pushover loading causes heavy damage to the far-end wall acting 

in the OOP direction, much earlier than the damage to the near-end wall (e.g. Table 6-8).  This can be explained 

with the concept  of the flange effect (see Yi, 2004; Russell, Elwood and Ingham, 2014) i.e. the near-end wall acting 

in OOP behaviour with compression flange shows better behaviour because of higher compressive strength of 

masonry in comparison to the tensile bond strength (see Table 6-1).  However, under seismic loading, which is 

cyclic, both end walls will show comparable behaviour. 

In particular, the UCM-URM6/LR/MD IB (see Table 6-11) exhibits global box-type behaviour in both principal 

directions due to the presence of the lintel level band beam, thus develops collapse mechanism involving shear and 

flexural damage to the IP piers.  For the two multi-storeyed IBs with RD type diaphragm (UCM-URM4/MR/LD 

and UCM-URM7/MR/LD IBs), global box-type seismic behaviour is observed and the collapse mechanism under 

both direction loading involves heavy damage to the ground storey IP piers/walls, with modest level of damage in 

the first storey (see Table 6-13).  The comparison of the AEM numerical and actual damage patterns due to the 

2015 Gorkha earthquake shows that the collapse mechanisms predicted by the present AEM numerical analyses 

yield reliable results for a range of construction types of LBM schools.  It is clear that for most of the Nepalese 

LBM buildings the OOP failure modes are most common, indicating the lack of global box-type behaviour. 

Table 6-7.  Comparison of collapse mechanisms for the UCM-URM1/LR/LD IB. 

AEM analysis failure mechanism 
Failure mechanism from the 2015 Gorkha 

earthquake 

 

No box- type global behaviour; partial overturning collapse of end 
short walls 

 

 

Partial overturning of the short walls (left) or gables (right) of a 
UCM-URM1/LR/LD type school buildings 
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Table 6-8.  Comparison of collapse mechanisms for the UCM-URM2/LR/LD IB. 

AEM analysis failure mechanism 
Failure mechanism from the 2015 Gorkha 

earthquake 

 

 
No global box-type behaviour; end short walls damaged in combined 

mechanism due to poor strength of IP spandrels failing in tension 

 
Collapse of short wall of UCM-URM2/LR/LD school 

building in combined OOP mechanism 

 
No global box-type behaviour; OOP overturning of spandrels (failing at 

cross-wall connections) and piers in the long walls 

 

    

 
OOP overturning collapse of long walls of UCM-

URM2/LR/LD school buildings 

 

 

 

 

 

 

 

 

Near-end wall 

Far-end wall 

Far-end wall 

Near-end wall 
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Table 6-9.  Comparison of collapse mechanisms for the UCM-URM3/LR/LD IB. 

AEM analysis failure mechanism 
Failure mechanism from the 2015 

Gorkha earthquake 

 

No global box-type behaviour; end short wall damaged in OOP partial overturning 
about the sill level because of the presence of opening. 

 

 

 

OOP partial overturning collapse of gables/end 
short wall of CM-URM3/LR/LD school 

buildings 

 

Table 6-10.  Comparison of collapse mechanisms for the UCM-URM4/LR/PD IB. 

AEM analysis failure mechanism 
Failure mechanism from the 2015 Gorkha 

earthquake 

 

 

No global box-type behaviour; OOP partial overturning collapse of 
the internal short walls (having poor cross-wall connections) 

 

OOP partial overturning collapse of internal wall of CM-
URM4/LR/LD school building 
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Table 6-11.  Comparison of collapse mechanisms for the UCM-URM6/LR/MD IB. 

AEM analysis failure mechanism 
Failure mechanism from the 2015 Gorkha 

earthquake 

 

 

Global box-type behaviour; shear/flexure failure of IP piers of the 
long walls 

 

An UCM-URM6/LR/MD type school building that suffered 
no damage during the 2015 Gorkha earthquake 

 

 

Global box-type behaviour, diagonal shear failure of IP short walls 

 

Table 6-12.  Comparison of collapse mechanisms for the UCM-URM7/LR/LD IB. 

AEM analysis failure mechanism 
Failure mechanism from the 2015 Gorkha 

earthquake 

 

 

No global box-type behaviour; OOP overturning of the gable followed 
by the separation and overturning of the end short wall 

 

OOP overturning collapse of gable in an UCM-
URM7/LR/LD school building (note that the gable is 

reconstructed after the earthquake) 



Chapter 6 - Non-linear Seismic Analysis: Time History and Pushover Analysis 

147 
 

Table 6-13.  Comparison of collapse mechanisms for the UCM-URM7/MR/LD IB. 

AEM analysis failure mechanism 
Failure mechanism from the 2015 Gorkha 

earthquake 

 

 

Global box-type behaviour; shear and flexural damage in the 
ground storey IP piers 

 

 

Shear and flexural damage in the ground storey piers/walls in 
both directions of a UCM-URM7/MR/LD type school building, 

suggesting of bi-directional ground motion effect 

 

Table 6-14.  Comparison of collapse mechanisms for the SFM4/LR/MD IB. 

AEM analysis failure mechanism 
Failure mechanism from the 2015 Gorkha 

earthquake 

 

 

Global box-type behaviour except the OOP overturning collapse of gables of 
the end short walls 

 

OOP overturning collapse of gables of end short walls 
of a SFM4/LR/MD type building  

 

 

No global box-type behaviour; OOP overturning collapse of piers of the long 
walls 

 

 

OOP overturning collapse of piers of the long walls of 
a SFM4/LR/MD type building 
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Table 6-15.  Equivalent lateral capacity of the IBs at the instant of the collapse of most vulnerable elements. 

Nepalese LBM School IB 
Equivalent lateral capacity (g) 

Long direction Short direction 

UCM-URM1/LR/LD 0.34 0.35 

UCM-URM2/LR/LD 0.20 0.21 

UCM-URM3/LR/LD 0.35 0.32 

UCM-URM4/LR/PD 0.25 0.32 

UCM-URM4/MR/LD 0.30 0.28 

UCM-URM5/LR/LD 0.43 0.47 

UCM-URM6/LR/MD 0.80 1.00 

UCM-URM7/LR/LD 0.25 0.28 

UCM-URM7/MR/LD 0.44 0.50 

SFM4/LR/MD 0.46 0.61 

 

Table 6-15 compares the equivalent lateral capacity i.e. the ground acceleration input value (refer to §6.7.1) for 

each IB at which the collapse mechanisms shown in Table 6-7 to Table 6-14 are obtained. Most of the IBs have 

lower lateral capacity in the longitudinal direction than in the short direction suggesting that the longitudinal 

direction is generally more vulnerable.  The UCM-URM2/LR/LD IB and the UCM-URM6/LR/MD IB have 

lowest (0.20g) and the highest (0.80g) equivalent lateral capacity, respectively, out of all the existing Nepalese 

LBM school IBs.  Particularly, the UCM-URM4/LR/PD model, albeit having larger wall thickness (375 mm), has 

considerably lower capacity at 0.25g only due to the poor cross-wall connection of the short walls with the long 

walls.  It is worth noting here that the dry-stone masonry without any mortar has equivalent or better lateral 

capacity than all the IBs with mud mortar (i.e. UCM-URM2, UCM-URM3 and UCM-URM4).  This is due to the 

large and rectangular units as well as better frictional resistance between the units in case of dry-stone masonry 

compared to the mud mortared constructions.  Relatively higher lateral capacity for the UCM-URM5/LR/LD IB 

is due to the better material properties used in these models as already discussed in §6.2.  Although simple 

indicators of comparative vulnerability, these equivalent lateral capacities alone do not show the complete picture 

of the seismic capacity and vulnerability.  Results and discussions on the detailed seismic capacity and 

fragility/vulnerability behaviour of each different IBs are provided in §6.7.5 and later in Chapter 7, respectively. 

All the selected IBs, particularly the single storeyed that lack box-like behaviour, have two or more classrooms in 

series with clear difference in terms of wall dimensions and openings (see §4.5.2).  With reference to the wall 

density (§6.3), collapse mechanisms and the equivalent lateral capacities at collapse discussed in this section, the 

longer direction is weaker in most of the IBs.  This is further verified by presenting the OOP capacity curves for 

the short gable wall and the long wall of the UCM-URM7/LR/LD IB (Figure 6-16).  As seen from these capacity 

curves, the strength capacity and ductility of the long walls (transverse loading case) are better than those of the 

short gable wall (longitudinal loading case).  Hence, the longer direction is chosen for the seismic performance 

assessment for all ten IBs, as doing so also makes sense for comparisons of inter-IB capacity and vulnerability.  The 

next section (§6.7.4) presents a strategy for the pushover-based seismic performance assessment of the single 

storeyed Nepalese LBM IBs that lack box-like behaviour. 
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Figure 6-16.  Comparison of OOP capacity curves of the short gable walls and the long walls of the UCM-

URM7/LR/LD IB. 

6.7.4 Pushover Based Procedure for Seismic Performance Assessment of LBM Buildings 
Without Box-Type Behaviour 

The pushover curve derivation as well as the application of pushover based non-linear static procedure (e.g. Fajfar, 

2000; D’Ayala et al., 2015) for building with RD diaphragms is well established and straightforward as the global 

building level seismic behaviour is predominant and can usually be idealized as an SDoF system. Under lateral 

loading, the lateral displacement at a given floor or roof level in such buildings is thus uniform to all the vertical 

elements (walls, columns etc.) at the same level.  Hence the derivation of pushover curve is simply the plot of the 

variation of total base shear with respect to the roof displacement (which is uniform).  Furthermore, use of global 

damage measures such as the global roof drift or inter-storey drift is appropriate for seismic fragility assessment of 

such buildings. 

In comparison to buildings with RD type diaphragms, the lateral seismic behaviour of LBM buildings having FD 

type diaphragms and poor cross-wall connections (i.e. with no box-type behaviour) is different.  In these buildings, 

the commonly held assumption that all vertical elements at a storey level will displace by the same amount, does 

not hold true.  This has implications for the validity of results obtained by performing a conventional global 

pushover-based analysis of such structures.  In the buildings without box-like behaviour, the walls acting in the IP 

direction and those acting in the OOP direction under lateral loading act as different systems (note that the IBs are 

being analysed in the long direction as discussed in §6.7.3, see Figure 6-17).  This is because the end walls acting 

in OOP behaviour are flexible due to low stiffness in this direction, often present gables and are typically 

unrestrained in outward bending.  Furthermore, the flexural behaviour of the low bond strength masonry 

constructions is poor (see §6.2).  Accordingly, initial stiffness behaviour, rate of damage progression and the 

ultimate capacity of these OOP gable walls are entirely different with respect to the response of the IP walls 

(named as the IP system).  Here the IP system might include the internal OOP walls having good frictional 

interlocking (i.e. cross-wall connection) with the IP walls.  Figure 6-18 compares the capacity curves for these 

two sub-systems of the UCM-URM7/LR/LD IB, when loaded in the longitudinal direction.  The initial stiffness 
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of the OOP gable wall is an order of magnitude lower than that of the IP system.  The OOP gable walls start to 

lose linearity at a loading stage as early as 150 while the same for IP system is seen after a loading stage of 450.  

Although the OOP gable wall show a ductility twice as that of the IP system, the OOP gable walls only reach half 

of the ultimate strength capacity of the IP system.  Thus, averaging or combining these two completely different 

capacity curves to get a global capacity curve for the whole building is not meaningful.  Furthermore, such average 

‘global capacity curves’ for representing the whole building cannot be used for seismic performance assessment 

using the non-linear static procedure.  As suggested by the N2 method (Fajfar, 2000), for instance, which is based 

on the SDoF idealization, because the structure in this case is made of two substantially different SDoF systems: 

OOP gable wall and the IP system, as clearly seen from their capacity curves in Figure 6-18.  It is worth mentioning 

here that under ground shaking (i.e. cyclic loading), both of the end walls develop similar load-deformation 

behaviour and damage progression, as long as their geometry are similar, thus the seismic performance assessment 

of a single OOP gable wall is enough to characterize the vulnerability of both end walls.  Moreover, in case the 

internal OOP walls also have poor or no cross-wall connection to the IP walls (e.g. UCM-URM4/LR/PD IB), 

then these walls also need to be analysed separately from the IP system i.e. in similar manner to the two OOP 

gable walls. 

 
Figure 6-17.  Illustration of OOP gable walls and IP system for the UCM-URM7/LR/LD IB. 

 
Figure 6-18.  Capacity curves for the end wall (OOP) and the IP system of the UCM-URM7/LR/LB IB. 
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High vulnerability of the OOP gable walls in the LBM buildings with no box-type behaviour is already seen from 

the collapse mechanisms for a range of LBM school constructions presented in §6.7.3 and has also been identified 

frequently in literature (D’Ayala and Speranza 2003; Dizhur et al., 2016; Bhagat et al., 2018; Adhikari and 

D’Ayala 2019).  Based on these considerations, it can be concluded that seismic analysis of LBM buildings without 

box-like behaviour cannot be reliable when only the IP behaviour is modelled (e.g. Lagomarsino et al., 2013) 

without considering the OOP behaviour and associated failure modes. 

A reliable strategy is thus proposed for carrying out the seismic performance and vulnerability assessment of such 

LBM buildings with FD type diaphragm within the framework of non-linear pushover-based procedure.  The 

methodological strategy is summarized in Figure 6-19.  When a global pushover analysis using the LIGA method 

(§6.7.1) is conducted for a 3-D building without box-like behaviour, the force-deformation behaviour for each 

end walls acting in OOP direction, and the IP system can be generated by recording the base shear resisted by the 

respective wall or system and the corresponding top displacement along the pushover loading direction, at each 

step of loading (§6.7.5). This ensures the effect of interaction among the walls, depending on the strength of cross-

wall connection, are included in the pushover curves.  From the global pushover analysis results, the physical 

damage states of the OOP gable wall and the IP system can also be observed to identify the thresholds of different 

damage states in terms of top drift (§6.7.5).  With these capacity curves and threshold of damage states, capacity 

spectrum approach e.g. the N2 method (Fajfar, 2000) can be employed to carry out seismic performance 

assessment under a number of ground motions (§6.5), at the sub-system level of OOP gable wall and IP system 

separately, to arrive at the respective fragility and vulnerability functions which will be discussed in detail in §7.5 

and §7.6 of Chapter 7. 

 
Figure 6-19.  Methodological approach for the seismic performance assessment of single-storied URM buildings 

with FD type diaphragm. 
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6.7.5 Non-linear Pushover Analysis Results: Capacity Curves and Damage State Thresholds 

The capacity curves for all the IBs under longitudinal direction loading (see discussions in §6.7.3) are presented in 

Figure 6-20 and Figure 6-21, for the IP system and end wall OOP behaviour, respectively.  Note that for IBs 

developing global box-type behaviour (i.e. UCM-URM4/MR/LD, UCM-URM6/LR/MD and UCM-

URM7/MR/LD), the global capacity curves are also presented in Figure 6-20, for these are comparable to the IP 

systems of IBs that lack box-like behaviour.  The strength capacity (vertical axis) is presented in terms of base shear 

coefficient (BSC) which is the capacity normalised by the seismic weight of the structure and is more appropriate 

for cross-typology comparison. As the non-linear pushover analysis also allowed the identification of building 

specific thresholds of the EDP in terms of roof drift for different damage states defined in §6.4, the same are also 

indicated along the capacity curves.  For all the IBs, the physical state of damage (crack pattern and width) at the 

threshold of each damage state (similar to the ones shown in Figure 6-6, Table 6-5 and Table 6-6) are presented 

in Appendix C. 

 
Figure 6-20.  Capacity curves and damage state threshold (DTs) for the IP system (or global behaviour) of all the 

IBs.  Note that the global pushover curves are shown in dashed lines. 
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Figure 6-21.  Capacity curves and damage state threshold (DTs) for the OOP gable wall. 

As seen from Figure 6-20 and Figure 6-21, depending on the construction type (i.e. unit and mortar types), the 

capacity curves show significant inter-typology dispersion in terms of the initial stiffness, lateral strength and drift 

capacity. The numerical analysis-based damage thresholds also present significant dispersions.  Following 

discussion is presented mainly with respect to the ultimate drift capacity and the equivalent lateral capacity (i.e. 

base shear coefficient) of the different IBs, contrasting with the literature. 

The ultimate drift capacity is mainly controlled by the crack pattern and their widths, both of which are influenced 

by the masonry fabric as well as the wall thickness.  The UCM-URM2/LR/LD and UCM-URM5/LR/LD 

typologies (Table 6-8), which have masonry fabric in uncoursed random rubble stone, show very low ultimate 

drift capacity, for both the OOP gable wall and the IP system behaviour.  Under lateral loading, these IBs develop 

widely distributed cracks, thus entering instability even with cracks of relatively modest widths (i.e. in the order 

of 5 mm).  The lower drift limit (i.e. 0.36%) obtained in this study in case of the IP system behaviour of these IBs 

is due to the poor interlocking among the random-shaped units and the failure of spandrels (as seen in Table 6-8). 

Magenes et al. (2010) also reported the ultimate drift capacity of two-leaf undressed stone masonry IP walls failing 

in shear to be about 0.36% in average.  In case of the UCM-URM1/LR/LD (Table 6-7) and UCM-URM3/LR/LD 

(Table 6-9) IBs, which have rectangular stone units, the average ultimate drift capacity of these IBs for the IP 

system behaviour is about 0.5%.  Because of the global box-type behaviour in the case of UCM-URM6/LR/MD 
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IB (see Appendix B), slightly higher drift capacity i.e. 0.6% is reached.  These values are in line with the ultimate 

drift values for stone masonry typologies reported in the literature (i.e. 0.5 – 0.6%) (Ahmad et al., 2012; Vanin 

et al., 2017).  

In the case of the end wall OOP behaviour, slightly higher drift capacity (about 0.7% in average) is attained by 

these stone masonry typologies owing to the bending failure mode. Maccarini et al. (2018) reported similar values 

of ultimate drift (i.e. 0.71% - 0.78%) from OOP experimental tests on dressed stone masonry walls.  In particular, 

because of the presence of window opening in the UCM-URM3/LR/LD IB (Table 6-9), the initial stiffness of the 

end wall OOP capacity curve is low compared to other IBs. 

In case of brick masonry IBs, i.e. UCM-URM4/LR/PD (Table 6-10), UCM-URM4/MR/LD, UCM-

URM7/LR/LD (Table 6-12), UCM-URM7/MR/LD (Table 6-13) and SFM4/LR/MD (Table 6-14), the average 

ultimate drift capacity for the IP system (or global) behaviour and the end OOP behaviour are about 0.5% and 

0.7%, respectively. For the IP system (or global) behaviour, similar range of ultimate drift limits (i.e. 0.35% - 

0.6%) are reported from experimental (Ahmad, Ali and Javed, 2018; Guido Magenes and Della Fontana, 1998; 

Bothara, Dhakal and Mander, 2009; Shahzada et al., 2012; Salmanpour, Mojsilović and Schwartz, 2015) or 

numerical (Karbassi and Nollet, 2013) studies on single wall to multi-storeyed brick masonry building. In 

particular, for the UCM-URM4/LR/PD IB, due to its larger wall thickness and better masonry fabric in English 

bond pattern, the end wall OOP drift capacity is the highest among the IBs, at nearly 1%. 

Being mud-bonded uncoursed random rubble masonry, very low ultimate lateral capacity (0.15g to 0.16g) is 

displayed by the UCM-URM2/LR/LD IB typology in both the IP system and the end wall OOP behaviour.  The 

UCM-URM6/LR/MD IB shows highest lateral capacity (0.72g) as a global box-like behaviour is observed in this 

IB due to the presence of the lintel band beam.  Similarly, due to the presence of buttresses, steel posts and beams 

in the SFM4/LR/MD IB, the lateral capacities of both the IP system and the OOP gable walls are higher at 0.70g 

and 0.26g, respectively, compared to the rest of the IBs.  Overall, compared to the mud-bonded IBs, the cement-

bonded IBs show better lateral capacity due to better cohesion, tensile and frictional properties of the masonry. 

It is noteworthy that although the cohesion and tensile strength of UCM-URM5 IB is better than those of the rest 

of the cement-bonded IBs (except the UCM-URM6) (see Table 6-1), the lateral capacity is less than most of the 

cement-bonded IBs.  Moreover, the dry-stone masonry (UCM-URM1/LR/LD IB) with no cohesion or tensile 

strength shows comparable or better initial stiffness as well as lateral capacity than the mud-bonded masonry IBs, 

because of the rectangular size of the units and higher frictional resistance at the interfaces.  These discussions 

show the effect of masonry typology on the capacity of LBM structures. 

In the UCM-URM4/LR/LD IB, since the end walls with gables have good frictional interlocking while the mid 

wall has no frictional interlocking at their cross-wall connections, the capacity curves for these two walls under 

OOP behaviour are compared in Figure 6-22.  Although the initial stiffness shown by the mid wall is higher because 

of the apparent stiffening action provided by the two long walls in the elastic range, the post-yield strength increase 

is significant in the case of the end wall because of the frictional resistance at the cross-wall connection which is 

absent in the case of the mid wall OOP behaviour. 
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Figure 6-22.  Capacity curves for the end wall (with good frictional interlocking) and mid wall (no frictional 

interlocking) of the UCM-URM4/LR/PD IB under OOP behaviour. 

The mean and dispersion of the different parameters (initial stiffness, ultimate capacity and ultimate drift) observed 

in the capacity curves for the IP system (or global) behaviour and the OOP gable wall behaviour of the Nepalese 

LBM school IBs are presented in Table 6-16.  Although the values of material properties for different masonry 

typology (§6.2) are not consistent with regard to the state of deterioration of the different IBs, significant 

dispersion can be seen in all the parameters: from the highest, i.e. 100% in the initial stiffness, to the lowest, i.e. 

14% in the ultimate drift capacity.  Hence, use of a single capacity curve to represent the broader class of 

unreinforced masonry, without distinguishing the masonry fabric type is not reliable in the seismic assessment of 

these structures.  Furthermore, Table 6-17 presents the mean and dispersion of the drift limits threshold of 

different damage states.  As seen, the numerical analysis-based damage thresholds also present significant 

dispersions ranging from 14% to 78%, highest being at the slight to moderate damage states.  Thus the ‘idealized 

or average’ capacity curves and single-valued drift limits for different damage states are not applicable to the 

Nepalese LBM school constructions, without considering the associated variability in the construction details such 

as masonry typology and seismic design level. 

Table 6-16.  Mean and dispersion of the capacity curve parameters for the Nepalese LBM School IBs: initial 
stiffness, yield capacity, ultimate capacity and ultimate drift. 

Capacity curve 
parameters 

IP system OOP gable wall 

Mean CoV (%) Mean CoV (%) 

Initial stiffness (kN/mm) 282.85 87 16.81 100 

Ultimate capacity (g) 0.40 42 0.20 16 

Ultimate drift (%) 0.49 14 0.70 20 

 

Table 6-17.  Mean and dispersion in the threshold of drift at different damage states for the Nepalese LBM 
School IBs. 

Threshold of damage 
states 

IP system OOP gable wall 

Mean drift, % CoV (%) Mean drift, % CoV (%) 

Slight damage (DT1) 0.03 78 0.05 67 

Moderate damage (DT2) 0.08 43 0.13 62 

Extensive damage (DT3) 0.27 22 0.42 22 

Collapse (DT4) 0.49 14 0.70 20 
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6.8 Conclusions 

This chapter presented the results and discussions on the non-linear seismic analysis of the Nepalese LBM school 

IBs using the applied element modelling.  The non-linear time history analysis and incremental dynamic analysis 

results on the UCM-URM7/MR/LD IB considering a suite of ground motions showed that the LBM buildings can 

develop more than one collapse mechanism, depending on the ground motion characteristics.  It is shown that the 

roof drift is a better and consistent representation of EDP for LBM buildings than the ISD of a particular storey or 

the maximum ISD.  Moreover, as most of the IBs in this study are single storeyed, the roof drift and ISD are same 

for these IBs.  With respect to the IM, although Sa(T1) is efficient in the elastic range, it is shown that the PGA is 

more efficient in the non-linear range (i.e. for the extensive and collapse damage states) because PGA is unaffected 

by the change in the vibration properties of the LBM buildings in the non-linear range.  The IDA results will be 

further used in Chapter 7 to validate the fragility functions derived using the non-linear static procedure based 

seismic performance assessment. 

In terms of the non-linear pushover analysis, a more effective loading approach, i.e. the LIGA method is introduced 

and is validated against the results of the NLTHA analysis.  LIGA method also overcomes the issues of local failures 

observed in conventional pushover loading application, particularly in the case of element-by-element explicit 

modelling approach, as the one used in this study. 

The numerical collapse mechanisms for the Nepalese LBM IBs obtained in this study using the LIGA method are 

compared against the collapse mechanisms observed in the 2015 Gorkha earthquake, confirming the reliability of 

the AEM analysis results for a range of different masonry typologies.  Most of the single-storeyed Nepalese LBM 

school IBs lack global box-type behaviour, thus suffering OOP overturning failure.  This effect is more pronounced 

when the internal cross-walls have no frictional interlocking at the cross-wall connections e.g. in the case of UCM-

URM4/LR/PD IB.  However, the presence of a simple measure e.g. the lintel band in the UCM-URM6/LR/MD 

IB improves the integrity of the building thus enforcing global box-like behaviour. 

Multi-storied IBs with floor and roof of RC slab also develop global box-type behaviour, and the collapse 

mechanism involves the shear/flexure damage of the IP piers, without serious OOP damage.  Although the seismic 

design level of these buildings is assigned as LD based on the definition presented in §4.2.3, due to the development 

of box-type behaviour, it appears that these buildings can be categorised into MD seismic design level.  However, 

the presence of stiff RC slab that enforces box-like behaviour is considered separately in the ‘Diaphragm Type’ 

parameter (§4.2.4).  Hence to avoid the overlapping of the construction characteristics over more than one 

parameter, the seismic design level of the multi-storied IBs with RC slab (UCM-URM4/MR/LD, UCM-

URM7/MR/LD) is still considered as LD. 

For dealing with the seismic performance and fragility and vulnerability assessment for LBM buildings without 

box-like behaviour, a reliable strategy including both the IP and OOP behaviour and failure modes is proposed 

and applied to the Nepalese LBM school IBs.  Further details of this approach with respect to the fragility and 

vulnerability evaluation are presented in Chapter 7. 
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In terms of the capacity curves and damage state thresholds, it is shown that the treatment of these LBM 

constructions within a single ‘masonry-class’ based capacity curve or a single-set of drift limits for different damage 

states is not reliable, as each of the performance indicators present significant dispersion across the IBs studied.  

As observed, the mud-bonded IBs present consistently lower ultimate capacity than the cement-bonded IBs.  

Furthermore, the dry-stone masonry IB with larger and rectangular units with good roughness at the interfaces 

has better ultimate capacity than the mud bonded IBs, highlighting the importance of frictional resistance in the 

lateral behaviour of masonry.  Even with better material quality, the rubble stone masonry (UCM-

URM5/LR/LD) IB does not show better seismic capacity than other IBs with lower material quality, shedding 

some light on the importance of masonry fabric on the seismic behaviour.  Furthermore, it is shown that minor 

improvements in the construction such as the addition of lintel band (UCM-URM6/LR/LD) or the buttresses and 

steel posts/beams (SFM4/LR/LD) can significantly improve the seismic capacity and behaviour of these 

structures.  

Although the multi-storied IBs (UCM-URM4/MR/LD and UCM-URM7/MR/LD) have large plans with RC 

slabs acting as RD type diaphragms thus imposing global-box-type behaviour and giving an impression that these 

have better seismic behaviour, the ultimate capacity is low compared to the single-storied IBs. 

The results and discussions presented in this chapter also prove the significance of the comprehensive taxonomy, 

developed and discussed in Chapter 4, making clear distinction of each masonry fabric, number of storeys, seismic 

design level and other construction characteristics; thus resulting in several IBs with largely dispersed seismic 

performance. 

Using the results of this chapter, Chapter 7 will present seismic performance assessment methodology based on 

non-linear static procedure and discuss the outputs in terms of fragility and vulnerability functions.  Furthermore, 

in order to study the effect of various construction characteristics on the seismic performance of LBM school 

buildings, a sensitivity analysis will also be presented in Chapter 7 for a typical Nepalese LBM school IB. 
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Chapter 7 

Seismic Fragility and Vulnerability Assessment  

7.1 Introduction 

This chapter presents the methodology and outputs for the seismic performance assessment, fragility evaluation 

and vulnerability evaluation for the LBM IBs whose failure mechanisms, capacity curves and damage state 

thresholds were presented and discussed in Chapter 6.  Seismic fragility and vulnerability functions (see definitions 

in §2.8) for a typology based on representative IBs are vital inputs in probabilistic seismic risk assessment studies 

at regional scale (e.g. see D’Ayala et al., 2015; Yamin et al., 2014).  Although a very detailed record of damage 

is available for the 2015 Gorkha earthquake, spatially located and for a fairly uniform school building stock (The 

World Bank, 2016), the derivation of empirical fragility and vulnerability functions is impaired by the poor 

network of seismic recording stations in the country such that the distribution of the intensity of ground shaking 

in terms of PGA is not known with adequate reliability.  Thus, the analytical approach to fragility and vulnerability 

assessment, e.g. outlined in D’Ayala et al. (2015), is followed in this study, taking into account the uncertainties 

in the hazard parameters (Silva et al. 2019).  For the widely varying typologies of Nepalese LBM school buildings, 

the uncertainty related to their seismic capacity is sufficiently constrained (Chapter 6) thanks to the detailed 

classification carried out through the multi-parameter taxonomy developed in Chapter 4, resulting in several 

separate IBs for each masonry typology. 

As already discussed in §6.5, the FEMA P695 far-field ground motion suite is used for the hazard description in 

order to consider the record-to-record variability in the seismic performance outputs and fragility functions.  For 

the statistical fitting of fragility functions, numerous performance points under several ground motions are 

required so that enough data points for each performance level can be obtained.  For the reasons discussed in §6.1, 

the N2 method (Fajfar 2000; D’Ayala et al. 2015) is chosen for the seismic performance assessment under the 

suite of FEMA P-695 ground motions, each scaled up and down with respect to its original peak ground 

acceleration.  While concerns are often expressed about the validity of the performance points obtained by the 

scaling of ground motions, although common in research and practice, the legitimacy of scaling is discussed in 

Vamvatsikos and Cornell (2002). Nonetheless, in order to verify the reliability of the N2 method for the seismic 

performance of the Nepalese LBM school IBs, for one typical IB (UCM-URM7/MR/LD IB), the performance 

points and fragility functions from the N2 method are compared and discussed against the cloud of performance 

point fragility functions from the IDA analysis presented in §6.6.3. 

This chapter is organized as follows.  §7.2 and §7.3 outline the seismic performance assessment methodology and 

the fragility and vulnerability assessment methodology, respectively, adopted in this study.  §7.4 presents the 
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calibration and validation of the N2 method for the seismic performance assessment of the considered Nepalese 

LBM school IBs.  §7.5 presents the seismic performance assessment results and discussion for the IBs against the 

NBC 105:2020 demand.  §7.6 presents the results and discussion of the fragility and vulnerability evaluation of 

the IBs using the FEMA P-695 suite of ground motions.  Finally, some conclusions are drawn in §7.7 in the 

Nepalese context, based on the results and discussions presented in this chapter. 

7.2 Seismic Performance Assessment Methodology 

For the use of the N2 approach for the seismic performance assessment, the capacity curve of the multi degree of 

freedom (MDoF) system of the structure is converted to an equivalent single degree of freedom (SDoF) system 

capacity curve which is idealized with a bi-linear curve (Fajfar, 2000).  Although there are guidelines suggesting 

idealization of the capacity curves with positive (or negative) post-yield stiffness (e.g. FEMA 356), in this study, 

the elastic-perfectly plastic bi-linear idealization is adopted owing to the shape of the capacity curves (§6.7.5): the 

strength hardening in the post-yield range is not significant and the capacity curves end at the threshold (onset) of 

collapse damage state, at which very modest level of strength degradation (within 10% of the ultimate strength) 

is observed.  A similar idealization is prescribed in Eurocode 8 (EN 1998-1) and the Italian national code (NTC18) 

and has been adopted by several researchers for LBM buildings (Tomaževič, 2007; Galasco, Lagomarsino and 

Penna, 2007; Fischer and Lissel, 2018).  Such idealization is carried out based on the equal energy principle, which 

states that the area under the original curve and the bi-linear idealized curve are approximately equal (e.g. Magenes 

and G. M. Calvi, 1997; Tondelli et al., 2012; Russell, Elwood and Ingham, 2014). 

Figure 7-1 shows the bi-linear idealization of the equivalent SDoF capacity curve of the UCM-URM7/MR/LD IB.  

In the figure, d* and F* are the equivalent SDoF displacement and base shear, respectively; d*
y and F*

y are the yield 

displacement and yield strength, respectively of the idealized capacity curve; d*
max and F*

max are the ultimate 

displacement and ultimate strength of the capacity curve.  Since the extensive damage and collapse state (i.e. life 

safety and collapse prevention performance levels, see §6.4) are of greater importance with respect to the safety 

of school children, the area equivalence is achieved with the yield capacity (F*
y) as close as the ultimate strength 

(F*
max) i.e. F*

y ≈ F*
max as per EN1998-1 so that the difference in the post-yield strength due to the idealization is 

minimized.  In doing so, the idealized yield displacement (d*
y) is kept at the yield displacement level of the original 

capacity curve.  For the capacity curves of the Nepalese LBM IBs (§6.7.5), such process results in the initial stiffness 

branch of the idealized curve to be secant to the point at which the base shear capacity is about 80 to 90% of the 

ultimate strength, against the 60% suggested in FEMA-356 or NTC18 codes, therefore this approach is 

satisfactory. 
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Figure 7-1.  Example bi-linear idealization of the equivalent SDoF capacity curve of the UCM-URM7/MR/LD 

IB as per Eurocode 8 (EN 1998-1). 

 
Figure 7-2.  Example graphical calculation of the performance point for the UCM/URM7/MR/LD IB, under 

the action of natural ground motion, using the N2 method. 

Figure 7-2 shows a graphical example of calculation of the performance point using the N2 method (Fajfar, 2000), 

for the seismic spectrum corresponding to a natural ground motion.  In the N2 procedure as shown Figure 7-2, 

the seismic capacity (capacity curve) is compared against the demand (inelastic earthquake spectrum) and the 

performance point of the structure is identified.  Tc and Te are the corner period of the selected ground motion 

and the effective period of the SDoF system, respectively.  The derivation and equations for the calculation of the 

F*

d*

Equivalent SDoF Capacity Curve

Bi-linear Idealization

F*
y

F*
max

d*
max

d*
y

0.00 0.02 0.04 0.06 0.08 0.10
0.00

0.50

1.00

1.50

2.00

2.50

Sd (m)

Sa
 (

g)

SDoF capacity curve

Elastic spectrum

Inelastic spectrum

Performance point

Te Tc



Chapter 7 - Seismic Fragility and Vulnerability Assessment 

161 
 

performance point, which depend on the comparison of the values of these two periods, is available in Fajfar 

(2000) and D’Ayala et al. (2015).  This process is repeated for each ground motion, each scaled up and down until 

a cloud of performance points with EDPs sufficient for each different damage state are obtained.  A Microsoft 

Excel based program (Appendix D) was written by the author for the computation and generation of all the 

performance points for all the ground motions.  Figure 7-3 shows the cloud of performance points obtained for 

the UCM-URM7/MR/LD IB where the threshold (DT) of each different damage states are also marked.  The 

threshold for each damage states for each of the IBs are presented and discussed in §6.7.5.  The damage states (or 

performance levels, see §6.4) play a vital role in fragility assessment, as the analyst can readily identify which state 

the building would be in for a given level of seismic intensity (e.g. PGA). This in turn informs the decision makers 

whether the building is considered safe or needs seismic strengthening to improve the performance level.  For 

example, during an earthquake, school buildings are expected to perform within the moderate damage (DS2) state 

in order to ensure the safety of children as well as to enable modest interruption of the teaching-learning activities 

in the facility, in the post-earthquake recovery phase. 

These cloud of performance points and the threshold of damage states are used in the derivation of fragility 

functions as discussed in the next section (§7.3).  The reliability of the N2 method as well as the effect of bi-linear 

idealization of the capacity curve on the seismic performance results are discussed in §7.4 by comparing the cloud 

of performance points and the fragility functions obtained in this way against the NLTHA results (§6.6.3). 

 
Figure 7-3.  Example cloud of performance points for the for the UCM/URM7/MR/LD IB under the action of 
the FEMA P695 suite of ground motions.  The threshold of damage states (dt1 – Slight damage, dt2 – Moderate 

damage, dt3 – Extensive damage and dt4 – Collapse) are also marked. 
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7.3 Methodology for Deriving Fragility and Vulnerability Functions 

Once the cloud of performance points and the threshold of damage states are available (§7.2), several statistical 

models are available for the derivation of fragility functions: least square regression, generalized linear model, etc. 

(see D’Ayala et al., 2015 for a summary of these different models).  The least squares regression method is a 

widely used technique to estimate, for each damage threshold, the probabilistic relation between EDPs and IMs 

(e.g. Cornell et al. 2002; Ellingwood and Kinali 2009).  Assuming the IM  causing each damage state 𝑑𝑠𝑖  are log-

normally distributed, as confirmed by several past studies (Shome and Cornell, 1999; Ibarra and Krawinkler, 

2005; Baker, 2015), the fragility function for a particular damage state ids  is represented by Eqn. 7-1: 

( )ln

( | )
i

IM

P DS ds IM 


 =

 
 
 
 
 

 …………….. (7-1) 

Where, ( | )iP DS ds IM is the probability of exceedance i.e. the probability that the damage state variable, DS

will equal or exceed the damage state ids , given an IM; ()  is the standard normal cumulative distribution function; 

  is the median capacity of the fragility function i.e. IM  with 50% probability of causing the damage state ids  and 

  is the logarithmic standard deviation or dispersion. 

Owing to the distribution of the data points shown in Figure 7-3, piece-wise linear regression can be performed 

for fitting fragility functions for each damage state.  The IM  range of the bin of performance points for the fitting 

of each fragility function are chosen such that roughly half the points are below the threshold and half above the 

threshold of the corresponding damage state (Figure 7-4).  Details on this procedure of fragility fitting can be 

found in D’Ayala et al. (2015).  Figure 7-5 shows the fragility functions for the UCM-URM7/MR/LD IB for each 

damage state estimated using the least square regression method as discussed above. 

 
Figure 7-4.  Example piecewise linear regression for each damage state (D’Ayala et al., 2015). 
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Figure 7-5.  Fragility function for the UCM-URM7/MR/LD IB. 

Once the set of fragility functions are generated, the mean (i.e. expectation) and variance of the vulnerability 

functions can be derived using the method of moments, as given by equations 7-2 and 7-3 (Yamin et al., 2014).  

Although more complex methods incorporating the dispersion in the loss value corresponding to each damage 

state are available in literature (e.g. D’Ayala et al., 2015), the method of moments is used in this study because 

the quantification of the dispersion in the loss value for each damage state for Nepalese scenario is beyond the 

scope of this study.  Here, the cost (or loss) C  is a random variable with its variates ic  being the cost (or loss) for 

each damage state ids , with its probability mass function given by )( |iP DS ds IM=  given an 𝐼𝑀, and 𝑖 = 0, 1, 2, 3, 4 

represents the index for the five damage states considered. 
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=

= − =
4

2

0
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i

Var C IM c P DS ds IM .. …… (7-3) 

Therefore, the probability mass function )( |iP DS ds IM= for each of the damage state, for a given IM level is 

obtained from the fragility curves using Equations 7-4 to 7-6 (Porter et al., 2007; D’Ayala et al., 2015; Snoj and 

Dolšek, 2020): 

( | ) 1 ( | )i iP DS ds IM P DS ds IM= = −  , if 0i = ……………………….. (7-4) 

1( | ) ( | ) ( | )i i iP DS ds IM P DS ds IM P DS ds IM+= =  −  , if 1 4i  …… (7-5) 

( | ) ( | )i iP DS ds IM P DS ds IM= =  , if 4i= …………………………….. (7-6) 

The cost, ic  for a particular damage state ( ids ) of the building is the ratio of total repair cost for structural and 

non-structural elements, when it is in that damage state, to the total replacement cost of the building.  HAZUS 

consequence model (FEMA, 2012) for school building class is used in this study, as a country-specific damage to 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

P
(D

S≥
ds

i|
IM

)

PGA, g

Slight damage

Moderate damage

Extrensive damage

Collapse



Chapter 7 - Seismic Fragility and Vulnerability Assessment 

164 
 

loss functions for Nepalese LBM buildings has not been developed yet and the loss functions would be dependent 

on factors whose quantification is beyond the scopes of this study, such as the cost of materials, labour cost, policies 

etc. (see Hill and Rossetto 2008; Bal et al. 2008; D’Ayala et al. 2015).  While the author is aware of the limitations 

of such choice, the HAZUS consequence model has been used by other researchers for seismic loss assessment in 

developing countries, e.g. Pakistan (Ahmad et al., 2012), and can be used for comparison of relative vulnerability 

among different IBs within the same scenario.  Using the discussed procedure, the resulting seismic vulnerability 

function for the UCM-URM7/MR/LD IB, using the fragility functions in Figure 7-5, is presented in Figure 7-6.  

The mean (  ) of the vulnerability function, also called the Mean Damage Ratio (MDR), represents the ratio of 

the building repair cost to the replacement cost. 

 
Figure 7-6.  Vulnerability function for the UCM-URM7/MR/LD IB. 

As per the above discussion methodology, for the IBs with global box-type behaviour, the derivation of global 

building-based fragility and vulnerability functions from the cloud of global performance points (e.g. Figure 7-3) 

is straightforward.  However, following the methodology and discussion presented in §6.7.4, for the IBs without 

box-type behaviour, a different approach should be sought, given the substantial difference in response of the two 

orthogonal substructures.  Therefore in these cases, fragility and vulnerability functions are first derived with 

respect to the IP system and the OOP gable walls, respectively, using the respective capacity curves and threshold 

of damage states presented in §6.7.5.  The IP system and the OOP gable wall vulnerability functions are then 

combined, based on their relative mass contribution in the building, to finally generate the global building level 

mean vulnerability function.  Mass is considered herein for combining the vulnerability as it represents the damage 

through the volume (both surface as well as internal cracks through masonry.  Relative mass contribution also 

accounts for the mass of floor and roof supported by the respective walls; thus the vulnerability of the horizontal 

structures is also included in the global vulnerability functions.  Using the discussed procedure, for the UCM-

URM7/LR/LD IB with fragility functions as shown in Figure 7-7, the resulting vulnerability functions are shown 
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in Figure 7-8.  For this particular IB, the mass ratios of the IP system and the OOP gable walls are 0.6 and 0.4, 

respectively.  With reference to Figure 7-7 and Figure 7-8, given an IM, the two systems (IP system and the OOP 

gable wall) contribute to the vulnerability with different damage states, hence with different mean damage ratios.  

Thus, the global vulnerability function is the convolution of the fragility (with different probability of being in 

different damage states) and vulnerability (with different mean damage ratio) of the two different systems.  With 

these local level and global level fragility and vulnerability functions, the analyst has more clarity and can use these 

results into different scenario as per the requirements or preferences. 

 
Figure 7-7.  Fragility functions for the UCM-URM7/LR/LD IB. 

 
Figure 7-8.  IP system, OOP walls and global mean vulnerability functions for of the UCM-URM7/LR/LD IB. 
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7.4 Validation of the Seismic Performance Outputs Using the N2 Method 

For the validation of the performance points and resulting fragility functions using the N2 method, a sensitivity 

analysis is carried out on the UCM-URM7/MR/LD IB.  This particular IB is chosen as the performance points 

results for this IB from rigorous NLTHA analysis are already generated in §6.6.  Sensitivity analysis is aimed at 

yielding a reliable bi-linear idealization strategy, considering the F*
y/Fmax ratio as the sensitivity parameter.  The 

cloud of performance point and fragility functions are the outputs against which the sensitivity analysis is carried 

out.  Finally, a suitable value of the F*
y/Fmax ratio is calibrated that is appropriate for the bi-linear idealization of 

the capacity curve. 

Figure 7-9 shows the bi-linear idealization of the SDoF capacity curve of the UCM-URM7/MR/LD IB based on 

the equal energy principle with different F*
y/Fmax ratios (see discussion in §7.2).  As seen, although the idealization 

with higher F*
y/Fmax ratios (i.e. close to 1.00) estimates well the ultimate capacity of the building, it overestimates 

the displacement corresponding to the yield point and hence the vibration periods of the structure.  On the other 

hand, idealization with lower yield capacity underestimates the displacement at yield point (e.g. ‘F*
y/Fmax = 0.97’ 

case reduces the displacement at yield capacity by about 40%) resulting in an overestimated ductility capacity of 

the building. 

 
Figure 7-9.  Bi-linear idealization of the capacity curve of the UCM-URM7/MR/LD IB with different F*

y/Fmax 
ratios. 

Figure 7-10 presents the outcomes of different idealization cases in terms of the cloud of performance points under 

the action of FEMA P695 ground motions.  The elastic behaviour (below 0.1% drift) is reasonably predicted by 

all four idealization cases, although the ‘F*
y/Fmax = 0.99’ case provides the best fit with the NLTHA results.  In 

the cases with ‘F*
y/Fmax = 0.97’ and ‘F*

y/Fmax = 0.98’ the post-yield performance points (predominantly in the 

significant to collapse damage states region) tend to deviate right to the NLTHA results, overestimating the 

capacity of the structure due to the overestimated ductility.  On the other hand, in the cases of higher F*
y/Fmax 
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ratios (e.g. 1.00), the performance points deviate to the left of the NLTHA results in the yield region because of 

the elongated periods of vibrations (i.e. more flexible structure) due to such idealizations.  However, the 

performance points in the significant to collapse damage states well correlate with the NLTHA results since the 

idealized ductility is at similar level of the original curve.  These observations along with the overall distribution 

of the performance points with respect to the NLTHA results (Figure 7-10(c)) indicate that the ‘F*
y/Fmax = 0.99’ 

case results as the most appropriate idealization. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 7-10.  Effect of idealization on the performance points and comparison with IDA results: (a) F*
y = 

0.97Fmax, (b) F*
y = 0.98Fmax,(c) F*

y = 0.99Fmax and (d) F*
y = 1.00Fmax. Threshold of damage states (dts) are also 

shown. 

This is further confirmed statistically by generating the fragility functions for the different idealization cases (using 

Figure 7-10) and comparing with the fragility functions from the NLTHA analyses (Figure 7-11), generated using 

the procedure discussed in §7.3.   Note that for brevity, Figure 7-11 shows fragility curves only for the ‘F*
y/Fmax 

= 0.99’ idealization case.  The two set of fragility functions (Figure 7-11) correlate well for each damage states, 

although slightly more dispersion can be seen for the NLTHA results.  Due to the linearization and constant scaling 

of spectra, the performance points from the NSP procedure are linearly distributed so that their distribution across 
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IM is proportional for all the damage states.  As the NLTHA study represents more realistic representation of the 

capacity as well as demand and their interaction, hence larger uncertainty.  As shown by the percentage error in 

the median capacity for each damage state (Figure 7-12), the fragility functions are considerably sensitive to the 

F*
y/Fmax ratio, resulting in an error of as high as 35.0% for F*

y/Fmax = 0.97.  Although the ‘F*
y/Fmax = 0.98’ case 

(Figure 7-10(b)) yields the lowest error i.e. 4.0% for the ‘moderate damage’, the error values for more severe 

damage states are relatively high.  Overall, the ‘F*
y/Fmax = 0.99’ case (Figure 7-10(c)) yields the least error, well 

below 10.0% across each damage state.  Hence it can be concluded that ‘F*
y/Fmax = 0.99’ case is the best 

idealization strategy for this particular IB.  Since most of the IBs have similar shape of capacity curves (see §6.7.5), 

across the IP system as well as the OOP gable wall, bi-linear idealization with ‘F*
y/Fmax = 0.99’ is adopted in this 

study for the seismic performance assessment of all the Nepalese LBM school IBs using the N2 method (§7.2). 

 
Figure 7-11. Comparison of fragility functions for the UCM-URM7/MR/LD IB, using the performance points 

generated from the NLTHA analysis and N2 method. 

 
Figure 7-12.  Percentage error in the median capacity of different damage states for the UCM-URM7/MR/LD 

IB due to different idealization strategy. 
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7.5 Seismic Performance Results for NBC 105: 2020 Seismic Demand 

Similarly to most seismic design codes, at a given site, the seismic hazard as per the Nepalese seismic design code 

(NBC 105: 2020) depends on the soil type and the seismic zoning factor.  NBC 105: 2020 has 4 different soil type 

categories viz. soil type A (hard soil site), soil type B (medium soil site), C (soft soil site) and D (very soft soil 

site).  The country is divided longitudinally into several zoning factors ranging from 0.25 to 0.40. The seismic 

zoning factors represents the PGA (g) corresponding to 475 years return period i.e. with a probability of 

exceedance of 10% in 50 years.  Most of the LBM IBs considered in this study are from the mountainous districts 

(northern half of the country, see Figure 7-13) where these construction materials are locally available and the 

transportation of modern materials such as steel or cement is difficult.  Thus, the zoning factors 0.25, 0.30 and 

0.35, corresponding to these mountainous districts are considered for the seismic performance assessment.  Figure 

7-14 presents the elastic spectra for all four soil types and three different seismic zoning factors, including the 

amplification due to the importance factor of 1.25 for school buildings as per NBC 105: 2020. 

 
Figure 7-13.  Seismic zonation of Nepal (NBC 105: 2020). 
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Figure 7-14.  NBC 105: 2020 elastic site spectrum for seismic hazard with 475-year return period. 

Figure 7-15 shows an example application of the N2 method for the seismic performance assessment of the UCM-

URM7/MR/LD IB under the site-specific spectrum for soil type A and zoning factor of 0.30 (e.g. Chautara, 

Sindhupalchowk district, which was one of the hard-hit districts during the 2015 Gorkha earthquake).  The same 

methodology is employed for all the Nepalese LBM school IBs identified in §4.5.2 under the action of the seismic 

demand for all different soil type and three zoning factors (0.25, 0.3 and 0.35) and the seismic performance results 

in terms of the building damage states (§6.4) are presented in Table 7-1 to Table 7-10.  As discussed previously 

(see §6.7.3 and §6.7.4 and §7.3), the seismic performance of the buildings with global box-like behaviour is carried 

out for their global behaviour while for the single-storied IBs without global box-type behaviour (i.e. except UCM-

URM4/MR/LD, UCM-URM6/LR/MD and UCM-URM7/MR/LD), the seismic performance assessment is 

carried out with respect to the IP system and the OOP gable walls, respectively. 

 
Figure 7-15.  Example application of the N2 method for the seismic performance assessment of the UCM-

URM7/MR/LD IB under the action of the NBC 105: 2020 spectrum for soil type ‘A’ and a zoning factor of 0.3. 
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Table 7-1.  Seismic performance results for the UCM-URM1/LR/LD IB against the NBC105:2020 demand. 

Soil 
type 

IP System OOP gable walls 

PGA – 0.25g PGA – 0.30g PGA – 0.35g PGA – 0.25g PGA – 0.30g PGA – 0.35g 

A DS3 DS3 DS4 DS3 DS4 DS4 

B DS3 DS4 DS4 DS4 DS4 DS4 

C DS4 DS4 DS4 DS4 DS4 DS4 

D DS3 DS3 DS4 DS4 DS4 DS4 

 

Table 7-2.  Seismic performance results for the UCM-URM2/LR/LD IB against the NBC105:2020 demand. 

Soil 
type 

IP System OOP gable walls 

PGA – 0.25g PGA – 0.30g PGA – 0.35g PGA – 0.25g PGA – 0.30g PGA – 0.35g 

A DS4 DS4 DS4 DS4 DS4 DS4 

B DS4 DS4 DS4 DS4 DS4 DS4 

C DS4 DS4 DS4 DS4 DS4 DS4 

D DS4 DS4 DS4 DS4 DS4 DS4 

 

Table 7-3.  Seismic performance results for the UCM-URM3/LR/LD IB against the NBC105:2020 demand. 

Soil 
type 

IP System OOP gable walls 

PGA – 0.25g PGA – 0.30g PGA – 0.35g PGA – 0.25g PGA – 0.30g PGA – 0.35g 

A DS4 DS4 DS4 DS4 DS4 DS4 

B DS4 DS4 DS4 DS4 DS4 DS4 

C DS4 DS4 DS4 DS4 DS4 DS4 

D DS3 DS4 DS4 DS4 DS4 DS4 

 

Table 7-4.  Seismic performance results for the UCM-URM4/LR/PD IB against the NBC105:2020 demand. 

Soil 
type 

IP System OOP gable walls 

PGA – 0.25g PGA – 0.30g PGA – 0.35g PGA – 0.25g PGA – 0.30g PGA – 0.35g 

A DS3 DS3 DS3 DS3 DS4 DS4 

B DS3 DS3 DS4 DS4 DS4 DS4 

C DS3 DS4 DS4 DS4 DS4 DS4 

D DS2 DS3 DS3 DS4 DS4 DS4 

 

Table 7-5.  Seismic performance results for the UCM-URM4/MR/LD IB against the NBC105:2020 demand. 

Soil type 
Global behaviour 

PGA – 0.25g PGA – 0.30g PGA – 0.35g 

A DS4 DS4 DS4 

B DS4 DS4 DS4 

C DS4 DS4 DS4 

D DS4 DS4 DS4 

 

Table 7-6.  Seismic performance results for the UCM-URM5/LR/LD IB against the NBC105:2020 demand. 

Soil 
type 

IP System OOP gable walls 

PGA – 0.25g PGA – 0.30g PGA – 0.35g PGA – 0.25g PGA – 0.30g PGA – 0.35g 

A DS3 DS3 DS4 DS2 DS3 DS3 

B DS3 DS4 DS4 DS3 DS4 DS4 

C DS4 DS4 DS4 DS4 DS4 DS4 

D DS3 DS4 DS4 DS3 DS4 DS4 
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Table 7-7.  Seismic performance results for the UCM-URM6/LR/MD IB against the NBC105:2020 demand. 

Soil 
type 

Global behaviour 

PGA – 0.25g PGA – 0.30g PGA – 0.35g 

A DS1 DS2 DS2 

B DS1 DS2 DS2 

C DS1 DS2 DS2 

D DS1 DS1 DS1 

 

Table 7-8.  Seismic performance results for the UCM-URM7/LR/LD IB against the NBC105:2020 demand. 

Soil 
type 

IP System OOP gable walls 

PGA – 0.25g PGA – 0.30g PGA – 0.35g PGA – 0.25g PGA – 0.30g PGA – 0.35g 

A DS3 DS3 DS4 DS3 DS3 DS4 

B DS3 DS4 DS4 DS3 DS4 DS4 

C DS4 DS4 DS4 DS4 DS4 DS4 

D DS3 DS4 DS4 DS4 DS4 DS4 

 

Table 7-9.  Seismic performance results for the UCM-URM7/MR/LD IB against the NBC105:2020 demand. 

Soil 
type 

Global behaviour 

PGA – 0.25g PGA – 0.30g PGA – 0.35g 

A DS2 DS3 DS3 

B DS2 DS3 DS4 

C DS3 DS4 DS4 

D DS2 DS2 DS3 

 

Table 7-10.  Seismic performance results for the SFM4/LR/MD IB against the NBC105:2020 demand. 

Soil 
type 

IP System OOP gable walls 

PGA – 0.25g PGA – 0.30g PGA – 0.35g PGA – 0.25g PGA – 0.30g PGA – 0.35g 

A DS1 DS2 DS2 DS4 DS4 DS4 

B DS1 DS2 DS2 DS4 DS4 DS4 

C DS1 DS2 DS2 DS4 DS4 DS4 

D DS1 DS1 DS2 DS4 DS4 DS4 

 

Given the relatively short period of these buildings, their best performance is obtained at sites with soil type D, 

due to its lower maximum amplification, while the seismic performance is worst at sites with soil type C.  For 

most of the single-storeyed IBs without global box-type behaviour, the performance point for the end wall OOP 

behaviour lies mostly in DS4 state (few being in the DS3 state for the UCM-URM5/LR/LD and UCM-

URM7/LR/LD IBs) for all different soil types and zoning factors.  Out of these IBs, the OOP gable walls of the 

UCM-URM2/LR/LD (rubble stone in mud mortar) and UCM-URM3/LR/LD (dressed stone in mud mortar) 

IBs are most vulnerable. 

With respect to the IP system behaviour of the single-storied IBs without global-box-type behaviour, the seismic 

performance for all the IBs (except the SFM4/LR/MD) lie in the extensive (DS3) or collapse (DS4) damage state.  

Again, UCM-URM2/LR/LD and UCM-URM3/LR/LD IBs are most vulnerable.  However, for the 

SFM4/LR/MD IB (Table 7-10), the seismic performance points are all within the moderate damage state for all 

different soil types and zoning factors.  For each of the single-storeyed IBs without global box-type behaviour, the 

results show that the OOP gable walls are consistently more vulnerable than the IP systems.   Thus based on these 
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outcomes, none of the single-storeyed IBs satisfy the life safety performance requirement against the NBC105: 

2020 seismic demand.  It is noted that the life safety performance is not met when the performance exceeds the 

threshold of extensive damage state (DS3) (see Table 6-4). 

However, the UCM-URM6/LR/MD IB (Table 7-7) showing global box-type behaviour performs well within the 

moderate damage state for all different soil type and zoning factors, indicating that it meets the life safety 

performance requirement as per NBC105: 2020. 

The UCM-URM4/MR/LD IB (Table 7-5), in spite of its larger wall thickness, larger plans and the presence of 

RC slabs enforcing global box-type behaviour, the seismic performance lies well beyond the collapse threshold for 

all the combinations of the soil types and zoning factors.  On the other hand, the UCM-URM7/MR/LD (Table 

7-9) IB satisfies life safety performance levels in regions with a zoning factor of 0.25 although life safety 

performance is threatened at sites with higher zoning factors (0.3 and 0.35).  Despite sharing similarities in 

construction features such as the wall thickness and horizontal structures, such a significant difference in the seismic 

performance of these double storeyed IBs is mostly due to the difference in the binding material, cement-sand 

mortar in case of UCM-URM7 typology and mud mortar in case of the UCM-URM4 typology. 

The importance factor of 1.25 is used in NBC105: 2020 to increase the seismic demand due to high risk of school 

facilities.  Even when the importance factor is ignored, although the IP system behaviour of the UCM-

URM1/LR/LD, UCM-URM4/LR/LD, UCM-URM5/LR/LD IBs lie within moderate damage (DS2) state for a 

PGA of 0.25g, none of these IBs would meet life safety performance level as per the NBC105: 2020 due to the 

high vulnerability of OOP gable walls.  It indicates that, the design of strengthening solutions for these buildings 

should explicitly consider the importance factor in the seismic demand, in order to meet code requirements. 

7.6 Fragility Functions and Vulnerability Functions for the Nepalese LBM 
IBs 

In this section, the fragility and vulnerability functions for the Nepalese LBM school IBs derived using the 

methodological procedure discussed in §7.2 and §7.3 are presented and discussed.  For the sake of brevity, the 

cloud of performance points for each IB (similar to the one shown in Figure 7-3) are presented in Appendix E.  

Appendix F and Appendix G present the MATLAB code written by the author for the computation of fragility and 

vulnerability functions, respectively, following the methodology discussed in §7.3.  Figure 7-16 to Figure 7-20 

present the fragility functions for the Nepalese LBM IBs and Table 7-11 presents the summary of these in terms of 

the median capacity and dispersion.  Out of all the IBs, the UCM-URM2/LR/LD IB (rubble stone in mud mortar) 

has the lowest median PGA capacity for each different damage states, with respect to both the IP system and the 

OOP gable walls behaviour (marked red in Table 7-11).  In contrast, the UCM-URM6/LR/MD IB has the highest 

median PGA capacity for each different damage states (marked green in Table 7-11).  These results again show 

that most of the single-storeyed IBs with PD and LD seismic design level do not satisfy the life safety performance 

requirement level under the NBC105: 2020 seismic demand (see §7.5). 
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(a) (b) 
Figure 7-16.  Fragility functions for the (a) UCM-URM1/LR/LD IB and (b) UCM-URM2/LR/LD IB. 

  

(a) (b) 

Figure 7-17.  Fragility functions for the (a) UCM-URM3/LR/LD IB and (b) UCM-URM4/LR/PD IB. (The 
fragility functions for the OOP gable wall and the mid OOP walls are presented separately for the latter). 

  

(a) (b) 

Figure 7-18.  Fragility functions for the (a) UCM-URM4/MR/LD IB and (b) UCM-URM5/LR/LD IB. 
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(a) (b) 

Figure 7-19.  Fragility functions for the (a) UCM-URM6/LR/MD IB and (b) UCM-URM7/LR/LD IB. 

  

(a) (b) 

Figure 7-20.  Fragility functions for the (a) UCM-URM7/MR/LD IB and (b) SFM4/LR/MD IB. 

For the single-storeyed IBs lacking box-like behaviour, the ratio of their median PGA capacity for the IP system 

and OOP gable wall behaviour (defined hereafter as the I/O ratio), for each different damage state, is presented 

in Figure 7-21.  The I/O ratio is always greater than one across all IBs, showing that their OOP gable walls are 

more vulnerable than the IP system.  When the I/O ratio is nearer to 1, this means that both the IP system and 

OOP gable wall have comparable fragility while a value significantly larger than 1 means the OOP wall fragility 

increases relative to the IP system fragility.  For the UCM-URM2/LR/LD IB, the I/O ratio is nearer to 1 across 

all damage states, meaning that both the IP system and OOP gable walls have comparable vulnerability, hence 

suffering complete collapse (see Table 6-8 as well). For most of these IBs, the I/O ratio for the slight to moderate 

damage state is comparatively higher than the ratio for higher damage states. This is due to the comparatively 

lower stiffness and peak strength but higher ductility shown by the OOP gable walls (see Figure 6-20 and Figure 

6-21, and §6.7.5).  For the UCM-URM7/LR/LD and SFM4/LR/MD IBs, the ratio is comparatively high (i.e. 

>2) across all different damages suggesting their OOP gable walls are very fragile compared to their IP systems.  
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However, for the SFM4/LR/MD IB, severe collapse of the OOP wall is avoided as the damage is mainly the 

overturning collapse of the gable (Table 6-14).  In particular, as the mortar quality is very poor in case of the 

UCM-URM4/LR/PD IB, hence the tensile cracking at the cross-wall connection is easily activated, the ratio is 

very high (i.e. 4.5) for the slight damage state. Further comparative discussion of the seismic performance of these 

different IBs is presented in the next paragraph, with respect to the mean vulnerability functions as such 

comparison shows greater consistency for the different groups of IBs and it is more useful to determine needs for 

strengthening. 
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Table 7-11.  Median and logarithmic standard deviation of the fragility functions for the IBs of Nepalese LBM schools. 

IB Behaviour Fragility parameters Slight damage Moderate damage Extensive damage Collapse 

UCM-URM1/LR/LD 

IP system 
Median (𝛼) (PGA, g) 0.05 0.17 0.36 0.57 

SD (𝛽) (PGA, g) 0.33 0.34 0.31 0.43 

OOP gable wall 
Median (𝛼) (PGA, g) 0.02 0.08 0.21 0.42 

SD (𝛽) (PGA, g) 0.32 0.33 0.31 0.38 

UCM-URM2/LR/LD 

IP system 
Median (𝛼) (PGA, g) 0.03 0.06 0.18 0.32 

SD (𝛽) (PGA, g) 0.32 0.32 0.28 0.33 

OOP gable wall 
Median (𝛼) (PGA, g) 0.02 0.05 0.14 0.26 

SD (𝛽) (PGA, g) 0.28 0.28 0.30 0.45 

UCM-URM3/LR/LD 

IP system 
Median (𝛼) (PGA, g) 0.10 0.13 0.32 0.43 

SD (𝛽) (PGA, g) 0.28 0.28 0.25 0.33 

OOP gable wall 
Median (𝛼) (PGA, g) 0.04 0.11 0.18 0.25 

SD (𝛽) (PGA, g) 0.28 0.33 0.47 0.69 

UCM-URM4/LR/PD 

IP system 
Median (𝛼) (PGA, g) 0.09 0.14 0.33 0.50 

SD (𝛽) (PGA, g) 0.34 0.42 0.35 0.36 

OOP gable wall 
Median (𝛼) (PGA, g) 0.03 0.09 0.23 0.38 

SD (𝛽) (PGA, g) 0.24 0.23 0.22 0.28 

Mid OOP wall 
Median (𝛼) (PGA, g) 0.02 0.04 0.19 0.35 

SD (𝛽) (PGA, g) 0.36 0.28 0.20 0.24 

UCM-URM4/MR/LD Global 
Median (𝛼) (PGA, g) 0.09 0.14 0.30 0.37 

SD (𝛽) (PGA, g) 0.25 0.28 0.34 0.46 
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UCM-URM5/LR/LD 

IP system 
Median (𝛼) (PGA, g) 0.03 0.15 0.37 0.55 

SD (𝛽) (PGA, g) 0.45 0.45 0.36 0.39 

OOP gable wall 
Median (𝛼) (PGA, g) 0.02 0.05 0.33 0.50 

SD (𝛽) (PGA, g) 0.29 0.30 0.24 0.34 

UCM-URM6/LR/MD Global 
Median (𝛼) (PGA, g) 0.14 0.41 0.82 1.28 

SD (𝛽) (PGA, g) 0.26 0.30 0.26 0.30 

UCM-URM7/LR/LD 

IP system 
Median (𝛼) (PGA, g) 0.06 0.16 0.39 0.64 

SD (𝛽) (PGA, g) 0.32 0.35 0.32 0.42 

OOP gable wall 
Median (𝛼) (PGA, g) 0.02 0.08 0.17 0.31 

SD (𝛽) (PGA, g) 0.28 0.29 0.38 0.66 

UCM-URM7/MR/LD Global 
Median (𝛼) (PGA, g) 0.12 0.24 0.50 0.71 

SD (𝛽) (PGA, g) 0.27 0.27 0.24 0.32 

SFM4/LR/MD 

IP system 
Median (𝛼) (PGA, g) 0.08 0.37 0.71 0.99 

SD (𝛽) (PGA, g) 0.26 0.32 0.29 0.31 

OOP gable wall 
Median (𝛼) (PGA, g) 0.04 0.10 0.27 0.46 

SD (𝛽) (PGA, g) 0.28 0.28 0.36 0.63 
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Figure 7-21.  Ratio of median PGA capacity for IP system to that of the OOP gable wall, for different damage 

states, for the group of low-rise IBs lacking box-like behaviour. 

Figure 7-22 presents the vulnerability functions for the Nepalese LBM school IBs.  For the sake of clarity and 

consistency in comparison, the vulnerability functions of all the single-storeyed IBs with PD and LD type seismic 

design level are compared in Figure 7-22(a) while vulnerability functions of the IBs with double storeys (MR) or 

with medium seismic design  level (MD) are compared in Figure 7-22(b).  In order to compare the capacity of the 

Nepalese LBM school IBs with the observed intensity during the 2015 Gorkha earthquake, a PGA value of 0.5 g 

of the ground motions estimated by the USGS (2015) in the mountainous districts (see Figure 7-23) is considered 

as a ‘reference value’ which is also marked in Figure 7-22.  Due to the uncertainty associated with these PGA 

contours and also due to the lack of contours of higher PGA values in Figure 7-23, 0.5 g PGA value is used as a 

reference herein.  Table 7-12 lists the summary of the vulnerability functions for the Nepalese LBM school IBs in 

terms of their PGA capacity at 50% MDR (PGA50% MDR) and the corresponding variance.  The vulnerability 

functions clearly show distinct results for each IB, thus proving the significance of considering separate building 

types in terms of the first three taxonomy parameters i.e. masonry fabric type (UCM-URM1, UCM-URM2, …), 

height range (LR, MR, …) as well as the seismic design levels (PD, LD, MD, …). 

Out of all the IBs, UCM-URM2/LR/LD IB consistently shows highest vulnerability throughout the IM range, 

with a PGA50% MDR of as low as 0.22 g, although with a SD of 0.28 g, which is quite high.  Despite having larger 

wall thickness compared to the brick masonry IBs, its high vulnerability is mainly due to the poor strength of the 

mud mortar as well as the poor interlocking of the random rubble units.  The best seismic performance in this 

group, with a PGA50% MDR capacity of 0.43 g, is observed in the case of UCM-URM5/LR/LD IB, mainly due to 

the use of better-quality mortar (see Table 6-1). 
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(a) 

 

(b) 
Figure 7-22.  Vulnerability functions for the Nepalese LBM school IBs: (a) all single storied IBs with PD and LD 

seismic design levels lacking box-like behaviour and (b) single storied IBs with MD seismic design level and 
double-storied IBs, with box-like behaviour. 
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Poor seismic performance of the URM7/LR/LD IB in the IM range below 0.30 g, compared to that of the other 

single-storeyed LD type IBs, is due to its poor stiffness behaviour owing to its smaller wall thickness.  It is worth 

noting that the UCM-URM1/LR/LD IB with dry stone masonry performs better than the mud mortar bonded 

IBs (UCM-URM1/LR/LD, UCM-URM3/LR/LD, UCM-URM4/LR/PD), suggesting that dry stone masonry 

with larger units provide improved frictional shear resistance allowing larger displacement capacity without 

collapse.  Although two internal OOP walls of the UCM-URM4/LR/PD have no frictional interlocking at their 

cross-wall connections (see the collapse mechanism in Table 6-10) thereby substantially increasing their fragility 

for moderate damage state (see Figure 7-17(b)), the higher wall thickness (375 mm) as well as better workmanship 

at the cross-wall connection of the OOP gable walls (see discussion §6.7.5) result in a reduced mean vulnerability 

with respect to some of  the LD type IBs (UCM-URM2/LR/LD, UCM-URM3/LR/LD).  As seen in Figure 

7-22(a), the PGA50% MDR of all the PD and LD type IBs lie well below 0.5 g, the reference PGA observed in the 

mountainous districts due to the 2015 Gorkha earthquake, indicating that each of these building types would suffer 

a loss of more than 60%.  This was evidenced in the 2015 Gorkha earthquake, for example, more than 90% of the 

school buildings in Sindhupalchowk district suffered partial to complete collapse i.e. a loss of more than 50% 

(UNICEF, 2015). 

 

Figure 7-23.  Shake map of the 2015 Gorkha earthquake with estimated PGA contours (USGS, 2015).  Note 
that the area inside the 50 %g contour include the mountainous districts in which the LBM school building types 

considered in this study are prevalent. 
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Table 7-12.  Summary of vulnerability functions for the Nepalese LBM school IBs. 

IB PGA capacity at 50% MDR (g) Standard deviation (SD) at 50% MDR (PGA, g) 

UCM-URM1/LR/LD 0.39 0.30 

UCM-URM2/LR/LD 0.22 0.28 

UCM-URM3/LR/LD 0.33 0.35 

UCM-URM4/LR/PD 0.34 0.30 

UCM-URM4/MR/LD 0.32 0.40 

UCM-URM5/LR/LD 0.43 0.33 

UCM-URM6/LR/MD 1.02 0.30 

UCM-URM7/LR/LD 0.39 0.29 

UCM-URM7/MR/LD 0.58 0.32 

SFM4/LR/MD 0.64 0.30 

 

With respect to the single-storeyed MD type IBs, their seismic performance is significantly better than that of the 

LD type IBs.  Because of the presence of the lintel level seismic band as well as better material characteristics (see 

Table 6-1) the UCM-URM6/LR/MD IB presents the lowest vulnerability among the IBs, with a PGA50% MDR 

capacity of as high as 1.02 g (with a low SD of 0.30 g).  Similarly, having steel posts and beams as well as buttresses 

(see Table 6-2), the SFM4/LR/MD IB also confirms a better PGA50% MDR capacity of 0.64 g.  With reference to 

the 2015 Gorkha earthquake, at a PGA of 0.5 g, UCM-URM6/LR/MD IB experiences a loss of 10% only i.e. 

minor damage while the SFM4/LR/MD IB would suffer a loss of 40% i.e. moderate to extensive damage. 

On the other hand, for the double-storeyed LD type IBs, the seismic performance is highly dispersed, mainly 

controlled by the binding material.  UCM-URM7/MR/LD IB with cement mortar performs much better than 

the UCM-URM4/MR/LD with mud mortar, the former having a PGA50% MDR capacity about double (i.e. 0.58 g) 

than that of the latter.  Although having larger wall thickness and RD type diaphragm, both of these IBs have higher 

vulnerability than that of the single-storeyed MD type IBs with FD type diaphragm.  At the reference PGA value 

observed during the 2015 Gorkha earthquake (i.e. 0.5 g), URM4/MR/LD IB suffers a loss of 85% i.e. collapse 

while UCM-URM7/MR/LD IB would suffer a loss of only about 35% i.e. moderate to extensive damage.  

It is noted here that the standard deviation values of the vulnerability shown in Table 7-12 are quite consistent as 

it is only due to the record-to-record variability in ground motions and the dispersion of the fragility functions.  

These dispersions would increase with further uncertainty considerations such as material variability, modelling 

choices, variability in damage state thresholds, variation in loss ratio at each damage state (D’Ayala et al., 2015; 

Silva et al., 2019). 

From the above results and discussions of the fragility and vulnerability functions for different IBs with varying 

attributes of the taxonomy parameters, it is evident that masonry typology, building height and seismic design 

levels (see definition in Table 4-4) highly influence the seismic performance of the LBM school buildings.  A 

reliable quantification and consistent comparison of the effect of these parameters is possible when a single building 

type is analysed with different attributes of the taxonomy parameters.   Hence, in Chapter 8, a detailed sensitivity 

analysis is carried out for the UCM-URM7/LR/LD IB with respect to several vulnerability parameters.   
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7.7 Conclusions 

This chapter presented the results and discussions on the seismic performance assessment, fragility analysis and 

vulnerability assessment for a range of Nepalese LBM school IBs.  The seismic performance of these IBs against the 

NBC 105: 2020 code is also quantified in order to establish their design levels against the applicable national 

standard.  From this investigation, it is found that the group of IBs without box-like behaviour do not meet the life 

safety performance level against the Nepalese seismic hazard level, OOP walls being significantly weak.  On the 

other hand, minimal improvement in the seismic design levels i.e. presence of a lintel band in the UCM-

URM6/LR/MD IB is sufficient to activate a more global response and significant enhancement in the seismic 

performance can be observed, confirming life safety for the seismic zones considered.  Moreover, although 

apparently well-built, the two-storied IBs (i.e. UCM-URM4/MR/LD and UCM-URM7/MR/LD IBs) do not 

guarantee the required performance against the local hazard level (0.35g) in Kathmandu valley where these IBs 

are most likely to be located. 

The fragility and vulnerability analyses outputs yielded that for all the IBs with PD and LD type seismic design 

level (representing 6 out of 10 IBs), the PGA50% MDR capacity varies from 0.22g to 0.43g, with a standard deviation 

of about 0.30g on average, against the NBC 105:2020 hazard distribution of 0.25g to 0.35g.  However, the IBs 

with MD type seismic design levels i.e. UCM-URM6/LR/MD and SFM4/LR/MD show significantly higher 

PGA50% MDR capacity i.e. 1.02g and 0.64g, respectively. 

Hence, it can be concluded that the PD and LD type school buildings across all the range of masonry typologies 

do not ensure life safety performance as per the current code requirements.  It is noteworthy to mention here that 

more than 90% of the existing LBM school buildings in Nepal belong to PD and LD seismic design categories.  

Therefore, the results from the seismic performance against NBC105: 2020, the fragility and vulnerability 

functions and the damage observed during in the 2015 Gorkha earthquake strongly suggest that the existing PD 

and LD type Nepalese LBM school buildings are in need of effective seismic retrofitting in order to improve their 

performance to meet the life safety performance requirements.  

It can be thus concluded that the numerical modelling strategy and the methodology developed in this thesis well 

represents the weaknesses and strength of each different IBs and associated construction features.  The unique 

fragility and vulnerability outputs for each different IBs, clearly prove the significance of considering separate IBs 

in terms of masonry fabric type (UCM-URM1, UCM-URM2, …), height range (LR, MR, …) as well as the 

seismic design levels (PD, LD, MD, …), which is the main hypothesis of the methodology developed in this thesis 

(Chapter 3). 

Although it would have been useful to conduct seismic risk assessment to quantify the seismic loss at district or 

whole country level, because of the absence of rigorous micro-zonation studies producing reliable hazard 

distribution comparable to the rigorous and detailed vulnerability assessment carried out in this study, as well as 

the time limitation, a seismic risk assessment is not included in this thesis.  However, once a rigorous seismic 

hazard model for Nepal is available, the fragility and vulnerability functions developed in this study can be easily 
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integrated in platforms such as CAPRA (CAPRA, 2021) or the OpenQuake engine of the Global Earthquake 

Model (GEM, 2021) to carry out seismic risk assessment studies. 

Chapter 8 presents the results and discussions on the sensitivity analyses conducted for an IB of the UCM-

URM7/LR/LD building type, with respect to a number of vulnerability parameters.  
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Chapter 8 

Sensitivity Analyses on the Taxonomy Parameters 

8.1 Introduction 

The seismic behaviour and vulnerability of LBM building is highly affected by both the aleatory uncertainty 

(inherent randomness in the construction characteristics and material quality as well as the record-to-record 

variability in the seismic demand) and the epistemic uncertainty (imposed by the numerical modelling 

assumptions, lack of knowledge e.g. in material characterization) (Parisi and Augenti, 2012; D’Ayala et al. 2015).  

For example, material properties of masonry can vary greatly, with coefficient of variation (CoV) as high as 50% 

or more (see §6.2, Parisi and Augenti, 2012; Milosevic et al., 2013; Guragain, 2015), being influenced by many 

factors such as the properties of units and mortar, masonry fabric, state of deterioration etc.  In order to reduce 

the uncertainty related to the construction characteristics, a 12-parameter taxonomy was developed and applied 

in Chapter 4 resulting in several building types and IBs for the Nepalese LBM IBs, each representing distinct 

masonry fabric, building height and other construction details.  With the analysis and results in Chapter 6 and 

Chapter 7, it is already demonstrated that the distinct building types with distinct attributes of the first three 

parameters (i.e. primary parameters – masonry typology, building height and seismic design level) of the 

taxonomy result in unique seismic capacity, fragility and vulnerability functions.  However, given the primary 

parameters, a quantification of the effect of secondary parameters of the taxonomy in the resulting structural 

response and seismic vulnerability would validate and justify the relevance and need of several secondary 

parameters.  Moreover, such quantification also sheds light on the spectrum of the seismic response and 

vulnerability of a particular school building type, in order to appreciate associated dispersion.  For these reasons, 

an extensive sensitivity analysis is carried out in this study for a typical brick masonry school IB (i.e. UCM-

URM7/LR/LD) with respect to the attributes of different vulnerability parameters (§4.2).  This typology is 

chosen in this investigation as brick and cement mortar binder is preferred in LBM school construction in Nepal 

in recent years, following the 2015 seismic sequence.  However, the outcomes of the sensitivity analysis are 

expected to be applicable to other single storeyed IBs of the Nepalese LBM schools, as the construction features 

are similar, as evidenced by their taxonomy strings presented in Table 4-17. 

One-at-a-time (OAT) method of sensitivity analysis (e.g. see Pannell, 1997) is followed in this study i.e. only the 

attribute of a single relevant parameter is varied at a time, keeping all others constant at their baseline values. The 

benefit of this method is that the effect on the output (collapse mechanism, capacity curves, vulnerability functions) 

is unambiguously due to the change in the attributes of the single parameter under investigation.  Furthermore, 

the comparability of the results also increases, as the analysis is done with respect to the baseline values of the 
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attributes, except for the one under consideration.  However, it is worth noting that this method doesn’t account 

for the combined effect of the variability of more than one parameter (Czitrom, 1999). 

This chapter is organized as follows.  §8.2 describes the baseline model and outlines the parameters and associated 

attributes considered in the sensitivity analyses.  Then, §8.3 to §8.8 present the results and discussions on the 

sensitivity analysis with respect to failure mechanism, capacity curves and vulnerability functions.  §8.9 provides 

a summary and comparative discussion on the sensitivity analysis results across different parameters.  Finally §0 

presents some concluding remarks. 

8.2 Baseline Model and Sensitivity Parameters  

The full taxonomy string of the baseline model is presented in Table 8-1: it is a single storeyed brick in cement 

mortar typology with low seismic design level.  Construction features and seismic performance outputs for this IB 

are already discussed in §4.5.2 (IB characterization), §6.2 (material properties), §6.7 (failure mechanisms, capacity 

curves and damage state thresholds) and §7.6 (fragility and vulnerability functions). As the baseline model is 

analysed in its longitudinal direction (§6.7), for direct and reasonable comparison, the sensitivity analyses for all 

different taxonomy parameters are carried out in this same direction.  

Table 8-1.  Taxonomy string for the baseline model. 

Building Type Taxonomy String 

UCM-URM7/LR/LD UCM-URM7/LR (1)/LD/FD/NI/LP/SO/RF/NP/OS/PC/VN 

 

Table 8-2 gives the details of the parameters considered in the sensitivity analysis.  For each of the models, the 

attributes highlighted in red represent the one changed with respect to the baseline model.  In total, 14 different 

detailed models, obtained by changing the attributes of six different taxonomy parameters, are used for the 

sensitivity analysis.  It is noteworthy that the ranges of attributes of different taxonomy parameters considered 

herein are realistic, based on the Nepalese LBM school database (Chapter 4), rather than assumed ranges (e.g. 

Rota et al., 2014).  Furthermore, the sensitivity analysis is detailed: the same rigorous methodology presented 

and adopted for the baseline model is followed for each individual case.  It should be noted that, in order to reduce 

the volume of results, the comparisons and discussions are presented with respect to the collapse mechanisms, the 

capacity curves and vulnerability functions.  In each of the vulnerability functions in §8.3 to §8.8, the PGA capacity 

is compared with the reference PGA value estimated in the mountainous districts during the 2015 Gorkha 

earthquake (see Figure 7-23).  

Table 8-2.  Sensitivity parameters, associated attributes and resulting taxonomy strings. 

Model 
no. 

Sensitivity 
Parameter 

Sensitivity 
Attributes 

Taxonomy string of resulting model 

M1 
Seismic Design 

Level 

Poor Design (PD) UCM-URM7/LR/PD/FD/NI/LP/LO/RF/NP/OS/PC/VN 

M2 
Low Design (LD) 

(Baseline model) 
UCM-URM7/LR/LD/FD/NI/LP/LO/RF/NP/OS/PC/VN 
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M3 
Medium Design 

(MD) 
UCM-URM7/LR/MD/FD/NI/LP/LO/RF/NP/OS/PC/VN 

M4 High Design (HD) UCM-URM7/LR/HD/FD/NI/LP/LO/RF/NP/OS/PC/NN 

M5 
Diaphragm 

Type 

Flexible Diaphragm 
(FD) 

(Baseline model) 
UCM-URM7/LR/LD/FD/NI/LP/LO/RF/NP/OS/PC/VN 

M6 
Rigid Diaphragm 

(RD) 
UCM-URM7/LR/LD/RD/NI/LP/LO/RF/NP/OS/PC/NN 

M7 Wall Panel 
Length 

Long Panel (LP) 
(Baseline model) 

UCM-URM7/LR/LD/FD/NI/LP/LO/RF/NP/OS/PC/VN 

M8 Short Panel (SP) UCM-URM7/LR/LD/FD/NI/SP/LO/RF/NP/OS/PC/VN 

M9 

Wall Opening 

Large Openings (LO) UCM-URM7/LR/LD/FD/NI/SP/LO/RF/NP/OS/PC/VN 

M10 
Small Openings (SO) 

(Baseline model) 
UCM-URM7/LR/LD/FD/NI/SP/SO/RF/NP/OS/PC/VN 

M11 Effective 
Seismic 

Retrofitting 

Original Structure 
(OS) 

(Baseline model) 
UCM-URM7/LR/LD/FD/NI/SP/LO/RF/NP/OS/PC/VN 

M12 
Retrofitted Structure 

(RS) 
UCM-URM7/LR/MD/FD/NI/SP/LO/RF/NP/RS/PC/NN 

M13 Structural 
Health 

Condition 

Poor Condition (PC) 
(Baseline model) 

UCM-URM7/LR/LD/FD/NI/SP/LO/RF/NP/OS/PC/VN 

M14 
Good Condition 

(GC) 
UCM-URM7/LR/LD/FD/NI/SP/LO/RF/NP/OS/GC/VN 

8.3 Seismic Design Level 

Seismic design level is not a quantitative parameter defined by a fix numerical range but is rather qualitative and 

synthetic depending on several construction features: workmanship at wall level (e.g. wall thickness and type of 

bond) and the seismic enhancement measures at building level (e.g. buttresses, lintel band, roof band), as already 

defined in §4.2.3.   All four attributes of the SDL parameter are considered: Poor Design (PD), Low Design (LD), 

Medium Design (MD) and High Design (HD).  The PD model represents an IB with poor connection between the 

orthogonal walls.  The LD model (i.e. the baseline model) represents a building that has good cross-wall connections 

following the English bond pattern.  The MD model represents the IB that has a lintel level RC band beam aiming 

to improve the global box-type behaviour.  Finally, the HD model represents the buildings satisfying all the 

provisions of the seismic enhancement measures prescribed by the NBC 202: 2015 i.e. lintel level band, roof level 

band and sill level band and intermediate ties in the walls (e.g. see Figure 8-1). 
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Figure 8-1.  A newly built HD type UCM-URM7 school building in Sindhupalchowk district, Nepal.  (Photo 

credit: Jeet Kumar Chaulagain) 

Figure 8-2 presents the collapse mechanisms of the four models with different SDL.  As discussed already in §6.7.3, 

although the equivalent lateral capacity is simply the input acceleration value at the instant of the shown damage 

state such as in Figure 8-2, it is a quick indicator of comparative vulnerability and hence is reported for each 

different model. In the case of PD model, the OOP walls are highly vulnerable compared to the LD model, 

detaching easily from the IP walls and overturning (Figure 8-2(a)) at an equivalent lateral capacity of only 0.15g. 

On the other hand, in case of MD type model, the global seismic behaviour is improved due to the box-like action 

provided by the lintel band beam (Figure 8-2(c)).  However, as the gables are not secured, these suffer overturning 

collapse way before any noticeable damage in the global system.  In the case of HD model, the global box-type 

behaviour is significantly improved mitigating all the failure modes of the gables and OOP walls.  In both the MD 

and HD model, the collapse is due to the shear/flexure failure of the IP piers.  Accordingly, the equivalent lateral 

capacity achieved is as high as 0.53g and 0.95g for the MD and HD models, respectively. 

Figure 8-3 compares the capacity curves along with different damage state thresholds marked along the capacity 

curves.  Although the MD and HD models develop global box-type behaviour and a global capacity curve can well 

represent their global behaviour, for consistency in comparison, the IP system and OOP gable wall capacity curves 

are generated separately and compared with those of the PD and LD models.  With respect to the IP system 

(Figure 8-3(a)), capacity curve of the PD model is similar to that of the LD model.  The MD model shows about 

25% and 10% increment in the lateral capacity and ductility, respectively, compared to LD model.  On the other 

hand, the increase in lateral capacity and ultimate ductility from LD to HD model is substantial i.e. 100% and 

40%, respectively.  For the OOP gable wall (Figure 8-3(b)), the MD and HD model show substantial increment 

with respect to stiffness and strength capacity.  The peak strength increases by as high as 50% and 250%, 

respectively for the MD and HD models, compared to that of the LD model.  Due to the absence of frictional 

interlocking at the cross-wall connection in the PD model, the peak strength is 50% less than that of the LD model. 
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(a) PD Model: collapse of gable walls in OOP 
overturning, equivalent lateral capacity – 0.15g 

 
(b) LD Model: collapse of gable walls in OOP overturning, 
equivalent lateral capacity – 0.25g 

  
Gable collapse, equivalent lateral capacity – 0.40g 

  
Global collapse mechanism, equivalent lateral capacity – 0.53g 

(c) MD Model 

 
(d) HD Model: global collapse mechanism, equivalent lateral capacity – 0.95g 

Figure 8-2.  Collapse mechanisms of UCM-URM7 IB with different seismic design levels. 

 
(a) 

 
(b) 

Figure 8-3.  Comparison of capacity curves and damage state thresholds for the models with different seismic 
design levels: (a) IP system and (b) OOP gable wall. 
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(a) 

 
(b) 

Figure 8-4.  Comparison of vulnerability functions for different seismic design levels: (a) global vulnerability 
functions and (b) OOP gable wall vulnerability function. 

Figure 8-4 compares the vulnerability functions for the models with different seismic design levels.  The capacity 

of the MD and HD models is substantially improved, with an increase in PGA capacity for 50% MDR (PGA50% 

MDR) by 50% (i.e. 0.63g) and 180% (0.97g), respectively, compared to that of the LD model.  Although the global 

vulnerability is only slightly increased from LD to PD model because of smaller contribution of the OOP 

vulnerability to the global mean vulnerability, the OOP vulnerability itself is considerably increased, with 35% 

reduction in the PGA50% MDR.  At the reference PGA from the 2015 Gorkha earthquake, the PD and LD models 

would suffer a loss of more than 60%, while the MD model would only undergo moderate to extensive damage.  

In contrast, HD model would only experience a loss of about 10%. 

Thus, for a UCM-URM7/LR building with same plan and geometrical characteristics, the results show that the 

seismic vulnerability is unique to each different seismic design levels.  This also validates the appropriateness of 

having four distinct attributes (i.e. poor, low, medium and high) for the seismic design level parameter in the 

taxonomy developed in this work §4.2.3, representing the level of integrity of the structure. 

8.4 Diaphragm Type 

As discussed in §2.4.3 and §4.2.4, the diaphragm flexibility controls the local and global behaviour: if the 

diaphragm is FD type, LBM buildings lack global box-type behaviour, as seen in the failure mechanisms presented 

in §6.7.3.  Since the effect of the light timber or steel roof structures is neglected in this study (§6.3), first, the 

effect of the presence of the light roof structure in the model is quantified and compared with the model without 

any roof structure.  Next, the improvement in the seismic performance due to the introduction of RD type 

diaphragm in the baseline model is presented. 

Figure 8-5 presents the collapse mechanism of the UCM-URM7/LR/LD IB with explicitly modelled roof 

elements.  In most of the older constructions, these roof elements just sit over the masonry walls (see §6.3) and 

connection interface between the masonry and the roof elements are represented by the properties of the cement 
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mortar used in the masonry.  The failure mechanism is similar to that of the IB model analysed without the roof 

elements, shown in Table 6-12.  Furthermore, the comparison of the capacity curves for the IP and OOP behaviour 

(Figure 8-6) confirms that the difference in each of the capacity curve parameters i.e. initial stiffness, ultimate 

strength and ductility) is negligible (i.e. below 5%). 

 
Figure 8-5.  Failure mechanism for the UCM-URM7/LR/LD IB with roof structure. 

 

(a) 

 

(b) 

Figure 8-6.  Capacity curves for the baseline model with and without the roof structure: (a) OOP gable walls 
and (b) IP system. 

Now, the improvement in the seismic behaviour due to the introduction of RD type diaphragm is considered.  The 

RD type model consists of a ring beam and RC slab system, both having a depth of 150 mm.  The slab is provided 

as a flat structure without gables representing realistic condition as this is the usual construction practice in Nepal 

for LBM school buildings when an RC slab roof is provided.  Therefore by default, the local failure modes of the 

gables are prevented with respect to the baseline model.  M15 grade concrete is considered for both the ring beam 

and the slab.  The interface between the RC and masonry element is represented by properties of the cement 

mortar of the masonry. 
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Figure 8-7 shows the collapse mechanisms of the RD type model where a global collapse mechanism is formed 

involving shear/flexural damage in the IP piers.  The OOP separation and overturning failure mode of the end 

walls (as in the case of baseline model, see Table 6-12), is completely avoided due to the presence of the RD type 

diaphragm.  While the failure mechanism of the RD model is similar to that of the MD model (Figure 8-2(c)), the 

lateral capacity however is lower. 

 
Figure 8-7.  Collapse mechanisms of baseline IB with RD type diaphragm (Equivalent lateral capacity – 0.30g). 

Figure 8-8 compares the capacity curves along with the different damage state thresholds.  In this case as well, 

although a single global capacity curve would suffice for the RD model, for consistent comparison with the baseline 

model, individual capacity curves for the IP system and the OOP gable wall are generated.  Having improved the 

initial stiffness and ultimate drift capacity in both the IP system and OOP gable wall, the apparent ductility is 

substantially increased in both systems.  However, the peak strength is only marginally improved (i.e. by about 

10% in case of the OOP gable wall). 

 

  

(a) (b) 

Figure 8-8.  Comparison of capacity curves for FD and RD models: (a) IP system and (b) OOP gable wall. 
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Figure 8-9 compares the global mean vulnerability functions for the models with RD and FD type diaphragms.  

For the whole PGA range, the mean vulnerability of the model with RD type diaphragm is lower, with an increase 

in PGA50% MDR capacity by about 40% compared to that of the model with FD type diaphragm.  It is noteworthy 

here that although the OOP separation and overturning failure modes are avoided in the RD type diaphragm case, 

the global collapse with heavy RC slab is a serious human risk compared to light roof structures.  This indicates 

that the introduction of RC slab does not effectively reduce risk for life unless the seismic design level (see §8.3) 

is improved.  At the reference PGA value from the 2015 Gorkha earthquake, the RD model would suffer a loss of 

40%, against more than 60% loss in case of the FD model. 

 
Figure 8-9.  Comparison of vulnerability functions for the UCM-URM7/LR/LD IB with FD and RD type 

diaphragms. 

8.5 Wall Panel Length 

The vulnerability of an LBM building increases with the increase in unrestrained length of the wall panels, more 

under OOP seismic loading (see discussions in §2.3.2 and 2.4.5). Here, three different models are considered 

with different unrestrained panel lengths of the OOP walls, i.e. a short panel length (SP) model, baseline model 

and a long panel length (LP).  SP model, baseline model and LP model have wall panel length of 3.0 m, 5.3 m and 

8.8 m, respectively.  These values selected for the SP and LP models are the minimum and maximum values in 

the range of unrestrained wall panel length of the Nepalese UCM-URM7/LR/LD school building type, as 

observed in the SIDA database (The World Bank, 2016).  The number, length/breadth ratio as well as the 

percentage wall openings of the classrooms are kept constant across all three models. 

Figure 8-10 and Figure 8-11 compare the collapse mechanism for the SP model and the LP model.  Unlike the 

baseline model (Table 6-12) or the LP model, the SP model develops a box-like behaviour, hence has an improved 

seismic performance with respect to both the IP system and OOP behaviour.  The comparison in Figure 8-10 

shows that the numerical model well predicts the actual failure mechanisms where the damage is mostly 

concentrated in the IP walls with insignificant damage to the OOP walls. 
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(a)  

 
(b) 

 Figure 8-10.  Collapse mechanisms of the SP model: (a) Numerical and (b) Observed during the 2015 
Gorkha earthquake sequence.  (Photo: The World Bank). 

 
Figure 8-11.  Collapse mechanisms of the LP model. 

Figure 8-12 compares the capacity curves for the SP, baseline, and LP models.  As seen, for the SP model the 

improvement in the lateral capacity of the OOP gable wall (70% increment) is more significant than the increment 

in the lateral capacity of the IP system (20% increment).  On the other hand, for the LP model, the lateral capacity 

of both the IP system and the OOP gable wall suffers a reduction of 25% to 30% compared to that of the baseline 

model. 

(Equivalent lateral capacity – 0.43g) 

(Equivalent lateral capacity – 0.18g) 
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(a) 

 
(b) 

Figure 8-12.  Comparison of capacity curves for the UCM-URM7/LR/LD IB with different unrestrained wall 
panel lengths: (a) IP system behaviour and (b) OOP gable wall. 

Figure 8-13 compares the vulnerability functions, where, albeit the reduction in the wall panel length in the SP 

model is only 47% compared to the 54% increase in the same in the LP model, it is seen that the reduction in 

vulnerability in the SP case is much more substantial than the increment in the LP case.  This indicates that the 

behaviour is highly non-linear with respect to the wall panel length.  Accordingly, the PGA50% MDR capacity for the 

SP model has increased by 80%, while the same for the LP model has reduced only by 25%, compared to the 

baseline model.  At the reference PGA value from the 2015 Gorkha earthquake, baseline and LP models experience 

a loss of 65% to 75% while the SP model only suffers a loss of less than 25%. 

 
Figure 8-13.  Comparison of seismic vulnerability functions for the SP, baseline, and the LP models. 
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8.6 Wall Opening 

As discussed in §2.4.4 and §4.2.7, the presence of openings influences the shear/flexural capacity and damage 

behaviour of masonry walls.  Three models with three different percentages of openings in the long wall, with 

realistic opening configurations from the SIDA database (The World Bank, 2016) of Nepalese LBM school 

construction are considered here for sensitivity analysis: with 35% opening (small opening - SO model), 46% 

opening (baseline model which is also an SO type) and 65% opening (large opening - LO model). 

Figure 8-14 shows the collapse mechanisms of the models with different wall opening percentages.  The LO model 

(Figure 8-14(b)) has very slender piers (aspect ratio 2.0) in the long walls, hence loose strength earlier than more 

squat piers in the case of baseline (aspect ratio 1.4) or SO (aspect ratio 0.7) models, rocking in flexure concurrently 

with the damage in the OOP gable walls. 

 

 

 

(a) SO Model 
Equivalent lateral capacity – 0.26g 

 

 
(b) LO Model 

Equivalent lateral capacity – 0.23g 
Figure 8-14.  Collapse mechanisms of models with different opening configurations. 

 
(a) 

 
(b) 

Figure 8-15.  Comparison of capacity curves for (a) IP system and (b) End wall OOP. 

Figure 8-15 shows the capacity curves for different models for the IP system and the OOP gable walls, 

respectively.  The damage state thresholds are also marked on the curves.  For the IP system behaviour of LO 

0.00

0.10

0.20

0.30

0.40

0.50

0.0 0.1 0.2 0.3 0.4 0.5 0.6

B
as

e 
sh

ea
r 

co
ef

fi
ci

en
t 

(B
SC

)

Roof drift, %

LO model
Baseline model
SO model
Slight damage (dt1)
Moderate damage (dt2)
Extensive damage (dt3)
Collapse (dt4) 0.0

0.1

0.2

0.3

0.4

0.5

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Roof drift, %

LO model
Baseline model
SO model
Slight damage (dt1)
Moderate damage (dt2)
Extensive damage (dt3)
Collapse (dt4)



Chapter 8 - Sensitivity Analyses on the Taxonomy Parameters 

197 
 

model, the ultimate capacity is considerably reduced compared to the baseline model, by 30%, while the same in 

case of the SO model is increased by only 10%.  This indicates that the categorization of attributes i.e. small (< 

50%) and large (≥ 50%) (see §4.5.2) seems an appropriate choice for the wall opening parameter.  Compared to 

the baseline model, the OOP gable wall capacity of both the SO and LO models change only slightly (±10%), as 

expected because the OOP gable walls are geometrically unaffected in all three models although the cross-wall 

connection is affected through the stiffness of the end piers of the IP walls. 

Figure 8-16 compares the vulnerability functions for the LO, baseline and SO models.  Compared to that of the 

baseline model, the PGA50% MDR capacity for the LO model reduced by 30% while the increment in the same for 

the SO model is low (>10%).  At the reference PGA value from the 2015 Gorkha earthquake, all three models 

would suffer a loss of more than 60%, reaching as high as 80% in the case of LO model. 

 
Figure 8-16.  Comparison of global mean vulnerability functions for LO, baseline and SO models. 

8.7 Effective Seismic Retrofitting 

The seismic performance of the poorly designed existing masonry buildings can be improved by applying effective 

seismic retrofitting (see previous discussion in §4.2.10).  In this study, one of the common strengthening methods, 

i.e. addition of roof level RC band beam is employed to investigate the improvement in the seismic behaviour 

(e.g. see Figure 8-17, for example).  It is noted that after the strengthening using the RC roof band, seismic design 

level of the retrofitted structure becomes MD type (see Table 4-4).  Such intervention requires the roof to be 

removed and reconstructed and comes with an opportunity to improve the existing roof structure and their 

connections to the LBM walls.  As shown previously in the case of MD and HD models, the roof level band beam 

will control the OOP failures modes thus improving the global seismic behaviour.  However, care should be taken 

when applying such retrofitting intervention as the high difference in the stiffness of the original structure and 

applied retrofitting measures can degrade the seismic performance.  For example, if the mortar quality in the 

existing building is poor, the structure cannot provide the shear resistance at the interface. 
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Figure 8-17.  An LBM schools building in Kavre, Nepal, retrofitted with a horizontal seismic band after the 2015 

Gorkha earthquake. 

 
Figure 8-18.  Failure mechanism of the RS model (Equivalent lateral capacity – 0.46 g). 

  
(a) (b) 

 
Figure 8-19.  Comparison of capacity curves for the original (OS) and retrofitted (RS) models: (a) IP system and 

(b) OOP gable wall. 

Figure 8-18 shows the global collapse mechanism involving main damage to the IP piers, similar to the one 

observed for the RD model.  Figure 8-19 shows the capacity curves along with different damage state thresholds.  
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Although the global building capacity curve would suffice to represent the global behaviour of the RS model, 

individual capacity curves for IP system and OOP gable wall are plotted and compared with those of the OS model, 

for consistent comparison.  For the IP system, compared to the OS model, the peak strength and ductility of the 

RS model has increased by 20% and 35%, respectively.  However, the increment is significant in the OOP gable 

wall capacity curves i.e. about 100% in the ultimate strength. 

The resulting vulnerability functions are compared in Figure 8-19 where an increment in the PGA50% MDR capacity 

of 85% can be seen in the case of RS model compared to that of the OS model.  Compared to the MD (medium 

design) type model (§8.3), the PGA50% MDR capacity is improved in RS model because of the prevention of gable 

failure in the latter case.  At the reference PGA value from the 2015 Gorkha earthquake, the RS model only suffers 

a loss of 20%. 

  
Figure 8-20.  Comparison of seismic vulnerability functions for the OS and RS models. 

8.8 Structural Health Condition 

The quality of materials, workmanship and state of deterioration condition highly influences the seismic capacity 

and performance of LBM buildings (see Vasconcelos and Lourenço 2009; Milosevic et al. 2013; Adhikari and 

D’Ayala, 2020).  Table 6-1 summarised the high variability of material properties in LBM constructions, even 

from a single experimental campaign.  Since the existing LBM school buildings are community-led constructions, 

the quality of units and binder, workmanship, deterioration state are largely scattered from one building to next, 

significantly affecting the mechanical properties of masonry.  Thus, the effect of material properties on the output 

is studied here considering three different material quality cases: poor condition (PC), baseline model and good 

condition (GC).  The PC model has 50% lower values while the GC model has 50% better values of material 

properties than that of the baseline model (listed in Table 6-1).  As the range of variation material properties are 

not quantified for Nepalese LBM school buildings, such range is not exhaustive and is considered based on 

literature on the material properties range for existing masonry (e.g. Milosevic et al. 2013; Guragain, 2015).  The 
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failure mechanism of these different cases is similar to that of the baseline model since the change in material 

properties within the considered range does not affect the failure mechanisms. 

Figure 8-21 shows the capacity curves along with the different damage state thresholds.  In the IP system, the peak 

strength varies by +22% (GC model) and -30% (PC model), while the ultimate drift varies by +10% (GC model) 

and -20% (PC model).  For the OOP gable wall, the peak strength varies by +25% (GC model) and -35% (PC 

model), while the ultimate drift varies by about 5% only.  Thus, for both the IP system and the OOP gable wall, 

the response is non-linear: compared to the baseline model, the reduction in ultimate strength, ductility and the 

threshold of damage states all in the case of PC model is higher than the increment in the case of GC model.   

 

  
(a) (b) 

Figure 8-21.  Comparison of capacity curves for the IBs with different material quality. 

  
Figure 8-22.  Comparison of seismic vulnerability functions for models with different material properties. 

Figure 8-22 compares the vulnerability functions of these models with different level of material quality.  

Following the capacity curves, the PGA50% MDR capacity does not follow linearity: increasing by 23% in the case of 
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GC model but decreasing by 32% in the case of PC model.  At the reference PGA from the 2015 Gorkha 

earthquake, the PC model experiences a loss of as high as 95%, thus possibly suffering complete collapse including 

roof structure.  On the other hand, the loss in the case of GC model at about 50%, thus suffering extensive damage.  

This indicates that even the GC type material quality of the existing Nepalese LBM buildings with LD type seismic 

design level could not comply with life safety performance during the 2015 Gorkha earthquake. 

8.9 Summary and Discussions 

The range of the global mean vulnerability functions of the models analysed in the sensitivity study and their 

median curve are compared in Figure 8-23.  The median curve is the plot of median of all the vulnerability data at 

each IM level.  Throughout all the IM levels, the seismic vulnerability of the PC type model is the highest while it 

is the lowest for the HD type model.  The vulnerability function for the baseline model is slightly poorer than the 

median, meaning that the majority of the schools of the UCM-URM7/LR typology have poor seismic 

performance, as the baseline model represents more than 80% of the existing UCM-URM7/LR type school 

portfolio (The World Bank, 2016).  The situation is similar in case of other masonry typologies of Nepalese LBM 

schools i.e. other single-storeyed IBs considered in this research work (see Table 4-17). 

 
Figure 8-23.  Comparison of building level mean vulnerability functions for the UCM-URM7/LR/LD IB with 

varying taxonomy parameters.
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Table 8-3.  Summary of sensitivity analysis results for UCM-URM7 IB. 

Parameter Attributes 
Global box-like 

behaviour 
Primary collapse mechanism 

% change in PGA capacity for 50% MDR with respect 

to the baseline case 

Seismic Design Level 

PD  No Collapse of OOP walls -15 

LD (Baseline) No Collapse of OOP gables/ walls - 

MD Yes 
Collapse of gables followed by shear/flexure failure 
of IP piers 

+50 

HD Yes Shear/flexure failure of IP piers +180 

Diaphragm Type 
FD (Baseline)  No Collapse of OOP walls - 

RD  Yes Shear/flexure failure of IP piers +40 

Wall Panel Length 

LP No Collapse of OOP walls -25 

Baseline No Collapse of OOP walls - 

SP Yes Shear/flexure failure of IP piers +80 

Wall Opening 

LO No Collapse of OOP walls -30 

Baseline No Collapse of OOP walls - 

SO No Collapse of OOP walls +10 

Effective Seismic 
Retrofitting 

OS (Baseline) No Collapse of OOP walls - 

RS Yes Shear/flexure failure of IP piers +85 

Structural Health 
Condition 

PC No Collapse of OOP walls -32 

Baseline No Collapse of OOP walls - 

GC No Collapse of OOP walls +23 
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Table 8-3 presents the summary of the results with respect to the changes in seismic behaviour and vulnerability.  

The PGA50% MDR capacity is substantially improved (by 40% to up to 180%) for the MD, HD, RD, RS, SP type 

models due to the improvement in global box-like behaviour.  It is seen that the seismic design level is the dominant 

parameter, significantly affecting the vulnerability.  Figure 8-24 shows an LBM school with HD design level that 

survived without any damage in the 2015 Gorkha earthquake despite being located 15 km from the epicentre 

(Bothara, Ingham and Dizhur, 2018).  Although the structural vulnerability is proportional to both the openings 

and wall panel, these are architectural/functional requirements in classrooms providing ventilation, natural 

lighting and adequate space.  Thus, compromising these parameters for improving structural seismic safety is not 

appropriate, as such functionality requirements are also critical in controlling the spread of infectious disease such 

as the Coronavirus (e.g. Asanati, Voden and Majeed, 2021).   

In the particular case of SO model of the UCM-URM7/LR/LD building type, the improvement in the PGA50% 

MDR capacity is marginal (i.e. 10%) compared to the baseline model.  It indicates that the baseline opening % (i.e. 

up to 50%) is acceptable even from the structural safety viewpoint as long as their positioning are appropriate, 

which also conform with healthier functionality requirements. 

The vulnerability of PC type model (material properties listed in Table 8-4) is even greater than that of the PD 

design type model.  The values of the material properties listed in Table 8-4 are realistic i.e. within the bounds of 

CoVs reported for existing Nepalese LBM buildings (CoVs as high as 67% for cohesion and 79% for the elastic 

modulus, see Guragain, 2015).  Hence, material preparation and workmanship quality in the construction of LBM 

schools, which is in the hand of local masons in countries like Nepal, can play an important role in the seismic 

safety of these school buildings. 

 
Figure 8-24.  A HD type low-rise LBM school building that survived without any damage during the 2015 

Gorkha earthquake (Photo: Bothara, Ingham and Dizhur, 2018). 

Table 8-4.  Values of material properties for the PC model. 

 
Modulus of 

elasticity, MPa 
Compressive 

strength, MPa 
Tensile 

strength, MPa 
Cohesion, 

MPa 
Coefficient of 
friction 

Value 436 2.1 0.04 0.09 0.4 
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8.10 Conclusions 

The extensive sensitivity analysis outputs for the UCM-URM7/LR IB show that the seismic behaviour and 

vulnerability of LBM buildings is highly influenced by the independent taxonomy parameters each representing 

distinct construction features.  The seismic design level plays the most significant role in the vulnerability of these 

buildings, increasing the PGA50% MDR capacity by as high as 180% in the case of HD model.  Another important 

parameter is the structural health condition: deteriorated material quality of the mortar and units can significantly 

increase the vulnerability.  The analyses showed that simple improvements in the construction characteristics, e.g. 

introduction of roof level and/or lintel band beam (e.g. RS or MD models) can confirm the life safety performance 

of these community-led school construction types under the expected seismic hazard.  In particular, in light of the 

ventilation and natural lighting requirements, an opening % of up to 50% can be safely provided although the 

openings should be positioned at certain clear distances from critical locations such as a corner (e.g. see NBC 203: 

2015).  The sensitivity analysis shows that the structural safety criteria could be harmonised with functional 

requirements e.g. improving the seismic design level or the material quality of construction can allow increased 

wall panels or openings in the classrooms, in order to meet the healthier functionality requirements of the 

classrooms in terms of ventilation, natural lighting and space (e.g. Montoya, 2020). 

Given a particular building type (UCM-URM/LR/LD), the spectra of the sensitivity analyses results verify the 

significance and relevance of the secondary parameters and associated attributes as each model with different 

attributes result in unique seismic capacity and vulnerability behaviour.  Together with the results from Chapter 

6 and Chapter 7 which validated the significance of the primary parameters, these results thus prove that the 

comprehensive taxonomy developed in this study, considering 12 different parameters and several attribute 

ranges, is valid and indeed necessary to reduce the uncertainty in the quantification of the seismic capacity and 

vulnerability of the LBM school typologies.  Furthermore, the results also prove the success of the methodology 

and the modelling strategy adopted in this study that can well represent the weaknesses and strength of each 

different models with different attributes of the secondary parameters, ultimately synthesized in the vulnerability 

functions. 

Although similar sensitivity analyses has not been conducted for the range of IBs considered in this study, it is 

believed that the outcomes of the sensitivity analysis for the IB of the UCM-URM7/LR building type are applicable 

to the other single storied Nepalese LBM school IBs, as several construction characteristics e.g. seismic design 

level, type of diaphragm, irregularity etc. are similar across these typologies, as seen by their taxonomy strings 

presented in Table 4-17. 

Chapter 9 (final chapter) presents summary of main findings and research contributions from the works presented 

in this thesis and some future works that can follow. 
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Chapter 9 

Conclusions and Future Works 

9.1 Introduction 

Safer and resilient school infrastructure is fundamental for attaining quality education goals by ensuring the safety 

of school children during the time of natural hazardous events.  Moreover, structurally safe schools also provide a 

safe haven for the local community, serving as a temporary shelter and helping to bring normalcy back to society 

in times of disruptive events such as earthquakes (D’Ayala et al., 2020).  Due to the high seismic risk posed by the 

school infrastructure in developing countries, as proven by their devastation in past earthquakes (e.g. 2015 Gorkha 

earthquake) this study was motivated to develop a reliable seismic vulnerability evaluation methodology 

recognizing the large variability of performance of masonry typologies.  The study was further motivated by the 

fact that the technical quantitative tools, such as the fragility and vulnerability functions for existing LBM school 

buildings, which are vital inputs in seismic risk assessment and strengthening prioritization activities, are currently 

lacking in literature.  As Nepal lies in the seismically active Himalaya region, with a history of frequent major 

seismic events, the portfolio of Nepalese school buildings was selected in order to validate the proposed seismic 

vulnerability evaluation methodology.  The main objective of the present research work was to develop such 

methodology which (along with the results) is applicable to the countries in the Himalayan belt beyond Nepal and 

possibly further afield. 

This chapter summarizes and concludes the main findings of the study, presented and discussed in previous 

chapters against the aims and objectives outlined in Chapter 1.  Some future developments that can follow from 

this thesis are also briefly discussed. 

9.2 Summary of Main Findings and Contributions 

Evidence from the field (Chapter 1) and the exhaustive literature review (Chapter 2) highlighted the need to 

develop a comprehensive and reliable methodology for the seismic vulnerability evaluation of existing LBM school 

buildings.  Utilizing existing tools and addressing the gap in the literature, Chapter 3 formulated a detailed 

methodology to carry out the seismic vulnerability assessment methodology for LBM schools.  This methodology 

contributes to the key technical component of the seismic risk reduction efforts on school infrastructure: the 

quantification of seismic capacity and vulnerability of different LBM school construction typologies.  The main 

features of the methodology include the classification of school buildings by use of index buildings representative 

of individual masonry typologies as opposed to a broad ‘masonry’ class; seismic analysis of detailed 3-D element 
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by element modelling of the index buildings; application of a novel pushover analysis approach; and finally the 

development of a reliable seismic vulnerability evaluation methodology for LBM buildings without box-like 

behaviour.  Data on the structural characteristics of the Nepalese LBM school portfolio was used in this study to 

validate the methodology: from taxonomy application (Chapter 4) to vulnerability evaluation (Chapter 7). 

The main findings and novel contributions discussed in this research work are summarised below. 
 

• Development and application of the structural taxonomy for LBM school buildings 

From the literature review (Chapter 2), it was found that the seismic performance of the LBM buildings is 

influenced by several construction features ranging from the masonry fabric to the classroom size, to type of roof 

structures.  This as well as the analysis of construction features of existing LBM schools from different countries 

(Nepal, Peru, El Salvador) motivated the development of a globally applicable and comprehensive multi-

parameter structural taxonomy (i.e. the taxonomy developed in Chapter 4) that is applicable to a wide range of 

LBM construction types worldwide.  This responds to the need of a classification system tailored to school 

infrastructure and is a novel contribution of this thesis.  The taxonomy identifies the masonry typology, height 

range and seismic design level as the primary parameters that synthetically can describe the seismic behaviour 

resulting in unique vulnerability characteristics. 

The taxonomy has several applications in the seismic risk reduction of school infrastructure: a global language for 

vulnerability, identification of comparative vulnerability of school building types that can be used for initial 

screening for detailed assessment or even strengthening prioritisation, identification of characteristic index 

buildings representing the building types, identification of retrofitting alternatives at scale.  As shown in Chapter 

4, the validity of the taxonomy is tested across LBM school buildings from different countries and is also used to 

arrive at the distribution of main building types and their characteristic index buildings for the Nepalese LBM 

school portfolio.  More than 30 different building types were identified in the Nepalese LBM school portfolio.  It 

was also found that, with respect to the SIDA database, more than 95% of the Nepalese LBM school buildings are 

low-rise (LR) while more than 90% have poor (PD) to low (LD) seismic design level.  Also, the rubble stone in 

mud mortar masonry construction represents the largest proportion (more than 40%) of the LBM school portfolio 

in the mountainous districts. 

The application of the taxonomy and identification of IBs for the Nepalese school portfolio by using a secondary 

source database (The World Bank, 2016) showed that if reliable and detailed databases exist in a country, then 

substantial amount of time and resources could be saved by using such existing databases, once the information is 

verified by field visit to selected school facilities.  However, this is not the case in many developing countries, for 

example, first-hand field data collection was needed in El Salvador and Dominican Republic, investing substantial 

amount of resource over several months (The World Bank, 2019; D’Ayala et al., 2020; Fernandez et al., 2020; 

The World Bank, 2021). 

At global level, the application of taxonomy also helps in exchanging vulnerability information of different school 

building types across different regions, contributing to the aim of global initiatives such as the Global Program for 

Safer Schools (GPSS) program (The World Bank, 2019).  
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• Numerical modelling and validation and calibration studies on a range of masonry typologies 

Element-by-element modelling approach was followed in this research work in order to capture the seismic 

behaviour of each different masonry fabric type as well as to model the OOP response which is critical in masonry 

buildings lacking box-like behaviour.  The applied element method (AEM) was found to be able to model the 

seismic response from linear continuum regime to non-linear discontinuum regime up to large displacements and 

was therefore chosen in this study for the numerical modelling and analysis of LBM structures (Chapter 5).  In 

AEM, although the numerical modelling of regular masonry with rectangular faces (e.g. brick masonry) is already 

established in the literature (e.g. Karbassi and Nollet, 2013; Malomo et al., 2019), a different modelling approach 

reproducing the chaotic fabric is adopted in this study for the numerical modelling of random rubble stone masonry 

in Chapter 5.  A number of validation and calibration studies on different masonry typologies indicated that the 

values of material properties reported in experimental campaigns are not always directly applicable to the 

numerical model and need calibration.   The most used relationship between the shear modulus and the elastic 

modulus i.e. G = 0.4E is proven by the present study to be an overestimate of the shear modulus because of the 

discontinuous and heterogeneous nature of masonry, more pronounced in the case of low-bond strength masonry.  

From the extensive calibration studies, a range of applicable values of the shear modulus is derived for different 

masonry typology i.e. G = (0.02 to 0.05)E for dry stone masonry, G = (0.10 to 0.15)E for brick in cement mortar 

masonry and G = (0.35 to 0.38)E for rubble stone in mud mortar masonry; although these ranges still require 

further validation.  Similarly, the experimentally reported values of tensile bond strength, cohesion as well as the 

coefficient of friction require reduction by up to 30% for the numerical model.  The sensitivity analyses on the 

number of springs per shared area showed that a set of 3x3 springs are sufficient to produce reliable outputs.    It 

is also concluded that the modelling of units as rigid elements provides reliable numerical outputs for low bond 

strength masonry, helping in substantial reduction of the computational time when 3-D buildings are analysed. 

Backed up by the outcomes of these analyses, a numerical validation and calibration methodology utilizing 

experimental tests is outlined for reliable numerical assessment of masonry, as this is a critical step in the seismic 

analysis of any structure using the numerical modelling approach (Lemos, 2019).  This is also a novel contribution 

of the present research work, as such methodology is not documented in the existing literature. 
 

• Non-linear seismic analysis of LBM school index buildings 

In order to quantify the seismic capacity and failure mechanisms of a range of LBM school building types with 

variations in masonry typology, seismic design level and building height; an extensive non-linear time history 

analyses (NLTHA) as well as validated non-linear pushover analyses were carried out the AEM environment.   3-

D element-by-element numerical models were created and analyzed in order to better represent the global as well 

as the OOP response which is critical in LBM buildings lacking box-like behaviour.  NLTHA for a suite of ground 

motions showed that even two-storeyed LBM buildings can develop more than one type of failure mechanism, 

depending on the ground motion characteristics.  The incremental dynamic analysis (IDA) results indicated that, 

although Sa(T1) is efficient in the elastic range, PGA is more efficient in the non-linear range (i.e. for the extensive 
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and collapse damage states) for the seismic fragility assessment of LBM buildings because it is unaffected by the 

elongation in the vibration properties in the non-linear range.  

For the non-linear pushover analysis of LBM buildings, overcoming the limitations of the traditional approaches 

(e.g. Parisi and Augenti, 2012; Bucchi, Arangio and Bontempi, 2013; Endo, Pelà and Roca, 2017; Lourenco and 

Karanikoloudis, 2019), a more effective loading approach i.e. the linearly incremental ground acceleration (LIGA) 

method is introduced and validated against the results of the NLTHA analysis.  The comparison of the numerical 

collapse mechanisms of the IBs against the collapse mechanisms observed during the 2015 Gorkha earthquake also 

confirmed the reliability of the pushover analysis results using the LIGA method in the AEM environment.  The 

LIGA method of pushover analysis is a critical solution that avoids the spurious numerical local failures, common 

with both displacement-based and force-based pushover analysis.  Furthermore, the LIGA method is a static 

equivalent of the dynamic time history analysis and provides an estimation of the equivalent acceleration capacity 

by the end of the analysis.  Thus, the LIGA method of pushover analysis is another novel contribution of the present 

research work and is applicable to any type of masonry structures as long as the modelling tool allows large non-

linear displacements. 

The numerical collapse mechanisms showed that all of the single-storeyed Nepalese LBM school buildings with 

LD and PD type seismic design levels lack global box-type behaviour, thus suffering OOP overturning failure of 

the gable walls, as larger displacement causing overturning are generated by lower levels of acceleration than 

severe damage in the IP walls.  This effect is more pronounced when the walls have no frictional interlocking at 

the cross-wall connections i.e. school buildings with PD type design level.  However, the presence of simple 

measures such as lintel band or roof band (i.e. buildings with MD type seismic design level) improves the integrity 

of the building thus enforcing global box-like behaviour.  Multi-storied IBs with floor and roof made of RC slab 

also develop global box-type behaviour and the collapse mechanism involves the shear/flexure damage of the IP 

piers, without significantly preceding OOP damage.  These are valuable findings for these school buildings as they 

provide clear insight for the selection of appropriate strengthening measures. 

From the perspectives of non-linear static procedure (e.g. capacity spectrum approach), the failure mechanisms 

of the LBM school buildings lacking box-like behaviour (i.e. the early damage to the OOP walls compared to the 

IP walls) clearly indicate that there are two different systems: the OOP gable wall and the IP system, with entirely 

different rate of increase in deformation given the same level of lateral loading.  These two systems thus need to 

be represented as parallel single degree of freedom (SDoF) systems.  Therefore, for these buildings, the capacity 

curves and their damage states should be dealt with respect to the OOP gable wall and the IP system, separately, 

as it is more meaningful than merely averaging two different systems to generate a global capacity curve.  

However, these capacity curves and respective thresholds are derived from the 3-D global pushover analysis of the 

building using the LIGA method, thus representing the interaction of cross-walls and therefore correctly 

simulating the reciprocal constraints between the two systems at the same level of lateral acceleration.  

Consequently, the seismic performance assessment, fragility and vulnerability evaluation is also carried out with 

respect to the OOP wall and the IP system, separately and ultimately combined to derive a mean global 

vulnerability function.  This is another novel contribution of this dissertation, addressing the issue of reliable 
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seismic performance assessment of LBM buildings that lack global box-like behaviour, currently lacking in the 

literature. 

From the capacity curves and damage state thresholds, it is shown that the treatment of these range of LBM 

constructions within a single ‘masonry class’ based capacity curve or a single set of drift limits for different damage 

states is proven insufficient, as each of the performance indicators present significant dispersion across the range 

of IBs.  The dry-stone masonry IB with larger and rectangular units with good roughness at the interfaces has better 

ultimate capacity than the mud bonded IBs, highlighting the importance of frictional resistance in the lateral 

behaviour of masonry.  Therefore, dry stone masonry construction could be a better and affordable choice in the 

mountainous districts as the stone units can be locally sourced while the use of cement and steel is not affordable 

(e.g. see Bothara et al., 2018).  Furthermore, it is seen that minor and low-cost improvements in the construction 

such as the addition of a lintel band or buttresses can significantly improve the seismic capacity and behaviour of 

these structures by enhancing the box-like behaviour.  Although the multi-storied LBM school buildings have 

larger plans with RC slabs as diaphragms imposing global-box-type behaviour thus giving the impression that these 

have better seismic behaviour, the ultimate capacity is rather low compared to the single-storied IBs. 

The failure mechanisms, capacity curves and the threshold of damage states obtained for the IBs of each separate 

building type are unique and hence justify the relevance of the first three parameters of the taxonomy developed 

and adopted in this research work (i.e. masonry typology, building height and seismic design level). 
 

• Seismic fragility and vulnerability functions for the LBM school index buildings 

In order to justify the methodology developed in this research work that the combinations of the attributes of the 

primary parameters (i.e. masonry typology, building height and seismic design level) result in unique building 

types with distinct fragility and vulnerability functions, seismic fragility and vulnerability assessment for the 

Nepalese LBM school IBs were carried out in Chapter 7.  For the IBs lacking box-like behaviour, following the 

individual capacity curves and separate set damage state thresholds for the IP system and the OOP gable wall 

(discussed in previous point), separate sets of fragility and vulnerability functions were generated for the two 

systems.  By combining these vulnerability functions for the IP system and OOP gable walls, with respect to their 

mass contribution in the building, the mean building level vulnerability function was computed.  This is a reliable 

methodology for deriving the global vulnerability function of LBM buildings that lack box-like behaviour, 

accurately representing the different probability of being in different states as well as different damage ratios for 

the two systems (i.e. IP system and OOP gable wall) for a given IM level.  This is another novel as well as important 

contribution of the present research work for the wider masonry research community, as a proper methodology 

to deal with the vulnerability evaluation of such LBM buildings currently lack in the literature. 

The fragility and vulnerability analysis under the FEMA P695 suite of natural ground motions showed that each of 

the considered IBs exhibit unique fragility functions for different damage states thus resulting in unique 

vulnerability function, the PGA50% MDR capacity varying from 0.22g (lowest) for the UCM-URM2/LR/LD (rubble 

stone in mud mortar, single-storey, low seismic design level) to 1.02g (highest) for the UCM-URM6/LR/MD 

(dressed stone in cement mortar, single-storey, medium seismic design level).  
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Given the associated aleatory and epistemic uncertainty, all the IBs with PD and LD type seismic design level, 

which constitute more than 90% of the existing Nepalese LBM school buildings, do not comply with the life safety 

performance level against the NBC 105: 2020 seismic hazard level in the mountainous districts.  Rubble stone in 

mud mortar masonry (UCM-URM2), showing the poorest performance, represents more than 40% of LBM 

school buildings in the mountainous districts. 

On the other hand, minimal improvement in the seismic design level (e.g. lintel band in the UCM-

URM6/LR/MD IB) can significantly improve the seismic performance, confirming life safety performance in all 

the seismic zones.  Moreover, although apparently well-built, the two-storied IBs (i.e. UCM-URM4/MR/LD and 

UCM-URM7/MR/LD) do not guarantee the required performance against the local hazard level in Kathmandu 

valley where these IBs are mostly located. 

Along with the seismic capacity and failure mechanisms discussed in previous point, these distinct vulnerability 

outcomes per building types considered in this study clearly prove the significance of the first three primary 

parameters of the taxonomy. 

The seismic performance results against the national seismic design code (NBC 105:2020) as well as the fragility 

and vulnerability functions for the range of Nepalese LBM school buildings are important outcomes of the present 

research work, which are key inputs for the seismic risk assessment studies as well as in developing an effective 

risk reduction plan for upgrading the portfolio of Nepalese school infrastructure. 

The results i.e. seismic performance outcomes against the NBC105: 2020 as well as the fragility and vulnerability 

functions strongly suggest that the existing PD and LD type Nepalese LBM school buildings are in need of effective 

seismic retrofitting in order to improve their performance to meet the life safety under the hazard level in the 

mountainous districts.  Such need is also proved by the heavy damage to the school infrastructure by the 2015 

Gorkha earthquake during which as high as 90% of the schools suffered partial to complete collapse in hard-hit 

mountainous districts (e.g. Sindhupalchowk). 
 

• Sensitivity analysis on the effect of different vulnerability parameters 

The sensitivity analyses results show that, for a given building type, each different attribute of different secondary 

parameters considerably affect the resulting vulnerability functions.  This proves that all the secondary parameters 

are essential, validating the relevance and significance of including all of these parameters in the comprehensive 

taxonomy developed in the present study.  As shown by the sensitivity analyses results, since the seismic 

performance could be improved in a number of ways with respect to different parameters e.g. by providing a lintel 

band beam, buttresses, retrofitting the structure with a roof level ring beam, using better quality unit and mortar; 

one of more of these can be used to ensure the structural safety while maintaining or upgrading the minimum 

functionality requirements with respect to natural lighting, ventilation or space requirements which demand for 

larger wall openings or longer wall panels lengths.  Recent COVID-19 pandemic has shown the importance of 

healthier functionality requirements i.e. proper ventilation and adequate space per student in school buildings, as 

these help in controlling the spread of the Coronavirus among the school children (e.g. Asanati, Voden and 

Majeed, 2021). 
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Although the sensitivity analysis is not investigated for all the building types of the Nepalese LBM school portfolio, 

it is believed that the comparative outcomes are applicable to the rest of the single storied IBs lacking box-type 

behaviour, as the influence of the construction characteristics are similar across the LBM typologies, as 

demonstrated by damage and collapse mechanisms from the numerical analysis in this research work as well as 

reported in reconnaissance reports. 

Instead of broad class based typologies, the methodology developed in this study allows to identify a number of 

independent building types of school buildings, differentiated by the attributes of the first three parameters (i.e. 

masonry typology, building height and seismic design level).  Although these primary parameters are the most 

important ones and are sufficient even to qualitatively rank the vulnerability of school buildings, the secondary 

parameters (e.g. diaphragm type or wall panel length) are equally important as these can significantly alter the 

expected seismic behaviour or vulnerability of a building type, as proved by the quantification of the analytical 

vulnerability in this study.   The methodological framework developed in this research work as well as these 

outcomes thus prove the main hypothesis of the present research work. 

The failure mechanisms, fragility and vulnerability  functions of individual building types better inform realistic 

and effective risk reduction planning for national school portfolio, by allowing the prioritised and incremental 

strengthening approach (e.g. see Labò et al., 2018) on the basis of the comparative vulnerability of different 

building types with different attributes of the secondary parameters.  Since portfolio upgrading is resource 

intensive, from a technical, temporal and economical viewpoint, an incremental strengthening approach, with 

clear priority criteria, is particularly attractive in developing countries like Nepal.  While the structural safety of 

schools is important in earthquake prone countries like Nepal, healthier functionality requirements such as 

adequate natural lighting, ventilation and space are equally important as these affect the everyday life of school 

children.  Thus, the sensitivity analysis results presented in this study can be strategically used to find a balance 

between structural safety and functionality requirements in the new design as well as upgrading of the existing 

school buildings. 

Although the validation of the proposed methodology in this research work is proved against the portfolio of 

Nepalese LBM school buildings, the framework has benefitted from recent successful application to other regions 

e.g. El Salvador (The World Bank, 2018), Dominican Republic (The World Bank, 2021), within the Global 

Program for Safer Schools (GPSS).   With the existing risk reduction frameworks and initiatives (UNISDR, 2013; 

UNISDR, 2015; UNISDR, 2017; OECD, 2017; The World Bank, 2019) as the vehicles for implementation, the 

methodology for analytical seismic vulnerability assessment of school buildings developed in this research work is 

expected to be adopted in more and more earthquake-prone countries in the near future. 

The failure mechanisms, capacity curves, fragility and vulnerability results derived in this thesis for several LBM 

school typologies are of great importance, not only in Nepalese context, but at the global level adding value to the 

standard body of knowledge.  As similar school building types exist in other regions as well i.e. countries in the 

Himalaya and beyond, these results can be useful in other countries, this being made easier by the use of the 

taxonomy i.e. a common language for understanding the vulnerability information, regardless of the local notions. 
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9.3 Limitations 

There are few limitations of the proposed methodology and the results produced in this research: 

• For the application of the taxonomy and subsequent building type and index building characterisation, a 

comprehensive database of the school portfolio is required.  In case such databases do not exist in a country 

or the existing databases (e.g. typically the information collected in portfolio inventories conducted by the 

relevant Ministry of Education) lack sufficient information on the construction characteristics, then field data 

collection is necessary which can be resources and time consuming. 

• Although the methodology allows any approach (e.g. simplified analytical solutions) to derive capacity curves 

for the seismic performance assessment using the non-linear static procedure, the present methodology 

proposes to use a detailed element-by-element modelling approach for generating reliable capacity curves and 

collapse mechanisms of the LBM school buildings, including the critical OOP response.  Such detailed 

modelling requires expert knowledge of the masonry behaviour and modelling techniques. 

• The values of different material properties for each masonry typology for the numerical analysis of different 

Nepalese LBM school index buildings were collected from the literature and might not represent accurately 

the material characteristics of real school buildings.  Moreover, since the capacity curves, fragility and 

vulnerability functions developed in this thesis use deterministic values of material properties, the dispersion 

due to the uncertainty in material quality is not quantified for each building typology identified.  Thus, the 

use of these functions requires thorough understanding and correlation of the material characteristics of the 

school buildings under consideration. 

9.4 Future Works 

Followings are the recommended future development that can follow from the present research work and findings 

presented in Chapter 4, Chapter 6 and Chapter 7. 

• Seismic risk assessment of the school infrastructure at country or district level 

Seismic risk assessment is the probabilistic prediction of the building damage and associated human and economic 

losses according to potential seismic hazard or scenario earthquakes.  It consists of two steps: analysing probabilistic 

seismic hazard and assessing structural vulnerability.  Thus, the fragility and vulnerability functions for LBM 

buildings from this study form the major input in the seismic risk assessment.  However, for completeness, such 

study also requires the collection or derivation of fragility and vulnerability functions for other typologies of school 

buildings (e.g. RC framed, timber framed).  Furthermore, collection of exposure data in terms of student 

population in each school building is also necessary in order to assess human losses.  Using existing seismic hazard 

assessment studies (e.g. Stevens, Shrestha and Maharjan, 2018; Chaulagain et al., 2015), one can integrate the 

fragility or vulnerability functions developed in this study to carry out seismic risk assessment using the CAPRA 

tool (Uniandes, 2021) or OpenQuake engine of the Global Earthquake Model (GEM, 2021).  Further guidance 
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on the methodological steps and analysis results on such seismic risk assessment studies for the national portfolio 

of school infrastructure in countries such as El Salvador and the Dominican Republic are available in The World 

Bank (2018; 2021), to which the author also contributed. 

• Development of effective strengthening measures per building type and risk reduction plan 

considering multi-criteria decision making 

Based on the results derived in this thesis i.e. failure mechanisms, capacity curves, fragility and vulnerability 

functions; effective retrofitting solutions per building type can either be collected from the literature or from 

analytical studies using numerical modelling.  For example in the Nepalese context, ‘RC jacketing’ or ‘ RC splint 

and bandage’ techniques has been successfully applied in the retrofitting of low bond strength masonry, which 

proved to be effective during the 2015 Gorkha earthquake (Dixit et al., 2018).  A risk reduction plan using multi-

criteria decision making (e.g. see Caterino et al., 2008; Formisano, Castaldo and Chiumiento, 2017; Gallo, 

Gabbianelli and Monteiro, 2021) can be developed in order to arrive at efficient strengthening solutions.  The 

factors influencing the strengthening choices can range from the effectiveness of the intervention, cost, local 

context, prevalence of the building typology, student population per building etc.  The concept of incremental 

retrofitting (discrete in phases rather than a single continuous work, e.g. see Labò et al., 2018) can be implemented 

for mitigating the seismic risk over a period of time which is an affordable solution in developing countries such as 

Nepal. Further guidance on the methodological steps, identification of appropriate retrofitting techniques per 

building type, as well as the quantification of vulnerability reduction for a range of building types are available in 

the GLOSI library (The World Bank, 2019). 
 

• Calibration and development of simple analytical models 

Based on the numerical capacity curves and failure mechanism for the range of index buildings representing 

different masonry typologies produced in this research work, existing simplified analytical models (e.g. D’Ayala 

and Speranza; 2003; Giordano, De Luca and Sextos; 2020), can be validated or calibrated if necessary.  Such 

analytical solutions can then produce results in much less time than the detailed element-by-element model, which 

are more efficient in the seismic vulnerability assessment of a range of building types and index buildings, 

encountered in a national portfolio of schools in a country. 
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Appendix A - Characterization of the Nepalese LBM 
School Index Buildings 

The construction characteristics of each of the Nepalese LBM school building types considered in this study is 

presented here in order to characterize their index buildings (IBs). 

 

 

1. IB1 - UCM-URM1/LR/LD 

Table A-1.  Characterization of the UCM-URM1/LR/LD IB. 
SN Taxonomy 

Parameter 
Attribute Description 

1 Masonry 
typology 

UCM-
URM1 

These buildings have dry stone masonry walls without any mortar as the 
main lateral load resisting system.  The walls are two wythes in thickness 
and generally are thick at about 400 to 500 mm in average.   

2 Height range LR These buildings are single storied.  The story height is about 2 to 2.5 m. 

3 Seismic design 
level 

LD Generally, these buildings were constructed by the communities without 
following any seismic design guidelines.  Although the stone is of good 
quality, there is no resistance to tensile forces due to the lack of mortar 
joint between the units.  Fewer seismic enhancement measures such as 
regularly spaced through and corner stone are present.  Thus, the seismic 
design level of these school buildings is low. 

4 Diaphragm type FD Roof of these school buildings is mostly laid on timber framed structures.  
Thus the diaphragm action is flexible. 

5 Irregularity NI These school buildings usually are rectangular and regular without any 
horizontal or vertical irregularities. 

6 Wall panel length SP These buildings usually have short unrestrained wall panels because of the 
higher wall thickness. 

7 Wall openings LO These buildings in general have large (more than 50% of the restrained 
wall length) openings for doors and windows. 

8 Foundation type RF The foundation is usually strip type foundation made up of stonework.  
The depth of the foundation is usually more than 0.5 m and compared to 
the superstructure, this type of foundation can be assumed to be rigid 
type. 

9 Seismic pounding 
risk 

NP These school buildings are usually isolated with a clear separation 
distance of more than 1 m.  

10 Effective seismic 
retrofitting 

OS Effective seismic retrofitting is considered a process by which a building’s 
seismic resistance and resilience is increased, which has not been 
implemented in these school buildings. 

11 Structural health 
condition 

GC These school buildings usually have good material condition. 

12 Non-structural 
components 

VN The roof coverings and their connections are usually in poor condition.  
Stone masonry gables are not secured.  Thus, the non-structural 
components are vulnerable. 

 



Appendix – A - Characterization of the Nepalese LBM School Index Buildings 

231 
 

  
(a) Longitudinal view (b) Transverse view 

Figure A-1.  Typical photographs of an UCM-URM1/LR/LD type school building in Nepal.  (Photo: The World 
Bank) 

 

2. IB2 - UCM-URM2/LR/LD 

Table A-2.  Characterization of the UCM-URM2/LR/LD IB. 

SN Taxonomy 
Parameter 

Attribute Description 

1 Masonry typology UCM-URM2 These buildings have random rubble stone in mud mortar as the 
main lateral load resisting system.  The walls are two to three 
wythes in thickness and generally are thick at about 400 to 500 
mm in average.   

2 Height range LR These buildings are single storied.  The story height is about 2 to 
2.5 m. 

3 Seismic design level LD Generally, these buildings were constructed by the communities 
without following any seismic design guidelines.  The random 
rubble stones provide poor interlocking in the walls.  Fewer 
seismic enhancement measures such as regularly spaced corner 
and through stone are present but not the code requirement 
level.  Thus, the seismic design level of these school buildings is 
low. 

4 Diaphragm type FD Roof of these school buildings is mostly laid on timber framed 
structures.  Thus the diaphragm action is flexible. 

5 Irregularity NI These school buildings usually are rectangular and regular 
without any horizontal or vertical irregularities. 

6 Wall panel length SP These buildings usually have short unrestrained wall panels 
because of the higher wall thickness. 

7 Wall openings SO These buildings in general have small (less than 50% of the wall 
length) openings for doors and windows. 

8 Foundation type RF The foundation is usually strip type foundation made up of 
stonework.  The depth of the foundation is usually more than 0.5 
m and compared to the superstructure, this type of foundation 
can be assumed to be rigid type. 

9 Seismic pounding risk NP These school buildings are usually isolated with a clear separation 
distance of more than 1 m.  

10 Effective seismic 
retrofitting 

OS Effective seismic retrofitting is considered a process by which a 
building’s seismic resistance and resilience is increased, which 
has not been implemented in these school buildings. 

11 Structural health 
condition 

PC These school buildings usually have poor material (mortar) and 
poor structural health condition. 

12 Non-structural 
components 

VN The roof coverings and their connections are usually in poor 
condition.  Stone masonry gables are not secured.  Thus, the 
non-structural components are vulnerable. 
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(a) Longitudinal view (b) Transverse view 

Figure A-2.  Typical photographs of an UCM-URM2/LR/LD type school building in Nepal.  (Photo: The World 
Bank) 

3. IB3 - UCM-URM3/LR/LD 

Table A-3.  Characterization of the UCM-URM3/LR/LD IB. 

SN Taxonomy Parameter Attribute Description 

1 Masonry typology UCM-URM3 These buildings have dressed or semi-dressed stone in mud 
mortar as the main lateral load resisting system.  The walls are 
two wythes in thickness and generally are thick at about 400 to 
500 mm.  

2 Height range LR These buildings are single storied.  The story height is about 2 
to 2.5 m. 

3 Seismic design level LD Generally, these buildings were constructed by the 
communities without following any seismic design guidelines.  
The dressed or semi-dressed stones provide good interlocking, 
but the mud mortar causes poor cohesion and frictional 
resistance.  Fewer seismic enhancement measures such as 
regularly spaced corner and through stone are present.  Thus, 
the seismic design level of these school buildings is low. 

4 Diaphragm type FD Roof of these school buildings is mostly laid on timber framed 
structures.  Thus the diaphragm action is flexible. 

5 Irregularity NI These school buildings usually are rectangular and regular 
without any horizontal or vertical irregularities. 

6 Wall panel length SP These buildings usually have short unrestrained wall panels 
because of the higher wall thickness. 

7 Wall openings SO These buildings in general have small (less than 50% of the 
restrained wall length) openings for doors and windows. 

8 Foundation type RF The foundation is usually strip type foundation made up of 
stonework.  The depth of the foundation is usually more than 
0.5 m and compared to the superstructure, this type of 
foundation can be assumed to be rigid type. 

9 Seismic pounding risk NP These school buildings are usually isolated with a clear 
separation distance of more than 1 m.  

10 Effective seismic 
retrofitting 

OS Effective seismic retrofitting is considered a process by which a 
building’s seismic resistance and resilience is increased, which 
has not been implemented in these school buildings. 

11 Structural health 
condition 

PC These school buildings usually have poor material (mortar) and 
poor structural health condition. 
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12 Non-structural 
components 

VN The roof coverings and their connections are usually in poor 
condition.  Stone masonry gables are not secured.  Thus, the 
non-structural components are vulnerable. 

 

  
(a) Longitudinal view (b) Transverse view 

Figure A-3.  Typical photographs of an UCM-URM3/LR/LD type school building in Nepal.  (Photo: The World 
Bank) 

 

4. IB4 - UCM-URM4/LR/LD 

Table A-4.  Characterization of the UCM-URM4/LR/LD IB. 

SN Taxonomy Parameter Attribute Description 

1 Masonry typology UCM-URM4 These buildings have masonry walls of burnt clay brick in 
mud mortar as the main lateral load resisting system.  The 
walls are built in English bond pattern and are usually one 
brick or one and a half brick thick.  The wall thickness varies 
from 250 mm to 375 mm.  

2 Height range LR These buildings are single storied.  The story height is about 
2 to 3 m. 

3 Seismic design level LD Generally, these buildings were constructed by the 
communities without following any seismic design 
guidelines.  The walls are properly interlocked in English 
bond pattern.  No seismic enhancement measures such as 
roof level horizontal band beam, lintel band beam etc. are 
present.  These buildings lack global behaviour and thus, the 
seismic design level of these school buildings is low. 

4 Diaphragm type FD Roof of these school buildings is mostly laid on timber 
framed structures.  Thus the diaphragm action is flexible. 

5 Irregularity NI These school buildings usually are rectangular and regular 
without any horizontal or vertical irregularities. 

6 Wall panel length LP These buildings usually have long unrestrained wall panels. 

7 Wall openings SO These buildings in general have small (less than 50% of the 
restrained wall length) openings for doors and windows. 

8 Foundation type RF The foundation is usually strip type foundation made up of 
stonework.  The depth of the foundation is usually more 
than 0.5 m and compared to the superstructure, this type of 
foundation can be assumed to be rigid type. 

9 Seismic pounding risk NP These school buildings are usually isolated with a clear 
separation distance of more than 1 m.  

10 Effective seismic 
retrofitting 

OS Effective seismic retrofitting is considered a process by 
which a building’s seismic resistance and resilience is 
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increased, which has not been implemented in these school 
buildings. 

11 Structural health 
condition 

PC These school buildings usually have poor material (mortar) 
and poor structural health condition. 

12 Non-structural 
components 

VN The roof coverings and their connections are usually in poor 
condition.  Brick masonry gables are not secured.  Thus, the 
non-structural components are vulnerable. 

 

  
(a) Longitudinal view (b) Transverse view 

Figure A-4.  Typical photographs of an UCM-URM4/LR/LD type school building in Nepal.  (Photo: The World 
Bank) 

 

5. IB5 - UCM-URM4/MR/LD 

Table A-5.  Characterization of the UCM-URM4/MR/LD IB. 

SN Taxonomy 

Parameter 
Attribute Description 

1 Masonry 
typology 

UCM-
URM4 

These buildings have masonry walls of burnt clay brick in mud mortar 
as the main lateral load resisting system.  The walls are built in 
English bond pattern and are usually one and a half brick or two brick 
thick.  The wall thickness varies from 375 mm to 500 mm.  

2 Height range MR These buildings are usually two to four storied.  The story height is 
about 2 to 3 m. 

3 Seismic design 
level 

LD Generally, these buildings are old and were constructed by the 
communities without following any seismic design guidelines but 
following local construction practice in Kathmandu valley.  The walls 
are properly interlocked in English bond pattern.  Sometimes few 
seismic enhancement measures such as floor level horizontal band 
beam or timber tying elements are present.  Thus, the seismic design 
level of these school buildings is low. 

4 Diaphragm type RD Floors/roof of these school buildings are usually laid or reinforced 
concrete slab or reinforced brick slab structures.  Thus the diaphragm 
action is rigid. 

5 Irregularity NI These school buildings usually are rectangular and regular without any 
horizontal or vertical irregularities. 

6 Wall panel length LP These buildings usually have long unrestrained wall panels. 

7 Wall openings SO These buildings in general have small (less than 50% of the restrained 
wall length) openings for doors and windows. 
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8 Foundation type RF The foundation is usually strip type foundation made up of 
stonework.  The depth of the foundation is usually more than 0.5 m 
and compared to the superstructure, this type of foundation can be 
assumed to be rigid type. 

9 Seismic pounding 
risk 

NP These school buildings are usually isolated with a clear separation 
distance of more than 1 m.  

10 Effective seismic 
retrofitting 

OS Effective seismic retrofitting is considered a process by which a 
building’s seismic resistance and resilience is increased, which has not 
been implemented in all of these school buildings, although few of 
these types of buildings have been retrofitted. 

11 Structural health 
condition 

PC These school buildings usually have poor material (mortar) and poor 
structural health condition. 

12 Non-structural 
components 

NN No major vulnerable non-structural components are present. 

 
Figure A-5.  Typical photograph of an UCM-URM4/MR/LD type school building in Nepal.  (Photo: The World 

Bank) 

 

6. IB6 - UCM-URM4/MR/LD 

Table A-6.  Characterization of the UCM-URM5/LR/LD IB. 

SN Taxonomy 
Parameter 

Attribute Description 

1 Masonry 
typology 

UCM-
URM5 

These buildings have random rubble stone in cement mortar as the main 
lateral load resisting system.  The walls are two to three wythes in 
thickness and generally are thick at about 400 to 500 mm in average.   

2 Height range LR These buildings are single storied.  The story height is about 2 to 2.5 m. 

3 Seismic design 
level 

LD Generally, these buildings were constructed by the communities 
without following any seismic design guidelines.  The random rubble 
stones provide poor interlocking in the walls.  Fewer seismic 
enhancement measures such as regularly spaced corner and through 
stone are present but not the code requirement level.  Thus, the seismic 
design level of these school buildings is poor. 

4 Diaphragm type FD Roof of these school buildings is mostly laid on timber framed 
structures.  Thus the diaphragm action is flexible. 
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5 Irregularity NI These school buildings usually are rectangular and regular without any 
horizontal or vertical irregularities. 

6 Wall panel length SP These buildings usually have short unrestrained wall panels because of 
the higher wall thickness. 

7 Wall openings SO These buildings in general have small less than 50% of the restrained 
wall length) openings for doors and windows. 

8 Foundation type RF The foundation is usually strip type foundation made up of stonework.  
The depth of the foundation is usually more than 0.5 m and compared 
to the superstructure, this type of foundation can be assumed to be rigid 
type. 

9 Seismic pounding 
risk 

NP These school buildings are usually isolated with a clear separation 
distance of more than 1 m.  

10 Effective seismic 
retrofitting 

OS Effective seismic retrofitting is considered a process by which a 
building’s seismic resistance and resilience is increased, which has not 
been implemented in these school buildings. 

11 Structural health 
condition 

PC These school buildings usually have poor material (mortar) and poor 
structural health condition. 

12 Non-structural 
components 

VN The roof coverings and their connections are usually in poor condition.  
Stone masonry gables are not secured.  Thus, the non-structural 
components are vulnerable. 

 
Figure A-6.  Typical photograph of an UCM-URM5/LR/LD type school building in Nepal.  (Photo: The World Bank) 

 

7. IB7 - UCM-URM6/LR/MD 

Table A-7.  Characterization of the UCM-URM6/LR/MD IB. 

SN Taxonomy 
Parameter 

Attribute Description 

1 Masonry 
typology 

UCM-URM6 These buildings have dressed or semi-dressed stone in cement 
mortar as the main lateral load resisting system.  The walls are 
two wythes in thickness and generally are thick at about 400 to 
500 mm in average.   

2 Height range LR These buildings are single storied.  The story height is about 2 
to 2.5 m. 
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3 Seismic design 
level 

MD Generally, these buildings were constructed by the 
communities without following any seismic design guidelines.  
The dressed or semi-dressed stones provide good interlocking.  
In several cases seismic enhancement measures such as 
regularly spaced corner and through stone are present.  Hence 
the seismic design level of these buildings is usually low.  
Although the lintel band beam is not always present, the 
considered IB has a lintel level band beam.  Thus, the seismic 
design level of this IB is medium. 

4 Diaphragm type FD Roof of these school buildings is mostly laid on timber framed 
structures.  Thus the diaphragm action is flexible. 

5 Irregularity NI These school buildings usually are rectangular and regular 
without any horizontal or vertical irregularities. 

6 Wall panel length SP These buildings usually have short unrestrained wall panels 
because of the higher wall thickness. 

7 Wall openings SO These buildings in general have small (less than 50% of the 
restrained wall length) openings for doors and windows. 

8 Foundation type RF The foundation is usually strip type foundation made up of 
stonework.  The depth of the foundation is usually more than 
0.5 m and compared to the superstructure, this type of 
foundation can be assumed to be rigid type. 

9 Seismic pounding 
risk 

NP These school buildings are usually isolated with a clear 
separation distance of more than 1 m.  

10 Effective seismic 
retrofitting 

OS Effective seismic retrofitting is considered a process by which a 
building’s seismic resistance and resilience is increased, which 
has not been implemented in these school buildings. 

11 Structural health 
condition 

GC These school buildings usually have good structural health 
condition. 

12 Non-structural 
components 

VN The roof coverings and their connections are usually in poor 
condition.  Stone masonry gables are not always secured.  
Thus, the non-structural components are generally vulnerable. 

 

 
 

(a) External view (b) Internal view 
Figure A-7.  Typical photograph of an UCM-URM6/LR/MD type school building in Nepal.  (Photo: The World 

Bank) 

 

8. IB8 - UCM-URM7/LR/LD 



Appendix – A - Characterization of the Nepalese LBM School Index Buildings 

238 
 

 

Table A-8.  Characterization of the UCM-URM7/LR/LD IB. 

SN Taxonomy 
Parameter 

Attribute Description 

1 Masonry typology UCM-URM7 These buildings have masonry walls of burnt clay brick in cement 
mortar as the main lateral load resisting system.  The walls are built in 
English bond pattern and are usually one brick thick with an average 
wall thickness of 250 mm.  

2 Height range LR These buildings are single storied.  The story height is about 2 to 3 m. 

3 Seismic design level LD Generally, these buildings were constructed by the communities 
without following any seismic design guidelines.  The walls are 
properly interlocked in English bond pattern.  No seismic 
enhancement measures such as roof level horizontal band beam, lintel 
band beam etc. are usually present.  These buildings lack global 
behaviour and thus, the seismic design level of these school buildings 
is low. 

4 Diaphragm type FD Roof of these school buildings is mostly laid on timber or steel framed 
structures.  Thus the diaphragm action is flexible. 

5 Irregularity NI These school buildings usually are rectangular and regular without any 
horizontal or vertical irregularities. 

6 Wall panel length LP These buildings usually have long unrestrained wall panels. 

7 Wall openings SO These buildings in general have small (less than 50% of the restrained 
wall length) openings for doors and windows. 

8 Foundation type RF The foundation is usually strip type foundation made up of 
stonework.  The depth of the foundation is usually more than 0.5 m 
and compared to the superstructure, this type of foundation can be 
assumed to be rigid type. 

9 Seismic pounding risk NP These school buildings are usually isolated with a clear separation 
distance of more than 1 m.  

10 Effective seismic 
retrofitting 

OS Effective seismic retrofitting is considered a process by which a 
building’s seismic resistance and resilience is increased, which has not 
been implemented in these school buildings. 

11 Structural health 
condition 

PC These school buildings usually have poor material (mortar) and poor 
structural health condition. 

12 Non-structural 
components 

VN The roof coverings and their connections are usually in poor 
condition.  Brick masonry gables are not secured.  Thus, the non-
structural components are vulnerable. 
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(a) Longitudinal view (b) Transverse view 
Figure A-8.  Typical photograph of an UCM-URM6/LR/MD type school building in Nepal.  (Photo: The World 

Bank) 

 

9. IB9 - UCM-URM7/MR/LD 

Table A-9.  Characterization of the UCM-URM7/MR/LD IB. 

SN Taxonomy 
Parameter 

Attribute Description 

1 Masonry 
typology 

UCM-URM7 These buildings have burnt clay brick in cement mortar as the 
main lateral load resisting system.  The walls are built in 
English bond pattern and are usually one and a half brick thick 
with an average wall thickness of 375 mm.  

2 Height range MR These buildings are generally 2 to 3 storied.  The story height 
is about 2 to 3 m. 

3 Seismic design 
level 

LD Generally, these buildings were constructed by the 
communities without following any seismic design guidelines.  
The walls are properly interlocked in English bond pattern.  
Seismic enhancement measures such as roof/floor level 
horizontal band beam, lintel band beams etc. are rarely 
present.  Thus, the seismic design level of these school 
buildings is low. 

4 Diaphragm type RD Roof of these school buildings is constructed of reinforced 
concrete or reinforced brick slab.  Thus the diaphragm action 
is rigid. 

5 Irregularity NI These school buildings usually are regular in plan and 
elevation. 

6 Wall panel length LP These buildings usually have long unrestrained wall panels. 

7 Wall openings LO These buildings in general have large (more than 50% of the 
restrained wall length) openings for doors and windows. 

8 Foundation type RF The foundation is usually strip type foundation made up of 
stonework.  The depth of the foundation is usually more than 
0.5 m and compared to the superstructure, this type of 
foundation can be assumed to be rigid type. 
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9 Seismic pounding 
risk 

NP These school buildings are usually isolated with a clear 
separation distance of more than 1 m.  

10 Effective seismic 
retrofitting 

OS Effective seismic retrofitting is considered a process by which 
a building’s seismic resistance and resilience is increased, 
which has not been implemented in these school buildings. 

11 Structural health 
condition 

PC These school buildings usually have poor material (mortar) 
and poor structural health condition. 

12 Non-structural 
components 

VN There are unreinforced parapets across the front face.  Thus 
the non-structural components are vulnerable. 

 
Figure A-9.  Typical photograph of an UCM-URM6/LR/MD type school building in Nepal.  (Photo: The World Bank) 

 

10. IB10 – SFM4/LR/MD 

Table A-10.  Characterization of the SFM4/LR/MD IB. 

SN Taxonomy 
Parameter 

Attribute Description 

1 Masonry 
typology 

SFM4 These buildings have light steel frame (gravity frame) brick in 
cement mortar masonry walls.  The light steel frame is provided 
to support the gravity load of the roof structure.  The walls are 
usually laid in English bond pattern with wall thickness of one 
brick (250 mm). 

2 Height range LR These buildings are single storied.  The story height is about 2 to 
3 m. 

3 Seismic design 
level 

MD The light steel frame is a gravity frame to support mainly the 
roof structure and it does not provide the confinement to the 
heavy masonry walls.  Therefore, the light steel frame system 
and the masonry walls behave independently during 
earthquakes.  The steel frame being light and having proper 
footings usually does not suffer damage while the masonry walls 
suffer heavy to complete collapse during earthquakes, as 
observed in the 2015 Gorkha earthquakes.  In most cases, 
buttresses are provided at the cross-wall connections.  Thus, the 
seismic design level of these school buildings is usually medium. 
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4 Diaphragm type FD Roof of these school buildings is mostly laid on steel structures.  
Thus the diaphragm action is flexible. 

5 Irregularity NI These school buildings usually are rectangular and regular 
without any horizontal or vertical irregularities. 

6 Wall panel length LP These buildings usually have long unrestrained wall panels. 

7 Wall openings LO These buildings in general have large (more than 50% of the 
restrained wall length) openings for doors and windows. 

8 Foundation type RF The foundation is usually strip type foundation made up of 
stonework.  The depth of the foundation is usually more than 
0.5 m and compared to the superstructure, this type of 
foundation can be assumed to be rigid type. 

9 Seismic pounding 
risk 

NP These school buildings are usually isolated with a clear 
separation distance of more than 1 m.  

10 Effective seismic 
retrofitting 

OS Effective seismic retrofitting is considered a process by which a 
building’s seismic resistance and resilience is increased, which 
has not been implemented in these school buildings. 

11 Structural health 
condition 

PC These school buildings usually have poor material (mortar) and 
poor structural health condition. 

12 Non-structural 
components 

VN The roof coverings and their connections are usually in poor 
condition.  Brick masonry gables are not secured.  Thus, the 
non-structural components are vulnerable. 

 

 

Figure A-10.  Typical photograph of an UCM-URM6/LR/MD type school building in Nepal.  (Photo: The World Bank) 
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Appendix B – Collapse Mechanisms of the Nepalese LBM 
School Index Buildings 

The numerical collapse mechanisms for the Nepalese LBM school building IBs are presented in Table B-1.  Blue 

colour represents the extensive cracks of width more than 10 mm while the minor cracks are not shown for clarity. 

The equivalent lateral capacity in terms of acceleration at the instant of the shown damage state is also given. 

 

Table B-1.  Collapse mechanisms for the Nepalese LBM school IBs in two principal directions. 

LBM school IB Failure mechanism from AEM pushover analysis  
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Equivalent lateral capacity – 0.34g 

No box- type global behaviour; partial overturning collapse of end short walls 

 

 

 

Equivalent lateral capacity – 0.35g 

No global box-type behaviour; OOP overturning of spandrels (failing at cross-wall 
connections) and piers in the long walls. 
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Equivalent lateral capacity – 0.20g 

No global box-type behaviour; end short walls damaged in combined mechanism due 
to poor strength of IP spandrels failing in tension 

 

 

Equivalent lateral capacity – 0.21g 

No global box-type behaviour; OOP overturning of spandrels (failing at cross-wall 
connections) and piers in the long walls 
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Equivalent lateral capacity – 0.35g 

No global box-type behaviour; end short wall damaged in OOP partial overturning 
about the sill level because of the presence of opening. 
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Equivalent lateral capacity – 0.32g 

No global box-type behaviour; OOP overturning of spandrels and piers in the long 
walls failing at cross-wall connections 
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Equivalent lateral capacity – 0.25g 

No global box-type behaviour; OOP partial overturning collapse of the internal short 
walls (having poor cross-wall connections) 

 

 

Equivalent lateral capacity – 0.32g 

No global box-type behaviour; OOP overturning of spandrels and piers in the long 
walls failing at cross-wall connections 
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Equivalent lateral capacity – 0.30g 

Global box-type behaviour; combined shear-flexure damage in the IP piers. 

 

 

Equivalent lateral capacity – 0.28g 

Global box-type behaviour; combined shear-flexure and sliding damage in the IP piers 
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Equivalent lateral capacity – 0.43g 

No global box-type behaviour; end short walls damaged in combined mechanism due 
to poor strength of IP spandrels failing in tension 
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Equivalent lateral capacity – 0.47g 

No global box-type behaviour; OOP overturning of spandrels (failing at cross-wall 
connections) and piers in the long walls 
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Equivalent lateral capacity – 0.80g 

Global box-type behaviour; shear/flexure failure of IP piers of the long walls 

 

 

Equivalent lateral capacity – 1.00g 

Global box-type behaviour, diagonal shear failure of IP short walls 
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Equivalent lateral capacity – 0.25g 

No global box-type behaviour; out-of-plane overturning of the gable followed by the 
separation and overturning of the end short wall. 

 

 

Equivalent lateral capacity – 0.28g 

No global box-type behaviour; OOP overturning of spandrels (failing at cross-wall 
connections) and piers of the long walls 
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Equivalent lateral capacity – 0.44g 

Global box-type behaviour; shear and flexural damage in the ground storey IP piers 
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Equivalent lateral capacity – 0.50g 

Global box-type behaviour; diagonal shear damage in the ground storey solid walls 
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Equivalent lateral capacity – 0.46g 

Global box-type behaviour except the OOP overturning collapse of gables of the end 
short walls 

 

 

Equivalent lateral capacity – 0.61g 

No global box-type behaviour; OOP overturning collapse of piers of the long walls 
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Appendix C – Physical Damage States for the Nepalese 
LBM School Index Buildings 

This appendix presents the captures from the AEM analysis showing the physical damage pattern at the threshold 

of each damage state for the Nepalese LBM school index buildings. 

Table C-1.  UCM-URM1/LR/LD IB. 

Damage state IP system OOP gable wall 
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Hairline to minor cracks; maximum crack opening is 

~2 mm. 

 

 
Hairline to minor cracks; maximum crack 

opening is ~2 mm. 
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Some spandrels develop major tensile cracks; 

maximum crack opening is ~6mm. 

 

 
Collapse mechanism formed; maximum 
crack opening is ~7 mm. 
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Some spandrels and piers on the verge of collapse; 

maximum crack opening is 10 mm. 

 

 
Wall on the verge of collapse; maximum 

crack opening is ~10 mm. 
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Table C-2.  UCM-URM2/LR/LD IB. 

Damage state IP system OOP gable wall 
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Hairline to minor cracks; maximum crack opening is 

~2 mm. 

 

 
Hairline to minor cracks; maximum crack 

opening is ~2 mm. 
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Some spandrels develop major tensile cracks; 

maximum crack opening is ~4 mm. 

 

 
Collapse mechanism formed; maximum 
crack opening is ~4 mm. 
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Some spandrels and piers on the verge of collapse; 

maximum crack opening is ~6 mm. 

 

 
Wall on the verge of collapse; maximum 

crack opening is ~6 mm. 
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Table C-3.  UCM-URM3/LR/LD IB. 

Damage 

state 
IP system OOP gable wall 
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Hairline to minor cracks; maximum crack opening is ~2 mm. 

 

 
Hairline to minor cracks; 

maximum crack opening is ~2 
mm. 

E
xt

en
si

ve
 d

am
ag

e 
(D

T
3)

 

 

 
Some spandrels develop major tensile cracks; maximum crack opening is 

~5 mm. 

 

 
Collapse mechanism formed; 
maximum crack opening is ~5 
mm. 
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Some spandrels and piers on the verge of collapse; maximum crack 

opening is ~7 mm. 

 

 
Wall on the verge of collapse; 
maximum crack opening is ~7 

mm. 
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Table C-4.  UCM-URM4/LD/PD. 

Damage 

state 
IP system OOP gable wall 
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Hairline to minor cracks; maximum crack opening is ~2 mm. 

 

 
Hairline to minor cracks; maximum 

crack opening is ~2 mm. 
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Some spandrels develop major tensile cracks; maximum crack 

opening is ~6 mm. 

 

 
Collapse mechanism formed; 

maximum crack opening is ~7 mm. 
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Some spandrels and piers on the verge of collapse; maximum 

crack opening is ~8 mm. 

 

 
Wall on the verge of collapse; 

maximum crack opening is ~10 mm. 
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Table C-5.  UCM-URM4/MR/LD. 

Damage state Global behaviour 
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Hairline to minor cracks; maximum crack opening is ~2 mm. 
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Major shear cracks start to develop in several piers; maximum crack opening is ~6 
mm. 

C
ol

la
ps

e 
(D

T
4)

 

 

 
All piers develop major shear cracks; building on the verge of collapse; maximum 

crack opening is ~8 mm. 
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Table C-6.  UCM-URM5/LD/LD IB. 

Damage 
state 

IP system OOP gable wall 
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Hairline to minor cracks; maximum crack opening is ~2 mm. 

 

 
Hairline to minor cracks; maximum 

crack opening is ~2 mm. 
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Some spandrels develop major tensile cracks; maximum crack 

opening is ~4 mm. 

 

 
Collapse mechanism formed; maximum 

crack opening is ~4 mm. 
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Some spandrels and piers on the verge of collapse; maximum 

crack opening is ~7 mm. 

 

 
Wall on the verge of collapse; maximum 

crack opening is ~7 mm. 
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Table C-7.  UCM-URM6/LR/MD 

Damage state Global behaviour 
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Hairline to minor cracks; maximum crack opening is ~2.5 mm. 
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Several piers develop major shear cracks; maximum crack opening is ~10 mm. 
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Building on the verge of collapse; maximum crack opening is ~12.5 mm. 
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Table C-8.  UCM-URM7/LR/LD. 

Damage 
state 

IP system OOP gable wall 
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Hairline to minor cracks; maximum crack opening is ~2 mm. 

 

 
Hairline to minor cracks; maximum 

crack opening is ~4 mm. 
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Some spandrels/piers develop major tensile/shear/flexural cracks; 

maximum crack opening is ~6 mm. 

 

 
Collapse mechanism formed; 

maximum crack opening is ~7 mm. 
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Several spandrels and piers on the verge of collapse; maximum crack 

opening is ~10 mm. 

 

 
Wall on the verge of collapse; 

maximum crack opening is ~10 mm. 
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Table C-9.  UCM-URM7/MR/LD. 

Damage state Global behaviour 
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Hairline to minor cracks; maximum crack opening is ~3 mm. 

E
xt

en
si

ve
 d

am
ag

e 
(D

T
3)

 

 

 
Major shear cracks start to develop in several piers; maximum crack opening is ~7 
mm. 

C
ol

la
ps

e 
(D

T
4)

 

 

 
All piers develop major shear/flexure cracks; building on the verge of collapse; 

maximum crack opening is ~12 mm. 
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Table C-10.  SFM4/LR/LD 

Damage 
state 

IP system OOP gable wall 
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Hairline to minor cracks; maximum crack opening is ~2 mm. 

 

 
Hairline to minor cracks; maximum 

crack opening is ~4 mm. 
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Some piers develop major shear/flexural cracks; maximum crack 

opening is ~6 mm. 

 

 
Collapse mechanism formed; 

maximum crack opening is ~7 mm. 
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Several spandrels and piers on the verge of collapse; maximum crack 

opening is ~10 mm. 

 

 
Wall on the verge of collapse; 

maximum crack opening is ~10 mm. 
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Appendix D – Computation of Cloud of Performance Points Using the N2 Method  

The program for the computation of the performance point using the N2 method is written in Microsoft Excel and is available from the author upon request. 

Followings are the screenshots of different sheets in the excel program. 

 

Sheet 1: Input structural data 

 



 Appendix D – Computation of Cloud of Performance Points Using the N2 Method 

260 
 

Sheet 2: List of FEMA P695 ground motions in terms of acceleration spectra 
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Sheet 3: Computation of performance points for each ground motion, scaled up and down. 
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Sheet 4: Output of performance points in terms of PGA vs Sd and Sa vs Sd 
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Appendix E – Performance Point Distribution for Nepalese 
LBM School Index Buildings 

This appendix presents the distribution of performance points for the Nepalese LBM school IBs under the action of 

the suite of FEMA 695 ground motions (scaled up and down). 

 

  

(a) (b) 

Figure E-1.  Performance points for the UCM-URM1/LR/LD IB: (a) IP system and (b) OOP gable wall. 

  

(a) (b) 

Figure E-2.  Performance points for the UCM-URM2/LR/LD IB: (a) IP system and (b) OOP gable wall. 
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(a) (b) 

Figure E-3.  Performance points for the UCM-URM3/LR/LD IB: (a) IP system and (b) OOP gable wall. 

  

(a) (b) 

Figure E-4.  Performance points for the UCM-URM4/LR/PD IB: (a) IP system and (b) OOP gable wall. 

 

Figure E-5.  Performance points for the UCM-URM4/MR/LD IB. 
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(a) (b) 

Figure E-6.  Performance points for the UCM-URM5/LR/LD IB: (a) IP system and (b) OOP gable wall. 

 

Figure E-7.  Performance points for the UCM-URM6/LR/MD IB. 

  

(a) (b) 

Figure E-8.  Performance points for the UCM-URM7/LR/LD IB: (a) IP system and (b) OOP gable wall. 
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Figure E-9.  Performance points for the UCM-URM7/MR/LD IB. 

  

(a) (b) 

Figure E-10.  Performance points for the SFM4/LR/MD IB: (a) IP system and (b) OOP gable wall. 
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Appendix F – Computation of Fragility Functions 

This appendix presents the MATLAB codes and functions written for the derivation of fragility functions using 

the least square regression technique.  The input and outputs are recorded in Excel file. 

 

Fragleast.m 
 
function [ a,b,alfa,beta,func,Rsq] = FragLeast( IM,EDP,ds,ds_labels,filter,filter2) 

% This function computes the fragility function according to the least  
% squares formulation 

% Input 
%   IM = Row vector with the output intensity measure values  
%   EDP = Engineering demand parameters in a nX2 matrix, the intensity  
%   and the EDPs should be in the first and second column, respectively. 

%   ds = Column vector with the defined damage state levels. 
%   ds_labels = Vector with the labels of the damage states. 
%   filter = Input to filter the cloud of data  
%   filter2 = Input to decide what to do with the point above collapse 

  
% In the output data, the first row corresponds to the solution of  
% the first damage state and so on. 

% Output  
%   a = Slope of the regression  
%   b = exponential of the intersection of the regression 

%   Alfa = mean of the log normal cdf  
%   beta = disspertion of the the log normal cdf  
%   func = output porbability of excedence per damage state  
%   Rsq = Coefficient of determination, R squared 

%% Points above collapse  
switch filter2 

    case 1 

        EDP(EDP(:,2)>=ds(end),2)=ds(end); 

    case 2 

        [EDP,~]=removerows(EDP,'ind',EDP(:,2)>=ds(end)); 
    otherwise 

end     
%% Create and filter the bins for each damage state 

switch filter 

    case 1 

        for j=1:length(ds) 

            if j==1 

                g=EDP(EDP(:,2)<ds(j+1),:); 

                points=[length(g(g(:,2)<ds(j)));length(g(g(:,2)>=ds(j)))]; 

                
all(j).Group=log([datasample(g(g(:,2)<ds(j),:),min(points),'Replace',false);datasample(g(g(:,2)>=ds(j),:),min(p
oints),'Replace',false)]); 
            elseif j==length(ds) 

                g=EDP(EDP(:,2)>=ds(j-1),:); 
                points=[length(g(g(:,2)<ds(j)));length(g(g(:,2)>=ds(j)))]; 

                
all(j).Group=log([datasample(g(g(:,2)<ds(j),:),min(points),'Replace',false);datasample(g(g(:,2)>=ds(j),:),min(p
oints),'Replace',false)]); 
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            else  
                g=EDP(EDP(:,2)<ds(j+1) & EDP(:,2)>=ds(j-1),:); 
                points=[length(g(g(:,2)<ds(j)));length(g(g(:,2)>=ds(j)))]; 

                
all(j).Group=log([datasample(g(g(:,2)<ds(j),:),min(points),'Replace',false);datasample(g(g(:,2)>=ds(j),:),min(p
oints),'Replace',false)]); 
            end 

        end 

    otherwise 

        for j=1:length(ds) 

            if j==1 

                all(j).Group=log(EDP(EDP(:,2)<ds(j+1),:)); 

            elseif j==length(ds) 

                all(j).Group=log(EDP(EDP(:,2)>=ds(j-1),:)); 
            else  
                all(j).Group=log(EDP(EDP(:,2)<ds(j+1) & EDP(:,2)>=ds(j-1),:)); 
            end 

        end 

end   
%% Cumpute the logarithims  
for j=1:length(ds) 

    for i=1:length(all(j).Group) 

        all(j).lnEDP(i,1)=all(j).Group(i,2); 

        all(j).lnIM1(i,:)=[1 all(j).Group(i,1)]; 

    end 

end 

%% Find lognmal distribution parameters 
for j=1:length(ds) 

% Compute ln(b), a and b parameters 

    ab=all(j).lnIM1\all(j).lnEDP; 
    b(j)=exp(ab(1)); 

    a(j)=ab(2); 
% Then compute alfa, r2 and beta 

    alfa(j)=exp(log(ds(j)/b(j))/a(j)); 

    calcEDP=all(j).lnIM1*ab; 
    Rsq(j)=1 - sum((all(j).lnEDP-calcEDP).^2)/sum((all(j).lnEDP - mean(all(j).lnEDP)).^2); 
    beta(j)= std(all(j).lnEDP-calcEDP)/a(j); 

%   beta(j)=((std(all(j).lnIM1(:,2)))^2)/a(j); 
%   Compute lognormal cdf 
    func(j,:)=logncdf(IM,log(alfa(j)),beta(j)); 

end 
  
% %% Plots 
for j=1:1 

    figure 

    scatter(EDP(:,1),EDP(:,2)) 

    title('Enngineering demand parameters','FontSize',15); 
    xlabel('IM (g)','FontSize',15); 
    ylabel('EDP','FontSize',15); 
    set(gca,'FontSize',15); 
    grid on   
    grid minor 

end 

for j=1:length(ds) 

    figure 
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    scatter(exp(all(j).lnIM1(:,2)),exp(all(j).lnEDP)) 

    title(strcat('EDP for ','       ',ds_labels(j,:))); 

    xlabel('IM','FontSize',15); 
    ylabel('EDP','FontSize',15); 
    set(gca,'FontSize',15); 
    grid on   
    grid minor 

end 

for j=1:length(ds) 

    figure 

    scatter((all(j).lnIM1(:,2)),(all(j).lnEDP)) 

    title(strcat('EDPs for ','       ',ds_labels(j,:)),'FontSize',15); 
    xlabel('ln(IM)','FontSize',15); 
    ylabel('ln(EDP)','FontSize',15); 
    set(gca,'FontSize',15); 
    grid on   
    grid minor 

end 

%% Plot routine 

colors=['g','c','m','y','r']; 
figure 

hold on 

title('Fragility','FontSize',15); 
xlabel('IM','FontSize',15); 
ylabel('P(damage>=damage state|IM)') 
xlim([0 IM(end)]) 
grid on  
grid minor 

for j=1:length(ds) 

    if j==length(ds) || j==length(ds)-1 

        plot(IM,func(j,:),colors(end-(length(ds)-j))) 

    else  
        plot(IM,func(j,:),colors(j)) 

    end 

end 

set(gca,'FontSize',15); 
legend(ds_labels,'Location','southeast') 

end 

************************************************************************************************** 

 

importLSMdata.m 

function [ IM,EDP,ds,ds_labels,filter,filter2 ] = importLSMdata( filename ) 
%importLSMdata Read excel file with all the data 
%   Fill the blue spaces in the excel sheet 'LSM.xlsx' to compute fragility 
[num,~,raw]=xlsread(filename); 
IM=(num(17,5):num(17,6):num(17,7));    
IM_in=num(2:length(num),1); 
EDP_in=num(2:length(num),2); 
IM_in(isnan(IM_in))=[]; 
EDP_in(isnan(EDP_in))=[]; 
EDP=[IM_in,EDP_in]; 
ds=num(3,5:9); 
ds(isnan(num(3,5:9)))=[]; 



 Appendix F – Computation of Fragility Functions 

270 
 

ds_labels=raw(5,6:10); 
ds_labels(isnan(num(3,5:9)))=[]; 
ds_labels=char(ds_labels); 
filter=num(6,5); 
filter2=num(9,5); 
beta=num(12:13,5); 
% Include EDP uncertainty by generating 30 models.  Each one has the same 
% number of points, but the EDP measure now follows a lognormal distribution 
Rand=ones(length(EDP)*beta(2),2); 
for i=0:beta(2)-1 
    Rand((length(EDP)*i)+1:length(EDP)*(i+1),2)=(exp(randn(length(EDP),1)*beta(1))).*EDP(:,2); 
    Rand((length(EDP)*i)+1:length(EDP)*(i+1),1)=EDP(:,1); 
end 
EDP=[EDP;Rand]; 
xlswrite(filename,nan(10000,6),1,'L12'); 
xlswrite(filename,nan(3,6),1,'M5:Q7'); 
end 
************************************************************************************************* 

 

LSFragility.m 

close all 
clear 
clc 
%% Inputs 
% EDP INPUT 
filename='LSM.xlsx'; 
[ IM,EDP,ds,ds_labels,filter,filter2 ] = importLSMdata( filename ); 
[a,b,alfa,beta,func,R]=FragLeast(IM,EDP,ds',ds_labels,filter,filter2); 
%% Export Data to Excel 
xlswrite(filename,alfa,1,'M5') 
xlswrite(filename,beta,1,'M6') 
xlswrite(filename,R,1,'M7') 
xlswrite(filename,IM',1,'L12') 
xlswrite(filename,func',1,'M12') 
msgbox('See results in the Excel File') 
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Sheet 1:  Input (performance points and damage state thresholds) and output (fragility functions) 
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Appendix G – Computation of Vulnerability Functions 

This appendix presents the MATLAB code for the computation of vulnerability functions from the fragility 

functions.  The input and output data are recorded in an Excel file.  The program is available from the author upon 

request. 

VulnerabilityFunction.m 

close all 
clear all 
clc 
  
%Select Damage to Loss function 
D2L = 5; 
  
%1: D'Ayala et al. (1997)  
%2: Dolce et al. (2006) and Penelis et al. (2002) 
%3: Kappos et al. (2006, 2008) - Central DF 
%4: Goretti & DiPasquale (2004) Vulnerability Class A 
%5: HAZUS FEMA(2003) School Occupancy Class 
  
  
%Vulnerability file names to combine 
  
Vuln{1} = 'HD_Fragility.xlsx'; 
Vuln{2} = 'HD_Fragility.xlsx'; 
  
  
%Vulnerability Factors - For single VF (not combined) assign VF2=VF3=0 
VF1 = 1; 
VF2 = 0; 
  
  
for ii=1:2 
  
IM = xlsread(Vuln{ii},'Sheet1','A1:A801'); 
SD = xlsread(Vuln{ii},'Sheet1','B1:B801'); 
MD = xlsread(Vuln{ii},'Sheet1','C1:C801'); 
ED = xlsread(Vuln{ii},'Sheet1','D1:D801'); 
CD = xlsread(Vuln{ii},'Sheet1','E1:E801'); 
  
ND = ones(size(SD)); %This no damage state which is always 100% 
  
  
DamSta = [1 2 3 4 5 6]; 
  
if D2L ==1 
    %Loss ratios - D'Ayala et al. (1997)  
    LR = [0 0.05 0.20 0.50 0.80 1]; %EMS-98 
    LR = [0 0.05 0.20 0.50 0.9]; %Equivalent HAZUS - DS5 =(DS5+DS6)/2  
elseif D2L==2 
    %Loss ratios - Dolce et al. (2006) and Penelis et al. (2002) 
    LR = [0 0.025 0.125 0.35 0.725 0.975]; %EMS-98   
    LR = [0 0.025 0.125 0.35 0.85]; %Equivalent HAZUS - DS5 =(DS5+DS6)/2 
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elseif D2L ==3 
    %Loss ratios - Kappos et al. (2006, 2008) - Central DF 
    LR = [0 0.02 0.12 0.30 0.55 85]; %EMS-98 
    LR = [0 0.02 0.12 0.30 0.7]; %Equivalent HAZUS - DS5 =(DS5+DS6)/2 
elseif D2L ==4 
    %Loss ratios - Goretti & DiPasquale (2004) Vulnerability Class A 
    LR = [0.029 0.108 0.222 0.306 0.876 1]; %EMS-98 
    %LR = [0.029 0.108 0.222 0.306 0.938]; %Equivalent HAZUS - DS5 =(DS5+DS6)/2  
    LRsd = [0.052 0.05 0.057 0.067 0.234 0];  
elseif D2L ==5 
    %Loss ratios - HAZUS FEMA(2003) School Occupancy Class 
    LR = [0 0.02 0.1 0.435 1]; %HAZUS DS - No equivalence needed 
     
else  
    msgbox('Please select the D2L function correctly') 
end 
  
if D2L ==4 
     
    %Beta distribution parameters based on mean and variance 
    Alpha = (((ones(size(LR))-LR)./LRsd.^2)-(ones(size(LR))./LR)).*LR.^2; 
    Beta = Alpha.*(((ones(size(LR))./LR))-1); 
  
    for i=1:1000 
    A(1)=betarnd(Alpha(1),Beta(1)); 
    A(2)=betarnd(Alpha(2),Beta(2)); 
    A(3)=betarnd(Alpha(3),Beta(3)); 
    A(4)=betarnd(Alpha(4),Beta(4)); 
    A(5)=betarnd(Alpha(5),Beta(5)); 
  
    B_TLR(i,:)= (A(1)*(ND-SD))+ (A(2)*(SD-MD))+ (A(3)*(MD-ED))... 
    + (A(4)*(ED-CD)) + (A(5)*(CD)); 
    end 
  
    Med_LR{ii} = mean(B_TLR, 1); 
    figure 
    plot(IM,Med_LR{ii}); 
    hold on  
    % TS = (griddedInterpolant(x_',B_TLR')); 
    % STLR_Pre(q,1) = (TS(VC1(q,7))); 
    %title('Vulnerability','FontSize',15); 
    xlabel('PGA (g)','FontSize',15); 
    ylabel('Damage Ratio','FontSize',15); 
    xlim([0 IM(end)]) 
    ylim([0 1]) 
    set(gca,'FontSize',15); 
  
else 
Med_LR{ii} = (LR(1)*(ND-SD))+ (LR(2)*(SD-MD))+ (LR(3)*(MD-ED))... 
    + (LR(4)*(ED-CD)) + (LR(5)*(CD)); 
  
Var_LR{ii} = (((LR(1)-Med_LR{ii}).^2).*(ND-SD)) + (((LR(2)-Med_LR{ii}).^2).*(SD-MD))... 
    + (((LR(3)-Med_LR{ii}).^2).*(MD-ED)) + (((LR(4)-Med_LR{ii}).^2).*(ED-CD))... 
    + (((LR(5)-Med_LR{ii}).^2).*(CD)); 
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figure 
plot(IM,Med_LR{ii}); 
hold on 
plot(IM,(Var_LR{ii})); 
  
%title('Vulnerability','FontSize',15); 
%xlabel('IM','FontSize',15); 
xlabel('PGA (g)','FontSize',15); 
ylabel('Damage Ratio','FontSize',15); 
xlim([0 IM(end)]) 
ylim([0 1]) 
set(gca,'FontSize',15); 
legend('MDR', 'Variance','Location','northwest') 
end 
  
ii = ii+1; 
  
end 
  
CombLR = VF1*Med_LR{1} + VF2*Med_LR{2}; 
CombSD2 = VF1*(Var_LR{1}) + VF2*(Var_LR{2}); 
  
VulnData(:,1)=IM; 
VulnData(:,2)=Med_LR{1}; 
VulnData(:,3)=Med_LR{2}; 
VulnData(:,4)=CombLR; 
VulnData(:,5)=Var_LR{1}; 
VulnData(:,6)=Var_LR{2}; 
VulnData(:,7)=CombSD2; 
  
figure 
plot(IM,CombLR); 
hold on 
plot(IM,CombSD2); 
title('Combined Vulnerability','FontSize',15); 
%xlabel('IM','FontSize',15); 
xlabel('PGA (g)','FontSize',15); 
ylabel('Damage Ratio','FontSize',15); 
xlim([0 IM(end)]) 
ylim([0 1]) 
set(gca,'FontSize',15); 
legend('MDR', 'Variance','Location','northwest') 
filename = 'Vulnearbility_outputs.xlsx'; 
xlswrite(filename, VulnData); 
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