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Abstract 

Masonry buildings constitute a significant component of Italy’s built heritage, 

encompassing both monumental structures protected under Law 1089/39 and 

buildings of historical and architectural interest. These structures, still in use after 

centuries, stand as material evidence of the nation’s historical and cultural 

identity. Unlike modern structures, the design and construction rules of these 

buildings did not meet principles of structural mechanics nor engineering design 

methods but were rooted in traditional craftsmanship methods and empirical 

rules, based on performance observed on previous similar buildings and 

equilibrium of rigid bodies. In earthquake-prone areas, empirical rules led to 

some specific construction techniques to mitigate damage to structures. 

The decline of masonry construction due to reinforced concrete and seismic 

events has shifted in recent years, with renewed interest in traditional methods. 

With 63% of Italian buildings being masonry, 36% pre-1919, tailored seismic 

vulnerability assessments are crucial due to the diversity of historical structures. 

This thesis proposes a multi-scale analysis methodology for assessing seismic 

vulnerability and strengthening historical masonry buildings, tailoring 

intervention strategies to the specific characteristics of local contexts. 

The research integrates global and local modeling approaches to perform a 

comprehensive multi-scale seismic vulnerability analysis. Global analysis 

evaluates the overall structural behavior, while local analysis focuses on specific 

elements, such as masonry panels and vaults. Using nonlinear static analyses, 

fragility curves were generated for both in-plane and out-of-plane failure 

mechanisms. These were subsequently combined to provide a comprehensive 

framework for understanding and mitigating seismic risks. The buildings were 

then analyzed in their strengthened configurations, applying both traditional and 

innovative reinforcement techniques. The associated losses were calculated, 

highlighting the importance of structural strengthening for ensuring the safety 

and preservation of these structures. 

The developed methodology was applied to a real case study of a historic 

masonry building located in Portici, Naples. Analyses conducted using an 

equivalent frame model facilitated the assessment of the building performance 

under seismic loads. The results demonstrated the effectiveness of targeted 
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interventions in enhancing structural resilience, as measured through capacity 

curves, ductility ratios, and reduction of damage indices, while preserving the 

architectural value of the heritage asset. 

 

Keywords: Historical masonry buildings, Multi-scale methodology, Risk 

mitigation, Strengthening 
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Sintesi in lingua italiana 

Gli edifici in muratura rappresentano una componente fondamentale del 

patrimonio edilizio italiano, includendo sia strutture monumentali tutelate dalla 

Legge 1089/39 sia edifici di rilevanza storica e architettonica. Queste costruzioni, 

ancora oggi in uso dopo secoli, costituiscono una testimonianza tangibile 

dell’identità storica e culturale della nazione. A differenza delle strutture 

moderne, i criteri di progettazione e costruzione di questi edifici non si basavano 

sui principi della meccanica strutturale o sui metodi dell’ingegneria, ma su 

tecniche artigianali tradizionali e regole empiriche, derivate dall’osservazione del 

comportamento di edifici simili preesistenti e dall’equilibrio di corpi rigidi. Nelle 

aree a rischio sismico, queste regole empiriche portarono allo sviluppo di 

specifiche tecniche costruttive volte a mitigare i danni strutturali. 

Il declino della costruzione in muratura, avviato con l’introduzione del 

calcestruzzo armato e aggravato dagli eventi sismici, ha registrato un’inversione 

di tendenza negli ultimi anni, grazie a un rinnovato interesse verso i metodi 

costruttivi tradizionali. Considerando che il 63% degli edifici in Italia è in 

muratura e che il 36% risale a prima del 1919, diventa cruciale sviluppare 

valutazioni specifiche della vulnerabilità sismica, tenendo conto della diversità 

tipologica di questi edifici storici. Questa tesi propone una metodologia di analisi 

multi-scala per la valutazione della vulnerabilità sismica e il consolidamento 

degli edifici storici in muratura, adattando le strategie di intervento alle 

peculiarità locali. 

La ricerca si articola nell’integrazione di approcci di modellazione globale e 

locale per l’analisi multi-scala della vulnerabilità sismica. L’analisi globale 

valuta il comportamento strutturale complessivo, mentre quella locale si 

concentra su elementi specifici, come pannelli murari e volte. Attraverso analisi 

statiche non lineari, sono state ottenute curve di fragilità per i meccanismi di 

collasso nel piano e fuori dal piano, successivamente combinate per fornire un 

quadro completo dei rischi sismici. Gli edifici sono stati quindi sottoposti a 

interventi di consolidamento, sia con tecniche tradizionali sia con soluzioni 

innovative, e sono state calcolate le perdite associate, dimostrando l’importanza 

del rinforzo strutturale per garantire la sicurezza e la conservazione di queste 

strutture. 



 

X 

La metodologia sviluppata è stata applicata a un caso studio reale, rappresentato 

da un edificio storico in muratura situato a Portici, Napoli. Le analisi condotte, 

basate su un modello a telaio equivalente, hanno consentito di valutare le 

prestazioni dell’edificio sotto l’azione di carichi sismici. I risultati ottenuti 

evidenziano l’efficacia degli interventi mirati nel migliorare la resilienza 

strutturale, misurata attraverso curve di capacità, rapporti di duttilità e riduzione 

degli indici di danno, preservando al contempo il valore architettonico del bene 

storico. 

 

Parole chiave: Edifici storici in muratura, Metodologia multi-scala, Mitigazione 

del rischio, Consolidamento. 
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CHAPTER 1 – INTRODUCTION 

1.1. Motivations and objectives of the study 

 

Historical masonry buildings constitute the majority of the built heritage in 

Italy, representing a tangible testimony to the nation's history and architectural 

evolution. This invaluable architectural heritage showcases the construction 

skills and structural techniques employed by past civilizations, revealing a 

profound understanding of materials and sophisticated engineering artistry. 

Understanding the characteristics of historic masonry is fundamental for 

preserving these structures and ensuring that they continue to tell their story over 

time. 

This dissertation aims to explore in detail the main characteristics of historical 

buildings in Campania, drawing on extensive and authoritative literature to 

provide a comprehensive understanding of their composition, structural 

elements, and risk mitigation strategies. Historical buildings display various 

compositions and construction techniques influenced by geographical, cultural, 

and temporal factors. Common materials include natural stone, fired clay brick, 

and mortar, each with specific properties that affect the durability, aesthetics, and 

structural response of the building (Huerta, 2008). The use of locally sourced 

materials was a common practice, thus contributing to the diversity and richness 

of masonry constructions across different regions, imparting each structure with 

a unique and context-rooted character. 

The structural integrity of historical buildings is founded on a series of well-

defined architectural elements. These include vertical structures such as load-

bearing walls, horizontal structures such as floors, and curved structures (arches 

and vaults), which are essential components of the structural system (Lourenco, 

2002). These latter elements, in particular, exemplify the ingenuity of past master 

masons, capable of efficiently distributing loads, ensuring stability, and 

simultaneously adding architectural elegance. The use of such structures 
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demonstrates the complexity and sophistication of construction techniques that 

combine functionality with aesthetic appeal. 

The preservation of historical buildings presents a range of complex challenges 

related to environmental factors, natural aging, and often inadequate 

maintenance. The effects of freezing, humidity ingress, and environmental 

contamination are just some of the causes that contribute to the progressive 

deterioration of masonry structures. Effective conservation strategies require a 

delicate balance between respecting historical authenticity and implementing 

interventions aimed at ensuring structural stability and building safety. Therefore, 

a combined approach is essential, encompassing the assessment of both in-plane 

and out-of-plane response mechanisms of the walls. 

To ensure the longevity of these buildings, it is necessary to adopt conservation 

methodologies informed by a deep understanding of their overall structural 

behavior and construction details. Drawing inspiration from existing literature, 

strengthening interventions can be designed to reduce expected losses in the 

event of seismic or other stresses, employing techniques that minimize 

environmental impact while preserving the authenticity and original aesthetics of 

the structures as much as possible. The ultimate goal is to safeguard and enhance 

this heritage, ensuring that it continues to serve as a source of cultural and 

historical identity for future generations. 

1.2. Outline of the Thesis 

The thesis is organized into seven chapters. Chapter 1 summarizes the 

motivations that led to study and address historical masonry buildings and 

outlines the main contents of this research. Chapter 2 provides an overview of 

the state of the art, including an in-depth literature review on the seismic behavior 

of historical masonry buildings and assessment methodologies. It explores 

traditional construction techniques, empirical vulnerability models, and 

analytical and numerical approaches for structural analysis. Furthermore, it 

discusses past seismic events and their impact on masonry structures, 

highlighting key lessons learned. The chapter also establishes the connections 

between these concepts, providing a solid foundation for the methodologies and 

analyses developed in this research. 

Chapter 3 focuses on presenting a new methodology developed for historical 

masonry buildings. Starting from the study of available data and the construction 
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of a database for building generation, a vulnerability analysis was conducted on 

multiple scales, starting from the structural system down to individual elements. 

The analysis considered not only the global behavior of the structure but also 

local behaviors, including out-of-plane actions on the walls. The process then 

continued with the strengthening of these structures to understand the impact on 

their behavior. Both traditional and innovative techniques were employed to 

maximize structural performance while minimizing costs.  

Chapter 4 analyzes the structural behavior and illustrates the fragility analysis 

conducted on these structures. Additionally, the influence of different parameters 

on their earthquake performance was investigated, allowing for the assessment 

of risk and the evaluation of mitigation strategies. The main issues to which 

masonry buildings are most susceptible were analyzed, investigating their causes, 

consequences, and solutions. A real case study is examined in Chapter 5. This 

building is located in the Campania region, specifically in the municipality of 

Portici, Naples. The developed methodology was applied to the selected case 

study. This building was modeled using an equivalent frame approach and 

analyzed with a MATLAB (2023) code, with its structural performance evaluated 

through nonlinear static analysis. 

Chapter 6 outlines the main outcomes of the PhD thesis, providing a basis for 

potential future developments that could lead to a better understanding of 

historical masonry buildings and their intervention techniques. 
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CHAPTER 2 – STATE-OF-THE-ART 

2.1 Characteristics of Historical Masonry Constructions  

Masonry buildings constitute a substantial part of Italy's residential and 

monumental heritage. This group includes not only monumental structures 

identified and protected under Law 1089/39 but also buildings of significant 

interest, whether for their uniqueness or for the historical and architectural unity 

of the surrounding context to which they contribute.  

These buildings, which have been passed down to us and are still in use after 

centuries, serve as a material testament to the historical and cultural identity of 

our nation. The principles guiding their construction did not follow the classical 

rules of material mechanics and structural design but were instead based on the 

traditional craftsmanship methods of the time. These methods, primarily founded 

on the principles of equilibrium in rigid bodies, provided guidelines for geometric 

proportioning and construction practices. 

Although these structures were not originally designed to resist seismic forces, 

in areas with high seismic risk, specific construction techniques can already be 

identified in their original designs, indicating that the frequent occurrence of 

earthquakes led builders to anticipate such actions. Moreover, the mere fact that 

these buildings still stand is evidence of their structural integrity and the effective 

application of traditional techniques. (Di Pasquale 1996 and Como et al. 2019) 

For builders, constructing according to traditional craftsmanship standards was 

akin to adhering to modern regulations. Additionally, these craftsmanship 

methods varied depending on the geographical region, mainly because building 

materials differed from one area to another (for instance, it is evident that the 

geometric proportioning of a wall cannot follow the same rules when 

transitioning from brick masonry to rough-hewn stone masonry (Rondelet 1827, 

Beymann and Adolf 1926)). 

The advent of reinforced concrete towards the end of the 19th century marked 

the close of a millennia-long era during which masonry structures dominated 

(Figure 2.1). However, the situation in Italy significantly worsened in the 1950s. 

After World War II, widespread damage to existing buildings, which at the time 

were almost entirely masonry, led to their gradual abandonment in favor of 
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reinforced concrete, which was rapidly gaining popularity. Another reason for 

moving away from masonry construction came from the damage suffered by 

historical buildings due to seismic events that affected large parts of the country 

over the past fifty years, such as in Friuli, Irpinia, Umbria, Molise (Riuscetti et 

al. 1997, Braga et al 1982, Dolce et al. 2018) up to more recent events like the 

2016 Central Italy earthquake. (Sorrentino et al. 2019) 

The decline in interest in masonry buildings and the preference for reinforced 

concrete, mistakenly considered universally safer, resulted in the loss of an 

immense wealth of technical and construction knowledge refined over millennia 

of masonry tradition, in just over a century. 

In the past fifteen years, however, there has been a significant reversal of this 

trend, with a strong reassessment of the entire masonry building heritage. This 

includes both monumental buildings, recognized for their undeniable artistic and 

architectural value, and traditional structures, now seen as expressions of the 

historical memory of local cultures. 

This change has placed professionals in the position of intervening on buildings 

often centuries old, under both static and seismic conditions. After a period of 

considerable difficulty, significant strides have been made in recent years, 

enabling the recovery of knowledge related to masonry construction and its 

reorganization into a more scientific rather than empirical framework. 

Therefore, understanding the structural behavior and seismic strengthening of 

such buildings represents a complex challenge, as defining verification 

procedures for their safety, similar to those for ordinary buildings, is problematic. 

Their typological diversity prevents the adoption of a single, reliable modeling 

and analysis strategy.  

 
Figure 2.1 – National exposure of existing buildings (ISTAT 2011)  
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Masonry buildings represent approximately 63% of the national building stock, 

and of this percentage, 36% consists of buildings constructed before 1919, which 

are therefore considered "historic" buildings. As previously mentioned, with the 

advent of reinforced concrete, a progressively lower percentage of masonry 

buildings can be observed, decreasing from 36% to around 3% for buildings 

constructed after 1976 (Figure 2.4). 

 

 

Figure 2.2 – Percentage of masonry buildings for different ages of construction 

After selecting the class of buildings (<1919), the distribution of masonry types 

present throughout the national territory was studied. It can be seen from Figure 

2.3 that the most common type of masonry in the country is "A," or irregular 

stone masonry, found in 59% of cases; "C2," or solid fined clay bricks, in 26% 

of cases; and "C1," or ashlar masonry with regular squared blocks and mortar 

joints, in 10% of cases. The structural characterization data of the masonry was 

integrated with data regarding the age of the first construction to observe how the 

use of different types changed over time.  
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Figure 2.3 – Percentage of masonry type for historical buildings <1919 

Specifically, irregular masonry with rough stone, while remaining the most 

widespread, shows a decreasing trend in use over time. Regular masonry, on the 

other hand, becomes increasingly adopted as the years progress (Figure 2.4). 

After completing an initial general assessment of the entire Italian territory, 

regional and local considerations were made. Firstly, the spread of different 

masonry types for each region was observed. 

From this, it emerges that the A2 type, irregular masonry with rough stone, is 

most widespread in central and southern Italy, while C2, regular brick masonry, 

is more representative of central and northern Italy. This information aligns with 

expectations, as historically, the quarries from which stone was extracted were 

predominantly located in central and southern Italy, explaining the greater 

prevalence of rough stone in those areas. 
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Figure 2.4 – Diffusion of masonry types over time (ISTAT 2011) 
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2.1.1. Types of Damage in Masonry Structures 

The damage mechanisms observed in masonry buildings can essentially be 

grouped into two categories (Giuffrè, 1999), depending on the type of response 

of the walls and their mutual degree of connection:(Sorrentino et al. 2019) 

➢ first mode mechanisms; 

➢ second mode mechanisms. 

The first category (Figure 2.5b) includes mechanisms related to the out-of-plane 

response of masonry walls, where the stress is primarily flexural, and the collapse 

occurs due to overturning. 

 

  

(a) (b) 

Figure 2.5 - Failure mechanisms of masonry walls: (a) in plane of the wall; (b) out of plane of 

wall 

Second mode mechanisms (Figure 2.5a), on the other hand, are related to the 

in-plane response of walls to forces, with damage typically occurring due to shear 

and bending. The activation of these collapse modes is closely dependent on the 

overall behavior of the structure, which in turn is a function of the building’s 

typological, technological, and construction characteristics. From this 

perspective, identifying the structures that resist external forces and their mutual 

interaction is of fundamental importance in investigating their influence on 

overall behavior. 

A masonry panel can resist lateral forces acting within its plane due to the 

combined effects of its flexural stiffness, shear stiffness, and the panel's inertia 

when considered as a rigid body. The distribution of the force between these three 

resistance components depends on the panel's geometric and mechanical 
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properties, the loading conditions, and the boundary conditions. Generally 

speaking, for squat panels, the primary contribution to lateral displacement 

comes from shear deformation, while for slender panels, it is primarily due to 

flexural deformation, and for very slender panels, the rigid body behavior 

dominates. 

The main in-plane failure mechanisms are three (Figure 2.6): 

• the failure mechanism by flexural or overturning mechanisms. 

• the sliding shear failure mechanism; 

• the diagonal shear failure mechanism; 

•  

 

(a) (b) (c) 

Figure 2.6 - Mechanisms of wall panel failure: (a) flexural or overturning; (b) sliding shear; (c) 

diagonal shear 

Shear failure mechanisms usually include cracking mechanisms of a different 

nature, attributable to the effect of tangential stresses originating from the 

horizontal actions in combination with normal stress components. The type of 

damage, even in the presence of the same collapse mode, is strongly influenced 

by the type of construction and the characteristics of the masonry. 

Out-of-plane collapse mechanisms play a key role in determining the 

mechanical behavior of masonry panels and their interaction with the overall 

structure. The earliest attempt to describe and analyze these mechanisms was 

likely made by Rondelet in 1827; he proposed three basic mechanisms, where the 

collapse load is calculated based on the wall’s boundary conditions and 

geometry. 

In recent years, several researchers (Giuffrè, 1989 - Hobbs, Ting, and Gilbert, 

1994 - Casapulla, 1999 - De Felice, 1999) have further explored out-of-plane 
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collapse mechanisms, while also working on mathematical models to predict 

their initiation. In 2003, D’Ayala and Speranza, during a study on the seismic 

vulnerability of historical buildings, compiled a thorough collection of all out-of-

plane collapse mechanisms. Figure 2.7 illustrates the mechanisms they identified. 

Below is a brief overview of the most common out-of-plane collapse mechanisms 

found in masonry buildings. These can be categorized into four groups: 

• simple overturning mechanisms; 

• vertical flexural mechanisms; 

• horizontal flexural mechanisms; 

• compound overturning mechanisms. 

 

Figure 2.7 - Mechanisms for computation of limit lateral capacity of masonry façades. 

(D’Ayala & Speranza, 2003) 

Among these, the simple overturning of a building’s external walls is the most 

frequently encountered and the most hazardous. 

This mechanism can be compared to a rigid body rotating around a cylindrical 

hinge formed at the base of the wall, triggered by seismic forces acting 

perpendicular to the wall’s plane. A lack of connection between the wall 

subjected to the seismic action and the floor seismic thrust (due to the absence of 

a tie beam or tie rod) and poor connections at the corners with perpendicular walls 

facilitate the activation of this mechanism, which can affect multiple floors of the 

building. The geometric shape in which this failure occurs can vary depending 

on the crack pattern or the presence of openings in the wall, both of which 

influence its progression. Vertical bending mechanisms occur when a wall spans 
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two consecutive floors, has a tie beam at the top, but lacks a connection between 

the intermediate floor and the panel. In this scenario, the top tie beam prevents 

the entire wall from overturning outwards, but collapse can still occur due to 

vertical instability. This type of collapse is more likely to occur in low-quality 

masonry (such as rubble masonry), which makes the wall vulnerable to horizontal 

forces acting perpendicular to its plane, often caused by thrusting elements like 

arches or vaults, or by unsupported floors. However, it has also been observed in 

good-quality brickwork when the height-to-thickness ratio is large, as noted by 

Bisol et al. (2023). . This mechanism, which presents as an outward leaning of 

the wall, can affect several floors of the building. Horizontal bending 

mechanisms arise when masonry panels are firmly bonded to orthogonal walls, 

but the top of the wall lacks a connection to the floor. In this case, a horizontal 

arching mechanism forms within the wall, driven by forces acting perpendicular 

to its plane. These forces are transferred to the orthogonal walls and can be 

broken down into two components: T, acting perpendicular to the wall, and H, 

acting parallel to its plane. Compound overturning, which can be viewed as a 

variation of the simple overturning mechanism, is heavily influenced by the type 

of masonry and the presence of openings in the bracing walls, which determine 

the size and shape of the detachment wedge. This mechanism typically occurs in 

masonry with monolithic behavior and can only develop in walls of good quality 

and craftsmanship. 

In addition to evaluating the overall response of the building, it is essential to 

assess the local collapse mechanisms. If there are weaknesses in the connections 

between orthogonal walls or between walls and floors, even in small sections of 

the building, the structure will be unable to develop a cohesive global response 

during an earthquake. This would normally allow the walls to work together to 

distribute the induced forces. Instead, each wall would respond independently, 

increasing the likelihood of local collapse mechanisms, characterized by out-of-

plane behavior of the affected walls. The assessment of out-of-plane mechanisms 

is generally based on a local structural model, where the wall located between 

two consecutive floors is subjected to a distributed load proportional to its mass 

and acting perpendicular to its plane.  

When floors are rigid within their plane and properly connected to both the wall 

in question and the orthogonal bracing walls, they act as a restraint against out-

of-plane bending. In such cases, out-of-plane deflections of the walls are 

significantly minimized, encouraging a "box-behavior" and enhancing the overall 
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redundancy of the building. Conversely, if the floors are not rigid within their 

plane (as is the case in older buildings), or if they are not properly connected to 

load-bearing walls, the issue becomes significantly more complicated. In this 

scenario, the floors no longer provide restraint but instead introduce dynamic 

forces perpendicular to the wall they rest on. In buildings with timber floors that 

lack effective anchorage to the masonry and without ties, for instance, the walls 

tend to detach along the vertical intersections, leading to the formation of 

noticeable cracks. 

In these conditions, the walls are prone to collapse due to the forces acting 

perpendicular to their plane. The risk of out-of-plane collapse or overturning is 

further increased by the presence of thrusting elements, such as vaults, arches, or 

roofs. In these situations, the simplified approach used by Italian seismic 

regulations (NTC 2018) assumes concentrated horizontal forces proportional to 

the vertical load transmitted by the floors to the wall in question. 

In this study, both in-plane and out-of-plane failure mechanisms of walls are 

carefully considered, as, as previously discussed, it is essential to account for 

both actions in historical masonry structures. The vulnerability of these buildings 

cannot be adequately understood without a combined analysis: in-plane stresses 

directly affect the walls' ability to withstand lateral loads, while out-of-plane 

stresses are a critical factor for wall overturning, especially in the presence of 

insufficient connections between walls and floors, and sometimes thrusting 

elements. 

The primary innovation of this approach lies in achieving an integrated 

vulnerability assessment that accounts for the structural complexity of historical 

buildings by developing fragility curves representing a combination of both 

failure mechanisms. This methodology allows for a more accurate estimation of 

the likelihood of wall collapse or damage under different seismic scenarios, thus 

overcoming the limitations of traditional analyses, which often focus on only one 

type of structural response. 
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2.2 Multi-level concept in vulnerability assessment 

The seismic vulnerability of a structure refers to its susceptibility to damage in 

the event of an earthquake. This evaluation is critical for seismic risk analysis 

and for estimating damage scenarios across a range of earthquake intensities. By 

assessing vulnerability, I can design targeted interventions—both global and 

local—to extend the lifespan and safety of these structures. Furthermore, large-

scale prevention policies and risk analyses (Calvi et al. 2006) are feasible when 

vulnerability is evaluated across widespread structural typologies within a given 

territory. 

My doctoral research focuses on the seismic vulnerability of historical masonry 

buildings, addressing vulnerability on two levels: regional and site-specific. At 

the regional scale, I begin by quantifying exposure and developing fragility 

models for both in-plane and out-of-plane mechanisms. This analysis then leads 

to a seismic risk assessment and the proposal of sustainable strengthening 

strategies to mitigate this risk. However, I place particular emphasis on regional 

vulnerability, as national-level studies—especially following the 2009 L’Aquila 

earthquake (De Martino et al. 2018)—have produced comprehensive 

vulnerability maps and fragility curves that serve as foundational tools for large-

scale analyses.  

Regional vulnerability, however, requires a more localized approach that 

accounts for the unique characteristics of a specific area, such as the type of 

masonry and local construction techniques. In this context, my thesis aims to 

provide a more precise understanding of seismic vulnerability at the regional 

level, grounded in the specific features of local masonry typologies and 

traditional building practices. 

At the site-specific scale, the research advances to multi-scale structural 

modeling, addressing the behavior of the overall structural system, sub-systems, 

and individual elements. This multi-scale approach allows for a detailed 

evaluation of site-specific vulnerability and leads to the selection of optimal 

reinforcement measures. These measures are chosen from a "dataset" of regional 

reinforcement solutions developed during the regional vulnerability analysis, 

ensuring that the proposed interventions are both effective and tailored to the 

particular structural and cultural needs of the area in question. 
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In summary, the goal of this research is to bridge the gap between regional and 

site-specific seismic vulnerability assessments, thereby enabling the 

development of reinforcement strategies that are not only effective at reducing 

vulnerability but also sustainable and responsive to local structural 

characteristics. This two-fold approach, from regional analysis to site-specific 

intervention, offers a comprehensive framework for enhancing the resilience of 

historical masonry buildings. 

To achieve this goal, the Eucentre Foundation, commissioned by the Italian 

Civil Protection Department (DPC), developed the web platform Italian Risk 

Maps (IRMA) (Borzi et al. 2018, 2020), a shared tool among researchers to 

predict loss scenarios calculated using a series of fragility curves. Once the 

exposure is assessed and fragility curves for various building classes—based on 

their vulnerability and different damage levels—are inputted, damage can be 

calculated. The platform is accessible to researchers and scholars who can upload 

their own data to enrich the database or download available curves. 

For exposure calculation, the Characterization of Structural Types (CARTIS) 

form (Basaglia et al. 2021, Brando et al 2021), developed by the Plinius Study 

Center (Tocchi et al. 2021) under the DPC’s mandate, was used. This form is 

utilized to gather data on the geometric and structural characteristics of 

residential buildings through interviews with local technicians. Additionally, for 

certain Italian seismic events, post-earthquake damage data are collected and 

made available on the Observed Damage Database (DaDO.) web-GIS platform 

by the DPC (Dolce et al. 2017, 2019), allowing an in-depth analysis of the 

vulnerability of Italian residential buildings while also providing the event’s 

ShakeMap (Faenza et al. 2021). 

Many authors have addressed this problem using various approaches. The most 

common methods for assessing building vulnerability at different scales aim to 

define a Damage Probability Matrix (DPM) or fragility curves (Biglari et al. 

2020). The first DPM proposal was made by Whitman (1973) after the San 

Fernando earthquake, based on a statistical sample of 1,600 buildings, and was 

later developed for Italy by Braga et al. (1982) following the 1980 Irpinia 

earthquake on a sample of 38,000 buildings. Fragility curves can be derived 

through different approaches in the literature, categorized into four main groups: 

(i) expert-based method, (ii) empirical method (EM), (iii) hybrid method (HM), 

and (iv) analytical method (AM). 
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In the first case, damage distribution for a building under different seismic 

intensities is estimated by experts in earthquake engineering (ATC 1985). The 

second method (EM) is the most widespread and is based on visual inspection of 

buildings during the post-emergency phase and damage data from observed past 

earthquakes (Del Gaudio et al. 2017, Rosti et al. 2019, 2020b). This method uses 

typological building classes or vulnerability indices, and may be related to 

material types or specific building characteristics (Zucconi et al. 2018). However, 

its validity is limited to specific geographic areas and seismicity (D’Ayala 2013). 

The third case (HM) combines empirical and analytical methods, where post-

earthquake loss data is combined with analytical methods for a particular building 

type (Dolce et al. 2006, Kappos et al. 2006, Lagomarsino et al. 2021). Here, 

visual inspection data reduces computational efforts in analytical methods but 

requires large data sets due to the combination of empirical and analytical 

methods. The final method (AM) involves detailed vulnerability assessment 

algorithms that account for the physical and mechanical properties of buildings, 

which can be calibrated for specific building stock characteristics (Donà et al. 

2020). Deriving fragility curves through analytical methods is time-consuming 

and computationally intensive, making it challenging to develop curves for 

different regions or countries with distinct building features. Most studies, after 

deriving fragility curves, validate them against the 2009 L'Aquila earthquake 

scenario. 

In the study by Rota et al. 2010, the analytical method was used to derive 

fragility curves through the TREMURI software, considering a representative 

Italian prototype building. Other authors, such as Zucconi and Sorrentino (2022), 

derived empirical fragility curves from observed damage in the 2009 L'Aquila 

earthquake, considering six building classes (three construction period categories 

and two repair status categories available from census data). They concluded that 

older buildings are more vulnerable, with repair status being a significant factor 

in fragility. 

The innovation of this study lies in considering the actual distribution and 

characteristics of buildings in the Campania region to estimate vulnerability 

assessment. A new advanced methodology is proposed to obtain analytical 

fragility curves for building classes in Campania, starting with data analysis in 

the CARTIS database and considering both in-plane and out-of-plane 

mechanisms. Historical masonry buildings are generated through a Monte Carlo 

simulation based on exposure statistics at the regional level. For in-plane 
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mechanisms, an equivalent frame method (EFM) approach is employed with 

fiber-based macroelement through a fully implemented MATLAB procedure 

(Acconcia and Parisi 2020); the same walls are then modeled using a rigid-body 

approach and analyzed with the Failure Mechanism Identification and 

Vulnerability Evaluation (FaMIVE) procedure (D’Ayala and Speranza 2003) to 

obtain out-of-plane mechanisms. The resulting sets of fragility curves are then 

combined to generate unique fragility curves that encompass both out-of-plane 

and in-plane mechanisms. These final curves will then be used for regional-scale 

risk assessment and subsequent consequence calculations. 
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2.3  Approaches for Risk Mitigation in Historical Buildings 

The approach to risk mitigation in historical buildings requires a combination 

of traditional and modern techniques that respect the architectural and cultural 

integrity of the structures while enhancing their safety. This type of approach 

must necessarily balance the preservation of historical and artistic value with the 

need for protection and safety, maintaining an equilibrium between invasive and 

non-invasive interventions. One of the crucial initial phases of any mitigation 

strategy is the in-depth assessment of the seismic and static vulnerability of the 

building, which can be conducted using multi-scale analysis as previously 

described. This methodology enables the identification of critical issues at both 

a global level, encompassing the overall structural behavior of the building, and 

at a local level, focusing particularly on weaknesses in the connections between 

vertical walls and horizontal structures. Identifying these weak points is essential 

for developing intervention plans aimed at preventing potentially catastrophic 

collapse mechanisms, such as out-of-plane failures of load-bearing walls. 

Intervention techniques (Figure 2.8) can range from traditional solutions, such as 

the use of reinforced plaster (RP), to more innovative methods involving the 

application of advanced composite materials like Fibre Reinforced Cementitious 

Matrix (FRCM). Both reinforced plaster and FRCM contribute to increasing the 

shear strength and ductility of structures while ensuring compatibility  with 

historical materials and minimize visual impact. Ductility is a crucial aspect for 

promoting a "box-like" behavior in the building, which allows for the distribution 

of seismic forces and reduces the likelihood of out-of-plane collapse 

mechanisms. 

   

(a) (b) (c) 

Figure 2.8 – Type of intervention: (a) as-built; (b) reinforced plaster; (c) FRCM 
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The adoption of structural models to simulate behavior under seismic loads is a 

fundamental pillar for planning interventions. These models enable engineers to 

predict the building's response and to virtually test different reinforcement 

solutions, thereby optimizing the effectiveness of the intervention and reducing 

overall costs. The use of advanced analysis tools, such as those implemented in 

the IRMA platform, has allowed this research to obtain accurate estimates of 

damage and expected losses in case of a seismic event. 

The analysis results have shown a significant reduction in losses, both in terms 

of human lives and economic damage, in reinforced buildings compared to non-

reinforced ones. In particular, the use of innovative techniques, such as the 

application of FRCM, proved highly effective. These interventions not only 

demonstrated a significant improvement in the structural response of the building 

but also offered additional advantages: such as potentially lower environmental 

impact compared to cementitious and carbon-steel-reinforced plaster. However, 

the reduced mortar thickness in FRCM may require a higher-strength matrix, 

which could affect compatibility with historical masonry.  

In summary, the combination of detailed multi-scale analysis, the use of 

advanced computational models, and the adoption of innovative reinforcement 

techniques represent a comprehensive and sustainable approach to risk mitigation 

in historical buildings. This approach allows for the preservation of cultural 

heritage while simultaneously ensuring the safety of occupants and reducing 

economic losses in the event of seismic events. 
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CHAPTER 3 – PROPOSAL OF A 

METHODOLOGY FOR VULNERABILITY 

ASSESSMENT OF HISTORICAL MASONRY 

BUILDINGS  

 

The flowchart in Figure 3.1 illustrates the methodology adopted in this study for 

the seismic vulnerability assessment of historical masonry structures and 

probabilistic seismic risk calculation.  

The innovation of this methodology lies in two fundamental aspects that 

characterize its unique approach. The first aspect concerns the multi-scale 

modeling of the structural system, a process that allows for the analysis of the 

building as a whole while simultaneously breaking down the system into smaller 

sub-elements to better understand both global and local behavior. This type of 

modeling captures the intrinsic complexities of masonry buildings, providing a 

detailed view of the strengths and vulnerabilities that may emerge under various 

loading conditions. 

The second innovative aspect of the methodology is the analysis of two distinct 

failure mechanisms in masonry walls: in-plane and out-of-plane mechanisms. In-

plane mechanisms relate to the structural response of walls under horizontal 

actions acting within the plane, such as parallel seismic forces. On the other hand, 

out-of-plane mechanisms refer to the behavior of walls under perpendicular 

loads, which can lead to collapse due to overturning or transverse bending. 

Initially, these mechanisms were analyzed separately to isolate the specific 

characteristics and critical issues of each. This approach allowed for a clear 

understanding of the factors contributing to structural vulnerability both in-plane 

and out-of-plane. Subsequently, the results of the two analyses were integrated 

and combined to achieve an overall estimate of the vulnerability of the selected 

class of buildings. This combination is essential for providing a more accurate 
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and representative assessment of the building's behavior under complex and 

multidirectional seismic forces. 

The proposed methodology offers a detailed framework that integrates multi-

scale modeling and the assessment of failure mechanisms, thus providing a 

powerful tool for planning more effective and targeted reinforcement and 

preservation interventions. 

The following is a point-by-point explanation based on the described 

methodology: 

• Data collection on historical masonry structures: The initial phase 

involves the detailed collection of data on historical masonry structures, 

including geometric information, materials, and conservation conditions. 

• Statistical data processing and uncertainty modeling: The collected data 

is then statistically processed to identify common characteristics and 

significant variables. Uncertainty modeling is performed to account for 

intrinsic variations in the data. 

• Definition of representative building archetypes of historical buildings: 

Using the processed data, models of buildings and masonry walls are 

automatically generated. This phase is crucial for creating accurate 

representations of real structures. 

• Multi-scale structural modeling: In this phase, modeling is performed not 

only on the structural system as a building archetype but also on the 

individual parts that compose it, such as sub-structural systems and 

individual elements. 

• Structural performance assessment against different failure modes:  

- In-plane analysis (IP): An EFM is used, implemented through 

MATLAB code, which employs fiber-based macro-elements to 

represent the behavior of masonry walls. 

- Out-of-plane analysis (OOP): Rigid body modeling is used to analyze 

the failure mechanisms of out-of-plane walls, implemented through 

the FAMIVE software.  

• Capacity curves and definition of damage states: The analyses conducted 

produce capacity curves representing structural resistance as a function of 

displacements. Damage states (DS) and collapse thresholds (DT) are 

defined.  
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• Fragility modelling: Fragility curves are developed, representing the 

probability of reaching or exceeding specific damage states as a function 

of seismic intensity.  

• Probabilistic risk assessment: Risk is calculated in terms of economic 

losses and loss of human lives. 
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Figure 3.1 – Methodology flowchart. 
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3.1. Data collection and statistical analysis on the existing 

national built stock 

The first step in calculating risk is exposure. The CARTIS database (Zuccaro et 

al. 2015, Brando et al. 2021, Basaglia et al. 2021) was used to construct a solid 

database containing the information necessary for the generation of archetypes. 

The CARTIS form can be divided into first and second level CARTIS, the first 

of which consists of a survey of building types within municipal or sub-municipal 

areas, known as compartments. The compartments are areas comprising 

homogeneous building types, in terms of age of construction and construction 

and structural techniques. The buildings are ordinary, predominantly multi-storey 

dwellings or services consisting of a masonry or reinforced concrete structure 

with wall or diaphragms and have moderate storey heights and spacing between 

columns.  

The CARTIS form was studied and designed as part of the three-year Network 

of University Laboratories in Earthquake Engineering (ReLUIS) 2014-2016 

project, with the contribution of the DPC and under the line 'Development of a 

systematic methodology for the assessment of exposure at territorial scale based 

on typological/structural characteristics of buildings'. Knowledge and experience 

gained in the previous work on typological characterisation on the Italian territory 

carried out by the research unit  Naples, now called PLINIVS/LUPT Study 

Centre, with the current Seismic and Volcanic Risk Office of the DPC were 

exploited to develop the form. The study acknowledges that the generation of the 

CARTIS form began as a study of local building characteristics, investigating the 

national building scene and examining the structural characteristics of ordinary 

buildings.  

Over the centuries building techniques in Italy have changed, due to local 

cultures and influences. This has led to a variety of constructions and structural 

characteristics, which have played a fundamental role in the different seismic 

response of buildings differing in these respects. The compilation of CARTIS 

forms is fundamental for the assessment of the seismic vulnerability of buildings 

in our country. The compilation of the forms requires the collaboration of an 

expert from the relevant ReLUIS research unit, with the help of a municipal 
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practitioner or a practitioner belonging to other public bodies such as the region, 

province, mountain community or civil engineering department, or a freelance 

practitioner . The information obtained for the purposes of compilation must be 

critical and follow a path where information can be obtained through interviews 

with various local technicians who have a strong knowledge of the buildings in 

the area under consideration. It is essential that the compiler carries out several 

visits, if possible, accompanied by the interviewee.  

The compilation of the CARTIS card follows three different sections:  

- Section 0 is divided into Part A and Part B. It allows the identification 

of the municipality under examination and the compartments within 

it by the ReLUIS Unit expert and the interviewed technician.  

- Section 1 identifies each of the prevailing typologies in a general way 

and must be completed for every typology of each subdivision of the 

municipality under review.  

- Section 2 contains a brief description of the building type under 

consideration, providing various information such as: number of 

floors, average floor height, average floor area, age of construction 

and prevalent use.  

- Section 3 is divided into 3.1A and 3.1B, the former to be filled in if 

the buildings in question are of masonry or mixed construction, the 

latter if of reinforced concrete. Section 3.2 must be completed in all 

cases.  

To be able to search for data in a database, the information it contains is 

structured and linked together according to a particular logical model, such as the 

relational, hierarchical, reticular or object model, chosen by the database 

designer. With the objective of creating, manipulating and consulting a database, 

appropriate query languages are used, through programs commonly known as 

Data Base Management System (DBMS, such as Access, or MySQL, PgAdmin). 

In this case, the PgAdmin program was used to search and group the data of 

interest. For the selection of the case studies, research was carried out into the 

typological-structural information regarding the existing buildings in the areas 

under study, in order to generate a sample of prototype buildings that could 

represent the residential buildings actually present in the examined areas. To 

collect and process the data in CARTIS, the data was organised in terms of type 

of masonry, number of storeys, construction period and type of floor. 
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The definition of a historical building is purely based on the age of construction; 

therefore, initially, any building constructed until 1919 was considered as such. 

Focusing the analysis exclusively on masonry buildings, it is necessary to 

consider the time period in which this construction type was most widespread. 

Based on this premise, by accessing the "Cartis" database, it was possible to filter 

and extract data according to the structural type and construction period of the 

buildings. The age of construction considered are: 

• ≤ 1860; 

• 1861 – 1919; 

Once the relevant information was selected, the first data obtained was the 

number of historical buildings surveyed, which currently amounts to 203,128 

units. This data was initially compared with the number of masonry dwellings 

constructed before 1945 surveyed by census (ISTAT 2011), which totals 

2,854,768 units. The comparison highlights a first limitation of the analysis 

conducted, as only 7% of the total historical buildings present on the national 

territory have been recorded. 

Given the availability of information for only a small percentage of the total, 

non-negligible uncertainties must be considered in the results of the statistical 

evaluations, as relevant data on the distribution of certain types of masonry or 

specific geometric and structural characteristics may be missing. 

Following these preliminary investigations, it was possible to further filter the 

information from the database based on the types of masonry found in the 

surveys. The CARTIS database forms include six different categories of 

masonry: 

• Type A1 –  Irregular stone masonry (with pubbles erratic and irregular 

stone units);  

• Type A2 –  Irregular stone masonry (with pubbles erratic and irregular 

stone units); 

• Type B1 – Roughly cut stone masonry; 

• Type B2 – Roughly cut stone masonry with good bond; 

• Type C1 – Ashlar masonry with regular squared blocks and mortar joints; 

• Type C2 – Solid fined clay bricks. 
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It is noted that the listed masonry types do not correspond to those found in 

the 2019 Commentary to the Italian Building Code (Commentary n. 7/2019). In 

order to obtain, for each of these types, the mechanical parameters required for a 

subsequent phase of modeling and analysis, it was necessary to establish a 

correspondence between the code and the “CARTIS” project by comparing the 

images and descriptions of the masonry types found in the manual for completing 

the forms with the description in the commentary. 

Table 3.1 – Correspondence between ‘CARTIS’ and Commentary No. 7/2019 masonry types 

Type of masonry 

(CARTIS database) 

Type of masonry 

(Commentary n.7/2019) 

A1 – Irregular stone masonry (with 

pubbles erratic and irregular stone 

units) 

Irregular stone masonry 

A2 – Irregular stone masonry (with 

pubbles erratic and irregular stone 

units) 

Roughly cut stone masonry with 

non-homogeneous thickness 

B1 – Roughly cut stone masonry  
Irregular stone masonry with soft 

stone 

B2 – Roughly cut stone masonry with 

good bond 

Roughly cut stone masonry with 

good bonding 

C1 – Ashlar masonry with regular 

squared blocks and mortar joints  

Ashlar masonry with regular squared 

blocks (Tuff masonry) 

C2 – Solid fined clay bricks  Solid/Semi-solid fined clay bircks 

From the statistical analysis conducted on the extracted data, it emerges that the 

most common masonry types nationwide for historical buildings are A2, which 

is found in 53% of cases, C2, identified in 26%, and finally, C1, present in 10% 

of cases. 

The data on the structural characterization of masonry was integrated with that 

regarding the period of initial construction to observe how the use of different 

types has changed over time. Specifically, irregular masonry with rough stone, 

while remaining by far the most widespread, has been increasingly less used 

over time. In contrast, regular masonry types have begun to be used more 

frequently as the years progress. 
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After completing an initial general assessment of the entire Italian territory, 

regional and subsequently local considerations were made. Firstly, the 

distribution of the different masonry types in each region was observed. 

Table 3.2 – Spread of masonry types on a regional scale 

Region / Type of masonry  A1 A2 B1 B2 C1 C2 

Abruzzo 15% 40% 3% 0.0% 11% 30% 

Basilicata 17% 75% 2% 6% 0% 0% 

Calabria 16% 45% 6% 4% 14% 15% 

Campania 5% 23% 4% 15% 53% 0% 

Emilia-Romagna 0% 2% 0% 0% 0% 97% 

Friuli 0% 49% 0% 0% 0% 51% 

Lazio 0% 84% 0% 0% 16% 0% 

Liguria 34% 66% 0% 0% 0% 0% 

Lombardia 18% 26% 0% 0% 0% 56% 

Marche 3% 13% 0% 3% 0% 81% 

Molise 30% 34% 2% 33% 0% 2% 

Piemonte 9% 83% 0% 0% 0% 8% 

Puglia 0% 8% 0% 0% 92% 0% 

Sicilia 1% 75% 0% 7% 17% 0% 

Toscana 7% 86% 1% 1% 0% 4% 

Trentino Alto Adige 30% 66% 0% 4% 0% 0% 

Umbria 11% 86% 0% 1% 0% 2% 

Veneto 7% 65% 0% 0% 0% 28% 

It appears that the A2 masonry type, irregular masonry with rough stone, is 

more widespread in central and southern Italy, while C2, regular brick masonry, 

is representative of central and northern Italy. This information aligns with 

expectations, as historically, the quarries from which stone was extracted were 

primarily located in central and southern Italy, explaining the greater prevalence 

of rough stone in those areas. In contrast, the facilities where stone was processed 

were mainly located in the north, which accounts for the frequent use of regular 

masonry in that region. 

On a local level, the distribution of masonry types was analyzed based on the 

size and altitude of the surveyed municipalities (Figure 3.2). In the first case, the 

municipalities were categorized by population size as follows: 

•  Large municipalities – population over 50,000 inhabitants; 
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•  Medium-large municipalities – population between 10,000 and 50,000 

inhabitants; 

•  Medium-small municipalities – population between 2,000 and 10,000 

inhabitants; 

• Small municipalities – population under 2,000 inhabitants. 

The result of this analysis shows that regular masonry is most commonly found 

in large municipalities. It is important to note that, so far, surveys have been 

conducted primarily in smaller municipalities, resulting in a lack of information 

for more populous and significant cities.  

In the second case, municipalities were categorized based on altitude as follows 

(Figure 3.3): 

• Mountain municipalities – altitude above 600 m above s.l. 

• Hill municipalities – altitude between 300 and 600 m above s.l. 

• Plain municipalities – altitude below 300 m above s.l. 

In this case, there is a limited distribution of masonry types in mountain 

municipalities. Due to the limited number of surveys conducted in these areas, 

there is uncertainty regarding the statistical representativeness of the data.

 

Figure 3.2 – Distribution of Masonry Types by Demographics 
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Figure 3.3 – Distribution of Masonry Types by Altitude  
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that the majority of historical structures have three levels.  
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Figure 3.4 – Percentage of buildings by number of storeys 
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For certain data to be complete and truly representative from a statistical 

standpoint, it is essential for surveyors to access the dwellings and conduct 

specific and thorough inspections. This, however, is often difficult, and in many 

cases, data are either collected based on what is observable from outside the 

building or are not recorded at all. 

For the study of floor types characterizing historic structures, a similar approach 

to that used for vaults should be applied. For horizontal structures, an in-depth 

on-site investigation is essential, yet it is rarely conducted, compromising the 

reliability of the information extracted from the database (Figure 3.6). Despite 

this limitation, the most commonly found floor type is deformable, typically 

consisting of wooden beam structures. Semi-rigid floors, such as those made of 

steel beams with hollow clay tiles (ferro e tavelloni), and rigid floors, primarily 

reinforced concrete slabs, began to be used on a broader scale starting from 1945. 

 

Figure 3.6 – Percentage of buildings by type of floors 
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was assumed, and vice versa; however, in cases where there was information on 

both vaults and floors, it was hypothesized that a vault is present on the ground 

floor and floors on the upper levels. 

 

Figure 3.7 – Distribution of floors and vaults in historical buildings 
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3.2. Multi-scale structural modelling 

To study and deeply understand masonry structures, it is essential to introduce 

the concept of multi-scale analysis. This methodological approach allows for the 

examination of the complexity of masonry buildings from various perspectives 

and levels of detail, starting from the overall structural system down to the 

individual constituent elements. The main objective of this work is to analyze not 

only the entire building as a representative archetype but also to break down the 

investigation into sub-structural systems and, ultimately, individual components 

to obtain a comprehensive and integrated view of the building's behavior. This 

type of analysis enables the identification and focus on specific vulnerabilities 

that can critically impact the overall response of the structure. 

Given that a detailed database of representative masonry archetypes has been 

developed, analyzing these structures with advanced modeling techniques (such 

as finite element method, FEM, or discrete element method) would require a high 

computational burden. This complexity arises from the need to adapt models 

based on the specific geometric and mechanical characteristics of each archetype. 

Therefore, a single modeling approach would be ineffective for accurately 

capturing the typological diversity of historical masonry buildings. 

To address these challenges, a multi-scale methodology has been adopted, 

which optimizes the balance between result accuracy and computational 

efficiency. In this approach, buildings are initially considered as complete 

structural systems and are modeled with an EFM approach using MATLAB-

based code. This EFM modeling allows for the examination of a large number of 

buildings with a low computational load, providing reliable results for 

preliminary and comparative assessments. 

At the scale of structural subsystems and individual elements (such as load-

bearing walls, floors, arches, and vaults), more detailed modeling can be 

conducted. At this level, models capture the local behavior of structural elements 

and their interactions, providing deeper insights into the mechanical and 

geometric characteristics of each component. This multi-scale strategy not only 

enables the assessment of differences between various models and structural 

responses but also allows for a more accurate and comprehensive view of the 

behavior of historical masonry buildings under both static and dynamic 

conditions. 
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In summary, this multi-scale approach offers a flexible and comprehensive 

methodology, integrating global analysis with local insights, to effectively 

address the complexity and diversity of historical masonry structures while 

optimizing computational resources. This strategy ensures a holistic view of the 

structure, providing critical insights necessary for preserving and enhancing the 

resilience of historical masonry buildings. 

A masonry building can be described as a structural system (Figure 3.8Figure 

3.8) composed of vertical elements, such as load-bearing walls, which ensure the 

capacity to support gravitational loads and transfer lateral forces to the ground, 

and horizontal elements, such as floors, which connect the walls, stabilize the 

structure, and influence its behavior. These elements interact in a complex 

manner, contributing to the overall functioning of the building and determining 

its ability to withstand both static and seismic stresses. 

The multi-scale approach adopted in this study allows for structural analysis 

with a systematic and holistic perspective. Starting from the evaluation of the 

building as a whole, the focus then shifts to sub-systems to identify how these 

interactions influence global behavior. Finally, the study of individual elements, 

such as masonry panels, arches, and vaults, enables an understanding of local 

issues that may represent weak points for the structure. 

This methodology ensures a detailed comprehension of structural behavior, 

essential for designing effective reinforcement and conservation interventions, 

and provides a solid foundation for a more in-depth analysis of vulnerabilities 

and potential strategies for improving structural safety. 

 
Figure 3.8 – Structural system 
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Vertical structures (Figure 3.9), specifically load-bearing walls, play a crucial 

role in defining the overall stability and load-bearing capacity of masonry 

buildings. These walls can be classified as either regular or irregular based on 

their construction characteristics and material composition. Regular walls 

typically exhibit uniform construction, such as consistent geometry. This 

uniformity generally leads to predictable structural behavior, facilitating 

modeling and analysis under both static and seismic loads. 

Conversely, irregular walls are often found in historical masonry structures. 

These walls are characterized by non-uniform construction, which may involve 

a combination of different materials or a variable distribution of openings. 

Irregular walls frequently result from traditional construction methods, where 

locally sourced materials and construction practices were influenced by resource 

availability and the craftsmanship of the time. Such walls present unique 

challenges for structural analysis due to their inherent heterogeneity and complex 

behavior under various loading conditions. 

The focus on irregular load-bearing walls is particularly significant for 

understanding the seismic vulnerability of historical buildings. Unlike regular 

walls, which can be assessed using relatively straightforward modeling 

techniques, irregular walls require advanced analyses to capture their detailed 

response to stress. The irregular arrangement of openings can lead to stress 

concentrations and local weaknesses, which may manifest as points of failure 

during seismic events. Additionally, these walls exhibit anisotropic properties, 

meaning that their mechanical response can vary depending on the direction of 

the applied loads. 

By focusing on the analysis of both regular and irregular load-bearing walls, 

this research aims to deepen the understanding of their mechanical properties and 

response under various loading scenarios. These structures were analyzed using 

different software tools to discern the differences and identify the most effective 

structural modeling approach to capture various failure modes.  

From the sub-structural systems (Figure 3.9), individual elements such as 

masonry panels can be isolated, which represent fundamental components for a 

detailed analysis of masonry structures. Studying masonry panels allows for the 

identification of local vulnerabilities that, if overlooked, could compromise the 

safety and stability of the entire building. The analysis of these elements is crucial 

for understanding how stresses are distributed and concentrated, providing 

valuable insights into the structure's response to different types of loads. In this 
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work, the behavior of masonry panels was examined under various boundary 

conditions to identify how these conditions influence their performance. Panels 

were studied in their original (as-built) configuration as well as reinforced panels, 

using both traditional interventions, such as the application of RP, and innovative 

techniques, such as the use of composite materials. The goal was to capture and 

compare differences in terms of displacement (drift), shear resistance, and failure 

modes. This analysis allowed for the evaluation not only of the residual load-

bearing capacity of the masonry panels but also for a better understanding of how 

reinforcement interventions can modify structural behavior, improving ductility 

and reducing potential weaknesses. Regarding horizontal structures (Figure 

3.10), or floor systems, these can be either flat (floors) or curved (vaults). In 

historical masonry buildings, it is common to find vaulted horizontal structures 

on the ground floor, while the upper floors are often characterized by flat 

structures. 

These differences stem from traditional construction practices and the 

functional requirements typical of the era in which the buildings were 

constructed, influenced also by the availability of materials and local construction 

techniques. 

 

 
Figure 3.9 – Vertical structural sub-systems and single elements 
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Among the vaulted structures, barrel vaults are particularly common in 

residential masonry buildings due to their ability to efficiently distribute loads, 

ensuring a good load-bearing capacity even in very old buildings. In studying 

vaulted structures, these were analyzed as individual elements by simplifying 

their complex three-dimensional geometry into two-dimensional structures 

represented by arches. This simplification allowed a focus on the abutment 

reactions, i.e., the forces transmitted at the ends of the arch, which are useful for 

a better understanding of the vaults' behavior and for implementation in global 

structural models of buildings.  

The analysis of arches as simplified representations of vaults provided valuable 

data on load transmission modes and potential critical issues, such as failure 

mechanisms that individual vaults may introduce to the overall structural 

behavior, particularly under seismic actions. The reactions were calculated using 

the Arco software developed by Professor Gelfi and subsequently implemented 

at the corresponding nodes in the EFM of the building. A more detailed 

discussion of the modeling approach is provided in Section 3.3.3 This 

methodology allows for the calculated reactions to be integrated into more 

complex computational models, contributing to a more realistic simulation of the 

building's overall structural behavior. 

This detailed attention to the simplified modeling of vaults, combined with the 

analysis of their structural reactions, is a crucial step for assessing the interaction 

between horizontal and vertical structures and for ensuring a comprehensive 

understanding of the dynamic behavior of historical masonry constructions. 
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Figure 3.10 – Horizontal structural sub-systems and single elements 
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3.2.1. Structural system 

The seismic vulnerability of existing unreinforced masonry buildings is a 

significant concern, particularly in light of historical earthquakes and recent 

seismic events. These structures are widespread across various regions, often 

situated in high seismic hazard zones. Beyond ensuring occupant safety, 

preserving these buildings for their historical and artistic value is also crucial. 

Analyzing earthquake-induced damage highlights how structural behavior 

varies based on construction characteristics. Two primary categories of damage 

mechanisms are observed: first-mode and second-mode. First-mode mechanisms 

describe the out-of-plane behavior of masonry walls, while second-mode 

mechanisms relate to in-plane damage, including shear and bending effects. 

The structural response of a building under horizontal actions can be modeled 

by considering masonry walls as an assembly of interconnected panels. Seismic 

damage observations and experimental tests show that specific wall sections, 

such as piers adjacent to openings, spandrels, and lintels, are especially 

vulnerable to concentrated damage.  

Conversely, intersections between piers and spandrels - known as "nodes" - 

typically remain unaffected. This understanding has led to structural models that 

use deformable elements to represent various wall sections, along with rigid 

zones for the nodes. 

Several modeling approaches have been developed to address the unique 

behaviors of masonry structures, and they can primarily be classified into four 

categories: block-based models, continuum models, geometry-based models, and 

macroelement models (D’Altri et al. 2020): 

 

1. Block-Based Model (BBM)s: These models (Angelillo et al. 2018, Portioli 

et al. 2017) treat masonry structures as discrete elements or blocks 

connected by interfaces, with each block acting as a rigid body. They are 

effective in capturing localized phenomena, such as cracking or block 

movements, and are often used for analyzing historical masonry 

structures or detailed structural components. 

2. Continuum Models(CHM): These models (Valluzzi 2007) represent 

masonry as a homogeneous, continuous material, accounting for its 

nonlinearity and heterogeneous mechanical properties. Using methods 
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such as FEM, continuum models can accurately simulate complex 

structural responses, including global deformations and interactions 

within the structure. 

3. Geometry-Based Models(GBM): These models (Chiozzi et al. 2017,2018; 

Block et al. 2006; Marmo and Rosati 2017) explicitly represent masonry 

structures based on the geometry and arrangement of individual units, 

allowing analysis of bond patterns, joint thickness, and geometric 

irregularities. Useful for examining structural response at the microscale, 

they offer insights into the effects of geometry on overall stability. 

4. Macroelement(EFM)s: For my research, I utilized the macroelement 

modeling approach, which offers a simplified yet effective means of 

representing essential behaviors of masonry structures. Macroelements 

use one-dimensional or two-dimensional elements to approximate the 

main structural components, such as walls or arches. This approach 

effectively incorporates nonlinear masonry characteristics, including 

compression, tension, and shear resistance. Macroelements are 

particularly beneficial for seismic analysis, providing a balance between 

computational efficiency and accuracy (Penna et al. 2014, Lagomarsino 

et al. 2013). 

 

The utility of macroelement models in seismic analysis has been well-

documented in existing studies. They facilitate the assessment of dynamic 

responses, contribute to understanding structural behavior under seismic loads, 

and inform the development of retrofitting techniques. 

This dissertation builds upon these foundational studies, employing 

macroelement modeling to further evaluate seismic performance, aiming to 

enhance both the understanding of masonry behavior and practical 

methodologies for preserving these historically significant structures. 

In the equivalent frame approach for modeling masonry structures, piers and 

spandrels are typically represented by vertical and horizontal frame elements, 

respectively. This methodology enables a simulation of the mechanical behavior 

of masonry walls, capturing their influence on the overall structural performance. 

In this framework, piers function as column-like elements, with properties such 

as cross-sectional area, length, depth, material characteristics, and connection 

specifications tailored to match those of the actual masonry walls. 

Accurate representation of piers and spandrels in equivalent frame modeling 
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requires attention to the following key factors: (i) interface conditions: Properly 

defining the connections among piers, spandrels, and other frame elements is 

essential to simulate the mechanisms of load transfer. These connections may be 

modeled as rigid or semi-rigid interfaces, depending on the response of mortar 

joints, reinforcement, or other elements that provide continuity within the 

masonry assembly; (ii) boundary conditions: Supports and boundary conditions 

for piers and spandrels must reflect the real constraints they experience. For 

example, base piers may be fully or partially restrained, while spandrels are often 

supported by adjacent piers or beams, affecting load distribution; (iii) material 

properties: Mechanical properties of piers and spandrels, such as compressive 

strength, elastic modulus, and Poisson’s ratio, should be specified to reflect the 

masonry materials used in construction. 

It should be noted that equivalent frame modeling is inherently a simplified 

approach, with the model's reliability contingent upon the assumptions made and 

the considered level of detail. More advanced analysis methods, such as FEM, 

can yield highly accurate representations of the behavior of piers, spandrels, and 

other masonry elements; however, they also require a significantly higher level 

of computational resources and technical expertise. 

In this thesis work, an equivalent frame approach was used (Figure _).  

 

 
Figure 3.11 – Example of equivalent frame schematisation 

 

The macro-elements were discretized into fibers (Acconcia and Parisi. 2020), 

considering flexural, shear behavior, and the influence of in-plane rocking. 
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Figure 3.12 – Fiber discretization of the macroelement 

The flexural behavior is simulated through numerical integration of moment-

curvature diagrams along the height. The rocking contribution is accounted for 

by adding an additional displacement due to a pseudo-rigid rotation of the wall 

caused by progressive crushing at the base. The lateral resistance force 

corresponding to shear strength is predicted using local strength criteria. Shear 

stiffness is updated at each phase of the analysis to account for flexural cracking 

in the cross-sections and the gradual reduction of the secant shear modulus as the 

secant Young's modulus decreases under increasing inelastic stresses. 

In Appendix B, the three behaviors are described along with their formulations. 

By integrating the flexural, shear, and rocking components, the outlined 

procedure enables the calculation of displacements and stresses throughout the 

entire element, with particular focus on the end sections, using the axial load and 

curvatures at these ends (which are initially unknown). 

 

𝛿 =  𝛿𝐹 + 𝛿𝑠 + 𝛿𝑟             (1) 

 

where  and 𝛿𝐹 , 𝛿𝑠, 𝛿𝑟 are the flexural, shear and rocking contributions to the 

displacement that are calculated in the Appendix B. 

Combining these three components shows that it is unnecessary to separately 

know the individual contributions to the end-node displacement to determine the 

displacement at the opposite end. Likewise, the rotation can be determined. (see 
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Appendix B) 

This approach provides the foundation for the iterative algorithm designed to 

establish the curvature at the ends of the macroelement, summarized as follows: 

(i) initial curvature values are assigned at the beam ends and (ii) using these 

values, the end-node displacements are calculated. 

If the computed values align with the known ones within the accepted tolerance, 

the initial curvature values are accurate. Otherwise, the initial curvatures are 

adjusted, and the displacements recalculated. This iterative procedure is repeated 

until the curvatures that produce the required displacements are obtained. 

Upon completing this iterative process, the stress characteristics relative to the 

element and the imposed displacements are determined, enabling the derivation 

of the element's fundamental stiffness matrix corresponding to the specified 

displacements. 

Subsequently, the macroelement was validated through laboratory tests. Four 

tuff masonry wall specimens were tested under constant axial load and cyclically 

increasing lateral displacement in their plane. 

 
Figure 3.13 – Set-up of compression and shear tests 

The following table 3.3 shows the dimensions of the panels, the ratio of the 

height to the width and thus the panel aspect ratio and the dimensionless normal 

stress. 

In order to validate the analytical capacity model, each experimental test was 

simulated numerically. 
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Table 3.3 – Geometric and load characteristics of the panels. L:length (horizontal dimension); 

H:height (vertical dimension); T: thickness; H/L=aspect ratio; N/Nu=normalized axial load.  

Sample L [m] H [m] T [m] H/L N/Nu 

S1 1.08 1.88 0.31 1.74 0.1 

S2 1.08 1.88 0.31 1.74 0.3 

S3 1.50 1.88 0.31 1.25 0.1 

S4 1.50 1.88 0.31 1.25 0.3 

 

In line with fiber modeling, the proposed approach enables the use of a uniaxial 

material model that varies for each fiber. The constitutive behavior is represented 

by a data set that specifies stress as a function of strain. This model can be 

simplified by linearizing the constitutive relationship, or alternatively, it can be 

discretized to incorporate (i) tensile strength, (ii) nonlinear behavior in the elastic 

phase, and (iii) post-peak behavior, which may exhibit softening or hardening 

characteristics. 

In the applications presented, compressive behavior is modeled using the stress-

strain relationships suggested by Augenti and Parisi (2010) in the direction 

perpendicular to mortar joints. In contrast, the tensile behavior of the masonry is 

treated as linear elastic up to the tensile strength, following an exponential 

softening curve to zero stress based on specified fracture energy. 

For simplicity, it was assumed that the self-weight of the masonry was 

negligible compared to the assigned axial load and remained constant along the 

height of the panels. This assumption can also be removed, leading to increased 

computational costs. The constitutive model adopted for masonry under 

compression is Figure 3.14, discretized into 60 points. The peak compressive 

strength and corresponding strain were set at 3.96 MPa and 2.44x10⁻³, 

respectively.  The ratio of peak tensile strength to peak compressive strength was 

set to 
𝑓𝑡

𝑓𝑚
⁄ = 0.05, while the tensile fracture energy was set to 𝐺𝑓𝑡 =

0.015 N/mm. The diagonal tension shear strength at zero axial stress 𝑓𝑣0 and the 

sliding shear strength at zero axial stress 𝜏0 were set to 0.0225 𝑓𝑚. The 

displacement ductility factors 𝜇𝑣,𝑚𝑎𝑥  and 𝜇𝑣 were set to 2.25 and 3.38, 

respectively. The residual shear force was considered a: 

𝑉𝑟 = 0.3 𝑉 𝑚𝑎𝑥. (2) 
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Figure 3.14 – Uniaxial constitutive model 

Figure 3.15 shows both numerical and experimental shear diagrams for the four 

samples tested, which behaved differently from each other.  

 
Figure 3.15 – Comparison of numerical and experimental shear curves 

Having validated the code at the element scale, the equal-frame idealisation was 

validated by means of a laboratory test on a perforated wall (Parisi et al. 2011). 
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The wall was made of tuff masonry with stretcher bond and 10 mm mortar 

joints. 

Overall dimensions: 5.10 m long, 3.62 m tall, and 310 mm thick. The piers were 

1.70 m long, while the spandrel was 1 m high. The specimen was subjected to 

vertical loads of 200 kN on the piers, followed by horizontal displacement-

controlled force applied at approximately 3.00 m from the piers' base. 

 
Figure 3.16 - Experimental setup of the full-scale unreinforced masonry wall with opening 

under lateral load  

Our wall therefore consists of two pier panels, one spandrel panel and two node 

panels and has the following mechanical characteristics: 

Table 3.4 – Mechanical properties of tuff masonry: ft Tensile strength of masonry, fm 

Compressive strength of masonry, E Young’s modulus, G Shear modulus 

Material 𝑓𝑡 𝑓𝑚 E G 

 [MPa] [MPa] [GPa] [GPa] 

Tuff masonry 

(spandrel) 
0.192 3.85 2.07 0.86 

Tuff masonry 

(piers) 
0.198 3.96 2.22 0.92 

 

For load determination, two vertical forces of 200 kN were applied to the node 

panels to account for an upper storey, as done during the experimental test using 

hydraulic jacks that applied this force.  

Once the equivalent frame was constructed (Figure 3.19) and a linear static 

analysis was performed using the developed calculation code, a nonlinear static 
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analysis of the structure was conducted to calculate the internal forces within the 

wall. This allowed for deriving the capacity curve, which could then be compared 

with the curve obtained from laboratory tests. 

 

Figure 3.17 - Equivalent wall frame 

Figure 3.18 show the numerical-experimental comparison in terms of base shear 

versus top displacement curves. The numerical procedure delivers satisfactory 

reproduction of the initial stiffness, peak base shear (experimental value of 

184.31 kN vs. numerical value of 182.96 kN) and maximum lateral displacement. 

The damage observed on the wall specimen at the end of the test was also well 

simulated, indicating flexural failure of both columns and diagonal shear 

cracking in the spandrel. 

 

Figure 3.18 – Comparison of numerical and experimental capacity curves  

For the analysis of the global behavior, the building was simulated through an 
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EFM, where macro-elements were modeled as beam elements connected by rigid 

offsets. These offsets were sized appropriately to account for variations in the 

deformability of the nodes. This approach produced a structure similar to the one 

depicted in the Figure 3.19. In this work, among four characteristic floor plans 

(courtyard, L-shaped, U-shaped and rectangular) the rectangular plan was chosen 

in order to obtain regularity in plan and height and to be able to carry out the 

analysis with less computational effort. 

 
Figure 3.19 – Schematisation of the i-th building using the EFM. 

The automatic generation of 1000 buildings for each selected sub-typology was 

carried out using a procedure entirely implemented in MATLAB, based on a 

Monte Carlo sampling algorithm of random variables and multi-parametric 

design, according to the percentage obtained from the CARTIS data for that sub-

typology considered. The next step was the automatic generation of the building 

using a procedure developed in MATLAB. It was then assumed that each wall 

had a single opening in the space delimited by the intersection with two 

consecutive orthogonal walls, setting the height of the opening at 2.10 m and a 

pier length obtained by considering the percentage of opening provided by 

CARTIS.  

The floors were modelled using equivalent diagonal rods to which, according 

to the type of floor (deformable, semi-rigid, rigid), an appropriate stiffness was 

attributed. A timber floor (deformable), a mixed floor made of steel beams and 

clay blocks (semi-rigid) and a slab of clay block and reinforced concrete (rigid) 

were considered. The permanent loads were determined separately for the three 

types of floors, one-way slab configuration in a single direction for the rigid 
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floors and an alternating one-way slab arrangement (with orthogonal 

orientations) for the deformable and semi-rigid floors.. Once the i-th building had 

been generated from these properties, the non-linear static analysis was carried 

out. 

3.2.2. Structural sub-system  

For the modeling of structural subsystems within the seismic vulnerability 

assessment of historical masonry buildings, a benchmark wall from the ReLUIS-

DPC 2022-2024 project, specifically in WP10, task 10.3, was used. This wall was 

chosen for its representativeness of both internal walls and external facades 

typical of masonry buildings, providing a reference element for vulnerability and 

structural modeling studies. 

The benchmark wall (Figure 3.20) is inspired by a spine wall of the P. Capuzzi 

school in Visso (Macerata), identified as "Wall d" in the ReLUIS guidelines and 

later renamed "Wall XX" in the document's version 2.0. With significant 

dimensions (21.7 m in length, 8.77 m in height, and 0.55 m in thickness), this 

two-story wall has a geometric ratio of 0.4, a configuration that allows for 

realistic simulation of the behavior of masonry walls in historical buildings. 

 

 
Figure 3.20 – Benchmark wall 

The whole wall is made of the same masonry.  Each spandrel is supported by a 

lintel made of prefabricated reinforced concrete and clay block beams, anchored 

at the ends for 10 cm. At the floor level, a reinforced concrete ring beam ensures 

the connection between the masonry panels and floors. This ring beam has a 

thickness of 0.55 m, with a height of 0.22 m on the first floor and 0.14 m on the 
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second floor. Its reinforcement includes four longitudinal bars with a diameter of 

12 mm and 8 mm stirrups with a 100 mm spacing, meeting the requirements for 

strength and stability. 

The floors acting on the benchmark wall are of two types: a reinforced concrete 

floor on the first level and a mixed steel beam-clay block floor on the second 

level, in addition to a saddle roof that generates an equivalent distributed load. 

The masonry can be assumed as equivalent to the “Roughly cut stone with good 

bond masonry” type  in the Commentary n.7/2019. The mechanical properties of 

the masonry were selected with an intermediate knowledge level (LC2), applying 

a confidence factor of 1.2 to reduce the strengths. 

The modulus of elasticity (E) and shear modulus (G) of the masonry do not 

account for degradation effects due to cracking, while the concrete characteristics 

are similar to those of class C12/15 in the Italian building code(NTC18). The 

longitudinal bars and stirrups have a tensile strength of 412 MPa and a yield 

strength of 294 MPa, with a maximum deformation of 20%, also reduced by the 

confidence factor. 

 

Table 3.5 – Mechanical properties of masonry: fm: compressive strength; τ0d:shear strength; ν: 

Poisson’s ratio; E:Young’s modulus; G:Shear modulus; w:unit wight(density) 

fm τ0d ν E G w 

[MPa] [MPa] [-] [MPa] [MPa] [kN/m3] 

2.67 0.054 0.50 1740 580 21 

 

For load modeling, the permanent structural and accidental load of the floors 

and the combined seismic load are those reported in the Table 3.6. (g: dead load; 

q: live load; ws: design load for the quasi-permanent combination)  

The influence length is assumed to be 5 m, considering that the spine wall 

supports the floors on both sides. In conclusion, this benchmark wall, fixed at the 

base and with no internal constraints at the floor level, was used as a structural 

subsystem for analyzing and modeling structural behaviors in the context of 

seismic vulnerability. 

It provides a reliable foundation for calibrating numerical models and 

simulating the seismic response of historical masonry buildings.  
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Table 3.6 – Assumed slab loads per level for benchmark wall 

Level Floor type g q ws 

  [kN/m2] [kN/m2] [kN/m2] 

1st 
one-way lightweight reinforced 

concrete ribbed slab 
4.85 3.00 6.65 

2nd steel-clay slab 1.92 - 
3.42 

 roof 1.50 - 

 

The benchmark wall was modeled using an equivalent frame approach through 

the code described in Section 3.3 (Figure 3.21). The resulting capacity curve was 

then compared with capacity curves obtained from other softwares, specifically 

ABAQUS (a FEM software) and TREMURI (an EFM software). 

These comparisons allow for a comprehensive validation of the modeling 

approach, highlighting the reliability and accuracy of the EFM used in the 

analysis. 

 
Figure 3.21 – EFM model of the benchmark wall 

Figure 3.22 presents the capacity curves of the benchmark wall obtained 

through three different models: MATLAB, TREMURI, and ABAQUS.  

Observing the ABAQUS model (gray line), we see a higher peak shear strength 

compared to the other two, followed by a decrease due to stress redistribution and 

material plasticization. Similarly, the TREMURI software (orange line), reaches 

a higher maximum shear than the MATLAB model (blue line), which exhibits a 

more consistent trend with a lower peak shear. 
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Figure 3.22 – Capacity curves for the benchmark wall obtained using MATLAB, TREMURI, 

and ABAQUS models 

The discrepancy in the peak shear values among the models can be attributed 

to the behavior of the wall panel M3 (Figure 3.23), a central, squat element that 

is influenced by shear resistance criteria.  

 
Figure 3.23 – Identification of Panel M3 in the Benchmark Wall 

In the ABAQUS and TREMURI models, the shear-tension failure criterion (Vt), 

which limits the shear capacity of the panel, is not considered. As a result, these 
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models display higher shear capacities since they continue to support greater 

shear forces. In contrast, the MATLAB model includes the Vt criterion, causing 

panel M3 to reach failure upon exceeding the specified shear stress limit. 

 
Figure 3.24 – Resistance domains of panel M3 

 
Figure 3.25 – Zoom on resistance domains of panel M3 
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To quantify this difference in shear capacity, an analysis on the 𝜏0 value (Table 

3.7) was conducted. It was found that, to achieve the peak shear of the 3MURI 

and ABAQUS models, 𝜏𝑘 values of 0.074 and 1.124, respectively, would be 

required, compared to the reference value of 0.054 specified in Commentary No. 

7/2019 for the masonry type under study. 

In conclusion, while the FEM modeling in ABAQUS provides a more detailed 

and accurate analysis compared to the EFM approach, it necessitates a more 

rigorous calibration of both the model and material properties to yield realistic 

results. On the other hand, the EFM approach, especially as implemented in the 

MATLAB model, offers an efficient balance between computational effort and 

simulation reliability, achieving a realistic representation of structural behavior 

while adhering to failure criteria without excessive computational complexity. 

The table 3.7 presents the values of Vt obtained for the panel under analysis. 

However, it is unrealistic to reach these values in TREMURI and ABAQUS, as 

achieving them would require an equally high τk value. Such a value is not 

feasible for the selected masonry type and exceeds the limits provided by 

Commentary n.7/2019 for this masonry category. 

Regarding the reviewer’s concern, Vt is not a predefined code strength but 

rather the maximum shear force reached in the analysis for the given τk. The 

variation in Vt across different software results from differences in modeling 

approaches, assumptions, and how each program handles material behavior and 

failure criteria. 

 

Table 3.7 – Goal seek τk values for different softwares 

Software 

  

VT VT/Nu τk 

[kN] [-] [MPa] 

TREMURI 611.8 0.06265 0.074 

MATLAB 461.3 0.04723 0.054 

ABAQUS 840.2 0.08604 1.124 
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3.2.3. Single element 

   The horizontal structures (vaults, floors, roofs), in addition to transferring 

gravitational loads to the vertical load-bearing elements, serve as stiffening 

structures capable of distributing horizontal actions. Their stiffness influences the 

overall response of the building; for instance, in the case of rigid floors, actions 

are distributed among the walls. Conversely, with infinitely flexible floors, no 

redistribution occurs when the ultimate conditions of a wall are reached. For these 

reasons, in historical buildings where vaults are commonly present, assessing the 

flexibility of the horizontal structures becomes crucial. 

The evolution of construction methods and techniques over time has enabled 

the creation of various types of vaulted structures, each exhibiting distinct 

structural behavior based on: geometry, stiffness, mass distribution, past 

interventions, masonry pattern, boundary conditions. 

When the horizontal structures consist of vaults, modeling becomes more 

complex, as it requires schematizing and quantifying the vault's response. 

In order to study these specificities, one of the building archetypes obtained by 

automatic generation was examined, which will be referred to below as 

‘Archetype 1’.  

Archetype 1 features irregular masonry with rough stone (A2). It can be 

modeled as a rectangular parallelepiped with a total area of 150 m2 and an overall 

height of 11 m. The structure extends over two levels, in addition to an accessible 

roof reachable through an internal staircase covered by a tower with a total height 

of 2.40 m. The ground floor has a height of 4mand is occupied by two units 

designated for non-residential use, symmetrically arranged around the staircase. 

The upper levels are each 3.50mhigh and contain one residential unit per floor. 

The building includes a common entrance leading to a vestibule providing access 

to the staircase, while access to the ground-floor spaces is allowed through 

external doors. Each residential unit primarily consists of spacious, shared areas. 

The building’s vertical load-bearing structures consist of four perimeter walls 

and three internal walls. These walls are built of masonry with a thickness of 0.75 

m and an average spacing of 5 m. On the first floor, two masonry barrel vaults 

are present, having spans of 3.40 and 5.10 m, respectively. On the second and 

third levels, the floors are made of timber, with beams oriented in a single 
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direction, composed of 20 cm-thick oak beams set into the masonry walls, 

supporting a 3 cm-thick chestnut plank decking.  

Cantilevered elements consist of masonry beams embedded directly into the 

walls, supporting marble slabs. As previously mentioned, the floors are 

connected by a staircase with cantilevered stone steps directly embedded into the 

masonry walls. Access to each floor is provided by two flights of stairs separated 

by a landing.  

Figure 3.26 shows the ground floor plan and a typical floor plan of Archetype 

1. 

In Archetype 1, the subject of this analysis, barrel vaults (present on the first 

level) were examined using the ARCO program (Gelfi 2002), to determine the 

forces transferred to the masonry piers. Subsequently, for modeling in the 

equivalent frame, the methodology proposed by Cattari et al. (2008) was adopted.  

In this approach, vaults are modeled as diaphragms in membrane state using 

finite elements with isotropic or orthotropic behavior and equivalent stiffness. 

The analysis of the statics of masonry arches and vaults began in the late 17th 

century, with later fundamental contributions by Coulomb about collapse 

mechanisms, and Méry about the concept of the thrust line.. It was only in the 

1960s, thanks to studies conducted by Heyman 1982, that the foundations for 

analyzing masonry arches using limit analysis theory were established.  

The use of the static and kinematic theorems is due to the computational 

difficulties arising from uncertainties related to constitutive laws, cracking, and 

load history. 

The static theorem of limit analysis can be stated as follows:  “lf a thrust line 

can be found, for the complete arch, which is in equilibrium with the external 

loading (including self-weight), and which lies everywhere within the masonry of 

the arch ring, then the arch is safe.”. 
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(a) 

 
(b) 

Figure 3.26 – Floor plans of Archetype 1: a) Ground floor; b) Typical floor 

This theorem justifies Méry’s method, which seeks the thrust line within the 

arch. Specifically, the arch structure, which is three times statically 

indeterminate, is made statically determinate by introducing three hinges at 

locations where moments are assumed to be zero. The positions of these hinges 
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are varied to find an admissible stress state. If the thrust line remains within the 

kern in every section, the arch will be uncracked. 

From a numerical perspective, it is possible to derive the center of pressure (𝑒𝑖) 

of an i-th section by first calculating the support reactions 𝐻, 𝑉𝑠 and 𝑉𝑑 of the 

arch, and subsequently determining the internal forces 𝑀𝑖, 𝑁𝑖 and 𝑇𝑖  in the 

section under consideration. With reference to Figure 3.27, the following 

relationships can be obtained: 

𝐻𝑖 = 𝐻 (3) 

𝑉𝑖 = 𝑅𝑞 + 𝑅𝑟 + 𝑅𝑎 − 𝑉𝑠 (4) 

𝑀𝑖 = 𝑉𝑠 ∙ 𝑏𝑉𝑠 − 𝐻 ∙ 𝑏ℎ − 𝑅𝑞 ∙ 𝑏𝑅𝑞 − 𝑅𝑟 ∙ 𝑏𝑅𝑟 − 𝑅𝑎 ∙ 𝑏𝑅𝑎 (5) 

𝑁𝑖 = 𝐻𝑖 ∙ cos 𝛼𝑖 − 𝑉𝑖 ∙ sin 𝛼𝑖 (6) 

𝑇𝑖 = −𝐻𝑖 ∙ sin 𝛼𝑖 − 𝑉𝑖 ∙ cos 𝛼𝑖  (7) 

𝑒𝑖 = 𝑀𝑖/𝑁𝑖 (8) 

 

 

Figure 3.27 - Position of the centre of pressure for the i-th section 

Considering the barrel vaults in the case study as a succession of arches, it was 

possible to analyze them using the ARCO software, which is based on the 

concepts just outlined. By relying on the static theorem of limit analysis, this 

program allows for the calculation of the reactions exerted by the arch at its 

supports and its pressure line (line passing through the centers of pressure) as a 

function of geometry, mechanical parameters, and applied loads. After defining 
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the intrados of the arch, the program requires the input of the following geometric 

data and material mechanical parameters: L (Span); h (Rise); t (Thickness); n 

(Number of voussoirs); h1 (Thickness of the filling at the crown);); γm (Specific 

weight of the arch); γ1 (Specific weight of the filling); γ2 (Specific weight of the 

finishing layer). 

Once the geometry of the arch is defined, load application follows. In applying 

the limit state verification method, partial safety factors for actions and 

resistances are employed. The selection of these factors must account for both 

the effect of the self-weight, which tends to center the pressure line, and 

uncertainties related to the geometry of the arch as well as the applied loads.  

In Archetype 1, there are two different barrel vaults, each of which spans two 

floor bays. 

 

Figure 3.28 – Identification of Vaults in Archetype 1 

The arch used to schematize Vault 1 has a span of 3.40 meters, a rise of 0.66 

meters, and a crown filling of 0.2 meters. The thickness of the arch is 0.24m 

(voussoir height) at both the springing and the crown. The design density values 

for the materials, considering a partial safety factor of 0.9, are 18 kN/m³ for the 

masonry, 15 kN/m³ for the filling, and 16 kN/m³ for the vault cover. Finally, the 

design value for the live load is 12.18 kN/m², using a partial safety factor of 2. 
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Figure 3.29 - Geometry of Arch 1 

 

Figure 3.30 – Geometry of Arch 2 

The arch used to schematize Vault 2 is equal to that of Vault 1 but has a span 

of 5.10 m. 

Once the arch is implemented in the program, it is possible to set the calculation 

options. At this stage, users can choose to optimize the pressure line and consider 

passive pressures. Optimizing the pressure line allows for an improved solution 

by defining the number of segments into which the arch thickness is divided, to 

vary the hinge positions during analysis. Initially, the optimal hinge positions are 

equal to the arch thickness divided by the number of steps; subsequently, if the 

pressure line is not fully contained within the arch, it is updated by the program. 

Considering passive pressures allows for accounting for the effect of horizontal 

actions that can be mobilized when the arch pushes against the backfill. In 

particular, under asymmetric loading conditions, the arch tends to deform toward 

the backfill material, which reacts with its passive resistance. For safety, the 

program considers the backfill as an additional load without accounting for 

passive thrusts. However, in some cases, to satisfy verification requirements, it 
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is necessary to consider horizontal pressures, as they help recenter the pressure 

line. In this regard, the passive pressure calculation option allows users to input 

a thrust coefficient, typically between 0.5 and 2, and the number of voussoirs 

subject to these actions. 

In the present case, pressure line optimization was considered, setting the 

default number of steps to 10, which offers a good balance between accuracy and 

computational time. Passive pressures were not included, as a uniformly 

distributed load is applied across the entire span. With the geometric and 

mechanical characteristics of the arch defined and the calculation options set, the 

analysis proceeds. The ARCO software graphically displays the position of the 

pressure line and the maximum stress diagrams in each section at the extrados 

and intrados. The stress values are calculated according to the elastic theory for 

materials that do not resist tension. 

𝜎𝑚𝑎𝑥 =
2𝑁

3𝑢
 (9) 

In the (9) 𝜎𝑚𝑎𝑥  is the maximum stresses at the extrados and intrados of each 

section, computed using classical elastic theory under the assumption of non-

tensile-resistant materials N is the axial compressive force per unit width of the 

arch; u is the distance of the pressure line from the compressed edge.  

If the pressure line lies outside the section, equilibrium cannot be achieved 

without tension; therefore, stresses are calculated by considering the entire 

section as reactive: 

𝜎𝑚𝑎𝑥 =
𝑁

𝑡
∓

6𝑁𝑒

𝑡2
 (10) 

These values are included in a numerical report, which also lists the percentage 

of the compressed section, the values of the horizontal and vertical components 

of the reactions at the supports, the tension in any tie rod assumed to be positioned 

at the supports, and the values of horizontal forces and bending moments due to 

passive pressures (if considered). Below are the results of the analyses conducted 

on the arches used to schematize the vaults in Archetype 1: 
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Figure 3.31 – Graphical Results of Arch 1 

 

Figure 3.32 – Graphical Results of Arch 2 

In Appendix A,  the results of the analyses conducted on the arches used to 

schematize the vaults of the archetype are presented. 

Modeling vaults within the EFM approach is essential for both studying the 

global response of the building and estimating how vaulted elements influence 

structural behavior. In this regard, Cattari et al. (2008) propose correlating the 

axial and shear stiffness of vaults with that of an equivalent plate characterized 

by the same plane dimensions and thickness. Here is a summary of the main steps 

based on the approach by Cattari et al. (2008): 
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1. Modeling as an equivalent plate: vaults are modeled as an equivalent plate 

with the same plane dimensions and thickness to determine elastic 

parameters in the x, y directions, and the shear modulus. 

2. Axial and shear behavior analysis: displacements and self-equilibrated 

forces are applied to one side of the plate (with constraints on the opposite 

side) to calculate the equivalent Young’s modulus for axial stiffness and 

the shear modulus. 

3. Parametric analysis: thickness-to-span and rise-to-span ratios, along with 

boundary conditions, are varied to explore the influence of geometry and 

support conditions. 

4. Analytical models: analytical expressions for axial (EV/E) and shear 

(GV/G) stiffness ratios are derived based on numerical results, with 

distinctions made for different vault types. 

These steps provide the equivalent stiffness values of vaults, which are then 

incorporated into the building’s EFM to assess the global response. It then 

proceeded with the calculation of the ratios EV/E and GV/G for the vaulted 

structures in Archetype 1 (Table 3.9), given their geometric characteristics (rise, 

span, and thickness – Table 3.8) 

Table 3.8 – Geometric characteristics of the vaults 

Vault 
Rise (f) Span (L) Thickness (s) f/L  s/L 

[m] [m] [m] [-] [-] 

1 0.66 3.40 0.24 0.19 0.07 

2 0.66 5.10 0.24 0.13 0.05 

By considering the average values of the mechanical properties, the elastic 

moduli of the material composing the vault (rough-cut ashlar masonry with 

unevenly thick facings) are determined. By multiplying these values by the 

stiffness ratios obtained from the formulas, the moduli Ev/E and Gv/G are 

defined for use in modeling the vaulted structures within the equivalent frame. 

Table 3.9 – The stiffness values of the vaults 

Ev/E  Gv/G  E G Ev Gv 

[-] [-] [MPa] [MPa] [MPa] [MPa] 

6.18E-04 0.7963 1230 410 0.76 326.48 

3.20E-04 0.8988 1230 410 0.39 368.52 



CHAPTER 3 – PROPOSAL OF A METHODOLOGY FOR STRUCTURAL ASSESSMENT OF HISTORICAL 

MASONRY BUILDINGS 

___________________________________________________________________________________________________________________ 

86 

Defined the modeling of the vaults within MATLAB using the equivalent frame 

approach, the deformational capacity of the vaults was analyzed to identify their 

limit state within the capacity curves of Archetype 1.  

Specifically, with the displacements of all structure nodes available for each 

analysis step, the collapse condition of the vaults was determined based on the 

displacement of the supports. 

In this context, given that barrel vaults are generated by the translation of an 

arch, the methodology proposed by Di Carlo and Coccia (2020) was applied. 

The authors examine the failure condition of elliptical masonry arches under 

permanent loads and finite support displacements, utilizing the kinematic 

approach of limit analysis and modeling the deformed structure as a system of 

rigid blocks in frictional contact. Additionally, the authors conduct a parametric 

analysis using graphical tables to evaluate the influence of geometric 

characteristics on the horizontal collapse displacement of the supports and the 

associated thrust. This methodology, which enables the assessment of internal 

hinge positions within the arch as support displacement increases up to collapse, 

is based on Heyman’s assumptions. 

Using the parametric study results, the behavior of Archetype 1 vaults was 

analyzed in terms of the support displacement leading to collapse. Specifically, 

by varying the thickness t, the semi-axes a and b, and the mean radius Rm of an 

equivalent circular arch of the same thickness, it is possible to reference a chart 

providing the dimensionless collapse displacement. 

In particular, the chart displays the trend of collapse displacement, 

dimensionless with respect to the arch thickness, as the ratio between thickness 

and mean radius (t/Rm) varies for different geometries (ratios between semiaxes 

of the ellipse, b/a, with a = (L+t)/2 and b = f + t/2). Archetype 1 features, on its 

first level, four vaults with the following geometric parameters: 

 

Table 3.10 – Geometrical characteristics of barrel vaults   

Vaults 
t a b b/a Rm t/Rm 

[m] [m] [m] [-] [m] [-] 

1 and 3 0.24 1.82 0.78 0.4 1.25 0.2 

2 and 4 0.24 2.67 0.78 0.3 1.73 0.15 

 

Since the curves corresponding to the calculated b/a ratios for the vaults in 

question were not available in the chart, a trend line was determined to derive the 



CHAPTER 3 – PROPOSAL OF A METHODOLOGY FOR STRUCTURAL ASSESSMENT OF HISTORICAL 

MASONRY BUILDINGS 

___________________________________________________________________________________________________________________ 

87 

collapse displacement. By using the computed t/Rm ratio on the graph, the 

corresponding ordinate values were identified for all represented geometries (see 

Figure 3.33).  

 
Figure 3.33 – Identification of displacement values set the t/Rm value (background plot from Di 

Carlo and Coccia 2020) 

Each value was then plotted on a Cartesian plane with the elevation-to-span 

ratio (b/a) on the x-axis and the dimensionless collapse displacement (ucol/t) on 

the y-axis. Setting the y-intercept to zero for the condition where b/a=0, in which 

the arch resembles a beam, a trend line was established that best represents the 

data pattern. Specifically, in both cases, a fourth-degree polynomial function with 

an R2 parameter close to one was identified. 

 
Figure 3.34 – Correlation between collapse displacement and b/a ratio 
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By inputting the b/a ratios of the arches representing the vaults in the studied 

building archetype into the derived functions, the support displacements that lead 

to collapse conditions were determined.  

 
Table 3.11 – Displacement values of supports determining the collapse condition in vaults 

Vaults 
t/Rm b/a uc/t uc 

[-] [-] [-] [m] 

1 and 3 0.2 0.4 0.21 0.050 

2 and 4 0.15 0.3 0.04 0.009 

 

Once these values were obtained, it was essential to compare them with the 

displacements of the vault supports from the nonlinear static analysis. This 

enabled the identification of the specific point on the capacity curves where the 

vault collapse occurs. As an example, the following Figure 3.35 presents the 

capacity curve in the positive Y direction for a mass-proportional distribution. 

 
Figure 3.35 - Vault crisis on the Y+ capacity curve with mass-proportional distribution 

 On all pushover capacity curves, five damage states were identified as: 

• DS1 at 70% of the maximum base shear (Vb,max) on the increasing 

branch of the capacity curves. 
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• DS3 at 20% degradation of Vb,max. 

• DS4 at 50% degradation of Vb,max. 

• DS5 when the ultimate displacement is reached. 

Finally, it was considered appropriate to assess the influence of the vault 

collapse condition on the overall damage of the building. This analysis was 

conducted by comparing the displacement capacity of the building at the point 

where the first vaulted structure of the archetype reaches failure (DS-V) with the 

points representing the attainment of limit states for the entire structure (DS1, 

DS2, DS3, DS4, DS5) (Figure 3.36 and Table 3.12). 

 
Figure 3.36 – Comparison of vault capacities and limit states of Archetype 1 (Dist. Mass 

proportional, Dir. Y+) 

It can be observed that the collapse of vaults 2 and 4 occurs at the attainment of 

the maximum base shear that the structure can withstand. Theoretically, with the 

collapse of these ground-floor vaults, the capacity curve should terminate at that 

displacement value. This highlights the significant influence of the vaults on the 

overall structural behavior, especially when they are located on the ground floor 

of historical masonry buildings, where their damage or collapse could 

compromise the stability of the entire system.  

This underscores the importance of studying individual elements that introduce 

specific vulnerabilities but ultimately impact the total vulnerability of the 

structure. 
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Table 3.12 – Percentage difference between global displacement for different limit states and the 

limit state of the vaults  

DS δc Δδc 

[-] [m] [%] 

DS-V2 / DS-V4 0.013 - 

DS1 0.003 -73.5% 

DS2 0.013 +0.0% 

DS3 0.014 +9.5% 

DS4 0.041 +223.2% 

DS5 0.165 +1216.7% 

To gain a comprehensive understanding of the structural behavior of masonry 

buildings, it was essential to focus on individual elements within the walls, such 

as masonry panels. This study specifically targeted the most influential 

parameters governing failure behavior in masonry panels. Leveraging artificial 

intelligence models and using the Python programming language, analytical 

expressions were formulated for calculating panel drift, distinguishing between 

flexural and shear failures. This approach allowed results to be obtained that 

accurately reflect the influence of each parameter without relying directly on 

complex numerical models. 

A robust database comprising approximately 180,000 panels with varying 

geometric characteristics was first constructed. Using a shear span equal to 1, the 

analysis concentrated on damage state 5 (collapse prevention), aiming to develop 

formulations aligned with the provisions of the Italian Building Code (NTC) 

2018. 

A critical aspect of this approach was the use of symbolic regression. Unlike 

traditional regression methods, symbolic regression does not assume a predefined 

functional form but instead searches for a mathematical relationship that best 

describes the provided data. It combines optimization and machine learning 

techniques to identify algebraic structures that correlate input and output 

variables. Symbolic regression was chosen over other methods because, in 

addition to providing accurate predictions, it yields interpretable expressions that 

facilitate understanding of the physical behavior of masonry panels. This is 

especially valuable for correlating panel drift with geometric and mechanical 

parameters in a way that remains faithful to structural reality and regulatory 

standards. 
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Several mathematical models were developed, and the most representative 

model with the lowest mean square error was selected. The derived formulations 

were then compared with numerically obtained drift values using a fiber-based 

macroelement model (discussed in the previous section), enabling an estimation 

of error and standard deviation relative to numerical models to validate and 

calibrate the proposed approach. 

 

Table 3.13 – Summary statistics (mean, standard deviation, minimum, maximum) for parameters 

of 180,000 masonry panels. 

Statistics 
H T fm τ0 fv0 

[m] [m] [MPa] [MPa] [MPa] 

mean 3.630 0.702 2.566 0.060 0.144 

std 0.727 0.131 0.329 0.009 0.022 

min 2.500 0.350 2.000 0.040 0.100 

max 5.000 0.950 3.199 0.080 0.190 

 

The drift formulation for flexural-compression failure, derived from the 

mathematical model, is as follows: 

𝜃𝑃𝐹 = 0.0591 ∗ 𝑎 + 0.00475 (11) 

In the equation (11) the parameters 𝑎 is:  

𝑎 =  𝑒−0.915∗(0.0349𝐻−1)2−79.3(0.0114𝐻+
𝑁
𝑁𝑢

−0.0402𝜆−0.0336)
2

 (12) 

In particular, in equation (12), λ is the slenderness ratio of the panel, N/Nu 

represents the normalized axial load ratio, where N is the applied axial force and 

Nu is the ultimate axial capacity of the panel and H represents the height of the 

panel [m]. 

This model achieved an R2 of 0.9661, indicating high reliability as the R2 value 

is close to one. The mean error and standard deviation in percentage were also 

calculated to quantify data dispersion and the reliability of results.  

For flexural-compression failure, these values are as follows: 



CHAPTER 3 – PROPOSAL OF A METHODOLOGY FOR STRUCTURAL ASSESSMENT OF HISTORICAL 

MASONRY BUILDINGS 

___________________________________________________________________________________________________________________ 

92 

 

Figure 3.37 – Distribution of percentage errors in drift calculation for flexural failure 

This histogram illustrates the distribution of percentage errors in the drift 

calculation for flexural-compression failure. The red line represents the mean 

error, which is located close to zero, indicating that, on average, the model does 

not systematically overestimate or underestimate the drift values. The two blue 

lines mark the range of one standard deviation (mean ± std=11%), highlighting 

the spread of error values around the mean. 

The concentration of data around the mean suggests a high level of accuracy in 

the model predictions. Most errors fall within a small range around zero, 

confirming the model’s reliability for estimating drift under flexural-compression 

failure conditions. The tails in the distribution indicate fewer occurrences of 

larger error magnitudes, showing limited cases of significant underestimation or 

overestimation. This overall distribution supports the validity of the model in 

predicting drift with minimal deviation. 

The drift formula for shear failure, developed through the mathematical model, 

is as follows: 

𝜃𝑉 = −0.0137 ∗ (−0.0427𝐻 − 1.54𝜆 + 1.68) ∗ 𝑏 + 0.00228 (13) 
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In the equation (13) the parameters 𝑏 is:  

𝑏 = 𝑒
−6820∗(

𝑁
𝑁𝑢

−0.145)
2
𝑒−32.1(0.425𝜆−1)2−7.24(𝜏0−0.0192)2

 (14) 

For shear failure, this formula yields an R2=0.43. Although the R2 value is not 

particularly close to unity, the root mean square error (RMSE) is very close to 

zero, indicating that the results are still reliable. 

Similarly, the mean of the errors and the standard deviation, expressed as 

percentages, have been calculated to quantify data dispersion and assess the 

reliability of the results. 

For shear failure, these values are as follows: 

 

Figure 3.38 – Distribution of percentage errors in drift calculation for shear failure 

This histogram illustrates the distribution of errors (%) in the drift calculation 

for shear failure. The red line represents the mean error, which is located around 

zero, indicating that, on average, the mathematical model does not introduce 

systematic bias. The blue lines mark the mean ± one standard deviation, which 

in this case is ±27%. This relatively wide spread indicates a notable degree of 

variability in the error distribution, but the concentration of values around zero 

still suggests a generally accurate prediction of the mean from the model.  
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The error distribution's shape also highlights that the majority of errors fall 

within the ±27% range, although there are some outliers extending further away 

from the mean. 
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3.3. In-plane and out-of-plane structural performance 

analysis  

The flowchart in Figure 3.39 shows the methodology used to assess the seismic 

fragility of historical masonry structures, considering both in-plane (IP) and out-

of-plane (OOP) actions.  

 

 
Figure 3.39 – Flowchart of the methodology for in-plane and out-of-plane actions 
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This flowchart integrates with the one shown in Figure 3.1, advancing the 

process once the exposure data has been acquired and the archetypes for analysis 

have been created. The study then proceeds with the evaluation of the behavior 

of masonry walls for both IP and OOP actions, which is essential for 

understanding the response of these structures during seismic events. 

The IP analysis is conducted through the automatic generation of buildings 

using a MATLAB code, allowing the simulation of a variety of structural 

responses by leveraging the modeling described in Section 3.3.1. In parallel, the 

OOP behavior is evaluated using the FaMIVE procedure, a tool specifically 

developed to study collapse mechanisms occurring perpendicular to the wall 

plane. 

For the OOP analysis within this study, each perimeter wall in the automatically 

generated building models was implemented within the FaMIVE software 

framework. The tool allowed for a detailed assessment of each wall’s structural 

response by calculating collapse multipliers specific to each wall configuration, 

identifying the most probable collapse mechanism based on geometry and load, 

and evaluating the wall’s nonlinear behavior under seismic accelerations. 

The FaMIVE-generated collapse mechanisms are illustrated in Figure 3.23, 

highlighting the possible modes of failure that can occur in masonry walls under 

seismic action. 

 

 
Figure 3.40 – Mechanisms for computation of limit lateral capacity of masonry façades through 

FaMIVE 

The FaMIVE, developed at University College London (UCL), is a specialized 

analytical tool designed to assess the seismic vulnerability of masonry structures, 
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particularly with respect to OOP wall collapse mechanisms (D’Ayala, 1999, 

2005, 2013; D’Ayala and Speranza, 2003). This tool plays a critical role in 

evaluating the structural integrity of walls under seismic loading, providing a 

framework for identifying potential collapse behaviors, calculating critical 

seismic loads. 

FaMIVE supports a robust assessment process with three primary analytical 

capabilities: (i) identification of collapse mechanisms: the tool examines each 

wall in the model to determine potential OOP collapse mechanisms. Typical 

collapse types include overturning, sliding, and bending, which are determined 

based on the geometry, boundary conditions, and material characteristics of the 

masonry wall. This stage is essential for understanding each wall's likely 

behavior in response to seismic events, highlighting areas prone to OOP collapse; 

(ii) calculation of collapse multipliers: using a kinematic approach, FaMIVE 

calculates the collapse multipliers for each identified failure mechanism, 

effectively quantifying the seismic vulnerability of the wall. These multipliers 

represent the critical level of horizontal seismic acceleration (as a fraction of 

gravity) required to initiate collapse. This is achieved through a nonlinear 

kinematic analysis, where FaMIVE iteratively optimizes the collapse multiplier 

using a lower-bound approach to identify the minimum load factor that could 

trigger the mechanism under consideration. (iii) generation of capacity curves: 

FaMIVE further generates capacity curves that illustrate the relationship between 

applied lateral force and the resulting displacement of the wall. These curves are 

instrumental in evaluating the nonlinear response of masonry walls under seismic 

loads, providing insights into the deformation and energy dissipation 

characteristics of the structure prior to failure.  

The modeling approach employed by FaMIVE leverages a rigid-body 

assumption for masonry walls, which simplifies each wall unit into discrete, non-

deforming blocks or macro-elements. This assumption is well-suited for the 

brittle nature of masonry, where failure typically occurs due to relative 

displacements between rigid units rather than extensive material deformation. 

Each macro-element is represented as a rigid block connected by frictional or 

cohesive interfaces, allowing for analysis of both sliding and rocking 

mechanisms as well as mixed-mode responses. 

The material behavior of masonry in FaMIVE is characterized by two key 

assumptions: 

• Infinite Compressive Strength: The masonry is assumed to have an 
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infinite compressive strength, reflecting the real-world common 

condition of compressive stress being small compared to compressive 

strength. This assumption simplifies the model by allowing FaMIVE to 

focus on tensile and shear failure modes which are more critical for OOP 

collapse. 

• Shear Resistance According to Mohr-Coulomb Criterion: For shear 

behavior, FaMIVE applies the Mohr-Coulomb criterion, which governs 

the onset of sliding between masonry units. According to this criterion, 

shear failure occurs if the shear stress on an interface exceeds the sum 

of the material cohesion and the product of normal stress and friction 

coefficient. This model accurately captures the sliding and detachment 

behavior that often occurs in unreinforced masonry under seismic loads. 

 

Subsequently, the study performs a nonlinear static analysis to evaluate both the 

global behavior of the entire building and the local behavior of individual walls. 

These analyses help to understand how the structure and its components respond 

to seismic forces. 

Based on the results from the nonlinear static analyses, damage states (DSs) are 

defined on the capacity curves of the structures. These DSs, ranging from minor 

damage to complete collapse, represent a spectrum of potential outcomes 

depending on seismic intensity, as discussed in Section 4.1.1. 

The next step involves intersecting the capacity curves with the demand spectra, 

identifying the performance points—points where the seismic capacity of the 

structure meets the expected seismic demand. Finally, the process concludes 

itself with the derivation of the  fragility curves corresponding to the performance 

points. The fragility curves are a key element of the process, representing the 

probability of reaching or exceeding specific DSs at various seismic intensities. 

The fragility curves derived individually for the two failure mechanisms are 

ultimately combined using the maximum likelihood method, generating a unique 

set of curves that encompass both mechanisms, as described in Section 4.2.2. 
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3.4. Fragility assessment  

The fragility assessment of structures, particularly those subjected to seismic 

actions, is a crucial component in evaluating their vulnerability and estimating 

potential damage levels. Fragility curves are graphical representations that show 

the probability of a structure reaching or exceeding specific DSs as a function of 

seismic intensity, typically measured through parameters like peak ground 

acceleration (PGA). 

The development of fragility curves typically involves several steps: 

1. Definition of DSs: DSs are predefined levels of structural damage, 

ranging from minor damage (e.g., cosmetic cracks) to complete collapse. 

These states are critical in determining the structure's performance under 

various seismic intensities. 

2. Identification of seismic demand and capacity: This involves determining 

the relationship between the seismic intensity (demand) and the 

structure’s ability to withstand these demands (capacity). In seismic 

analyses, demand is often represented by spectral displacement or 

acceleration, while capacity is associated with the structure's maximum 

tolerable displacement or force before reaching each DS. 

3. Performing nonlinear analysis: Nonlinear analysis is used to simulate the 

response of structures under increasing seismic demands. The N2 method 

(Fajfar 1996, 2000), which is a performance-based seismic assessment 

procedure, combines nonlinear static (pushover) analysis with response 

spectrum analysis. This approach allows for a simplified, yet effective, 

estimation of structural demands under earthquake loading conditions. 

The N2 method is a widely accepted in Europe approach for seismic performance 

assessment and has been incorporated into Eurocode 8(EN-1998). It is 

particularly suitable for low to medium-rise buildings and is well-suited for the 

fragility assessment of historical masonry structures. 

The N2 method involves the following steps: 

1. Pushover analysis: A nonlinear static pushover analysis is performed on 

a structure to determine its capacity curve, which represents the 

relationship between base shear and a control point displacement 
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(frequently located at the roof centroid). This curve provides insight into 

the building’s behavior from initial linear response to yielding and 

eventual collapse. 

2. Transformation to an equivalent single-degree-of-freedom (SDOF) 

system: The capacity curve obtained from the pushover analysis is 

transformed into an equivalent SDOF system. This transformation 

simplifies the analysis by reducing the multi-degree-of-freedom (MDOF) 

structure into a SDOF system characterized by equivalent mass, stiffness, 

and damping. 

3. Intersection with demand spectrum: The demand spectrum, which 

represents the expected seismic demand at various intensity levels, is then 

plotted on the same axes as the SDOF capacity curve. The point at which 

the capacity curve intersects the demand spectrum is known as the 

performance point. This point represents the expected displacement 

demand on the structure for a given level of seismic intensity. 

4. Definition of DSs on the capacity curve: Based on predefined damage 

thresholds, specific points on the capacity curve are selected to represent 

different DSs. For example, a minor DS may correspond to initial 

yielding, while collapse may correspond to a large displacement nearing 

the ultimate capacity. 

5. Probability of exceedance for each DS: For each intensity level, the 

probability of exceeding a DS is calculated by comparing the demand 

displacement at that intensity with the capacity at each damage threshold. 

This is often done using a lognormal distribution, which describes the 

probability of exceeding each DS as a function of seismic intensity. 

Using the N2 method, fragility curves can be constructed by plotting the 

probability of exceedance for each DS against the seismic intensity measure. For 

each DS, a fragility curve is created, usually with the following steps: (i) 

Statistical fitting: the results of the nonlinear analysis (performance points) are 

fitted to a statistical model (lognormal cumulative distribution function). This 

function describes the probability of exceeding a DS for varying levels of seismic 

intensity; (ii) Parameters estimation: the parameters of the lognormal 

distribution (mean and standard deviation) are estimated from the performance 

points. These parameters define the shape of each fragility curve; (iii) Generation 

of curves: with the distribution parameters established, the fragility curves are 
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generated, illustrating the likelihood of exceeding specific damage levels as 

seismic intensity increases. 

The N2 method is advantageous for fragility assessment due to its balance of 

simplicity and accuracy. By reducing a complex multi-degree-of-freedom system 

to an equivalent SDOF system, it significantly simplifies calculations without 

sacrificing much accuracy. This makes it particularly useful in assessing the 

seismic vulnerability of historical masonry structures, which often require a 

computationally intensive approach due to their complex material behavior and 

geometry. 

The N2 method also enables a direct visual representation of structural 

performance through capacity curves and fragility curves, providing a clear and 

understandable assessment of seismic risk. By coupling demand and capacity in 

a straightforward way, the N2 method facilitates the development of fragility 

curves that can inform retrofitting decisions, prioritize interventions, and guide 

risk mitigation strategies for vulnerable structures. 
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CHAPTER 4 – VULNERABILITY 

ASSESSMENT AND RISK MITIGATION 

4.1 Vulnerability assessment of Campania region 

After an initial general assessment of the entire Italian territory and the 

development of the methodology to be applied for risk evaluation on a regional 

scale, the Campania region was selected as a case study to test the effectiveness 

of the analytical process. This approach required disaggregating statistical data 

from the CARTIS database, which provides a detailed characterization of the 

historical masonry building stock at the national level. 

Specifically, the focus was placed on buildings constructed before 1919, 

filtering and analyzing the data exclusively for the Campania region. This 

selection allowed the extraction of specific and representative statistics for the 

area of interest, which were essential for defining the building archetypes to be 

analyzed in subsequent stages. 

The regional data elaboration highlighted (Figure 4.1) a clear predominance of 

C1 masonry typology (ashlar masonry with regular squared blocks and mortar 

joints), accounting for 59% of masonry buildings in the region. This is followed 

by the B2 category (roughly cut stone masonry with good bond) with 22%, and 

the A2 category (irregular stone masonry with pubbles erratic and irregular stone 

units) with 19%. This framework provides a clear understanding of the 

predominant typological characteristics of the historical building stock in 

Campania, establishing a robust foundation for subsequent seismic vulnerability 

assessment and associated risk evaluation. 

Having chosen the age of construction (<1919) and the type of masonry (C1 - 

Regular soft stone masonry), the data were disaggregated. The third parameter 

investigated was the number of storeys. Figure 4.2 shows that in Campania there 
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are more low masonry buildings with 2 or 3 storeys than tall buildings with more 

than 4 storeys. 

 
Figure 4.1 - Type of masonry in Campania region 

 

Figure 4.2 - Percentage of buildings by number of storeys 

For the mechanical properties, the maximum and minimum values of each 

parameter indicated in Commentary 7/2019 (IMIT, 2019) were considered for 

which the probability distributions indicated in the CNR-DT 212/2013 

Instructions (CNR, 2014) were considered. The calculation model used requires 

the selection of a constitutive model for the masonry subjected to uniaxial 

compression. The constitutive model of Augenti and Parisi (2010) was adopted 

for the masonry type. 
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All the adopted constitutive models require that the maximum compressive 

strength and the corresponding extensional strain are known and can be defined 

in a way that is consistent with the assigned normal modulus of elasticity. In this 

way, it is possible to model the whole non-linear behaviour of the masonry, also 

considering the progressive resistance degradation until the achievement of a 

final deformation defined by amplifying the extensional deformation 

corresponding to the maximum resistance. For uniaxial tensile behaviour, it is 

necessary to know or assign the maximum tensile strength and the tensile fracture 

energy, having assumed that the modulus of elasticity in tension is equal to that 

in compression.  

Regarding the compressive behaviour, the peak normal stress in compression 

was assumed equal to the compressive strength (fm), while the peak extensional 

strain in compression was assumed so that the secant modulus of elasticity at 30% 

of the peak value was equal to the modulus of elasticity (E) provided by 

Commentary 7/2019 (MIT, 2019) and the ultimate extensional strain was 

assumed deterministically equal to 0.5%. For  the tensile behaviour, the peak 

normal stress in tension was assumed to be 5% of the peak normal stress in 

compression and the tensile fracture energy was deterministically assumed to be 

0.025 N/mm. 

 

Table 4.1 – Uncertainty modelling of material properties 

Category Item Variable 
Unit of 

measurement 

Value Distribution µ  𝜷 

min max  [MPa] [MPa] 

Material 

Ashlar 

masonry 

stone 

with 

regular 

squared 

blocks 

(C1) 

fm MPa 2.00 3.20 Lognormal 2.60 0.24 

τ0 MPa 0.04 0.08 Lognormal 0.06 0.35 

fv0 MPa 0.10 0.19 Lognormal 0.14 0.32 

E MPa 1200 1620 Lognormal 1410 0.15 

G MPa 0.33*E - - - 

ft MPa 0.05*fm - - - 

Gft N/mm 0.025 - - - 

Geometry Walls t m 

According 

to the rule 

of art 

- - - 
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Uncertainties about property values were modelled by assuming a lognormal 

probability distribution, the dispersion of which was defined as follows: 

𝛽 =
𝑋𝑚𝑎𝑥 − 𝑋𝑚𝑖𝑛

2
 (15) 

where 𝑋 is the logarithm of the value of the property considered.  

Each of the sub-types of buildings has been assigned a value of the mechanical 

properties thus obtained. 

The results of the statistical analyses conducted on data extracted from the 

“CARTIS” database are necessary but not sufficient to define an archetype on 

which to base an overall assessment. In the study of the existing building stock, 

it is also crucial to understand the development of construction techniques that 

characterized masonry works, as construction methods and material properties 

are among the many factors influencing the mechanical behavior of structures. 

The investigation into the design criteria of historical masonry, in addition to 

verifying the plausibility of the obtained results, is also useful for assessing the 

vulnerability of existing buildings and for planning repair, strengthening, or 

retrofitting interventions. 

Design principles and construction details have never been uniform but have 

always varied over historical periods and across different regions, influenced by 

various factors, including the availability of materials. The construction of 

buildings relied on techniques and processes deemed valid based on empirical 

testing. These principles, known as the “rules of art,” led to the construction of 

structures that, despite not conceived according to a structural engineering 

design, have survived to this day. A significant step toward a general theory of 

masonry construction, linking empirical rules with experimental assessments and 

mathematical calculation criteria, was made in the 19th century. This 

development is often associated with the work of the French architect Jean-

Baptiste Rondelet (Lyon 1743 – Paris 1829), particularly his treatise Traité 

théorique et pratique de l'art de bâtir (1827). However, the evolution of masonry 

theory was a complex process involving multiple contributions over time (see, 

e.g., Huerta 2004). In this treatise, Rondelet sought to define a general 

methodology for the design of masonry structures based on experimental studies 

of material mechanical properties and the analysis of existing structures. 

Highlighting a significant difference between the results of theoretical formulas 
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and the dimensions of buildings of the time, he concluded that the only reliable 

formulas for the proportioning of masonry works were those derived from the 

observation of real cases. Regarding wall thickness, s, he provided formulas 

based on the observation of existing buildings: 

𝑠 =
𝑇 + 𝐻

48 
 (16) 

for external walls of multi-story buildings with two bays. 

𝑠 =
𝑇 + 𝐻

36 
 (17) 

for internal walls, where in equations (16) and (17) 𝑇 is the depth of the building; 

𝐻 is the height of the building. 

Although the design rules proposed by Rondelet were primarily empirical, they 

represented a fundamental starting point for other scholars who worked on 

masonry construction in subsequent years. 

In 1920, the book “L’ossatura murale” by Giovanni Battista Milani (Rome 

1876) was published. In this work, the author presents formulas proposed by 

various researchers for calculating the thickness s of masonry walls as a function 

of H and T (16). Among these is the formula by Rondelet, accompanied by an 

explanatory diagram. 

The author also provides a table specifying the minimum thicknesses required 

for load-bearing walls of buildings with up to five stories. The indicated values 

vary depending on the material used for masonry units (brick or stone) 

 

Table 4.2 – Minimum thicknesses for masonry walls proposed by Milani (1920) 

Floors Brick Stone 

4th floor 0.45 m 0.45 m 

3rd floor 0.45 m 0.45 m 

2nd floor 0.60 m 0.60 m 

1st floor 0.60 m 0.75 m 

Ground floor 0.75 m 0.90 m 

 

These contributions provided a significant foundation for understanding and 

designing masonry structures. 

Building upon the traditional "rules of art", the wall thicknesses for the 

architectural archetypes to be generated were carefully determined to align with 
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the construction practices and guidelines prevalent at the time when the buildings 

under examination were constructed. This approach ensures that the defined 

archetypes faithfully represent the structural characteristics and dimensional 

criteria historically adopted, reflecting the empirical knowledge and design 

principles that shaped the built environment of the period. By adhering to these 

historically contextualized parameters, the analysis captures not only the 

mechanical behavior of the masonry structures but also their cultural and 

technical authenticity. 

The data was further disaggregated to consider the floor type associated with 

the three categories of masonry (A2, B2, C1) present in the Campania region. As 

shown in the Figure 4.3, the most common floor type at the time was flexible, 

followed by semi-rigid and rigid floors, with progressively lower percentages. 

 

Figure 4.3 – Distribution of floor types for different masonry categories 

This trend consistently reflects the construction characteristics of the period in 

which the buildings under study were built, where the use of flexible floors was 

more widespread. The gradual reduction in the prevalence of semi-rigid and rigid 

floors aligns with the construction techniques and materials available in the past. 

Additionally, the distribution across the different floor types also reflects the 

diversity of building practices and the socio-economic conditions that influenced 

the design and construction of historical buildings. In this study, the building 

class will be constructed with masonry type C1, considering the floor type 

percentages derived from data analysis.  
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4.1.1. Comprehensive Assessment of Masonry Structures: 

Global Behavior, In-Plane Damage, and Out-of-Plane 

Response 

 

 

Once the database for building generation and the percentage of buildings by 

floor type were obtained, which allowed determining the number of buildings to 

analyze for each type, the modeling of archetypes was initiated. 

The archetypes were analyzed using an EFM (Section 3.3) and employing a 

Monte Carlo extraction for the random generation of buildings with varying 

properties.  

Each building was modeled for IP actions, using MATLAB, and for OOP 

actions, using the FAMIVE tool. 

For each building, and for each of the above-mentioned actions, nonlinear static 

(push-over) analyses were performed for both directions and for two force 

combinations (Figure 4.4 and Figure 4.7). Subsequently, the displacement 

demand was evaluated using the N2 method for a variable PGA ranging from 0 

to 1 g, as explained in the following section.  

Once the push-over analysis determined the capacity curves in terms of base 

shear and displacement, it was necessary to define the damage states in terms of 

a mechanical parameter directly obtainable from the analysis. 

Specifically, four damage states were identified on each capacity curve (Table 

4.3), as follows: 

• DS1: at 70% of the maximum base shear (Vb,max) on the ascending 

branch of the capacity curve; 

• DS2: at Vb,max; 

• DS3: at a 20% degradation of Vb,max; 

• DS4: at a 50% degradation of Vb,max. 

The damage states on global capacity curve considered are illustrated in Figure 

4.5, where they are shown on a representative global pushover curve of a 

building. 
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(a) (b) 

  

(c) (d) 

Figure 4.4 – Global capacity curves of buildings for X direction and proportional to 1st mode of 

vibration: (a) 1 storey; (b) 2 storeys; (c) 3 storeys; (d) 4+ storeys

 

Figure 4.5 – Definition of damage states on global capacity curve 
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Table 4.3 – Definition of damage states for in-plane failure 

 

The table 4.4 describes the damage states and their corresponding thresholds on 

capacity curves for out-of-plane actions. Here's the explanation: 

• DS1 (Operational): the first change in the slope of the capacity curve, 

representing the initial cracking of the structural element; 

• DS2 (Immediate Occupancy): the first displacement value at which the 

maximum shear force is reached, corresponding to the peak of the curve; 

• DS3 (Life Safety): the midpoint of the plateau where the shear force 

remains constant after reaching its maximum; 

• DS4 (Collapse Prevention): the displacement at which the shear force has 

decreased by 20% from its maximum value in the descending branch of 

the curve. 

The damage states on capacity curve considered are illustrated in Figure 4.6. 

 
Figure 4.6 - Definition of damage states on out-of-plane capacity curves 

DS Damage level Limit 

DS1 operational 
70% of the maximum base shear (Vb,max) on the 

rising branch of the capacity curve 

DS2 
immediate 

occupancy 
Vb,max; 

DS3 life safety 20% base shear drop (i.e. 0.8Vb,max) 

DS4 
collapse 

prevention 
50% base shear drop (i.e. 0.5Vb,max) 
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(a) (b) 

  

(c) (d) 

Figure 4.7 – Capacity curves for out-of-plane response: (a) 1 storey; (b) 2 storeys; (c) 3 storeys; 

(d) ≥4storeys. 

Table 4.4 – Definition of damage states for out-of-plane failure 

DS Damage level Limit 

DS1 operational First change in the slope of the capacity curve 

(initial cracking) 

DS2 immediate 

occupancy 
𝛿Vb,max 

DS3 life safety Midpoint of the plateau with V=Vb,max  

DS4 collapse prevention 20% base shear drop (i.e. 0.8Vb,max) 



 

CHAPTER 4 – VULNERABILITY ASSESSMENT AND RISK MITIGATION 

___________________________________________________________________________________________________________________ 

112 

4.1.2. Fragility models for in-plane and out-of-plane failures 

Ground motion variability often introduces more uncertainty into fragility 

curves than capacity and modeling methods. In this study, uncertainties related 

to seismic demand are addressed by utilizing a selected set of ground motion 

records. A collection of 22 ground motions, as recommended by FEMA P695 

(FEMA 2009), is used to capture the inherent variability within seismic records.  

This selection encompasses a wide range of characteristics, including shaking 

duration and PGA. It is important to highlight that the FEMA P695 ground 

motion suite, consisting of 44 components from multiple stations, provides a 

comprehensive dataset for our analysis. From each pair in this set, we select the 

more intense component for our investigation.  

The acceleration spectra of these chosen components are graphically 

illustrated, while details of each event—such as name,, magnitude—are 

documented in Table 4.5. 

The selected ground motions exhibit a PGA range between 0.2 and 0.8 g, with 

notable variability in spectral accelerations at shorter periods. This dispersion is 

essential to our assessment, enabling a detailed examination of how record-to-

record differences impact the derived fragility functions. Such an approach is 

critical to build a thorough understanding of the effects of seismic variability on 

the structural performance of the buildings under study. 

 

Figure 4.8 – Pseudo-acceleration response spectra of 22 ground motions components from 

FEMA P695 
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Table 4.5 - Characteristics of selected ground motion records 

ID Event name Mw PGAmax [g] 
Distance 

epicentral [km] 

1 Northridge 6.7 0.52 13.3 

2 Northridge 6.7 0.48 26.5 

3 Duzce, Turkey 7.1 0.82 41.3 

4 Hector Mine 7.1 0.34 26.5 

5 Imperial Valley 6.5 0.35 33.7 

6 Imperial Valley 6.5 0.38 29.4 

7 Kobe, Japan 6.9 0.51 8.7 

8 Kobe, Japan 6.9 0.24 46 

9 Kocaeli, Turkey 7.5 0.36 98.2 

10 Kocaeli, Turkey 7.5 0.22 53.7 

11 Landers 7.3 0.24 86 

12 Landers 7.3 0.42 82.1 

13 Loma Prieta 6.9 0.53 9.8 

14 Loma Prieta 6.9 0.56 31.4 

15 Manjil, Iran 7.4 0.51 40.4 

16 Superstition Hills 6.5 0.36 35.8 

17 Superstition Hills 6.5 0.45 11.2 

18 Cape Mendocino 7 0.55 22.7 

19 Chi-Chi, Taiwan  7.6 0.44 32 

20 Chi-Chi, Taiwan  7.6 0.51 77.5 

21 San Fernando 6.6 0.21 39.5 

22 Friuli, Italy 6.5 0.35 20.2 
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(a) (b) 

Figure 4.9 – Intensity of selected ground motion records in terms of PGA: (a) PGA versus 

moment magnitude; (b) PGA versus epicentral distance. 

We opted for a more streamlined but rigorously validated methodology: the 

capacity-spectrum approach as outlined by the N2 method. This approach, 

incorporated within the prescriptive guidelines of Eurocode 8, presents a viable 

method for evaluating the seismic performance of structures. Using this method 

alongside the scaled FEMA P695 ground motion set enables a comprehensive 

analysis of the inherent variability in seismic records. 

The N2 method was employed to assess demand in terms of displacement by 

applying an inelastic spectrum. Once the capacity curve in terms of base shear 

and displacement is obtained through push-over analysis, the corresponding 

curve for the equivalent SDOF system is defined. This involves transforming the 

actual MDOF structure to an equivalent SDOF system. For each building 

analyzed, the attainment of each damage level considered was verified. 

The Figure 4.10 below shows the fragility curves for in-plane failure 

mechanisms.  
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(a) (b) 

  

(c) (d) 

Figure 4.10 – Fragility curves for in-plane failure: (a) 1 storey; (b) 2 storeys; (c) 3 storeys; (d) 

4+ storeys. 

In the following Table 4.6 the parameters of the fragility curves for the various 

DSs and number of storeys are shown for in-plane failure.  

The detailed analysis of the provided data highlights highly significant 

information regarding the median values of PGA associated with various DS and 

the influence of building height on seismic vulnerability. 

Specifically, it was observed that the median PGA for DS2 is approximately 2.7 

to 4.2 times greater than that for DS1. 
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Table 4.6 - Parameters of fragility curves for in-plane failure 

Failure 
No. 

storeys 
Parameter DS1 DS2 DS3 DS4 

IP 

1 
µ [g] 0.054 0.226 0.295 0.303 

β  0.707 1.102 1.118 1.085 

2 
µ [g] 0.043 0.126 0.178 0.195 

β 0.644 0.905 1.013 0.986 

3 
µ [g] 0.035 0.094 0.126 0.138 

β 0.590 0.860 0.930 0.910 

4+ 
µ [g] 0.032 0.094 0.122 0.132 

β 0.555 0.854 0.905 0.910 

This difference underscores the significant increase in seismic demands 

required to reach more advanced damage states. Furthermore, there is an increase 

of 30–41% in the median PGA values when transitioning from DS2 to DS3, 

followed by an additional increment of 3–10% when advancing from DS3 to 

DS4. These progressive increases clearly highlight the escalating seismic 

demands associated with higher levels of damage. In parallel, the analyzed data 

reveal a gradual reduction in the median collapse capacity as the building height 

increases, represented by the number of storeys. Specifically, the median collapse 

capacity decreases by a significant 36% when transitioning from single-storey 

buildings to two-storey buildings, followed by a further reduction of 29% 

between two-storey and three-storey buildings, and a smaller decline of 4% when 

moving from three to four storeys. These results clearly demonstrate the 

heightened vulnerability of taller structures, a critical aspect in both seismic 

design and structural risk assessment. Another noteworthy aspect concerns the 

increase in the parameter 𝛽, which reflects growing variability and uncertainty in 

seismic performance predictions as higher damage states are considered. Porter 

(2020) recommends using a single β value for all fragility curves to avoid 

intersections between them. However, we verified that no intersections occurred 

within the range of 0 to 1 g, and we intentionally chose to investigate the effect 

of varying β to explicitly assess its influence on the fragility curves.. Specifically, 

the dispersion ranges between 0.56 and 1.12, indicating greater challenges in 
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accurately predicting the seismic behavior of structures under severe damage 

conditions. It is observed that β tends to decrease as the number of stories 

increases, suggesting that height may become a dominant parameter compared to 

other sources of variability. Moreover, β generally decreases from DS3 to DS4—

with only one limited exception—possibly indicating a clearer trend as collapse 

is approached, where structural behavior becomes more deterministic.  

The same procedure performed to obtain the in-plane fragility curves was 

carried out on the non-linear capacity curves obtained for the out-of-plane failure. 

Figure 4.11 shows the fragility curves for out-of-plane failure and in the Table 

4.7Errore. L'origine riferimento non è stata trovata., the parameters of the 

fragility curves for the various Damage States (DS) and number of storeys are 

shown for out-of-plane failure. 
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Figure 4.11 – Fragility curves for out-of-plane failure: (a) 1 storey; (b) 2 storeys; (c) 3 storeys; 

(d) 4+ storeys. 

Table 4.7- Parameters of fragility curves for out-of-plane failure 

Failure n° storeys Parameter DS1 DS2 DS3 DS4 

OOP 

1 
µ [g] 0.016 0.078 0.432 0.444 

β 0.473 0.944 0.956 0.957 

2 
µ [g] 0.023 0.149 0.386 0.432 

β 0.687 1.010 0.975 0.963 

3 
µ [g] 0.013 0.047 0.161 0.371 

β 0.482 0.942 0.931 0.980 

4+ 
µ [g] 0.015 0.083 0.131 0.324 

β 0.520 0.919 0.900 0.973 

 

The analysis of data from the fragility curves for out-of-plane failures reveals 

significant insights, highlighting a marked increase in the median PGA as the 

damage state transitions from DS1 to DS2. For instance, in single-storey 

buildings, the median PGA for DS2 is approximately 4.8 times greater than that 

for DS1 (0.0777 g compared to 0.0161 g). For two-storey structures, this ratio 

increases further to about 6.5 times (0.149 g compared to 0.023 g). Meanwhile, 

for three-storey and four-plus-storey buildings, the ratios are approximately 3.6 

times (0.047 g compared to 0.013 g) and 5.5 times (0.083 g compared to 0.015 

g), respectively. 

Moreover, the median PGA values for DS3 exhibit further increases compared 

to DS2, with particularly significant differences observed for shorter buildings. 

For example, in single-storey buildings, there is a striking 456% increase in the 

median PGA when transitioning from DS2 to DS3 (0.432 g compared to 0.077 

g). Similarly, for two-storey buildings, the increase is also substantial, at 

approximately 159% (0.386 g compared to 0.149 g). These increases underscore 

the significant escalation in seismic demands as damage levels advance. 

Another noteworthy aspect is the gradual reduction in the median collapse 

capacity as building height increases, expressed by the number of storeys. For 

single-storey buildings, the median PGA for DS4 is only slightly higher than that 
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for DS3, whereas for two, three, and four-plus-storey buildings, more substantial 

increases in the median PGA are observed between DS3 and DS4. However, the 

analysis highlights a clear trend of decreasing median collapse capacity with 

increasing building height: there is a 3% reduction when moving from single-

storey to two-storey buildings, a 14% reduction from two to three storeys, and a 

13% reduction from three to four or more storeys. 

Finally, the increase in the parameter 𝛽 as damage states progress indicates 

growing variability and uncertainty in seismic performance predictions. This 

dispersion, ranging between 0.47 and 1.01, reflects the increasing complexity in 

interpreting the seismic behavior of structures as higher damage levels are 

considered. These findings emphasize the importance of accounting for such 

variability in seismic design and risk assessment. 

In this study, the process of combining fragility curves for in-plane and out-

of-plane failure mechanisms is performed using the maximum probability 

method, a rigorous and well-established technique that enables the representation 

of the collapse risk of the structure by considering both mechanisms. This 

approach is particularly useful to ensure that the combined fragility curve 

captures the worst-case scenario in terms of seismic vulnerability for every level 

of seismic intensity considered. 

The maximum probability method assumes that, for a given seismic intensity 

level (e.g., PGA), the collapse risk of the structure is governed by the most 

vulnerable failure mechanism among those considered. In other words, the 

combined probability of collapse corresponds to the maximum probability 

calculated between the two failure mechanisms, ensuring that the resulting curve 

always represents the most critical case. This principle can be mathematically 

expressed as: 

 

𝑃𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑|𝐼𝑀 = 𝑚𝑎𝑥(𝑃𝑖𝑛−𝑝𝑙𝑎𝑛𝑒|𝐼𝑀; 𝑃𝑜𝑢𝑡−𝑜𝑓−𝑝𝑙𝑎𝑛𝑒|𝐼𝑀) (18) 

 

In equation (18) Pcombined|IM is the combined probability of failure at intensity 

level (IM), Pin−plane|IM is the probability of failure for the in-plane mechanism, 

and Pout−of−plane|IM is the probability of failure for the out-of-plane mechanism. 

The procedure is implemented in the following steps: 
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1. Identification of fragility curves: The starting point is the individual 

fragility curves for in-plane and out-of-plane failure mechanisms. These 

curves are derived from detailed analyses based on numerical models or 

experimental data and represent the cumulative probability of collapse as 

a function of seismic intensity. 

2. Selection of seismic intensity levels: A discrete set of seismic intensity 

values, such as PGA, is chosen for the analysis. These levels are selected 

to cover a wide range of seismic scenarios, from mild to extreme events. 

3. Calculation of maximum probabilities: For each selected seismic 

intensity level, the collapse probabilities derived from the fragility curves 

of both mechanisms are compared. The maximum probability between 

the two is identified and recorded. This step ensures that the combination 

of fragility curves always represents the worst-case risk for each PGA 

level. 

4. Construction of the combined fragility curve: Once the maximum 

probabilities are determined for each seismic intensity level, they are used 

to construct the combined fragility curve. This curve graphically 

represents the highest collapse probability considering both in-plane and 

out-of-plane mechanisms. 

This method offers several advantages compared to other combination 

techniques. However, one limitation is that a very localized out-of-plane (OOP) 

failure mechanism can dominate the overall building performance assessment, 

potentially leading to an overestimation of damage in a repair-cost estimation 

framework. Despite this, the method provides several benefits, including: 

• Conservativeness: It ensures that the global risk is not underestimated by 

always considering the most critical mechanism. 

• Computational Simplicity: Calculating the maximum probability for each 

seismic intensity level is a straightforward and easily implementable 

operation. 

• Representativeness: It provides an accurate and comprehensive 

assessment of the global seismic vulnerability of the structure, integrating 

the characteristics of both failure mechanisms into a single curve. 

The combined fragility curve obtained using the maximum probability method 

represents the highest collapse probability of the structure for any given seismic 

intensity. This approach allows for identifying seismic intensity levels that pose 
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significant risks to the structure and developing mitigation strategies targeted at 

the most vulnerable failure mechanisms. 

In conclusion, applying the maximum probability method enables the 

development of a robust, conservative, and representative combined fragility 

curve, providing a clear and comprehensive assessment of the seismic 

vulnerability of masonry historical structures. 

Figure 4.12 below shows the combined fragility curves for in-plane and out-of-

plane mechanisms and in the following Table 4.7 the parameters of the fragility 

curves for the various Damage States (DS) and number of storeys are shown for 

combined failures. 

  

(a) (b) 

  

(c) (d) 

Figure 4.12 – Combined fragility curves: (a) 1 storey; (b) 2 storeys; (c) 3 storeys; (d) 4+ storeys. 
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Table 4.8 – Parameters of combined fragility curves 

Failure n° storeys Parameter DS1 DS2 DS3 DS4 

IP + OOP 

1 
µ [g] 0.016 0.078 0.295 0.303 

β 0.473 0.944 1.118 1.085 

2 
µ [g] 0.023 0.126 0.178 0.195 

β 0.687 0.905 1.013 0.986 

3 
µ [g] 0.013 0.047 0.126 0.138 

β 0.482 0.942 0.930 0.910 

4+ 
µ [g] 0.015 0.083 0.122 0.132 

β 0.520 0.919 0.905 0.910 

 

The analysis of the combined fragility curves for in-plane (IP) and out-of-plane 

(OOP) failure mechanisms highlights notable variations based on the number of 

storeys and the damage states. 

For single-storey buildings, the combined median PGA shows a significant 

reduction of 70% compared to IP for DS1 and a reduction of 65% for DS2. For 

DS3 and DS4, no changes are observed, meaning that the combined values are 

identical to the IP values. For two-storey buildings, the combined median PGA 

decreases by 47% compared to IP for DS1, while no differences are noted for 

DS2, DS3, and DS4, indicating alignment with IP values. In the case of three-

storey buildings, the combined median PGA decreases by 63% compared to IP 

for DS1 and by 50% for DS2. For DS3 and DS4, no changes are detected, 

meaning the combined values correspond to the IP ones. For buildings with four 

or more storeys, the combined median PGA decreases by 53% compared to IP 

for DS1 and by 12% for DS2, while no changes are seen for DS3 and DS4, 

showing alignment with IP values. 

When comparing the combined curves to the OOP ones, no differences are 

observed for DS1 and DS2 in single-storey buildings, indicating that the 

combined values match the OOP ones. However, for DS3 and DS4, the combined 

median PGA decreases by 32% compared to OOP. In two-storey buildings, no 

changes are noted for DS1, showing agreement with the OOP values, while for 

DS2, the combined median PGA decreases by 15% compared to OOP. 



 

CHAPTER 4 – VULNERABILITY ASSESSMENT AND RISK MITIGATION 

___________________________________________________________________________________________________________________ 

123 

Significant reductions of 54% and 55% are observed for DS3 and DS4, 

respectively. For three-storey buildings, no differences are noted for DS1 and 

DS2, indicating alignment with the OOP values. For DS3, the combined median 

PGA decreases by 22% compared to OOP, while a significant reduction of 63% 

is observed for DS4. For buildings with four or more storeys, no differences are 

detected for DS1 and DS2, while the combined median PGA decreases by 7% 

for DS3 and by 59% for DS4 compared to OOP. 

Overall, the combined fragility curves generally show lower median PGA 

values compared to both the IP and OOP curves, reflecting a more conservative 

assessment of seismic demand. The most pronounced reductions are observed in 

the early damage states (DS1 and DS2) for the IP curves, while substantial 

decreases are noted in the higher damage states (DS3 and DS4) for the OOP 

curves. These findings underline the critical importance of accounting for both 

in-plane and out-of-plane mechanisms to provide an accurate and comprehensive 

evaluation of structural seismic vulnerability. 
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4.1.3. Strengthened intervention and impact on fragility 

The first step in evaluating the necessary interventions for the selected buildings 

was a detailed analysis of the CARTIS database. 

The CARTIS database allows for identifying the percentage of buildings that 

have already undergone strengthening and analyzing the types of interventions 

performed. 

Specifically, for the Campania region, it was found that 43% of buildings 

constructed before 1919 have been consolidated, while the remaining 57% 

remain in their original condition (as-built). The 43% of consolidated buildings 

were further classified based on the type of intervention carried out: 52% 

underwent local interventions, 41% seismic improvement interventions, and only 

7% were subjected to seismic retrofitting. 

 
Figure 4.13 – Distribution of types of seismic intervention in buildings in Campania.. 
 

This classification provides key insights into the current state of the historical 

building stock in Campania, highlighting that most interventions have focused 

on less invasive solutions, such as local and improvement interventions, while 

seismic retrofitting, which is more complex and expensive, has been less 

commonly implemented. 
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The percentage of buildings consolidated through improvement or retrofitting 

interventions was essential for estimating the number of buildings still requiring 

strengthening using two specific techniques: RP, considered a traditional and 

well-established solution, and FRCM  systems, representing an innovative 

approach in seismic protection. This distinction between traditional and 

innovative techniques allows for integrating well-tested solutions with modern 

technologies, optimizing both the effectiveness of the interventions and the 

allocation of available resources. 

Once the data was organised, we proceeded with the automatic generation of 

buildings, through a procedure implemented in MATLAB, for the selected sub-

typology. 

Once the i-th building was generated based on these properties, nonlinear static 

analyses were conducted for both the as-built buildings and those retrofitted with 

RP and FRCM systems. 

For the traditional retrofitting using reinforced plaster, a 5% increase in mass 

was considered, and a factor of 1.5 was applied to the RP, as specified in Table 

C8.5.II of Commentary No. 7/2019 for regular tuff masonry. 

For the innovative strengthening technique (FRCM), the increase in mechanical 

properties was taken into account through notions supported by available 

literature and scientific articles (Table 4.9). In particular, the enhancement factors 

were determined by calculating the average ratio between the unreinforced and 

reinforced parameters, as reported in various research articles focused on 

masonry strengthened with FRCM. The selected references include studies by 

Faella et al. (2010, 2004), Prota et al. (2006), Parisi et al. (2013), Balsamo et al. 

(2011), and Marcari (2004). (Table 4.7). 

Table 4.9 – Coefficients to be assigned to parameters for FRCM 

Parameter 
Unit of 

measurement 
Mean Standard Dev. CoV 

τ0 , fv0 [MPa] 3.53 1.49 42% 

ft [MPa] 3.11 0.68 22% 

µv [-] 1.48 0.58 39% 
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The first result obtained was the nonlinear static analyses on the set of generated 

buildings for the three sets of buildings: (i) as-built; (ii) RP; (iii) FRCM.  

For each of these three sets, four series of capacity curves were derived for the 

two directions of seismic action, X direction (Figure 4.14) and Y direction 

(Figure 4.15), and two different horizontal force distributions (proportional to 

masses and proportional to the first mode). Below are the capacity curves for as-

built buildings, RP, and FRCM for the X direction and for the Y direction, for 

the mass-proportional and inverted triangular distributions.  

The capacity curves show: (i) an increase in maximum base shear that can be 

supported by strengthened structures of approximately 40-50% compared to as-

built buildings; (ii) an increase in initial stiffness of approximately 100% for 

strengthened buildings compared to as-built buildings; (iii) a decrease in 

displacement associated with maximum base shear of approximately 30% for 

strengthened buildings compared to as-built buildings.  

For each model analysed, the capacity was determined for the damage levels 

considered and compared with increasing levels of seismic demand. For each 

PGA level, the frequency with which each damage level is exceeded was 

assessed.  

In this way, a series of points were derived for each damage level to represent, 

as the seismic intensity level changed, the probability that that damage level 

would be exceeded. By means of a regression analysis, the points thus identified 

were interpolated through a least-squares regression from a lognormal 

cumulative distribution function and the parameters characterising it were 

derived. Thus Figures 4.15 shows the fragility curve. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4.14 – Capacity curves in the X-direction: (a) as-built ∝ masses; (b) as-built ∝ 1st 

mode; (c) RP ∝ masses; (d) RP ∝ 1st mode; (e) FRCM ∝ masses; (f) FRCM ∝ 1st mode. 



 

CHAPTER 4 – VULNERABILITY ASSESSMENT AND RISK MITIGATION 

___________________________________________________________________________________________________________________ 

128 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4.15 – Capacity curves in the Y-direction: (a) as-built ∝ masses; (b) as-built ∝ 1st mode; 

(c) RP ∝ masses; (d) RP ∝ 1st mode; (e) FRCM ∝ masses; (f) FRCM ∝ 1st mode. 
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Table 4.10 - Difference in peak displacement, peak shear and initial stiffness between 

strengthened and as-built buildings 

Direction Force profile Δdpeak ΔVpeak ΔK0 

X Modal -25% +42% +90% 

 Mass -33% +50% +125% 

Y Modal -25% +44% +92% 

 Mass -33% +41% +111% 

 

From the fragility curves, we can deduce that for DS1 and DS2 (lower damage 

levels), the values are almost identical across the three configurations, suggesting 

that the strengthening intervention, whether with RP or FRCM, has minimal 

impact at lower damage levels. 

Starting from DS3, a clear difference between configurations is observed. The 

as-built buildings show higher values compared to the reinforced buildings, 

indicating that reinforcement has a positive effect in reducing seismic 

vulnerability at higher damage levels. 

For DS4 and DS5 (higher damage levels), reinforcement with both RP and 

FRCM leads to a reduction in vulnerability compared to the as-built state, with 

slightly better performance from RP compared to FRCM. This suggests that RP 

might provide greater protection for severe structural damage. 

In summary, it can be inferred that the reinforcement intervention is particularly 

effective at advanced damage states (DS3, DS4, DS5), with a reduced impact at 

lower damage levels. 
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(a) 

 

(b)  

Figure 4.16 – Fragility curves: (a) as-built vs. RP; (b) as-built vs. FRCM 
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4.2. Risk assessment 

Seismic risk is defined as a combination of three fundamental elements: 

hazard, vulnerability, and exposure. Hazard represents the probability of the 

occurrence of an earthquake of a certain intensity in a specific area. Vulnerability 

describes the expected degree of damage to a particular structure or group of 

structures exposed to such an event. Finally, exposure identifies the value of 

elements at risk (e.g., people, buildings, cultural heritage, or infrastructure) that 

could be affected by a seismic event. 

Seismic risk assessment is based on the integration of these three factors to 

estimate the potential consequences of an earthquake, both in terms of physical 

damage and societal and economic impacts. This assessment can be carried out 

using different approaches, distinguishing between conditional and 

unconditional risk scenarios. 

In the case of unconditional risk, utilized in this study, the analysis does not rely 

on a single seismic event with a specific return period (as in conditional risk). 

Instead, it considers a predefined observation time window (e.g., 10, 50, or 100 

years). This approach accounts for the probability of one or more seismic events 

of varying intensities occurring within the selected time frame. 

Mathematically, unconditional risk is obtained by integrating hazard curves 

with fragility and vulnerability models of the structures. The result is a 

probabilistic estimate of expected losses (e.g., the number of damaged buildings 

or the economic cost of repairs) considering all possible seismic events that might 

occur during the observation period. 

In this study, the unconditional risk analysis was chosen for several reasons: 

1. Holistic Approach: By considering a time window rather than a single 

event, the unconditional analysis allows for the evaluation of the overall 

risk to which historical masonry buildings are exposed. This is 

particularly useful for planning large-scale retrofitting interventions. 

2. Applicability to Multiple Scenarios: This approach enables the modeling 

of the impact of a range of seismic intensities that could occur, rather than 

focusing on a single specific scenario. 
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3. Compatibility with Preventive Strategies: Unconditional risk assessment 

is particularly suited to identifying interventions that reduce long-term 

risk, accounting for the full range of seismic events expected over the 

lifespan of the structures. 

Seismic risk assessment is thus a critical topic for the protection and 

preservation of the built environment, particularly for historical masonry 

buildings. These structures, characterized by greater structural vulnerability, are 

often exposed to seismic actions that threaten their integrity and the safety of their 

occupants. 

The objective of this work was to analyze the seismic risk of such structures, 

evaluating the impact of different structural retrofitting techniques and various 

types of seismic actions (in-plane and out-of-plane). This approach enabled the 

identification of the most advantageous strategies in terms of risk reduction and 

resource optimization. 

For data processing and analysis, the IRMA platform (Italian Risk Maps) was 

utilized. IRMA is an innovative tool designed to assist the scientific community 

in seismic risk assessment and in generating damage maps and scenarios. The 

platform integrates predefined databases (e.g., census data on residential 

buildings) with customizable exposure models and fragility curves, allowing 

users to simulate realistic seismic scenarios. The OpenQuake calculation engine, 

embedded in the platform, enables the execution of probabilistic and 

deterministic risk analyses based on seismic hazard models adopted by Italian 

regulations. 

This study used IRMA to analyze unconditional damage scenarios, assessing 

the effectiveness of various retrofitting techniques in reducing risk. The results 

contribute not only to a better understanding of seismic risk but also to the 

development of practical strategies for protecting historical masonry buildings 

and mitigating seismic impacts. 
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4.2.1. Risk evaluation 

The IRMA platform incorporates predefined damage-to-risk matrices to 

convert building damage levels into risk indicators, such as usability, economic 

losses, and human casualties.  

 

 
Figure 4.17 – Flowchart on the risk calculation steps through IRMA  

These matrices are crucial for transforming structural damage data into 

actionable insights about risk. The values presented here were derived by 

combining in-plane and out-of-plane data from the default IRMA matrices, 

resulting in a customized set of matrices for my analysis (Borzi et al. 2018, 2020) 
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This matrix defines the usability status of buildings at different damage levels 

(D1–D4). 

The usability categories include: (i) Usable: Buildings that remain operational; 

(ii) Not Usable (Short Term): Temporarily non-operational buildings; (iii) Not 

Usable (Long Term): Buildings requiring significant repair to regain usability; 

(iv) Collapsed: Buildings that are irreparable. 

 

Table 4.11 – Matrix 1 building usability impact (Borzi et al. 2018, 2020) 

Damage level 
Usable 

(%) 

Not usable (short 

time span) (%) 

Not usable (long 

time span) (%) 

Collapsed 

(%) 

D1 - operational 100 0 0 0 

D2 - immediate 

occupancy 
60 40 0 0 

D3 - life safety 0 30 70 0 

D4 - collapse 

prevention 
0 0 0 100 

 

• Matix 2: Economic losses 

Matrix 2 estimates repair or reconstruction costs as percentages of the building 

replacement cost, depending on the damage level. The default reconstruction cost 

in IRMA is €135,000/m². 

 

Table 4.12 – Matrix 2 percentages used for computation of economic losses (Borzi et al. 2018, 

2020) 

Damage level Cost of repair or replacement (%) 

D1 - operational 2 

D2 - immediate occupancy 10 

D3 - life safety 50 

D4 - collapse prevention 100 
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• Matrix 3: Human Losses 

Matrix 3 provides coefficients to estimate fatalities and injured based on the 

severity of building damage. This is critical for assessing the societal impact of 

seismic events. 

 

Table 4.13 – Matrix 3 relationship among damage level, fatalities and injuried (Borzi et al. 2018, 

2020) 

Damage level Fatalities Injured (%) 

D1 - operational 0 0 

D2 - immediate 

occupancy 
0 0 

D3 - life safety 1 5 

D4 - collapse prevention 10 30 

 

The matrices were uploaded to IRMA, replacing the default values integrated 

for damage states ranging from 1 to 5, as established by the European 

Macroseismic Scale (EMS).  

These modifications enabled a more accurate risk assessment, aligned with the 

specific vulnerabilities of historical masonry buildings, while adhering to the 

damage states previously described in the analyses conducted. 

  



 

CHAPTER 4 – VULNERABILITY ASSESSMENT AND RISK MITIGATION 

___________________________________________________________________________________________________________________ 

136 

4.2.2. Evaluation of the influence of soil type on seismic risk 

For the risk calculation, exposure data, fragility curves, and the damage-to-risk 

matrices described earlier were implemented in the IRMA platform. A crucial 

aspect for accurate evaluation is the choice of soil type, as it significantly 

influences the results through seismic amplification effects. 

In a preliminary phase, a parametric analysis was carried out to assess the 

stratigraphic effects of soil. Four soil types, classified according to standard 

typologies, were considered: A (rigid soil): hard rock or rock-like deposits with 

negligible seismic amplification effect; B (intermediate soil): deposits of dense 

or stiff sand, gravel, or over-consolidated clay, which exhibit moderate 

amplification of seismic waves; C (soft soil): deep deposits of loose-to-medium 

dense sand, gravel, or clay, which amplify seismic waves more significantly than 

Type B soils; D (deformable soil): very soft or loose soils, with high 

deformability and pronounced amplification effects. For each soil type, the 

number of buildings damaged at the DS4 level (very severe damage) was 

calculated.  

  
(a) (b) 

No. buildings: 1050 No. buildings: 1469 
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(c) (d) 

Figure 4.18 – Damage maps at DS4 as the soil type differs: (a) Soil type A; (b) Soil type B; (c) 

Soil type C; (d) Soil type D. 

The results revealed a clear increase in the number of damaged buildings as the 

soil transitions from rigid to more deformable types. Specifically: an increase of 

+18% was observed when transitioning from soil A to soil B; an increase of 

+17% when transitioning from soil B to soil C; an increase of +9% when 

transitioning from soil C to soil D. 

Based on the stratigraphic maps of the Campania Region, aggregated by Forte 

et al. (2019), the percentage distribution of outcropping soil types is as follows: 

• Type B: 59% (the most prevalent), 

• Type C: 30%, 

• Type A: 9%, 

• Type D: 2% (the least prevalent). 

Considering this distribution and to achieve a more realistic and representative 

stratigraphic characterization, the soil aggregation proposed by Forte et al. (2019) 

and implemented in the IRMA platform was adopted.  

This approach allows the analysis to account for the actual local geological 

conditions, thereby reducing inaccuracies. 

The percentage of error introduced by assuming a homogeneous soil type across 

the entire region, as opposed to the real soil distribution, was calculated.  

The findings showed the error increases significantly when a homogeneous soil 

type of A or D is assumed, as these types are less represented in the region (9% 

No. buildings: 2109 No. buildings: 2789 
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and 2% of the territory, respectively). Conversely, the error decreases 

substantially when a homogeneous soil type of C is assumed, with an error of just 

6.8%, as it more closely reflects the average regional conditions. 

The results are summarized in the following table: 

 

Table 4.14 – Number of buildings damaged (DS4) and percentage error for each soil type 

compared to the aggregation proposed by Forte et al. (2019). 

Soil Type No. buildings Error [%] Source 

A 1050 -46.8% EC8 

B 1469 -25.6% EC8 

C 2109 +6.8% EC8 

D 2786 +41.3% EC8 

Aggregated  

soil type(A–D)  
1974 - 

Forte et al. 

(2019) 

 

Adopting a realistic stratigraphic distribution based on the aggregation 

proposed by Forte et al. (2019) allowed for more precise risk assessments. While 

using a homogeneous soil type simplifies the model, it can introduce significant 

errors, especially when the chosen soil type does not reflect the prevalent 

conditions in the region.  
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4.2.3. Risk assessment for in-plane and out-of-plane failure  

Once the soil type was defined and the 50-year window selected damage maps 

for various damage states were calculated, the assessment of the associated risk 

was performed. Initially, risk was calculated separately for in-plane and out-of-

plane failure, using the fragility curves described earlier for each case. 

Subsequently, the combined risk was evaluated by integrating the fragility curves 

for both in-plane and out-of-plane actions. 

The generated maps revealed that the percentage of buildings reaching a state 

of failure due to in-plane actions is significantly higher than those affected by 

out-of-plane failure.  

However, the combination of the two curves produced intermediate 

percentages, closer to those of in-plane action. These findings confirm that in-

plane structural behavior is the predominant contributor to damage, although the 

impact of out-of-plane actions is not negligible. 

In addition, specific maps were generated to represent (Figure 4.19): buildings 

collapsed buildings (structures that are irreparable following the seismic event). 

 

  
(a) (b) 
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(c) 

Figure 4.19 – Damage maps by percentage of buildings at collapsed: (a) in-plane failure; (b) 

out-of-plane failure; (c) combination in-plane and out-of-plane failure 

The unconditional risk was selected for a time window of 1 year, and the 

analysis of the extracted data was carried out. This allowed for the quantification 

of: the number of buildings damaged for each damage state considered; estimated 

human losses (injuried and fatalities); usability, i.e., the percentage of buildings 

usable in the short and long term; and economic losses for the three scenarios 

analyzed: in-plane (IP) failure, out-of-plane (OOP) failure, and the combined in-

plane and out-of-plane failure (IP+OOP). 

This integrated analysis enables a more accurate identification of building 

vulnerabilities and the potential economic and societal impact, providing a solid 

foundation for planning mitigation measures and recovery strategies. 
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Figure 4.20 – Percentage of damaged buildings for different damage states for different failure 

modes 

 

Figure 4.21 – Number of human losses (fatalities and injured) for different failure modes  
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Figure 4.22 – Number of buildings' usability for different failure modes 

 

Figure 4.23 – Economic losses for different failure modes 
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due to the fact that a significant number of buildings sustain out-of-plane damage, 

rendering them unusable in the long term.  

Specifically, the number of buildings classified as unusable for a long period 

due to this combined failure mechanism (IP+OOP) amounts to 345. This results 

in a higher economic loss, estimated at approximately €1.5 billion. This explains 

why the greatest economic loss is observed when considering both failure 

mechanisms simultaneously. . 

This factor directly impacts the magnitude of economic losses, as buildings 

unusable for an extended period require more complex and costly repair 

interventions, as well as higher overall economic losses. Consequently, the 

combination of the two failures represents a critical scenario in terms of economic 

impact. 

This analysis highlights how the integration of the two failure mechanisms leads 

to increased complexity in managing seismic risk, necessitating more strategic 

planning to address the impacts effectively, both in the short and long time span. 
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4.2.4. Impact of sustainable technology for risk mitigation 

The same methodology used for the risk assessment of as-built buildings was 

applied to buildings retrofitted using two different reinforcement techniques: 

traditional RP and innovative FRCM. For each type of intervention, specific 

fragility curves, obtained in Section 4.1.3, were implemented and used for risk 

calculation. 

Subsequently, a comparative evaluation was conducted between the retrofitted 

buildings and the as-built ones to quantify the effectiveness of the reinforcement 

techniques in reducing seismic risk. 

The produced damage maps highlighted a significant reduction in the number 

of damaged buildings with the adoption of the reinforcement techniques. 

Specifically, for DS4 shown in Figure 4.23, a reduction of approximately 68% in 

the number of damaged buildings was observed when transitioning from the as-

built condition to the RP condition. An additional reduction of approximately 

30% was recorded when transitioning from RP to buildings retrofitted with 

FRCM. 

These results underline the effectiveness of both reinforcement techniques in 

mitigating seismic risk, with a particularly noticeable impact already achieved 

through the adoption of RP. However, the use of the innovative FRCM system 

provides further improvement, demonstrating that newer technologies can offer 

significant advantages not only in terms of damage reduction but also in the 

durability and performance of the reinforcement. 

The FRCM system stands out for its intrinsic characteristics, such as lightness, 

chemical and mechanical compatibility with existing structures, and greater 

resistance to degradation compared to traditional materials. 

These qualities make it particularly suitable for the reinforcement of historical 

and masonry buildings, where the additional weight and visual impact of 

interventions must be minimized. 



 

CHAPTER 4 – VULNERABILITY ASSESSMENT AND RISK MITIGATION 

___________________________________________________________________________________________________________________ 

145 

  
(a) (b) 

 
(c) 

Figure 4.24 – Damage maps by percentage of buildings at collapsed: (a) as-built; (b) RP; (c) 

FRCM 
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Figure 4.25 – Percentage of damaged buildings for different damage states for different retrofit 

technologies 

 

 

Figure 4.26 – Number of human losses (fatalities and injured) for different retrofit technologies 
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Figure 4.27 – Number of buildings' usability for different retrofit technologies 

 

Figure 4.28 – Economic losses for different retrofit technologies 
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to 3767 for those with RP, representing a decrease of around 70%, while with the 

adoption of FRCM, the injured further decline to 2086, corresponding to a 

reduction of approximately 83% compared to as-built structures. 

This data highlights the effectiveness of both reinforcement techniques in 

reducing human casualties during seismic events. The reduction is particularly 

significant with the use of FRCM, which achieves the highest percentage 

decrease in both fatalities and injured. 

The performance of FRCM can be attributed to its superior mechanical 

properties, including better energy dissipation and improved structural behavior 

under seismic loads. Additionally, its lighter weight and compatibility with 

existing materials make it an ideal solution for reducing seismic risk in vulnerable 

buildings. 

 

Figure 4.29 – Economic losses and cost of retrofit for different retrofit technologies 

Economic losses are a key factor in assessing the effectiveness of retrofitting 

techniques. As shown in Figure 4.28, in addition to direct economic losses caused 
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To obtain a comprehensive evaluation, repair costs per square meter were 

integrated into the analysis, based on official price lists from the Campania 

Region for residential buildings. 

Specifically, the costs considered for the two retrofitting techniques refer to the 

strengthened wall surface, excluding the openings of windows and doors. The 

calculations were performed based on the vertical wall surface area, considering 

this volume for the application of the reinforcement:  

• 293.01 €/m² for buildings retrofitted with RP (traditional technique); 

• 176.58 €/m² for buildings retrofitted with FRCM (innovative technique). 

Based on these parameters and estimating the total areas of the buildings 

analyzed, repair costs were added for each technique, resulting in the total losses 

illustrated in Figure 4.29. The analysis of total losses, which include direct 

economic losses and intervention costs, highlighted significant reductions in 

overall losses with the adoption of retrofitting techniques. 

The calculations show an 23% overall reduction in economic losses between as-

built buildings and buildings retrofitted with RP, while between as-built buildings 

and buildings retrofitted with FRCM the overall reduction in economic losses 

increases to 43%. 

These results clearly demonstrate the greater effectiveness of FRCM compared 

to RP in reducing total losses, both due to its lower strengthening costs and its 

ability to limit structural damage. 

The inclusion of intervention costs in the analysis of economic losses provides 

a more realistic evaluation of the benefits of retrofitting techniques. While both 

techniques are effective in reducing losses, FRCM stands out as the most 

advantageous solution due to its lower cost per square meter and higher capacity 

to mitigate seismic risk. 

This result highlights the importance of considering not only structural 

effectiveness but also economic efficiency when planning large-scale 

interventions, particularly in high seismic risk areas. The adoption of innovative 

technologies like FRCM represents a strategic investment to reduce future 

economic losses and enhance the performance of buildings. 
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CHAPTER 5 – APPLICATION TO A 

REPRESENTATIVE CASE-STUDY 

BUILDING IN PORTICI (PROVINCE OF 

NAPLES) 

5.1 Selection of the case study 

The case study selected for my doctoral thesis is a building located in Campania, 

in the municipality of Portici (province of Naples), featuring a construction type 

dating back to a period prior to 1919. The choice of this structure is not random 

but is motivated by its alignment with the most representative class of buildings 

in the Campania region, according to recent statistical analyses and collected 

data. Specifically, it is a three-story construction, a typology that accounts for a 

significant percentage of the historical building stock in this area. 

Moreover, the building features a regular masonry structure made of soft stone, 

specifically tuff, units classified as Class C1. This type of masonry was the most 

widespread in Campania during that construction period, chosen for its 

mechanical properties, local availability, and relatively low cost. Tuff, being 

lightweight and easy to work with, was commonly used to build regular and 

stable structures that suited both traditional construction methods and the 

architectural and functional requirements of the time. 

The selection of this type of building is particularly relevant for the study of 

seismic vulnerability within the historical building stock of Campania. Buildings 

constructed before 1919, with three floors and regular tuff masonry, represent an 

ideal sample for investigating structural weaknesses and identifying effective 

intervention strategies, both for preservation and for improving seismic safety. 

The building’s floors are composed of fired clay block-reinforced concrete 

slabs, a widely used to improve the structure's strength and stability while 

maintaining a lightweight arrangement. The building has a rooftop deck, a 
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practical and functional solution that was common for buildings of that time, 

extending the living space. 

The internal staircase is made of reinforced concrete, connecting the ground 

level to the top floor. 

This building represents a significant example of the region’s historical 

architecture, showcasing both local construction techniques and the integration 

of materials typical of that time. Its structural characteristics and location make 

it an ideal case study for analyzing structural vulnerabilities in relation to seismic 

actions and for evaluating the impact of intervention techniques, both traditional 

and innovative, on the overall structural response. 

 

5.2 Geometrical and mechanical properties of the building 

The geometry of the building is organized across three distinct levels, each with 

a slightly different layout but consistent with the typical functions of a historical 

residential structure. Notably, each room is connected to the others without the 

presence of corridors or partitions dividing the spaces. From the floor plans, it 

can be observed that there are three walls along the x-axis and four walls along 

the y-axis, with the addition of an oblique perimeter wall rotated 30° relative to 

the x-axis. 

The ground floor (Figure 5.1) features a spatial distribution consisting of several 

rectangular rooms aligned along the building's main axis, parallel to the x-axis. 

The load-bearing external and internal walls, thicker than those on the upper 

floors, provide structural stability and are constructed with regular tuff masonry. 

The thickness of both the internal and external walls is 800 mm. Additionally, a 

centrally located internal staircase connects the ground floor to the upper levels. 



CHAPTER 5 – APPLICATION TO A REPRESENTATIVE CASE-STUDY BUILDING IN PORTICI (PROVINCE 

OF NAPLES) 

___________________________________________________________________________________________________________________ 

152 

 

Figure 5.1 – Ground floor plan of the case study 

The first floor (Figure 5.2) maintains a layout similar to the ground floor, with 

rooms of comparable size but minor variations in internal openings. The load-

bearing walls, while slightly thinner than those on the ground floor (70 cm, thus 

reduced by 10 cm), continue to play a critical role in ensuring resistance to 

vertical loads and seismic actions. The internal staircase, still centrally 

positioned, remains the primary vertical connection element, providing 

optimized access to the main rooms. At this level, the floor plan retains the 

slightly irregular geometry observed on the ground floor. 
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Figure 5.2 – First floor plan of the case study 

The second and final floor (Figure 5.3) has a simplified layout compared to the 

lower floors, primarily for structural and functional reasons. The perimeter and 

partition walls are further reduced in thickness (60 cm), indicating a deliberate 

effort to reduce loads on the underlying levels. This floor, intended for lighter 

functions, has fewer openings while maintaining a consistent layout with the 

lower levels. The internal staircase reaches this second and final floor, ensuring 

continuity of access throughout all levels. From this floor, a door leads to a small 

terrace at the same level, which is connected to the rooftop deck via an external 

iron staircase. 

The building’s floor plan configuration reflects a functional and structural 

organization typical of historical masonry buildings in the Campania region. The 

spatial distribution, the central position of the staircase, and the variation in wall 

thickness across floors are all design choices aimed at balancing structural 

stability with the usability of internal spaces. The irregularity of the floor plan 

near the southwestern wall requires particular attention in the structural analysis, 

as it may introduce significant torsional effects under seismic actions. Below is 

the ground floor plan (Figure 5.4) with the numerical identification of the walls, 

allowing for the individual discretization of the walls and the schematization of 

the EFM, which will be implemented in the MATLAB code. 
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Figure 5.3 – Second floor plan of the case study 

 

Figure 5.4 - Identification of the walls along x and y direction of the case study 
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Figure 5.5 – Structural system of case study building: equivalent frame view 

 
Figure 5.6 – Structural system of case study building: solid view 
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The mechanical properties of the masonry used are those prescribed by 

Commentary No. 7/2019 and summarized in Table 5.1. 

 

Table 5.1 – Mechanical properties 

Masonry Variable 
Unit of 

measurement 

Value 

(Commentary  

no. 7/2019) 
Used 

value 

min max 

Regular 

soft 

stone 

masonry 

fm MPa 2.00 3.20 2.6 

τ0 MPa 0.04 0.08 0.06 

fv0 MPa 0.10 0.19 0.145 

E MPa 1200 1620 1410 

G MPa 0.33*E 465.3 

ft MPa 0.05*fm 0.13 

Gft N/mm 0.025 0.025 

w kN/m3 13 16 16 
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5.3 Structural analysis and application of the proposed 

methodology 

In this study, a preliminary modal analysis was first performed on the building 

under investigation. This analysis identified the three fundamental vibration 

modes, one for each direction, with corresponding periods of 0.2370 s, 0.1815 s, 

and 0.1609 s, respectively.  

 
Figure 5.7 – First mode of vibration 

 

Figure 5.8 – Second mode of vibration 
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Figure 5.9 – Third mode of vibration 

Notably, the second mode is torsional, an expected result given the irregular 

plan layout typically found in historical buildings of this type. The building has 

a total mass of 1517 tonnes (or Mg), with a participating mass in the fundamental 

modes of 1181 tonnes, corresponding to approximately 78% of the total mass. 

Subsequently, nonlinear static analyses were carried out to assess the global 

behavior of the building in the two principal directions, X and Y, considering 

both positive and negative load applications. These analyses were performed 

using displacement control, with the control point set at the centroid of the third-

floor diaphragm (roof level). The applied forces were distributed according to 

two primary configurations: 

• Mass-proportional distribution (constant): In this case, the horizontal 

forces applied were directly proportional to the masses of each floor. 

• Simplified-first-mode-proportional distribution (inverted triangular): The 

forces were distributed based on a proxy vertical modal participation, 

calculated as the relative height of each floor compared to the building's 

total height (12 meters). The modal distribution coefficients (φi) were 

defined as follows: 

➢ Third floor: 1.00 (height 12.0 m); 

➢ Second floor: 0.75 (height 9.0 m); 
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➢ First floor: 0.38 (height 4.5 m). 

The nonlinear static analyses allowed for a comprehensive characterization of 

the building's behavior under various load configurations, highlighting the main 

failure mechanisms and providing a basis for subsequent structural strengthening 

interventions. 

 

Table 5.2 – Parameters obtained from the case study analysis 

Floor m φi φi x mi M m* M/m* 
G 

(∝masses) 

G 

(∝1st mode) 

[-] [tonne] [-] [tonne] [tonne] [tonne] [%] [-] [-] 

1st 668.00 0.38 253.84 

1517 1181 78 1.00 1.17 2nd 519.23 0.75 389.42 

3rd 329.44 1.00 329.44 

 

Based on the analyses conducted, the following considerations can be drawn 

regarding the behavior of the building. In the positive Y direction Figure 5.10 

(Y+, red curve) with a distribution proportional to the first mode, the maximum 

base shear capacity (Vb) is approximately 3300 kN, with a corresponding control 

displacement (δc) close to 0.03 m. 

In the negative Y direction (Y-, green curve), a slightly less performant behavior 

is observed, with a lower maximum Vb value (around 2700 kN) and a similar 

displacement limit as in the positive direction. This behavior reflects the 

influence of the torsional response and the geometric irregularities of the 

building, which result in a slight asymmetry between the positive and negative 

directions. 

For the mass-proportional distribution, it is noted that in the positive Y direction 

(Y+, cyan curve), the base shear capacity increases significantly, exceeding 4000 

kN, with displacements similar to those observed with the first-mode 

proportional distribution. In the negative Y direction (Y-, purple curve), the peak 

Vb reaches approximately 3800 kN, higher than the values obtained with the 

modal distribution. This result indicates that the mass distribution positively 

affects the overall capacity, highlighting a greater contribution of the upper-floor 

masses to the structural behavior. 

In the X direction (Figure 5.11), considering the first-mode proportional 

distribution, in the positive X direction (X+, grey curve), the maximum capacity 

is approximately 3200 kN. In the negative X direction (X-, black curve), a 
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significant reduction in capacity is observed, with a Vb peak of about 2300 kN. 

This behavior can be attributed to lower stiffness in the negative direction, likely 

caused by an asymmetric distribution of mass and resistance. 

For the mass-proportional distribution, in the positive X direction (X+, blue 

curve), the maximum capacity is higher, reaching 3800 kN. In the negative X 

direction (X-, yellow curve), an improvement is observed compared to the first-

mode proportional distribution, with a maximum Vb again of about 3800 kN, 

although the behavior is less regular at large displacements. 

In general, it can be said that:  

➢ The mass-proportional force distribution generates higher global 

capacities compared to the first-mode proportional distribution, 

highlighting a greater contribution from the upper-floor masses. 

➢ A certain asymmetry is observed between the positive and negative 

directions in both axes, which is more pronounced in the X direction, 

consistent with the building's geometric and torsional irregularities. 

➢ The curves for the Y direction exhibit higher overall capacities compared 

to the X direction. 

The analyses also revealed that the sudden loss of load-bearing capacity, 

highlighted by the drop in maximum base shear, can be attributed to the failure 

of several panels due to shear and flexure, primarily localized on the ground floor. 

This phenomenon leads to the formation of a "soft storey" in the building, 

compromising its overall structural behavior. 
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Figure 5.10 – Capacity curves for Y direction 

 

Figure 5.11 – Capacity curves for X direction 
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The nonlinear static analysis conducted on the as-built building revealed several 

critical aspects of its structural behavior, particularly the concentration of damage 

at the ground floor. This area emerged as the critical failure zone, with collapse 

mechanisms dominated by the failure of masonry panels, primarily due to high 

shear stresses and the geometry of the structure. These vulnerabilities highlighted 

the inherent limitations of unreinforced masonry historical buildings, which 

exhibited both low load-bearing capacity (Vb) and limited ultimate displacement 

(δc) in their as-built state. To address these deficiencies, targeted strengthening 

interventions were designed, focusing exclusively on the ground floor. Two 

techniques were applied: RP and FRCM, both implemented on the two faces of 

the masonry walls. The capacity curves obtained for both principal directions, X 

and Y, are shown in the following figures 5.12 and 5.13, and the results are 

analyzed in detail.  

 

Figure 5.12 – Global capacity curves of buildings for Y direction and proportional to 1st mode 

of vibration and masses 
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Figure 5.13 – Global capacity curves of buildings for X direction and proportional to 1st mode 

of vibration and masses 

For RP, a strength enhancement coefficient of 1.5, as recommended by 

Commentary n.7/2019, was applied. The analysis revealed that this intervention 

produced a substantial increase in peak base shear capacity (Vb, peak), with 

improvements ranging from 36% to 87%, depending on the direction and force 

profile considered. Additionally, RP significantly enhanced the initial stiffness 

of the structure, reducing the displacement corresponding to the peak capacity 

(e.g., from 0.0303 m to 0.0194 m in the Y+ direction with the first-mode 

distribution). This increased stiffness proved effective in limiting global 

deformations under seismic loads. However, the ultimate displacement remained 

comparable to the as-built configuration, indicating that while RP is highly 

effective in improving strength, it has limited impact on the structure's ability to 

undergo deformations beyond the elastic limit. 
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On the other hand, FRCM, implemented with coefficients derived from 

scientific literature, demonstrated even greater improvements in structural 

behavior. FRCM significantly increased the peak base shear capacity, with 

improvements reaching up to 239% (e.g., in the X- direction with mass-

proportional distribution). Moreover, FRCM provided a substantial increase in 

the displacement corresponding to the peak capacity (δc,peak), reflecting a marked 

improvement in the building's global ductility. For instance, in the Y+ direction, 

the ultimate displacement increased from 0.0303 m to 0.0514 m, representing a 

70% increase. Unlike RP, the initial stiffness remained virtually unchanged 

compared to the as-built state, but the FRCM intervention significantly enhanced 

the post-elastic behavior of the structure, allowing for a more ductile response 

and greater energy dissipation capacity. 

When comparing the two interventions, their distinct advantages become 

evident. RP prioritizes an increase in stiffness and base shear capacity, effectively 

improving strength without significantly altering the ultimate displacement. 

Conversely, FRCM not only substantially increases base shear capacity but also 

enhances ultimate displacement, making the building more ductile and capable 

of withstanding large deformations before collapse. 

The percentage increases in capacity (ΔVpeak) and displacement (Δdpeak) further 

illustrate these differences (Table 5.3 and 5.4). For example, in the X- direction 

with the first-mode force profile, FRCM achieved a 239% increase in Vb,peak, 

compared to 91% with RP. Similarly, in the Y+ direction with the mass-

proportional distribution, FRCM increased the ultimate displacement by 70%, 

nearly three times the increase achieved by RP. 

The behavior observed in both directions highlights key differences between 

the as-built and strengthened configurations. In the Y direction, the as-built 

building exhibited early collapse due to failure in the vertical panels on the 

ground floor. Strengthening interventions significantly improved the response, 

with FRCM providing a better balance between strength and ductility. In the X 

direction, the as-built configuration showed lower load-bearing capacity due to 

reduced lateral stiffness and the complex geometry of the structure. The 

strengthening interventions, particularly with FRCM, resulted in more 

pronounced improvements in the X direction, drastically enhancing both load-

bearing capacity and deformation capacity. 

In conclusion, the interventions were appropriately focused on the ground floor, 

the critical failure zone of the structure. Among the techniques analyzed, FRCM 
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proved to be the most effective intervention, achieving superior results in both 

load-bearing capacity and ductility, thereby reducing the risk of sudden collapse. 

Compared to RP, FRCM provides better performance due to its combination of 

tensile strength and flexibility. This study underscores the importance of targeted 

interventions like FRCM in improving the safety of historical masonry buildings. 

 

Table 5.3 – Difference in peak displacement and peak shear between strengthened and as-built 

buildings for Y direction 

Direction Force profile Case 
Vb,peak  δc,peak Δdpeak ΔVpeak 

[kN] [kN] [%] [%] 

Y + 

1st mode 

As-built 3336.27 0.0303 - - 

RP 3707.06 0.0194 36 11 

FRCM 6535.60 0.0514 70 96 

masses 

As-built 4097.46 0.0143 - - 

RP 5568.43 0.0153 7 36 

FRCM 7147.98 0.0327 129 74 

Y -  

1st mode 

As-built 2682.30 -0.0286 - - 

RP 4145.09 -0.0316 11 55 

FRCM 5078.75 -0.0490 71 89 

masses 

As-built 2682.30 -0.0286 - - 

RP 4145.09 -0.0316 38 54 

FRCM 5078.75 -0.0490 66 96 
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Table 5.4 – Difference in peak displacement and peak shear between strengthened and as-built 

buildings for X direction 

Direction Force profile Case 
Vb,peak δc,peak Δdpeak ΔVpeak 

[kN] [kN] [%] [%] 

X+ 

1st mode 

As-built 3151.40 0.0276 - - 

RP 5903.97 0.0306 11 87 

FRCM 4953.71 0.0490 78 57 

masses 

As-built 3814.57 0.0296 - - 

RP 6104.69 0.0143 52 60 

FRCM 9874.24 0.0490 66 159 

X -  

1st mode 

As-built 2332.65 -0.0296 - - 

RP 4464.14 -0.0245 17 91 

FRCM 7916.14 -0.0469 59 239 

masses 

As-built 3814.57 -0.0296 - - 

RP 6495.08 -0.0112 62 70 

FRCM 8920.70 -0.0490 66 134 

 

Subsequently the ζE coefficient was calculated for the analysed cases. This 

coefficient is a measure of the safety level against seismic actions, defined by the 

Italian Building Code (IMIT 2019) as the ratio between the maximum seismic 

action the structure can withstand and the maximum seismic action considered in 

the design of a new building on the same site and with the same characteristics 

(except for specific cases, ζE = PGAc / PGAd). 

If this ratio exceeds 1, the verification is satisfied. When the assessed structure 

shows an insufficient value of ζE, it becomes necessary to define the type of 

intervention to be carried out, taking into account various factors. 

For masonry structures, the initial interventions include: 

• Repair or remediation of defects, aimed at eliminating construction 

deficiencies; 

• Local interventions, focused on resolving structural detailing 

deficiencies in undamaged constructions, without altering the global 

structural behavior. 

These interventions are non-systematic and limited, ensuring reduced costs and 

minimal impact on the equilibrium configuration the structure has reached over 

its lifespan. If required, the focus shifts to structural improvement, which aims to 
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enhance the safety level of the construction. This category includes interventions 

that modify the global or local structural behavior. 

The ζE parameter can be less than 1. To achieve an adequate safety level, the 

Code specifies: 

• For Class III buildings used as schools and Class IV (critical in an 

emergency) buildings: 

ζE ≥ 0.6; 

• For other Class III (large gathering) and Class II (normal gathering) 

buildings: an increase of at least 0.1 in ζE compared to the as-built value. 

If the objective is to achieve the safety level required for a new building (ζE = 

1), seismic retrofitting is necessary. However, to limit costs, retrofitting is 

considered achieved when 80% of the required safety level is reached (ζE ≥ 0.8) 

in the following cases: 

• Vertical load increases exceeding 10% at the foundation level due 

to changes in building class or intended use; 

• Voluntary retrofitting carried out by the owner due to insufficient 

safety levels, excluding cases such as raised sections, floor expansions, 

or significant structural transformations (§8.3 of the Italian Building 

Code (IMIT 2019)). 

To calculate ζE, it is necessary to determine the maximum seismic action the 

structure can sustain (PGAc), based on displacement capacity and demand. 

The capacity represents the structural performance at each limit state, evaluated 

through experimental data or Code provisions. 

For each limit state: 

• Operational: 70% of the maximum base shear; 

• Damage limitation: Maximum base shear; 

• Life safety: 80% of the maximum base shear on the softening branch; 

• Collapse prevention: 50% of the maximum base shear on the softening 

branch. 

The demand depends on the structural non-linear behavior and is calculated using 

the N2 Method. This method transforms a MDOF system into an equivalent 

SDOF system using the fundamental mode participation factor (Γ₁). The capacity 

curve is scaled to derive a simplified model. 

1. Scaling the curves: 
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                δ∗ =
δc

Γ1
 (19) 

                V∗ =
Vb

Γ1
 (20) 

  

2. Bilinear approximation: 

Secant stiffness as the ratio between 70% of the maximum base shear and the 

corresponding displacement; 

Ultimate displacement corresponding to a 20% reduction in the maximum base 

shear; 

Ultimate shear determined by equalizing the areas under the bilinear and scaled 

capacity curves. 

3. Initial period calculation: 

             T∗ = 2π ∙ √
me

∗

ke
∗

 
(21) 

4. Demand determination: 

 

SD,e
∗ (T∗) =

Sae
∗ (T∗)

ω∗2
= Sae

∗ (T∗) ∙ (
T∗

2π
)
2

 (22) 

 

•  or T* ≥ T C: elastic demand 

 

            dmax
∗ = de,max

∗ = SD,e(T
∗) (23) 

 

•  or T* ≤ T_C: increased demand using the ductility factor (q*) 

 

dmax
∗ =

de,max
∗

q∗
[1 + (q∗ − 1)

TC

T∗
] (24) 

In equation (24) q* is:  

 



CHAPTER 5 – APPLICATION TO A REPRESENTATIVE CASE-STUDY BUILDING IN PORTICI (PROVINCE 

OF NAPLES) 

___________________________________________________________________________________________________________________ 

169 

              q∗ =
Se(T

∗)

Fy
∗

∙ m∗ 
(25) 

If q∗ ≤ 1 → dmax
∗ = de,max

∗  

5. Calculation of PGAc 

 

The displacement capacity and demand are equated to determine PGAc, 

considering the period T* and the seismic response spectrum.  

For the analyzed cases, with TC ≤ T* ≤ TD, the following relation is used: 

 

Se(T
∗) = ag ∙ S ∙ Fo ∙

TC

T∗
 (26) 

 

From this (26), the maximum acceleration sustained by the structure is derived 

and compared to the PGA of the site to calculate ζE. 

This value enables the assessment of the safety level and the planning of 

necessary interventions. 

 
Figure 5.14 – MDOF, SDOF and bilinear curve for proportional analysis of the first mode of 

vibration 
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Figure 5.15 – MDOF, SDOF and bilinear curve for mass-proportional analysis 

 

Figure 5.16 – Response spectrum of the site under examination 
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The analysis of the ratios between the capacity displacement (𝛿C) and the 

demand displacement (𝛿D) provides valuable insights into the structure's ability 

to meet seismic safety requirements in relation to its ductility. These values were 

calculated for the as-built configuration, RP , and FRCM in the X direction (X+ 

and X-), considering both mass-proportional and modal force profiles (Figure 

5.17 and Table 5.5). 

For the as-built configuration in the X+ direction, the ratio for both force 

profiles is below 1. Specifically, for the mass-proportional profile, the ratio is 

0.79, indicating that the capacity displacement is lower than the seismic demand, 

leaving the structure vulnerable to collapse. For the modal profile, the ratio 

slightly improves to 0.98, almost satisfying the demand but still insufficient to 

ensure structural safety. With strengthening using RP, the ratio increases to 1.04, 

exceeding the demand and demonstrating that RP provides sufficient capacity to 

resist the expected earthquake. This improvement is even greater with the modal 

profile, where the ratio reaches 1.44, indicating a significant enhancement over 

the as-built configuration, with greater ability to withstand higher seismic forces. 

With strengthening using FRCM, the ratio reaches 2.27 for the mass-proportional 

profile, demonstrating a capacity more than double the demand, with an 

extremely safe and ductile response. Similarly, with the modal profile, the ratio 

is 2.25, confirming that FRCM is the most effective intervention for improving 

both strength and ductility. 

For the X- direction, the as-built configuration with the mass-proportional 

profile shows a ratio of 0.74, similar to the X+ direction and insufficient to meet 

the seismic demand. With the modal profile, the ratio improves to 1.06, indicating 

that in this configuration, the as-built state barely satisfies the seismic demand. 

With RP , the ratio for the mass-proportional profile increases to 1.07, providing 

adequate capacity to meet the seismic demand. For the modal profile, the ratio 

reaches 1.48, similar to the X+ direction, confirming a significant improvement 

in structural capacity. 

Finally, with FRCM, the ratio increases to 2.26 for the mass-proportional 

profile, demonstrating excellent capacity to resist seismic actions with a highly 

ductile response. For the modal profile, the ratio reaches 1.78, highlighting that 

even for the more demanding profile, FRCM offers superior performance 

compared to both RP and the as-built configuration. 

The as-built configuration exhibits evident vulnerabilities in both directions 

(X+ and X-), with ratios below 1 in most cases, particularly for the mass-
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proportional profile. RP significantly improves safety, bringing the ratios above 

1 in all cases. However, the improvement in ductility is limited, and the post-

elastic behavior remains less effective compared to FRCM. FRCM emerges as 

the most effective solution, with ratios that exceed 2 for the mass-proportional 

profile and reach high values even for the modal profile. This indicates greater 

ductility, strength, and energy dissipation capacity compared to the other 

interventions. 

In conclusion, RP is a valid option for improving structural safety, but FRCM 

stands out for its ability to provide superior overall performance, making the 

building significantly more resilient to seismic actions. 

  

Figure 5.17 – Comparison of capacity / demand ratios for the X-direction, force profile 

proportional to the first mode and masses 

The same analysis was conducted for the Y direction (Figure 5.18 and Table 

5.6). For the Y+ direction, in the as-built configuration with the mass-

proportional profile, the ratio is 0.68, indicating insufficient capacity to meet 

seismic demand. With the modal profile, the ratio improves slightly to 0.96, 

almost meeting the seismic demand but still falling short of the safety threshold. 

When RP is applied, the ratio increases to 1.10, exceeding the demand and 

providing sufficient capacity to resist the expected earthquake. 
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Table 5.5 – Relationships between capacity and demand in terms of displacement for the X 

direction  

DS4 Case 
Mass profile Modal profile 

δC δD δC/δD δC δD δC/δD 

X+ 

As-built 0.019 0.024 0.79 0.023 0.024 0.98 

RP 0.015 0.014 1.04 0.026 0.018 1.44 

FRCM 0.050 0.022 2.27 0.043 0.019 2.25 

X- 

As-built 0.020 0.027 0.74 0.028 0.026 1.06 

RP 0.016 0.015 1.07 0.033 0.022 1.48 

FRCM 0.052 0.023 2.26 0.044 0.025 1.78 

 

For the modal profile, the ratio further increases to 1.55, demonstrating a 

significant improvement over the as-built configuration and greater capacity to 

withstand higher seismic forces. With the FRCM, the ratio reaches 2.38, showing 

a capacity more than double the demand, ensuring extremely safe and ductile 

behavior. For the modal profile, the ratio rises even further to 2.48, confirming 

that the FRCM is the most effective intervention for improving both strength and 

ductility. 

For the Y- direction, in the as-built configuration, the ratio remains below unity 

for both the mass-proportional profile (0.72) and the modal profile (0.70), 

indicating that the capacity displacement is insufficient to meet seismic demand 

and highlighting significant vulnerability in this configuration for the Y- 

direction. When RP is applied, the ratio increases to 1.55, providing adequate 

capacity to satisfy seismic demand. However, for the modal profile, the ratio is 

1.08, just enough to meet the demand, though still representing a notable 

improvement over the as-built configuration. With the FRCM, the ratios reach 

2.38 and 1.94, demonstrating excellent capacity to resist seismic actions, with 

highly ductile behavior and superior performance compared to both RP and the 

as-built configuration. 

As highlighted in the X direction, the RP intervention also proves to be a valid 

solution for improving structural safety in the Y direction. However, the FRCM 

stands out for its ability to ensure superior global performance. This makes the 

building significantly more resilient to seismic actions, both in terms of strength 
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and ductility, offering performance far superior to the as-built configuration and 

the RP intervention. 

 

Figure 5.18 – Comparison of capacity and demand ratios for the Y-direction, force profile 

proportional to the first mode and masses 
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δC δD δC/δD δC δD δC/δD 

Y+ 

As-built 0.017 0.025 0.68 0.024 0.025 0.96 

RP 0.015 0.014 1.10 0.028 0.018 1.55 

FRCM 0.050 0.021 2.38 0.047 0.019 2.48 

Y- 

As-built 0.019 0.027 0.72 0.019 0.027 0.70 

RP 0.022 0.014 1.55 0.027 0.025 1.08 

FRCM 0.050 0.021 2.38 0.043 0.022 1.94 
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The ζE ratio was subsequently calculated as the ratio between the maximum 

peak ground acceleration (PGA) that the structure can withstand (PGAc) and the 

PGA expected for the reference site (PGAd).In this study, the PGA of demand 

was set at 0.168 g, a value determined based on the seismic characteristics of the 

site under consideration. The PGA of capacity (PGAc) was calculated using the 

results of the nonlinear static analyses conducted for the as-built configuration, 

the configuration with RP, and the one with FRCM. This calculation was based 

on the capacity curves obtained while taking into account the mechanical 

properties of the structure and the characteristics of the site where the building is 

located. All calculations were carried out for the Life-safety limit state, 

corresponding to a DS4 damage state. 

The ζE ratio, obtained by dividing the capacity PGA by the demand PGA, serves 

as a clear and concise indicator for comparing the structural capacity against the 

seismic demand level.  

The results show that the as-built condition generally shows insufficient safety 

levels compared to the requirements for a new construction, with ζE < 1 in most 

directions. Exceptions include the Y- direction, where ζE = 1.24 for the mass 

profile, and the X- direction, where ζE = 1.00. However, the modal profile 

underperforms in some cases, such as ζE = 0.74 for X-. These results highlight 

the necessity of implementing strengthening measures. 

The Reinforced Plaster (RP) interventions demonstrate a significant 

improvement in seismic safety, increasing ζE well above 1 in all directions, with 

values ranging from 1.05 to 2.00. This indicates that RP interventions are 

effective in meeting the minimum requirements for new constructions, providing 

an acceptable safety level. 

The FRCM (Fibre-Reinforced Cementitious Matrix) interventions stand out for 

their exceptional performance, with ζE values consistently exceeding 2 and even 

reaching 3.18 in the Y- direction. This type of intervention proves to be the most 

effective, significantly enhancing the seismic capacity of the structure across all 

directions. 
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Figure 5. 19 – Comparison of ζE values with the application of strengthening 

Table 5.7 – Values of ζE for the X direction and Y direction 

DS4 Case 
Mass profile Modal profile 

PGAc PGAd ζE PGAc PGAd ζE 

Y+ 

As-built 0.160 

0.168 

0.95 0.152 

0.168 

0.90 

RP 0.188 1.12 0.220 1.31 

FRCM 0.427 2.54 0.400 2.38 

Y- 

As-built 0.208 1.24 0.174 1.03 

RP 0.250 1.49 0.280 1.67 

FRCM 0.534 3.18 0.390 2.32 

X+ 

As-built 0.160 0.95 0.150 0.89 

RP 0.336 2.00 0.216 1.29 

FRCM 0.480 2.86 0.425 2.53 

X- 

As-built 0.168 1.00 0.124 0.74 

RP 0.177 1.05 0.264 1.57 
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In summary, while the as-built condition reveals several structural deficiencies, 

the RP interventions offer substantial and sufficient improvements to comply 

with the code requirements. FRCM interventions, on the other hand, deliver 

outstanding safety levels, achieving seismic capacities far beyond the minimum 

threshold, making them the optimal solution for maximizing structural safety. 
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CHAPTER 6 – CONCLUSION AND 

POTENTIAL FUTURE DEVELOPMENTS  

The study presented in this dissertation has addressed the seismic vulnerability 

assessment and risk mitigation of historical masonry buildings through a multi-

scale methodology. By integrating advanced modeling techniques with 

sustainable intervention strategies, this research provides a comprehensive 

framework for safeguarding historical structures while enhancing their resilience 

to earthquakes. The following conclusions can be drawn: 

• Proposed methodology: The multi-scale methodology developed in this 

study allows for a detailed evaluation of seismic vulnerability at various 

scales - from territorial to site-specific scale, in this latter case 

encompassing both the overall structural system and individual 

components. This approach is particularly effective in capturing the 

complex behavior of masonry structures under both in-plane and out-of-

plane actions, enabling the identification of failure mechanisms and 

critical vulnerability sources. A novel aspect of this methodology is the 

integration of both in-plane and out-of-plane failure mechanisms into 

unified fragility curves, using nonlinear static and kinematic analysis of 

different structural models (i.e., macro-element and rigid-multi-body 

models). The analysis produced then ensures a comprehensive 

understanding of the seismic response of historical masonry buildings, 

accounting for the interactions between different types of structural 

failures. 

• Regional-scale results: The regional-scale analysis presented in Chapter 

4 enabled the development of combined fragility curves for in-plane and 

out-of-plane failure mechanisms, providing an accurate assessment of the 

seismic vulnerability of historical buildings in Campania. The use of the 

CARTIS database highlighted the importance of accounting for the 

typological diversity of masonry for reliable evaluations. The results 

demonstrate that reinforcement interventions, including innovative 

techniques such as FRCM, can significantly enhance structural resilience, 
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offering essential tools for planning risk mitigation strategies at the 

territorial level. 

• Application to a real case-study building: The application of the 

methodology to a representative building in Portici (province of Naples) 

demonstrated its practicality and effectiveness. Nonlinear static analyses 

highlighted the building’s critical weaknesses in the as-built condition, 

particularly at the ground floor level, where the onset of soft-story 

mechanisms was observed. These results underscore the importance of 

targeted interventions. 

• Effectiveness of strengthening techniques:  The integration of territorial 

and single-building scales has demonstrated significant effectiveness in 

assessing seismic vulnerability and planning targeted interventions. At 

the territorial scale, the use of the IRMA platform highlighted substantial 

reductions in human and economic losses with the application of 

strengthening techniques. For instance, the adoption of Fiber Reinforced 

Cementitious Matrix (FRCM) systems reduced human casualties by 

approximately 84% and the injured by 83%, compared to the as-built 

condition, significantly improving the safety of masonry buildings in 

high-risk seismic zones. Economic losses were similarly reduced, with 

FRCM interventions achieving a 52% reduction compared to the as-built 

configuration, outperforming traditional RP, which achieved a 35% 

reducing, the analysis of a representative case study in Portici 

demonstrated how structural strengthening increased the ratio between 

the Peak Ground Acceleration (PGA) of capacity and the PGA of demand 

(ζE). For the as-built configuration, ζE values remained below 1 (e.g., 0.89 

in the X+ direction for first mode profiles), indicating insufficient safety. 

Strengthening with RP improved ζE to values above 1 (e.g., 1.29 in the 

same direction), while FRCM interventions achieved superior results, 

with ζE exceeding 2 in several cases, highlighting exceptional seismic 

resilience. These results confirm the complementarity of the two scales: 

the regional-level analysis identifies priority areas and typologies for 

interventions, while single-building assessments validate the 

effectiveness of proposed solutions, such as FRCM, in enhancing 

structural safety and reducing seismic risks. 
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Building upon the findings of this research, several avenues for future 

exploration are proposed: 

• Integration of advanced materials: Further investigation into the 

application of innovative materials, such as textile-reinforced mortars or 

bio-based composites, could enhance the effectiveness and sustainability 

of strengthening techniques. Comparative studies between these materials 

and traditional solutions would provide valuable insights for selecting 

optimal interventions. 

• Refinement of reinforcement modeling: A future development of this 

research could involve refining the modeling of reinforced plaster (RP) 

by replacing the amplification factors (1.5) suggested by the guidelines 

with experimentally derived values obtained from laboratory tests. This 

approach would allow for a more accurate representation of the material’s 

actual mechanical behavior, leading to improved reliability in numerical 

simulations and structural assessments. 

• Case studies: Expanding the application of the proposed methodology to 

a wider range of case studies across different regions and typologies 

would help refining the approach and validating its general applicability. 

This would also allow for creation of a robust database of fragility curves 

tailored to multiple building types. 

• Soil-structure interaction: Investigating the influence of soil-structure 

interaction on the seismic response of historical masonry buildings could 

provide deeper insights into the role of foundation conditions. This is 

particularly relevant for buildings situated in areas with complex 

geotechnical profiles. 

• Post-intervention monitoring: Implementing long-term monitoring 

systems for retrofitted buildings would provide valuable data on the 

performance of strengthening techniques over time. This would enable 

the validation and refinement of current methodologies based on real-

world performance. 

In conclusion, this research represents a significant step forward in the seismic 

assessment and retrofitting of historical masonry buildings. By addressing both 

theoretical and practical aspects, this study lays a solid foundation for future 

studies aimed at enhancing the resilience of cultural heritage structures in 

seismically active regions. 
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APPENDIX A 

Numerical analyses of arches with ARCO program 

 

Table A.1 – Numerical Report of Arch 1 

Arch 1  

Section σe [MPa] σi [MPa] % comp  max [MPa] 

1 0.276 0.276 100  σe [MPa] 0.276 

2 0.257 0.282 100  σi [MPa] 0.283 

3 0.244 0.283 100  % comp 100 

4 0.236 0.28 100    
5 0.231 0.274 100  e  [mm] 

6 0.229 0.267 100  Left 0 

7 0.229 0.257 100  Crown 9.6 

8 0.231 0.247 100  Right 0 

9 0.235 0.235 100    

10 0.239 0.224 100  

Reactions at the 

Supports 

11 0.244 0.213 100  Hl [kN] 52.07 

12 0.249 0.203 100  Hr [kN] 52.07 

13 0.253 0.193 100  Vl [kN] 40.85 

14 0.258 0.185 100  Vr [kN] 40.85 

15 0.262 0.178 100    

16 0.265 0.172 100  

Tie axial 

force [kN] 52.07 

17 0.267 0.168 100    
18 0.269 0.166 100  
19 0.269 0.165 100  
20 0.269 0.166 100  
21 0.267 0.168 100  
22 0.265 0.172 100  
23 0.262 0.178 100    
24 0.258 0.185 100    
25 0.253 0.193 100    
26 0.249 0.203 100    
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27 0.244 0.213 100    
28 0.239 0.224 100    
29 0.235 0.235 100    
30 0.231 0.247 100    
31 0.229 0.257 100    
32 0.229 0.267 100    
33 0.231 0.274 100    
34 0.236 0.28 100    
35 0.244 0.283 100    
36 0.257 0.282 100    
37 0.276 0.276 100    

 

Table A.2 – Numerical Report of Arch 2 

Arch 2 

Section σe [MPa] σi [Mpa] % comp  Max [MPa] 

1 0.543 0.543 100  σe [MPa] 0.543 

2 0.539 0.532 100  σi [MPa] 0.543 

3 0.535 0.522 100  % comp 100 

4 0.532 0.513 100    
5 0.528 0.505 100  e [mm] 

6 0.524 0.498 100  Left 0 

7 0.521 0.492 100  Crown 0 

8 0.516 0.487 100  Right 0 

9 0.521 0.483 100    
10 0.508 0.481 100  Reactions at the Supports 

11 0.503 0.479 100  Hl [kN] 114.7 

12 0.499 0.478 100  Hr [kN] 114.7 

13 0.494 0.477 100  Vl [kN] 61.81 

14 0.49 0.477 100  Vr [kN] 61.81 

15 0.487 0.477 100    

16 0.484 0.477 100  

Tie axial 

force [kN] 114.7 

17 0.481 0.477 100    
18 0.479 0.478 100  
19 0.478 0.478 100  
20 0.478 0.478 100  
21 0.478 0.478 100  
22 0.479 0.478 100  
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23 0.481 0.477 100    
24 0.484 0.477 100    
25 0.487 0.477 100    
26 0.49 0.477 100    
27 0.494 0.477 100    
28 0.499 0.478 100    
29 0.503 0.479 100    
30 0.508 0.481 100    
31 0.512 0.483 100    
32 0.516 0.487 100    
33 0.521 0.492 100    
34 0.524 0.498 100    
35 0.528 0.505 100    
36 0.532 0.513 100    
37 0.535 0.522 100    
38 0.539 0.532 100    
39 0.543 0.543 100    
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APPENDIX B 
 

Fibre element formulation: Finite Element Modeling Approach 

The displacement of each end of a beam in the plane can be described, in 

general, by two translation components and one rotation. The deformation state 

of the element can therefore be described by six displacement components, 

collected in the vector: 

 

sl
T = {u1

′ , v1
′ , φ1

′ , u2
′ , v2

′ , φ2
′ } (B.1) 

 

By removing the rigid motion, it is possible to describe the deformation state of 

the element through the rotation of nodes  and the corresponding axial 

displacement between them, Δ. Therefore, in general, only three components are 

necessary to uniquely describe the deformation state of a beam. 

These three components are collected in the vector: 

 

sf
T = {φ1

′ , φ2
′ , ∆} (B.2) 

 

Figure B.1 – Beam elementary displacement 

The relationship between the vector 𝑠𝑓 and the vector 𝑠𝑙 is described by equations 

below: 

φ1 = φ1
′ −

v2
′ − v1

′

l
=

v1
′

l
+ φ1

′ −
v2

′

l
 

(B.3) 
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φ2 = φ2
′ −

v2
′ − v1

′

l
=

v1
′

l
+ φ2

′ −
v2

′

l
 

(B.4) 

∆l= v2
′ − v1

′  (B.5) 

          

which, in matrix form, becomes: 

sf = TTsl (B.6) 

 

where TT is the transpose of the transformation matrix. 

At each end of the beam, a force, regardless of its orientation, and a couple can 

be considered as general agents. 

 

fl
T = {Fx1,Fy1,Mz1,Fx2,Fy2,Mz2,} (B.7) 

 

The terms of the vector 𝑓𝑙, together with the actions acting on the beams, are 

linked by three equilibrium relationships and are therefore dependent on each 

other. To fully and uniquely define the actions, only three components are 

sufficient, which constitute the fundamental set of end actions. 

ff = TTfl = {
M1

M2

N1

} (B.8) 

 

The matrix T is the same as the one considered for displacements, and its 

expression is: 

T =

[
 
 
 
 
 
 
 

0 0 −1
1

l

1

l
0

1 0 0
0 0 1

−
1

l
−

1

l
0

0 1 0 ]
 
 
 
 
 
 
 

 (B.9) 

 

where l is the length of the frame element. 

It is possible to write the equilibrium relationships:  
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𝑓𝑓 = 𝐾𝑓 𝑠𝑓 (B.10) 

 

where 𝐾𝑓  is the fundamental stiffness matrix of the element, which depends on 

the applied displacements. 

A nonlinear pushover analysis was implemented in MATLAB® using an 

iterative incremental approach to numerically integrate the moment-curvature 

response and evaluate shear deformations and rocking-induced displacements. 

The wall is assumed to be fixed at the base and subjected to a shear force V and 

an axial load N at the top. The top displacement is determined by integrating 

curvatures and shear strains along the wall height, with an additional contribution 

from a pseudo-rigid rotation caused by progressive toe crushing, known as 

rocking. Following the approach proposed by Parisi (2010), the total relative 

displacement of the wall can be computed using Equation _: 

𝛿 =  𝛿𝐹 + 𝛿𝑠 + 𝛿𝑟 (B.11) 

 

where: 

𝛿𝐹 = ∫ 𝜑𝐹(𝑥)𝑑𝑥
𝐻

0

 (B.12) 

𝛿𝑠 = ∫ 𝛾𝑉(𝑥)𝑑𝑥
𝐻

0

 (B.13) 

𝛿𝑟 = 𝜃𝑅𝐻 (B.14) 

 

and 𝜑𝐹(𝑥) is the curvature at any height x of the wall, 𝛾𝑉(𝑥) is the shear strain, 

and 𝜃𝑅 is the rocking rotation that is lumped at the base section. 

• Flexural behaviour 

The proposed approach enables a direct evaluation of flexural behavior by 

analyzing shear, bending moments, and extensional deformation across the entire 

macroelement, provided that the displacements, rotations at the end nodes, and 

the applied normal stress are known. To achieve this, it is first necessary to 

describe the distribution of elementary deformations along the macroelement. 

Then, with the constitutive model, it becomes possible to derive the stress state 

within the element, followed by the shear and normal stresses. 
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For a rectangular section subjected only to in-plane stress, the axial force can 

be determined using the following equation based on the stress distribution: 

 

𝑁 = 𝑡 ∫ 𝜎𝑍(𝜀𝑍(𝑦))𝑑𝑦
𝐵/2

−𝐵/2

 

 

(B.15) 

where: 

t is the width of the section, 𝜎𝑍(𝜀, 𝑦) represents the constitutive law and 𝜀𝑍(𝑦) =

𝑢 + 𝑦𝜑2, where u is the extensional strain of the barycentric fibre of the section.  

The extensional strain can be evaluated through an iterative procedure and 

consequently the stress diagram can be derived. The bending moment on the end 

sections will be provided by the equation: 

𝑀𝑦 = 𝑡 ∫ 𝜎𝑍(𝜀𝑍(𝑦)) 𝑦 𝑑𝑦
𝐵/2

−𝐵/2

 

 

(B.16) 

Using fiber discretization for the section, equations above can be approximated 

as: 

𝑁 = 𝐴 ∑∑𝜎𝑍(𝜀𝑍(𝑦))

𝑛𝑖

𝑖=1

𝑛𝑖

𝑗=1

 (B.17) 

𝑀𝑦 = 𝐴 ∑∑𝜎𝑍(𝜀𝑍(𝑦)) 𝑦

𝑛𝑖

𝑖=1

𝑛𝑖

𝑗=1

 (B.18) 

 

where A is the area of the section. 

Applying this procedure while varying the curvature enables the generation of 

the moment-curvature diagram for the section under a specified normal force, as 

described in Parisi and Acconcia (2020) 

The bending moment along the macroelement height varies linearly from My(0) 

to My(H): 

𝑀𝑦(𝑥) = 𝑀𝑦(𝐻) −
𝑀𝑦(𝐻) + 𝑀𝑦(0)

𝐻
 (B.19) 
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with the bending moment known, the curvature distribution along the height can 

be determined. 

Notably, when the curvature in an end section surpasses the value 

corresponding to the maximum resisting moment, the moment in that section can 

no longer increase. As curvature further increases, the bending moment gradually 

decreases according to the post-peak softening branch of the moment-curvature 

diagram. This causes a reduction in bending moments in the intermediate sections 

as well, creating a disparity in bending between the base and the upper sections. 

In the post-peak phase, the major contribution to wall displacement comes from 

the curvature of the end sections. Figure B.2 illustrates the evolution of moment 

and curvature profiles along the height of the wall as lateral drift increases. The 

bending moment rises until 𝜃 = 0.40%, after which it begins to decrease as 

𝜃 progressively approaches the ultimate value, corresponding to the masonry’s 

ultimate compressive strain and, consequently, the ultimate curvature of the cross 

sections (toe crushing failure). 

The curvature profile remains linear only at low drift levels, specifically up to 

𝜃 = 0.09%. As drift increases, the curvature in the sections near the base grows 

more rapidly than in the upper sections, leading to a concentration of the 

displacement contribution around the base region 
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Figure B.2 – Moment and curvature profiles under increasing drift ratio (Parisi and Acconcia 

2020) 

To determine the rotation of each section along the element height: 

𝛿2
𝐹 = 𝛿1

𝐹 + ∫ 𝜑𝐹(𝑥)
𝐻

0

𝑑𝑥 (B.20) 

The integration of curvature along the element height provides the flexural 

contribution to rotation along the frame: 

𝜑𝐹(𝑥) = 𝜑1
𝐹 + ∫ 𝜑(𝑥)𝑑𝑥

𝑥

0

 (B.21) 
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Figure B.3 – Fibres discretisation of the macroelement 

The equation provides the flexural contribution to the rotation along the entire 

frame element obtained by integrating the curvature. The term 𝜑1
𝐹 represents the 

flexural part of the displacement of node 1.  

The displacement of node 2 can be calculated through equation below, by the 

integration of the rotation along the element’s height.  

𝛿2
𝐹 = 𝛿1

𝐹 + ∫ 𝜑𝐹(𝑥)
𝐻

0

𝑑𝑥 (B.22) 

 

Using fiber discretization, the above equations become: 

𝛿2
𝐹 = 𝛿1

𝐹 + ∫ 𝜑𝐹(𝑥)
𝐻

0

𝑑𝑥 (B.22) 

𝜑𝑘
𝐹 = 𝜑𝑘−1

𝐹 + 𝐻 
𝜑𝑘

𝑛
 (B.23) 

𝛿𝑛
𝐹 = 𝛿1

𝐹 + 𝐻 ∑ 𝜑𝑘
𝐹

𝑛

𝑘=1

 (B.24) 
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• Shear behaviour 

Once the bending moments of the two end nodes are known, the boundary 

conditions allow for the determination of shear through the equation: 

𝑉𝑧 =
𝑀𝑦(0) + 𝑀𝑦(𝐻)

𝐻
 (B.25) 

 

where H is the height of the macroelement. 

To evaluate the shear behavior of the macroelement, it was assumed that the 

degradation of shear stiffness is proportional to the flexural one, so that the ratio 

of flexural to shear modulus of elasticity remains constant. The flexural modulus 

of elasticity is calculated for each fiber in the section as the ratio of the normal 

stress to the extensional strain: 

𝐸𝑖,𝑗 =
𝜎𝑧,(𝑖,𝑗)

𝜀𝑧,(𝑖,𝑗)
 

(B.26) 

where: 𝜎𝑧,(𝑖,𝑗) is the normal stress of the fiber (i,j), 𝜀𝑧,(𝑖,𝑗) is the corresponding 

axial strain of the generic fibers i and j. 

The tangential modulus of elasticity is assumed constant for the entire cross-

section with an average value given by: 

𝐸𝑎𝑣𝑔 = ∑
𝐸𝑖,𝑗

𝑛
𝐴

 
(B.27) 

 

where n is the number of fibers a. 

The proposed capacity model considers that, at each analysis step, the ratio 

between Eavg and the average shear modulus is constant according to: 

𝐺𝑎𝑣𝑔 = 0.3 𝐸𝑎𝑣𝑔 (B.28) 

As lateral wall deformation increases, sections closer to the base experience more 

cracking, reducing the effective length (Leff) of these sections. The shear 

deformation at a given height z is calculated as: 
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𝛾(𝑧) = 𝜒
𝑉

𝐺𝑎𝑣𝑔 𝐿𝑒𝑓𝑓𝑇
 (B.29) 

 

where χ   1.2 and T is the wall thickness. 

The shear contribution to wall displacement can be evaluated by integrating the 

shear deformation along the wall height: 

𝛿2
𝑉 = 𝛿1

𝑉 + ∫ 𝛾(𝑧)
𝐻

0

𝑑𝑧 (B.30) 

𝛿𝑛
𝑉 = 𝛿1

𝑉 + 𝐻 ∑ 𝛾𝑘

𝑛𝑘

𝑘=1

 (B.31) 

If the shear strength, determined by sliding shear or diagonal cracking, is less 

than the acting shear, the wall undergoes shear failure, exhibiting different post-

peak behavior compared to bending (Parisi and Augenti, 2013). The model 

considers a horizontal plateau once shear capacity is reached. 

 

Figure B.4 – Drift-shear curve of a flexure-dominated wall, highlighting the individual 

contributions of flexural, shear, and rocking components. (Parisi and Acconcia 2020) 

 



APPENDIX B 

__________________________________________________________________________________________________________________ 

204 

Denoting 𝛿𝑒
𝑉 as the displacement associated with the shear strength, the shear 

strength of the wall remains constant until displacement 𝛿𝑝
𝑉, given by: 

𝛿𝑝
𝑉 = 𝜇𝑉,𝑚𝑎𝑥𝛿𝑒

𝑉 (B.32) 

where 𝜇𝑉,𝑚𝑎𝑥 is a ductility factor related to peak shear force. 

A residual shear force is considered with a second plateau ending at a 

displacement given by: 

𝛿𝑢
𝑉 = 𝜇𝑉𝑟𝛿𝑒

𝑉 (B.33) 

where 𝜇𝑉𝑟 is a ductility factor related to residual shear strength. 

The wall’s shear strength is defined by local crisis criteria: diagonal tension 

cracking occurs when the principal tensile stress at the panel centroid reaches the 

masonry’s tensile strength (Turnsek and Cacovic, 1970). The dimensionless 

lateral strength for diagonal cracking is expressed in terms of the normalized 

shear force Vt/Nu and axial force N/Nu, where Nu represents the ultimate axial 

force capacity of the panel: 

𝑉𝑡̅ = 𝛽√1 +
𝑁̅

𝑝𝛽
 (B.34) 

where: 𝛽 is the ratio between diagonal tensile strength at zero axial load ( τc0) 

and uniaxial compressive strength of masonry (fm); and p is a shear stress 

distribution factor defined as the ratio between the maximum and the average 

shear stresses (τmax and τn =V/A, respectively) The factor p is typically set as 

follows: p = 1 in the case of walls with aspect ratio H/L≤ 1; p = 1.5 if H/L ≥ 1.5; 

and p = H/L if 1 < H/L < 1.5. The sliding shear resistance is predicted using the 

Mohr-Coulomb failure model, assuming sliding when the maximum shear stress 

reaches the sliding shear strength: 

𝑉𝑎̅ =
1

𝑝
 (𝛾 + 𝜇𝑎𝑁̅) (B.35) 

where: γ is the ratio of shear strength at zero axial load (fv0) to uniaxial 

compressive strength of masonry (fm); μa is the friction coefficient 

In cases of bed joint creep, the coefficient of friction decreases with mean normal 

stress as: 
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𝜇𝑎 =
0.17

√(
𝜎𝑛

𝑓𝑚
)
23

 

(B.36) 

For stepped diagonal sliding, both masonry units and mortar joints contribute to 

friction, typically ranging from 0.3 to 0.8.  

Both Eurocode 6 (CEN 2005) and the Italian Building Code (IMIT 2019) suggest 

μa = 0.4. 

• Rocking behaviour 

After the peak compressive strain (εp) is reached on the end sections, it is assumed 

that any further increase in curvature induces a rotation of the rigid wall body. 

This rotation is evaluated as follows: 

𝜃𝑟 = (𝜑𝑖 − 𝜑(𝜀𝑝))Δ𝑧 (B.37) 

where: 

- φi is the curvature of the base section at the i-th stage of analysis 

- φ(εp) is the curvature corresponding to the peak compressive strain of the 

masonry 

- Δz is the distance between the section where εp is reached and the nearest 

internal section 

The strain value at which peak strain is reached is assessed by considering that a 

plane section before bending remains plane after bending: 

𝜑(𝜀𝑝) =
𝜀𝑝

𝐿
2 +

𝑢
𝜑

 
(B.38) 

In the above equation, the denominator represents the width of the compressed 

part of the section. This differs from the reacting section width (Leff) because the 

tensile strength of masonry is assumed to be non-zero. 

The displacement contribution due to rocking is given by: 

𝛿2
𝑅 = 𝛿1

𝑅 + 𝜃𝑅𝐻 (B.39) 
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Figure B.5 illustrates the significant influence of rocking behavior on the post-

peak segment of the capacity curve, leading to an exceptionally high 

displacement capacity.  

 

Figure B.5 – Shear-drift response of a flexure-dominated URM wall, showing the contribution 

of flexural, shear, and rocking components to the overall behavior. (Parisi and Acconcia 2020) 
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