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ABSTRACT 

On August 24th, 2016, an earthquake of magnitude Mw 6.0 hit Central Italy causing almost 300 

casualties and widespread damage to the built environment. This event initiated a long seismic 

sequence, called Amatrice-Norcia-Visso sequence, which stroke four regions (Marche, Lazio, Umbria 

and Abruzzo) and razed to the ground entire historical villages. Coordinated by the Civil Protection 

Department, an extensive survey campaign was carried out by the Seismic Engineering Laboratories 

Network (RELUIS), together with several Italian universities, in order to assess the damage suffered 

by ordinary buildings and monuments in the areas stricken by earthquakes. A particular attention 

was devoted to scholastic buildings, due to the social relevance. "Pietro Capuzi" school, object of this 

thesis, was surveyed by the University of Genoa, which made available all the information collected 

during this activity, especially in terms of damage suffered by the structure. 

"Pietro Capuzi" school, built in 1930s, is located in the municipality of Visso, in Marche region, in one 

of the areas more affected by the seismic events occurred in 2016. The building structure consists of 

load-bearing masonry walls and different types of horizontal diaphragms, such as lightweight 

concrete and steel-clay slabs. The school was seriously damaged by the Amatrice-Norcia-Visso 

seismic sequence. Severe cracks occurred in both masonry piers and spandrels and, in addition, an 

out-of-plane mechanism was activated in a corner, which led to the partial collapse of masonry walls 

as well as slabs resting on them. "Pietro Capuzi" school is part of the public buildings permanently 

monitored by the Seismic Observatory of Structures (OSS). The monitoring system installed in the 

structure recorded all the seismic events of Amatrice-Norcia-Visso sequence, providing important 

information about the ground motion as well as the seismic response exhibited by the building. 

Furthermore, in 2011, as part of the OSS, the school was object of an extensive inspection campaign, 

which enabled to have detailed information about geometry, construction details and material 

properties. The detailed documentation available in terms of seismic recordings as well as geometry 

and material properties made the school an excellent case-study to perform the structural analysis 

and seismic assessment of an existing building. 

This thesis addresses the study of the structural behavior of "Pietro Capuzi" school, with a focus on 

its seismic response. In the first part of the work, a state-of-art relative to in situ testing, dynamic 

identification and past numerical modeling is presented. Then, the damage suffered by the structure 
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due the recent earthquakes was analyzed. Thanks to the photographic documentation, it was 

possible to reconstruct the development of the damage state during the entire seismic sequence. 

Furthermore, the recordings of the seismic events allowed obtaining important information to 

characterize the seismic response of the structure as well as the ground motion. The second part of 

the thesis is focused on the creation and calibration of a numerical model of the school. Based on the 

existing information, a 3D finite element model of the entire building was created in Midas FX+ for 

DIANA software. Then, a process of model updating was performed based on the results of dynamic 

identification tests carried out in 2011. Furthermore, it must be noted that a modal identification 

analysis was also performed, which led to the definition of more possible frequencies, and gave the 

possibility of visualizing animations of the mode shapes. Soil-structure interaction was also taken into 

consideration in the model by means of interface elements. The third and last part of the thesis deals 

with the seismic assessment of the structure. In particular, non-linear static (pushover) and non-

linear time histories (dynamic) analyses were performed. The results were studied in terms of 

capacity curves, failure mechanisms and damage distribution. 

The present work was able to create a numerical model calibrated on the basis of experimental 

results, and perform seismic analyses. According to the results, the model proved to be able to 

simulate realistically the seismic response exhibited by the building during the past seismic events. In 

fact, the capacity under horizontal loads estimated from pushover analyses as well as the failure 

mechanisms obtained from both pushover and time history analyses are consistent with the 

response observed in the structure. Nevertheless, due to the complexity of the finite element model, 

seismic analyses required a significant computational effort as well as long time to run each of them. 

For these reasons, subsequent analyses could be performed to fully characterize the seismic 

performance of the building. 
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RESUMO 

Em 24 de agosto de 2016, um sismo de magnitude Mw 6.0 atingiu a Itália Central causando quase 

300 mortos e dano generalizado ao ambiente construído. Este evento iniciou uma longa sequência 

sísmica, denominada Amatrice-Norcia-Visso, que atingiu quatro regiões italianas (Marché, Lázio, 

Úmbria e Abruzos) e arrasou diversas aldeias históricas. Coordenada pelo Departamento de Proteção 

Civil, uma investigação detalhada foi realizada pela Rede de Laboratórios de Engenharia Sísmica 

(RELUIS), juntamente com diversas universidades italianas, para avaliar os danos nas habitações e 

monumentos nas áreas atingidas pelos sismos. Uma atenção especial foi dedicada aos edifícios 

escolares, devido à relevância social. A escola "Pietro Capuzi", objeto desta tese, foi analisada pela 

Universidade de Génova, que disponibilizou toda a informação coletada durante esta atividade, 

especialmente em termos de danos sofridos pela estrutura. 

A escola "Pietro Capuzi", construída na década de 1930, está localizada no município de Visso, na 

região de Marché, numa das áreas mais afetadas pelos eventos sísmicos ocorridos em 2016. A 

estrutura do edifício consiste em paredes de alvenaria resistente e diferentes tipos de diafragmas 

horizontais, como lajes aligeiradas de betão e lajes mistas aço-blocos cerâmicos. A escola foi 

gravemente danificada pela sequência sísmica Amatrice-Norcia-Visso. Fendas severas ocorreram 

tanto em nembos como padieiras de alvenaria e, além disso, foram ativados mecanismos fora do 

plano numa esquina, o que levou ao colapso parcial de paredes de alvenaria, assim como das lajes 

que se apoiavam nesta paredes. A escola "Pietro Capuzi" faz parte dos edifícios públicos 

permanentemente monitorizados pelo Observatório de Estruturas Sísmicas (OSS). O sistema de 

monitorização instalado na estrutura registou todos os eventos sísmicos da sequência Amatrice-

Norcia-Visso, fornecendo informações importantes sobre o movimento do solo, bem como a 

resposta sísmica exibida pelo edifício. Além disso, em 2011, como parte do OSS, a escola foi objeto 

de uma extensa campanha de inspeção, que permitiu ter informações detalhadas sobre a geometria, 

detalhes de construção e propriedades dos materiais. A documentação detalhada disponível em 

termos de registos sísmicas, bem como da geometria e propriedades dos materiais, fez da escola um 

excelente caso de estudo para realizar a análise estrutural e a avaliação sísmica de um edifício 

existente.  
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Esta tese de mestrado aborda o estudo do comportamento estrutural da escola "Pietro Capuzi", com 

enfoque na sua resposta sísmica. Na primeira parte do trabalho, apresenta-se um estado do 

conhecimento relativo aos ensaios in situ, identificação dinâmica e modelação numérica na 

bibliografia. Os danos sofridos pela estrutura devido aos recentes terremotos foram analisados. 

Graças à documentação fotográfica, foi possível reconstruir o desenvolvimento do estado de dano 

durante a sequência sísmica. Além disso, os registos dos eventos sísmicos permitiram obter 

informações importantes para caracterizar a resposta sísmica da estrutura, bem como o movimento 

do solo. A segunda parte da tese está focada na criação e calibração de um modelo numérico da 

escola. Com base nas informações existentes, um modelo 3D de elementos finitos do edifício foi 

criado no programa Midas FX+ para o programa DIANA. Em seguida, um processo de atualização do 

modelo foi realizado com base nos resultados dos ensaios de identificação dinâmica realizados em 

2011. Além disso, deve notar-se que uma análise complementar dos registos de identificação modal 

também foi realizada, o que levou à definição de mais frequências possíveis e permitiu visualizar 

animações das formas modais. A interação solo estrutura também foi tomada em consideração no 

modelo por meio de elementos de interface. A terceira e última parte da tese trata da avaliação 

sísmica da estrutura. Em particular, realizaram-se análises estáticas não lineares (pushover) e análises 

dinâmicas não-lineares com integração mo tempo. Os resultados foram estudados em termos de 

curvas de capacidade, mecanismos de rotura e distribuição de danos.  

O presente trabalho foi capaz de criar um modelo numérico calibrado com base em resultados 

experimentais e realizar análises sísmicas. De acordo com os resultados, o modelo provou ser capaz 

de simular de forma realista a resposta sísmica exibida pelo edifício durante os eventos sísmicos 

passados. De facto, a capacidade estimada sob ações horizontais, a partir de análises pushover, bem 

como os mecanismos de rotura obtidos a partir das análises pushover e com integração no tempo 

são consistentes com a resposta observada na estrutura. No entanto, devido à complexidade do 

modelo de elementos finitos, as análises sísmicas exigiram um esforço computacional significativo, 

bem como um tempo de análise importante para executar cada um deles. Por estas razões, análises 

subsequentes poderiam ser realizadas para caracterizar com mais detalhe o desempenho sísmico do 

edifício
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1. INTRODUCTION 

1.1 Motivation and context 

Despite the damage and devastation caused, earthquakes represent an important source of 

information regarding the seismic performance of existing structures. Last decades showed a 

continuously increasing interest from the scientific community towards the study of the seismic 

response of existing buildings, especially masonry structures that have found to be vulnerable to 

seismic actions. However, the seismic performance of these buildings is particularly difficult to 

characterize due to the significant variety of materials, construction types, techniques and details 

that make each structure a unique example to analyze. Nowadays, several methods of structural 

analysis are available to study the seismic behavior of masonry structures, such as limit analysis, 

pushover analysis and non-linear dynamic analysis. Furthermore, the increase of the computational 

resources has led to the creation of complex numerical models, such as finite elements models, 

which allow a realistic representation of geometry and construction details. Numerical modeling can 

be used to simulate the global behavior of masonry structures and assess their capacity under 

horizontal seismic actions. Nevertheless, it is evident that numerical models must be reliable in 

predicting the real response of buildings. In general, when the dynamic properties of a structure (i.e. 

natural frequencies and mode shapes) are known from dynamic identification tests, a process of 

model updating is carried out, which consists in tuning the properties of the numerical model so that 

the modal parameters obtained numerically are close to the experimental ones. If one deals with the 

numerical modelling of a structure damaged by a seismic event and the damage survey is available, a 

further and effective validation of the model can be performed through a comparison between the 

damage simulated numerically and the one observed in the real building. From this point of view, the 

recent seismic events occurred in Italy in 2016 allowed to collect detailed information about the 

damage mechanisms exhibited by several types of masonry structures. 

On August 24th, 2016, an earthquake of magnitude Mw 6.0 hit Central Italy causing almost 300 

casualties and widespread damage to the built environment. This was the beginning of a long seismic 

sequence, called Amatrice-Norcia-Visso sequence, which stroke four regions (Marche, Lazio, Umbria 

and Abruzzo) and razed to the ground entire historical villages like Amatrice, Accumuli and Pescara 
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del Tronto. After the main-shock of August 24th, further damage was produced by the seismic events 

of October 26th (Mw 5.4 and Mw 5.9) and October 30th (Mw 6.5) in some areas that had been spared 

by the previous seismic events, like the town of Norcia where the collapse of many historical 

buildings and churches was registered. According to the National Institute of Geophysics and 

Volcanology (INGV), which constantly monitors seismic activity in the Italian territory, since August 

24th 65500 seismic events were recorded (data updated at April 28th, 2017), nine of them with 

magnitude higher than 5. 

Immediately after these events, the scientific community, coordinated by the Civil Protection 

Department, was mobilized to perform an extensive survey in the areas stricken by earthquakes. 

These inspections were aimed to evaluate the damage suffered by ordinary buildings and 

monuments and, at the same time, decide which structures could still be used and which ones had to 

be declared not accessible for safety reasons. In particular, Italian universities, together with the 

Seismic Engineering Laboratories Network (RELUIS), dealt with the survey of scholastic buildings, due 

to their social relevance. "Pietro Capuzi" school, object of this thesis, was surveyed by the University 

of Genoa, which made available all the information collected during this activity, especially in terms 

of damage suffered by the structure.  

"Pietro Capuzi" school, built in 1930s, is located in the municipality of Visso (Macerata, Marche). As 

for the structural arrangement, the building consists of load-bearing masonry walls and horizontal 

diaphragms of different types, such as lightweight concrete and steel-clay slabs. The school was 

seriously damaged by the Amatrice-Norcia-Visso seismic sequence. Severe cracks occurred in both 

masonry piers and spandrels and, in addition, after the seismic events of October 26th, an out-of-

plane mechanism occurred in a corner, which led to the partial collapse of masonry walls as well as 

slabs resting on them. The survey performed by the University highlighted a level of damage equal to 

4 (on a scale from 1 to 4) and moderate vulnerability (between high, moderate and low). Due to the 

damage suffered, the building was declared "not usable". The development of damage was 

documented photographically by the Department of Civil Protection during the entire seismic 

sequence. 

With regard to this thesis, it is important to note that "Pietro Capuzi" school is part of the buildings 

monitored by the Seismic Observatory of Structures (OSS), a national network dealing with the 

permanent monitoring of the seismic response of public buildings and infrastructures located in 

areas characterized by high seismic hazard according to the Italian seismic classification. The 

permanent monitoring system installed in the "Pietro Capuzi" school, consisting in a tri-axial 
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accelerometer located at the base and several bi-axial accelerometers placed at different levels of 

the structure, allowed recording the acceleration time histories relative to the main seismic events 

that damaged the structure. Furthermore, as part of the structures monitored by OSS, an extensive 

inspection campaign as well as a geometrical survey were performed in the building in 2011, this 

resulting in detailed information about geometry, materials and construction details. This 

represented a good starting point for the creation of a numerical model able to simulate the global 

behavior of the building. In addition, thanks to the recordings of the recent seismic events, a 

validation of the model based on the real damage observed was attempted.  

Finally, it must be noted that "Pietro Capuzi" school was chosen by RELUIS as a case study to analyze 

through different modeling approaches by several Italian universities. Consequently, this thesis 

wants to provide a contribution in terms of finite element modeling. Future comparison between  

the results obtained from different methods are desirable. 

1.2 Objectives 

This thesis addresses the study of the structural behavior of "Pietro Capuzi" school, with a focus on 

its seismic response. The main objectives of the work can be summarized as follows: 

 Analyze all the documentation available in terms of geometrical and structural survey, in situ 

testing, dynamic identification tests, past numerical modelling, monitoring system. 

 Analyze the damage caused by recent seismic events with particular attention to the 

development of the damage level during the entire Amatrice-Norcia-Visso seismic sequence. 

 Process the time histories in acceleration and displacement relative to the main earthquakes 

that damaged the structure, recorded by the permanent monitoring system. This activity was 

aimed to characterize the ground motion (in terms of PGA and response spectrum) and 

investigate the seismic behavior of the structure (in terms of maximal accelerations with 

respect to the ground and interstory drifts). 

 Create of a 3D finite element model of the entire structure. 

 Perform a modal identification analysis in order to identify the modal parameters of the 

structure (natural frequencies and mode shape) and, in particular, to define more possible 

frequencies and visualize animations of the mode shapes with respect to the dynamic 

identification making available. 
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 Calibrate the numerical model on the basis of the experimental modal response so that the 

modal parameters (frequencies and mode shapes) obtained numerically are close to the 

experimental ones. 

 Perform non-linear static (pushover) analyses in order to evaluate the seismic performance 

of the building in terms of capacity under horizontal loading and failure mechanisms. 

 Perform non-linear time history (dynamic) analyses in order to further characterize the 

seismic response of the structure and validate the numerical model in terms of its capacity to 

reproduce the seismic damage observed in the building. 

It must be noted that, when the objectives of the work were initially set, it was planned to perform  a 

non-linear time history analysis before pushover analyses in order to validate the model in terms of  

the capacity to reproduce the damage actually experienced by the building. However, this was not 

possible due to extremely long time necessary to run time history analysis.  

1.3 Organization 

In order to fulfill the objectives of this thesis, the work is organized in the following eight chapters: 

 Chapter 1 presents the motivation, context, objectives and organization of the thesis. 

 Chapter 2 describes briefly the evolution of the Italian seismic classification and the different 

seismic networks present in the Italian territory. Moreover, the so called "Amatrice-Norcia-

Visso" seismic sequence that hit Italy in 2016 is presented, with a focus on the damage 

caused by the main seismic events. 

 Chapter 3 provides a description of the case-study and presents the state-of-art relative to 

the geometrical survey, inspections and past numerical modeling. In particular, this chapter 

provide information about the geometry, structural features, construction details, material 

properties, slab properties as obtained by past survey and in situ testing. Furthermore, a 

description of the seismic monitoring system, past numerical modeling and past 

interventions is presented. 

 Chapter 4 describes the damage suffered by the building during 2016 Amatrice-Norcia-Visso 

seismic sequence, with particular attention to the development of the damage state after the 

different seismic events. Moreover, this chapter reports the time histories in acceleration, 

and relative response spectra, recorded during the main events of seismic sequence. A 
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comparison between the response spectra and the elastic spectrum from NTC2008 was 

carried out. Finally, the seismic response of the structure was characterized in terms of 

maximal accelerations with respect to the ground and interstory drifts, respectively obtained 

from the time histories in acceleration and displacement relative to the accelerometers 

located on the structure. 

 Chapter 5 presents the numerical (FEM) model created for the school. In particular, 

geometry, property of materials and slabs, meshing, loading conditions and boundary 

conditions are described. In addition, the chapter illustrates the results of the linear elastic 

analysis performed in order to check the presence of irregularities or inconsistencies in the 

model. 

 Chapter 6 deals with the dynamic identification and model updating. Firstly, the results 

obtained from the modal identification analysis performed with ARTeMIS Modal Software 

are presented, in terms of natural frequencies and mode shapes. These parameters are then 

compared with the ones relative of the dynamic identification made available. Secondly, the 

two different strategies taken into consideration in order to update the model are presented, 

the first one based on the properties of materials and slabs, while the second one focused on 

the stiffness of the soil introduced by means of interfaces. Finally, the last part of the chapter 

presents the results of the eigenvalue analysis performed on the calibrated model with 

interfaces that will be used for seismic analyses. 

 Chapter 7 presents the results of the pushover analyses and non-linear dynamic analysis 

performed on the calibrated model with interfaces.  

 Chapter 8 presents the final conclusions and some recommendations for further work. In 

addition, the difficulties faced during the work are described. 
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2. SEISMICITY AND RECENT EARTHQUAKES IN ITALY 

The medium-high seismic hazard together with the high vulnerability of the historical built 

environment and the extremely high exposure make Italy one of countries characterized by the 

higher level of seismic risk in the Mediterranean area (DPC, Rischio sismico, 2017).   

2.1 Seismic classification 

The concept of seismic classification has developed in Italy since the beginning of XXth century. After 

Mw7.2 Messina and Reggio Calabria earthquake that caused almost 86000 casualties in 1908, Italian 

municipalities started to be classified as seismic and were subjected to strict laws concerning 

reconstruction and construction of new buildings. However, only areas severely damaged by "new" 

earthquakes were considered seismic zones, while past seismic events were not taken into 

consideration. Up to 2003, Italy was classified in three different seismic areas associated to a certain 

level of seismicity, but only the 45% of the municipalities were included in this classification and 

consequently subjected to construction laws. After Mw5.8 Molise earthquake in 2002 that resulted 

to collapse of a school with 27 children dead, new criteria for seismic classification were provided by 

OPCM 3274/2003 based on the principles of seismic hazard. Consequently, all the municipalities 

were classified in four seismic zones, each one associated to a certain value of horizontal peak 

ground acceleration (ag) with a probability of exceedance of 10% in 50 years on rigid soil. Later, 

OPCM 3519/2006 provided a new study concerning seismic hazard and each zone was associated to 

a range of horizontal peak ground acceleration with a probability of exceedance of 10% in 50 years 

on rigid soil (DPC, Rischio sismico, 2017). This resulted in the seismic hazard map shown in Figure 1. 
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Figure 1 - Seismic hazard map in terms of horizontal peak ground acceleration with a probability of 

exceedance of 10% in 50 years on rigid soil. 

2.2 Seismic monitoring 

The recurring occurrence of seismic events, some of them causing significant losses in terms of 

human lives and built environment, has led in the last three decades to the development and 

improvement of a system of seismic monitoring. Currently, three national seismic networks are 

present and active in the Italian territory: the national seismic network, the National Accelerometric 

Network (RAN) and the Seismic Observatory of Structures (OSS) (Figure 2).  

 

a)  b)  c)  

Figure 2 - Seismic monitoring in Italy: Seismic national network (a) (INGVterremoti, 2017); National 

Accelerometric Network (b) (DPC, RAN, 2017); Seismic Observatory of Structures (c) (DPC, OSS, 2017) 

The national seismic network consists of almost 350 seismic stations spread around the country, in 

particular in the areas characterized by higher values of seismic hazard)(Figure 2a). Through this 
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network, the Earthquake National Centre (CNT - Centro Nazionale Terremoti) of the Italian National 

Institute for Geophysics and Volcanology (INGV), in charge to manage it, monitors the territory 24 

hours a day, 7 days a week (Dolce, Qui DPC, 2012). This allows the INGV to provide, in almost real 

time, the Department for Civil Protection (DPC) with information about the epicenter and magnitude 

of a seismic event, this facilitating an immediate assistance to the populations hit by the earthquake. 

Differently from the national seismic network, the National Accelerometric Network (RAN) and the 

Seismic Observatory of Structures (OSS) are managed directly by the Department for Civil Protection 

(Dolce, Qui DPC, 2012).  

As described in (Dolce, Qui DPC, 2011), the RAN is in charge of the permanent monitoring of the 

ground acceleration produced by significant seismic events (strong motion). According to (DPC, RAN, 

2017), 528 digital stations were present in the Italian territory in 2014, gathered in the areas with 

higher seismicity (Figure 2b). With regard to this thesis, it is important to highlight that two RAN 

stations are located in Visso (called FEMA on soil B and CNE on soil C). Consequently, the values of 

the ground acceleration produced by the recent seismic sequence (Amatrice-Norcia-Visso seismic 

sequence) near "Pietro Capuzi" school were recorded by the RAN network.  

The Seismic Observatory of Structures (OSS) is a national network dealing with the permanent 

monitoring of the seismic response of public buildings and infrastructures mostly located in seismic 

zone 1 and 2 according to the seismic classification of the Italian territory (Figure 2c). In particular, 

the OSS is currently monitoring 149 public buildings (i.e. schools, city halls, hospitals and others), 7 

bridges and 1 dam (DPC, OSS, 2017). The monitoring system consists of a data unit and a series of 

accelerometers located in the structure at different levels.  A tri-axial accelerometer placed on the 

ground or in the basement of the structure is also included in order to measure the seismic input. If 

the acceleration measured exceeds the 1‰ of gravity, data is recorded during the seismic event and 

transmitted to the central server of OSS in Rome to be processed. This allows obtaining, from remote 

in a nearly real time, information about the dynamic behavior of the structure monitored as well as 

an estimate of the damage suffered by the building itself, and by similar ones."Pietro Capuzi" school 

in Visso is one of the buildings monitored by the OSS. Detailed information about the monitoring 

system installed in the school are presented in section 3.3.1. 

2.3 Amatrice-Norcia-Visso seismic sequence 

Italy was recently stricken by a sequence of seismic events that produced almost 300 casualties and 

widespread damage to the built environment. The Amatrice-Norcia-Visso sequence, initially named 
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as Central Italy Earthquake, was initiated by the Mw 6.0 Amatrice earthquake that hit a vast area of 

the Central Apennines on August 24th, 2016 at 01:36 UTC. The epicenter was located close to the 

town of Accumuli (Rieti) (Figure 3). In few days this event was followed by many aftershocks with 

lower magnitude, the most significant being the Mw 5.4 earthquake occurred at a distance of 5 km 

from Norcia (Perugia) the same day at 02:33 UTC. Figure 3 shows the epicenters of the Mw6.0 

mainshock and the most significant aftershocks occurred in October (Mw 5.4 and Mw 5.9 of October 

26th, and Mw 6.5 of October 30 th) that will be later described. 

 

  

Figure 3 - Location of the epicenters of the mainshock (August 24
th

) and significant aftershocks (October 26
th

 

and 30
th

). 

As described by (Gruppo di lavoro INGV sul terremoto di Amatrice, 2016), four regions (Marche, 

Lazio, Umbria and Abruzzo) were affected by the Amatrice Earthquake which produced extensive 

damage especially in the area between the municipalities of Amatrice and Norcia. Towns as 

Amatrice, Accumuli, Arquata del Tronto and Pescara del Tronto were devastated by this seismic 

event, as shown in Figure 4. The macroseismic survey performed according to the MCS (Mercalli-

Cancani-Sieberg) scale showed very high level of intensity, reaching X-XI MCS in areas like the 

historical centre of Amatrice, Pescara del Tronto and Petrana, a fraction of Amatrice, that were 

completely razed to the ground (Galli, Peronace, & Tertulliani, 2016).  

The seismic sequence initiated on August 24th continued with minor aftershocks until the end of 

October when three earthquakes with moment magnitude higher than 5 occurred. In particular, 

firstly two events of magnitude Mw 5.4 and Mw 5.9 happened in Macerata province, nearby the 

boundary with Perugia province, on October 26th. The epicenter of the Mw 5.9 earthquake was 

located at a distance of 3 km from Castelsantangelo sul Nera (MC) and 4 km from Visso (MC) (Figure 

3). Four days later, on October 30th at 06:40 UTC, a Mw 6.5 earthquake struck the areas of Perugia, 

2016/10/26 19:18 Mw=5.9

Visso

2016/10/26 17:10 Mw=5.4

2016/10/30 06:40 Mw=6.5

2016/08/24 01:36 Mw=6.0
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Macerata and Rieti. The epicenter was located at a distance of 5 km from Norcia and 10 km from 

Visso. This event represents the apex of the Amatrice-Norcia-Visso sequence, and it is the strongest 

earthquake that occurred in Italy after the Mw 6.9 Irpinia earthquake (1980) that produced almost 

3000 casualties. Fortunately, no casualties were registered, however many building were seriously 

damaged, especially in the town of Norcia and the surroundings, which had been spared by the 

previous seismic events. Figure 5a shows the significant damage suffered by the listed historical 

buildings in Norcia, with the partial collapse of the San Benedetto cathedral and many other 

churches. Furthermore, these seismic events worsened the situation in the areas already hit by the 

earthquake of August. 

 
 

 
a) Amatrice 

 
b) Pescara del Tronto 

Figure 4 - Damage caused by Mw 6.0 Amatrice earthquake. 

 

 
a) Norcia (Perugia) 

 
b) Visso (Macerata) 

Figure 5 - Damage caused by the seismic events of October, 2016. 

Among the main aftershocks of the Amatrice-Norcia-Visso sequence, the four shakes with Mw>5 that 

occurred on January 18th, 2017 in L'Aquila province are also to mention. Figure 6 shows the seismic 

sequence updated to February 3rd, 2017. More than 52700 events have been recorded since August 

24th, nine of them with magnitude higher than 5 (INGVTerremoti, 2017).  
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Figure 6 - Amatrice-Visso-Norcia seismic sequence updated to February 3
rd

, 2017 (INGVterremoti, 2017).  

The area of the Central Apennines hit by the seismic sequence started on August 24th, 2016 has been 

characterized by strong earthquakes throughout history. Figure 7a shows a map of the historical 

seismicity in this area. It can be observed that this territory is enclosed between two of the more 

significant earthquakes occurred recently, that is 1997 Colfiorito (Umbria-Marche) earthquake and 

2009 L'Aquila earthquake. Information about historical seismicity in the national territory was used 

to create a seismic hazard map of the entire country. Figure 7b shows the seismic hazard map related 

to the area of Central Appenines where Amatrice-Visso-Norcia sequence occurred. It can be easily 

observed that the values of horizontal peak ground acceleration with a probability of exceedance of 

10% in 50 years on rigid soil in this areas are among the highest provided by the map.   
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       Epicenter of Mw 6.5 seismic event (October 

30th, 2016) 
Values of ag (g) 

a) 

 

b)  

Figure 7 - Historical seismicity map (a) (INGV-Mw 6.5 (s), 2016) and seismic hazard map (b) (INGV-Mw 6.5 (d), 

2016) 
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3. DESCRIPTION OF THE CASE STUDY 

The nursery and primary school "Pietro Capuzi", built in 1930s, is located in the municipality of Visso 

(Macerata, Marche) in Via Cesare Battisti no. 2 (Figure 8).  

 

Figure 8 - Location of the school (Bing Maps, 2016). 

The municipality of Visso is located in seismic zone 1 according to the Italian seismic classification, 

that is the zone associated to the highest seismic hazard with a value of horizontal peak ground 

acceleration higher than 0.25g with a probability of exceedance of 10% in 50 years on rigid soil.  

Since the school is part of the buildings monitored by the Seismic Observatory of Structures (OSS), 

detailed information is available about technical documentation, geometric and structural survey, 

inspections, numerical analysis and monitoring system in the website ISS-Indagini conoscitive e 

monitoraggio nell'ambito dell'OSS (Inspections and monitoring for OSS). This material, downloaded 

from www.mot1.it/iss, includes: 

 Results of an extensive inspection campaign performed by S.G.M. S.r.l. which consisted of: 

(1) geometric and construction survey, (2) on-site extensive and exhaustive survey of 

construction details, and (3) extensive testing both on-site and in laboratory to identify 

material properties. 

 Modeling of the building according to the equivalent frame method, performed by S.G.M. 

Engineering using TreMuri software. 
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 Seismic safety verification according to the principle of non-linear static analysis, performed 

by S.G.M. Engineering using TreMuri software. 

 Calibration of the equivalent frame model based on the experimental dynamic parameters 

obtained from the monitoring of the structure performed by CESI company. 

 Description and location of the monitoring system installed in the building. 

The description of the building presented in the following paragraphs is based on the reports 

compiled by S.G.M. S.r.l. and S.G.M. Engineering, in charge of inspection and modeling, as well as the 

technical report (UNIGE, 2016) and "scheda" (UNIGE, 2017) written by the University of Genova, 

responsible for the agibility verification of the building after the recent seismic events. 

3.1 Geometry and constructions details 

An overview of the main geometrical and structural features of "Pietro Capuzi" school is presented in 

the following paragraph. A more detailed description based on the results obtained from the surveys 

carried out by S.G.M. S.r.l. and the University of Genova is reported in paragraph 3.1.2. 

3.1.1 Description of the building 

"Pietro Capuzi" school is located in an isolated position, surrounded by a garden along all the sides 

(Figure 9). 

a)  b)  

Figure 9 - External views of the school: main façade (a) and east façades (b). 

The building has four levels, with a basement partially below ground, and three levels above ground 

(raised ground floor, first floor and attic). Concerning surface area, the three levels above ground 

occupy a surface of approximately 605 m2 each, while the basement develops over an area of 

approximately 120 m2. The first three levels are characterized by an interstorey-height respectively 
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equal to 309, 444 and 426 cm. The building height above ground is equal to 13.51 m, and the total 

built volume is estimated in 4800 m3. Figure 10 shows the plans of the different floors of the building 

as well as the transversal section AA,a s obtained from the geometrical survey performed by (S.G.M. 

S.r.l., 2010). Furthermore, the different bodies and masonry walls to which will be referred later in 

the description of the building are identified.  

 

Figure 10 - Plans and section of the school. 
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The school is characterized by an irregular configuration in plan; it is composed of a main body 

(hereafter named as body A) of elongated rectangular shape, oriented in NW-SE direction, and a 

smaller rectangular body (body B) connected with the previous one. Classrooms are located in the 

body A next to the main façade (Figure 11a), and a corridor 3 meters large runs along the opposite 

side, in longitudinal direction (Figure 11b). The areas used as kitchen, living room, toilets and multi-

use room are hosted in body B.  

a)  b)  

Figure 11 - Internal views of the school: classrooms (a) and corridor (b) at the raised ground floor. 

A staircase connecting basement, raised ground floor and first floor is present in body B on the east 

side (Figure 12). The staircase is characterized by the presence of load-bearing masonry walls on 

three sides, and three masonry pillars on the internal short side. The spans between the pillars were 

infilled with masonry during the interventions performed in 1997 (detailed description in section 

3.4). 

  

Figure 12 - Internal views of the staircase. 

The structure consists of load-bearing masonry walls that extend upwards from the basement until 

the attic, this resulting in some regularity in elevation. In both body A and body B, there are three 
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main alignments of load-bearing walls parallel to the long side of each body. No continuity is present 

between the walls of bodies A and B in transversal direction. In body A, the walls of the classrooms 

develop perpendicularly to the main facade, but they interrupt because of the presence of the 

corridor. The prevalent type of masonry is a stone masonry, while the presence of solid bricks 

masonry is located only in some pillars and limited portions of walls.  

Foundations consist of the continuation of the stone masonry walls that extend downwards until a 

depth of approximately 60 cm from the planking level of the basement. 

Concerning horizontal diaphragms, the planking slabs of ground and first floor are lightweight slabs, 

with a thickness of 30 cm each, while the slab between first floor ad attic is a steel-clay slab. The 

planking slab consists of a concrete slab resting on rubble filling material in the areas of the ground 

floor where there is no basement. 

The hipped roof has a timber structure consisting of purlins and rafters that are supported by a 

system of trusses, as shown in Figure 13a, or by the inner walls extending until the top of the roof.  In 

correspondence to ridges and valleys, hip rafters are present. Above timber structure, clay tiles are 

located. A reinforced concrete bond beam is located at the height of the spring line of the roof 

(Figure 13b). Furthermore, the presence of metallic profiles connected to the perimeter and inner 

walls at the height of the third slab is observed. These profiles were added during the interventions 

performed in 1997. 

 

a)  b)  

Figure 13 - Timber structure of the roof (a) and concrete bond beam (b). 

3.1.2 Geometrical and structural survey 

Detailed information about structural geometry and construction details are available thanks to the 

inspection campaign carried out in 2010 by S.G.M. S.r.l., which included the following activities: 
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 Pacometric survey of steel reinforcement in concrete elements (beams, stair flights and 

slabs). 

 Visual inspections (with plaster removal) of masonry walls, slabs and stairs in order to 

identify their typologies. 

 Endoscopies performed in foundation, masonry walls and slabs to identify their typologies 

and stratigraphies. 

 Ground penetrating radar (G.P.R.) at the planking level of basement, ground floor and first 

floor in order to locate foundations and identify the type of slab. In addition, a G.P.R. test 

was performed in the basement in order to verify the thickness of the walls. 

 Thermographic analysis in the four external façades to locate possible anomalies such as 

cracks and plaster detachment. 

Regarding masonry panels, further investigations were performed in order to characterize the 

mechanical properties of masonry. The results of these tests are described in paragraph 3.2  about 

material properties.The results obtained by the inspections carried out in 2010, integrated with the 

survey performed by the University of Genova in December 2016, are illustrated in this paragraph for 

the different structural elements. 

Masonry walls 

Regarding load-bearing walls, the predominant type of masonry present in the building is a stone 

masonry made of non-squared stones of an average size of 30x15 cm, and good quality mortar 

characterized by some compactness and punching resistance (UNIGE, 2016). As shown in Figure 14, 

the texture is characterized by a certain regularity, and stone units are arranged throughout the 

thickness of the wall in order to create some interlocking between the two leaves. According to 

visual inspection, this masonry can be identified as "pietra a spacco con buona tessitura (cut stone 

with good texture)" as defined in table C8A.2.1 of Italian Circolare (Circolare n.617, 2009).  
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a)   b)   

Figure 14 - (a) Transversal section and (b) texture of stone masonry walls (UNIGE, 2016). 

The sporadic presence of solid brick masonry was also observed in some pillars and portions of walls. 

In particular, the latter case is mainly related to past interventions when solid bricks were used to fill 

pipes as well as the span among the pillars in the staircase (detailed information about past 

interventions can be found in section 3.4). 

Figure 15 shows some views of the texture of masonry walls as observed in the visual inspections 

performed by S.G.M. S.r.l. Concerning perimeter walls, it is possible to notice solid bricks arranged in 

regular rows within the stone masonry at first floor (inspection no.5). Regarding inner walls 

(inspections no.3-4), masonry made of stones and solid bricks was observed. Solid brick masonry was 

only found in a pillar located in the main façade between two openings at ground floor (inspection 

no 2). 

Concerning partition walls, the inspection carried out revealed the presence of hollow brick masonry. 

In particular, the partition wall investigated was 12 cm thick. 
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Inspection no. 1 Inspection no. 2 Inspection no. 3 

   

Location: basement (perimeter 

wall) 

Type of masonry: stone masonry 

made of not squared units 

Location: raised ground floor 

(perimeter wall) 

Type of masonry: solid brick 

masonry 

Location: raised ground floor 

(inner wall) 

Type of masonry: masonry made of 

stone blocks and solid bricks 

Inspection no. 4 Inspection no. 5 Inspection no. 6 

   

Location: raised ground floor 

(inner wall) 

Type of masonry: masonry made of 

stone blocks and solid bricks 

Location: first floor (perimeter 

wall) 

Type of masonry: stone masonry 

with regular rows of solid bricks 

Location: first floor (perimeter 

wall) 

Type of masonry: stone masonry 

made of not squared blocks 

Figure 15 - Types of load-bearing masonry identified during inspection (S.G.M. S.r.l., 2011). 

Figure 16 show the different types of masonry present in the building as identified by (UNIGE, 2017).  

The presence of regular rows of bricks was not taken into consideration since it is not systematic. 
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Figure 16 - Types of masonry present in the building at different levels (UNIGE, 2017). 

The thermographic analysis carried out by S.G.M. S.r.l. in the four external façades did not reveal the 

presence of anomalies such as cracks, plaster detachment or filled openings. This result contrast with 

the inspection carried out by (UNIGE, 2016) since the latter located some discontinuities in masonry 

walls of body B, as described previously. Figure 17 shows some thermal images recorded during the 

inspection campaign of 2010. 
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Figure 17  - Thermographic analysis (S.G.M. S.r.l., 2011). 

Lintels and spandrels 

Different types of lintels are observed above the windows. In the main façade of body A, lintels are 

approximately 30 cm thick, and they are made up of two solid bricks superimposed and laid face-up 

in the exterior, and one hollow brick laid edge on in the interior (Figure 18a). Differently, lintels 

consist of lowered arches made of two or three rows of bricks laid edge on in the NW façade of body 

B (Figure 18b).  

 

a)   b)   

Figure 18 - Types of lintels above the windows (UNIGE, 2017). 

The thermographic analysis performed by UNIGE in December 2016 allowed obtaining information 

about the materials of which the spandrels underneath the windows are made (UNIGE, 2017). 

Regarding ground floor, different situations are observed. In wall P3, spandrels seems to be made of 

the same brick masonry as the lateral strips next to the windows (Figure 19a). Differently, in wall P8, 

the thermographic analysis showed the presence of some discontinuities under the windows (Figure 
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19b). This could be an evidence of pre-existing openings that were infilled. Regarding first floor, 

spandrels are made of the same stone masonry used for the piers, as shown for wall P9 in Figure 19c. 

However, no information is available regarding the spandrels underneath the windows in main 

façade.  

   

a) Wall P3 (raised ground floor) b) Wall P8 (raised ground floor) b) Wall P9 (first floor) 

Figure 19 - Spandrels underneath the windows as shown by thermographic analysis (UNIGE, 2017). 

Connections between walls, and between walls and slabs 

Information about the connections between walls as well as between walls and slabs were collected 

by the University of Genova thanks to visual inspection and observation of the damage produced by 

the earthquake. As described in (UNIGE, 2017), the prevalent in-plane response exhibited by the 

building is evidence of the good connection between perimeter and inner walls. Furthermore, this is 

confirmed by the almost total absence of sub-vertical cracks in correspondence of the connection 

between perimeter and inner walls. As shown in Figure 20a, diagonal cracks can be located in the 

inner walls. Evidence of a poor connection can be noticed only at the intersection between the inner 

wall of the corridor and the perimeter wall on NW side of body A, where sub-vertical cracks are 

present (Figure 20b). These considerations were confirmed by the visual inspections carried out by 

with removing plaster from masonry walls. 

 

    

a) Diagonal cracks in the inner wall b) Vertical cracks in the inner wall of the corridor 

Figure 20 - Connections between perimeter and inner walls (UNIGE, 2017). 
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Regarding the connections between walls and slabs, they can be considered adequate based on the 

damage survey (UNIGE, 2017). In fact, slight damage due to sliding was mainly observed in the slabs 

in correspondence with the connection with the walls (Figure 21a). A more severe crack was located 

in the main façade (Figure 21b). Regardless the levels of seriousness, these cracks are consistent with 

the damage level experienced by the building. 

 

a)  b)  

Figure 21 - Horizontal cracks in correspondence of the connection between walls and slabs (UNIGE, 2017). 

Foundations 

According to inspection results, foundations are made of the same stone masonry of the upper walls 

that extend downwards until a depth of approximately 60 cm from the planking level of the 

basement. The GPR survey performed did not locate any foundation connecting opposite walls, as 

shown, for example, in the GPR profile reported in Figure 22 . 

 
 

Figure 22 - GPR radargram registered at the planking level of the basement (S.G.M. S.r.l., 2011). 

Slabs 

According to the inspections performed by S.G.M. S.r.l., four types of diaphragms are present in the 

building, namely a concrete slab (at the level of the ground), one-way and two-way lightweight 
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concrete slabs (between basement and ground floor, and between ground and first floor) and steel-

clay slabs (between first floor and attic). The location of the different types of slabs in the building is 

reported in section 5.3, which deals with the creation of the numerical model of the structure. 

The planking slab of ground floor consists in a concrete slab resting on rubble filling material in the 

areas of the ground floor where there is no basement, as shown in Figure 23. 

 

Figure 23 - Cross section of the slab of the basement (S.G.M. S.r.l., 2011).  

Differently, a two-ways lightweight slab is located between basement and ground floor. Thirty 

centimeter thick, it consists of reinforced concrete joist beams, 8 cm wide and 16 cm high, oriented 

in both directions, hollow clay pots used as lightening, and a concrete slab 6 cm thick. The distance 

between concrete beams is approximately equal to 40 cm. Above the concrete slab, floor and floor 

foundation are present. A plaster layer is located at the intrados. Figure 24 shows the detailed cross 

section of the slab of ground floor. Two reinforced concrete beams are present in the room of the 

basement allocated to deposit, however no information is available about steel reinforcements. 

 

Figure 24 - Cross section of the slab of ground floor (S.G.M. S.r.l., 2011).  

Between ground and first floor, diaphragms are made of lightweight slabs similar to the ones above 

described. However, the classrooms behind the main façade of body A are covered by two-ways 

slabs, while one-ways slabs are present in the corridor and totality of body B. 

Two-ways slabs are 30 cm thick, and they consist of reinforced concrete joist beams, 8 cm wide and 

17 cm high, oriented in two directions, hollow clay pots used as lightening, and a concrete slab 5 cm 

thick. Concrete beams are located at a distance of approximately 40 cm in both directions. The 

stratigraphy of one-way slabs is analogous to the one of two-ways slabs. However, according to the 
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pacometer test performed by (S.G.M. S.r.l., 2011), the distance between concrete beams is 

approximately equal to 30 cm. 

The planking slab of the attic is a steel-clay slab consisting of metallic profiles (NP140) located at a 

distance of 100 cm, and hollow clay pots, 8 cm high, used as lightening. A filling made of rubble 

material is present at the extrados. The cross section of the slab is shown in Figure 25. 

 

Figure 25 - Cross section of the slab of the attic (S.G.M. S.r.l., 2011).  

Stairs 

The staircase consists of a single flight made of concrete between the basement and ground floor, 

and two flights and one landing to connect the ground floor to the first floor. The pacometric survey 

performed in the concrete flight connecting basement and ground floor detected the steel 

reinforcements shown in Figure 26. 

 

Figure 26 - Survey of steel reinforcement in the stair flight progressing from basement to ground floor. 
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Roof 

A complete geometrical survey of the timber structure of the roof is not available. Dimensions of the 

structural elements are provided only where penetrometer tests were performed (Figure 27) and 

they are reported in Table 1 The presence of a concrete slab 6 cm thick is indicated in (S.G.M. 

Engineering), however this report does not mention any inspections concerning the roof. 

 

  

Figure 27 - Location of the elements where penetrometer tests were performed. 

Table 1 - Dimensions of the cross-section of timber elements. 

Element ID b (cm) h (cm) 

A 16 22 

B 21 18 

C 11 12.5 

D 14 22 

E 18 22 

F 18 24 

 

The location of the timber elements composing the structure of the roof is reported in Figure 28. 

 

Figure 28 - Timber structure of the roof (UNIGE, 2017). 
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3.2 Soil and material properties 

Further investigations were performed in order to characterize the mechanical properties of 

materials and soil. 

3.2.1 Inspections 

Regarding soil identification and material properties, S.G.M. S.r.l. performed the following tests: 

 Seismic prospecting with MASW method to categorize the type of soil. 

 Penetrometer test for mortars in order to estimate the compressive strength. 

 Sonic tomography aimed to evaluate the solidity and homogeneity of masonry. 

 Double flat-jack test on a masonry pier in the basement aimed to define the stress level and 

mechanical properties of masonry. 

 Extraction of samples of mortar and units in order to determine the compressive strength of 

masonry.  Samples of mortar were extracted  on-site to perform punching test in laboratory 

and determine the compressive strength. Samples of stones and bricks were extracted on-

site to carry out compression tests. 

 Resistograph penetrometer tests on timber elements of the roof to verify the density and 

hardness of timber, and locate damaged areas. 

 On-site load test on the rib concrete-clay of the first floor. 

Foundation soil 

The seismic prospecting with MASW method was performed in order to determine the shear waves 

velocity in the first 30 meters of depth (Vs,30) and identify the type of foundation soil. A value of Vs,30 

equal to 500 m/s was obtained. This corresponds to a soil of "type B" according to the table 3.2.II of 

the Italian Technical code (NTC, 2008). From MASW method, it was also possible to characterize 

some properties of the soil, as shown in Table 2. 

Table 2 - Properties of the soil obtained from MASW method ((S.G.M. S.r.l., 2011). 

Layer 
Vs 

(m/s) 

Vp 

(m/s) 

 

(kg/m
3
) 

 

(-) 

 

(kg/m
3
) 

Ed 

(kg/cm
2
) 

G0 

(kg/cm
2
) 

1 379 928 1900 0.40 194 7792 2783 

2 400 980 1900 0.4 194 8680 3100 

3 535 1310 2000 0.40 204 16345 5837 

 

where: 
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Vs is the average velocity of shear waves 

Vp is the average velocity of compressional waves 

 is the weight in volume 

 is the Poisson's modulus 

 is the average density 

Ed is the dynamic Young's modulus 

G0 is the dynamic shear modulus 

Masonry 

Tables from Table 3 to Table 6 summarize the results obtained from the tests performed on masonry. 

Penetrometer tests, sonic tomography and extraction of masonry samples to determine compressive 

strength were performed in the same masonry panels where visual inspections were carried out (see  

section 3.1.2). The double flat-jack test was performed in a masonry pier located in the basement. 

Table 3 shows an estimate of the compressive strength of mortars obtained from penetrometer 

tests. These values were obtained indirectly by using a correlation with the energy used to drill holes 

in the mortar joints. Fifteen tests were performed in each area investigated, on both vertical and 

horizontal joints. 

Table 3 - Results of penetrometer tests on mortar. 

Identification of masonry 

panel 

Estimate of the compressive 

strength of mortar 

fm [N/mm
2
] 

P1 (basement) 1.59 

P2 (raised ground floor) 2.92 

P3 (raised ground floor) 1.56 

P4 (raised ground floor) 1.56 

P5 (first floor) 1.41 

P6 (first floor) 1.45 

 

Table 4 illustrates the results obtained from sonic tomography in terms of average velocity of sonic 

waves. Tests were performed according to the indirect method, placing emitter and receiver on the 

same side of each masonry panel. Figure 29 shows an example of grid pattern used for the test 

together with the map of sonic velocity obtained.  
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Table 4 - Results of sonic tomography on masonry panels. 

Identification of masonry 

sample 

Average velocity of sonic 

waves 

v [m/s] 

P1 (basement) 1523 

P2 (raised ground floor) 1555 

P3 (raised ground floor) 1506 

P4 (raised ground floor) 1513 

P5 (first floor) 1581 

P6 (first floor) 1603 

 

 
 

Grid pattern for sensors' position Map of sonic velocity obtained on masonry surface 

Figure 29 - Sonic tomography performed in panel P1. 

Table 5 shows the results of the single and double flat-jack tests performed in panel P1 in the 

basement in terms of compressive stress level and elasticity modulus. 

 

Table 5 - Results of single and double flat-jack test. 

Identification of masonry 

sample 

Compressive stress  

 [N/mm
2
] 

Estimate of the elasticity 

modulus E [N/mm
2
] 

P1 (basement) 0.20  1733 

 



2016 Central Italy Earthquake: Seismic Assessment of "Pietro Capuzi" School in Visso (Marche) 

 

Erasmus Mundus Programme 

ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 33 

The value of the elasticity modulus obtained is consistent with the classification of the type of 

masonry as "cut stone with good texture". In fact, it is included within the range of values provided 

by the table C8A.2.1 of Italian Circolare for this type of masonry. 

Table 6 illustrates the results obtained from the punching tests and compression tests performed 

respectively on mortar and unit (stone or brick) samples extracted on-site. For each masonry panel, 

the mechanical properties of mortar and units were determined as the average of the values 

obtained testing different samples (two or three). The compressive strength of mortar was calculated 

indirectly from the punching strength. 

The aim was to calculate the characteristic compressive strength of masonry from the mechanical 

properties of mortar and units according to the tables 11.10.V and 11.10.VI of Italian technical Code 

(NTC, 2008). However, this was not possible since the values of compressive strength of mortar 

obtained were not included in the tables mentioned above.  

Table 6 - Results of punching tests on mortar samples and compressive tests on unit samples. 

Identification of masonry 

panels 

Average punching 

strength of mortar 

fm,s [N/mm
2
] 

Compressive strength 

of mortar 

fm [N/mm
2
] 

Average compressive 

strength of unit 

fbk [N/mm
2
] 

P1 (basement) 3.51 2.52 62.9 (stone) 

P2 (raised ground floor) 3.26 2.32 19.1 (brick) 

P3 (raised ground floor) 2.16 1.41 112.8 (stone) 

P4 (raised ground floor) 0.41 0.19 50.4 

P5 (first floor) 1.06 0.60 44.9 

P6 (first floor) 1.51 0.91 80.5 

 

Timber 

Penetrometer tests were performed on seven timber elements of the roof of body B of the buildings. 

Except for one element, tests did not highlight significant changes in timber density that could 

correspond to holes or portions seriously damaged. The possible presence of knots was observed. 
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Possible presence of a damaged portion 

 

Absence of damaged portions 

Figure 30 - Examples of profiles obtained from penetrometer tests. 

3.3 Seismic monitoring and past numerical modeling 

3.3.1 Monitoring for the Seismic Observatory of Structures  

As part of the Seismic Observatory of Structures, a monitoring system was installed in "Pietro Capuzi" 

school by the company CESI, located in Seriate-BG, in order to gather information about the ground 

motion and accelerations of the structure in case of significant seismic events that may damage the 

building. Information about the monitoring system was obtained from the website of ISS (Inspections 

and monitoring for OSS). The monitoring system consists in one tri-axial accelerometer located in the 

basement at the level of the ground in order to measure the seismic input, and ten bi-axial 

accelerometers installed at the first and second level, at the intrados of the slabs, to measure the 

accelerations undergone by the structures. In particular, the accelerometers are placed in the same 

position in the plan of the first floor and second floor. Figures from Table 34 to Figure 33 show the 

locations of the sensors at the different level of the structures. The monitoring system installed in the 

school also allowed to experimentally identify the first three vibration modes of the structures (see 

Chapter 6). 
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Figure 31 - Location of the accelerometers in the pan of the basement (ISS, 2017). 

 

Figure 32 - Location of the accelerometers in the plan of the raised ground floor (ISS, 2017). 

 

Figure 33 - Location of the accelerometers in the plan of the first ground floor (ISS, 2017). 
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3.3.2 Past numerical modeling  

Based on all the information collected during the survey and inspection, an equivalent frame model 

of the building was created in TreMuri by S.G.M. Engineering (Figure 34).  

 

Figure 34 - 3D view of the equivalent frame model of the building (S.G.M. Engineering) . 

Firstly, the seismic response of the building was evaluated according to the principles of non-linear 

static analysis, and safety verifications were performed. Most of the verifications were not satisfied 

for the life safety limit state (SLV). Consequently, the building was no adequate to withstand the 

design seismic action according to the prescriptions of the Italian Technical Code. 

Secondly, the model was calibrated according to the experimental dynamic parameters obtained 

from the monitoring system. In Tremuri model, the sensors were located in correspondence of the 

slabs, in particular at the height of +7.53 m and +11.79 m with respect to the height of the planking 

slab of the basement (z=+0m). Model updating resulted in the decrease of the Young's modulus of 

stone masonry before considered, based on the results of inspections, and the addition of two slabs 

in the staircase. A Young' modulus of 1000 MPa was used to update the model. Table 7 reports the 

values of the frequencies and participant masses for the first ten vibration modes of the calibrated 

model. 

Table 7 - Frequencies and participant masses for the first ten vibration modes of the calibrated model 

(S.G.M. Engineering). 
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Figure 35, Figure 36 and Figure 37 show the deformed shapes obtained in TreMuri for the first three 

vibration modes of the calibrated model. 

 

Figure 35 - Deformed shape for mode 1 - level 3 (Frequency 3.29 Hz) (S.G.M. Engineering). 

 

Figure 36 - Deformed shape for mode 2 - level 3 (Frequency 3.63 Hz) (S.G.M. Engineering). 

 

Figure 37 - Deformed shape for mode 3 - level 3 (Frequency 4.12 Hz) (S.G.M. Engineering). 
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Table 8 shows the comparison between the values obtained experimentally and analytically in terms 

of frequencies and MAC (Modal Assurance Criterion). 

 

Table 8 -  Comparison between experimental and analytical frequencies (S.G.M. Engineering). 

Mode of 

vibration 

Analytical 

Frequency (Hz) 

Experimental 

Frequency (Hz) 
Difference Difference in % MAC 

1 3.29 3.175 -0.12 -3.8 85.68 

2 3.63 3.755 0.125 3.3 52.9 

3 4.12 4.047 -0.072 -1.8 79.14 

 

Finally, a non-linear model was created to analyze damage produced by a seismic event. The static 

and dynamic behavior of masonry piers was represented in TreMuri by using a non-linear 

constitutive law. A time history analysis was performed on the equivalent frame model of the 

building by using as input the accelerograms recorded during Umbria-Marche earthquake in 1997. 

This allowed obtaining the time history in terms of displacement for each node, in particular for the 

nodes where the accelerometers are located. The successful comparison between the displacements 

obtained from the analyses performed by using the recorded accelerogram and the displacements 

obtained by imposing time history displacements in correspondence to the sensors allowed the 

calibration of the model. A damage index was also determined based on the results of the dynamic 

analysis.  

3.4 Past interventions 

"Pietro Capuzi" school was slightly damaged by the 1997 Umbria-Marche earthquake, in particular it 

experienced some damage in the staircase, in correspondence to the connections between the two 

parts of the building (body A and B), and minor damage to the plaster. Following this seismic event, 

some strengthening interventions were performed in the 1990s. Limited information is available 

about them since the original drawings were lost in the collapse of the city hall due to the seismic 

shake of October 30th, 2016. 

As described in (UNIGE, 2016), the interventions carried out were aimed to repair the more serious 

damage produced by 1997 earthquake, replace some parts of the timber structure of the roof that 

were in a bad state of conservation and exhibited static problems, and improve the seismic response 

of the structure. 
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Concerning the repair of the damage caused by the earthquake, the main intervention consisted in a 

"cuci and scuci" of masonry in correspondence to the cracks appeared in the staircase at the 

interface between the two bodies A and B.  

Regarding the roof, the original timber structure was replaced by new glue laminated timber 

elements in the three central bays of body A on the side of the main façade. 

The intervention aimed to improve the seismic behavior of the building included: 

 Addition of metallic profiles UPN (with an estimated height of 10 cm (UNIGE, 2016) 

connected to the perimeter and inner masonry at the height of the slab between first floor 

and attic (Figure 38a). They were aimed to increase the flexural stiffness out-of-plane of 

masonry walls. 

 Insertion of metallic plates anchored with rods to assure a systematic connection of the roof 

to perimeter and inner walls (Figure 38b). 

 Insertion of a metallic frame around the openings located in the main façade at the first level 

(Figure 38c). The frame consisted in a horizontal steel profile above the window connected 

to two vertical elements aimed to confine the pillars between the openings. There is no 

evidence of a lower horizontal element. 

 Injections of lime mortar in some piers where pipes were filled in the past with solid brick 

masonry. 

 Filling with solid brick masonry of the spans between the pillars in the staircase (Figure 38d). 

 Addition of metallic tie-rods.  
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a)  

 

b)  

c)  d)  

Figure 38 - Strengthening interventions performed in the 1990s: (a) metallic profiles anchored to masonry 

walls; (b) steel connections between roof and masonry walls; (c) steel frame around openings in the main 

façade, (d) filling with brick masonry of the spans among pillars (UNIGE, 2016)
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4. ANALYSIS OF SEISMIC DAMAGE 

A description of the damage experienced by "Pietro Capuzi" school during Amatrice-Norcia-Visso 

seismic sequence is presented in this chapter. In the first section of the chapter, the development of 

the damage is reconstructed thanks to the photographic survey performed by (DPC, 2016). A detailed 

description of the damage state is also presented, based on the report compiled by (UNIGE, 2016) 

after the survey carried out on December 8th, 2016. In the second and third section of the chapter, 

the recordings of the seismic events performed by RAN and OSS networks are analyzed in order to 

characterize the seismic ground motion as well as the seismic behavior of the structure. 

4.1 Description of damage 

4.1.1 Damage development 

The development of the damage state in the exterior (body A and body B) and interior of the building 

is illustrated respectively in Figure 39, Figure 40 and Figure 41. After the seismic event of August 24th, 

the building exhibited an in-plane response with cracks occurred in both masonry piers and 

spandrels. In general, the level of damage can be classified as light/moderate, however some serious 

cracks are observed in the piers of body B (Figure 41b). According to the information gathered in 

"Aedes scheda" (damage survey form used in Italy after seismic events for ordinary buildings), 1/3 of 

the vertical elements was damaged, while the damage observed in slab and floors is characterized by 

an extent included between 1/3 and 2/3.  

Figure 39 and Figure 40 clearly show the worsening of the damage level in the exterior after the 

building was stricken by the two earthquakes occurred on October 26th (Mw=5.4 and Mw=5.9). As for 

the damage occurred in the interior (Figure 41), the photographic documentation dates back to 

August 25th (DPC, 2016) and December 8th (UNIGE, 2016), but an intermediate survey after the events 

of October 26th is not available. Consequently, it is difficult to distinguish the damage produced 

respectively by the shakes of October, 26th and 30th. However, since Figure 40a and Figure 41b 

represent respectively the external and internal side of the same walls, it is reasonable to assume 

that, in general, the worsening of damage state in the interior was caused by the earthquakes of 

October 26th. As shown in Figure 40, the seismic events of October 26th produced the occurrence of 

an out-of-plane mechanism, this resulting in the partial collapse of the masonry walls as well as the 
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slabs resting on them. As for the in-plane response of masonry walls, it can be observed that, more 

than in the appearance of the new cracks, the worsening of the damage state mostly consisted in a 

significant increase of the seriousness of the cracks already opened after the event of August, 24th. 

This can be seen in the north-west façade of body B both in the exterior (Figure 40a) and interior 

(Figure 41b) as well as in body A in the internal walls of the classrooms (Figure 41a) and in external 

NW façade (Figure 39a). As for the latter, it can be observed that in-plane damage evolved from a 

shear mechanism on August, 24th to a shear-sliding mechanism on October 26th.  This increase of 

crack seriousness proves the masonry panels to have a residual capacity for horizontal actions, this 

resulting in the dissipation of energy in the same locations where cracks occurred after the shake of 

August, 24th
. As shown in Figure 39 and Figure 40, the damage state did not change significantly after 

the shake of October 30th with respect to October 26th. An increase of the seriousness of the cracks 

near the windows at first floor can be observed in Figure 39b and Figure 40b. 

 

After August, 24th 2016 After October, 26th 2016 After October, 30th 2016 

   

a) Body A_NW side 

   

b) Body A_SE side 

Figure 39 - Damage development in body B during the Amatrice-Norcia-Visso seismic sequence (DPC, 2016). 
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After August, 24th 2016 After October, 26th 2016 After October, 30th 2016 

   

a) Body B_norther corner 

   

b) Body B_ SE side 

Figure 40 - Damage development in body B (exterior) during the Amatrice-Norcia-Visso seismic sequence 

(DPC, 2016). 
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After August, 24th 2016 After October, 30th 2016 

  

a) Body A_internal walls 

  

b) Body B_NW side 

  

c) Body A_corridor 

Figure 41 - Damage development in the interior of the building during the Amatrice-Norcia-Visso seismic 

sequence (DPC, 2016)-(UNIGE, 2016). 

4.1.2 Damage State updated at December 8th, 2016 

This section describes the damage state as observed by (UNIGE, 2016) during the survey carried out 

on December 8th, 2016. As described in (UNIGE, 2016), serious damage in structural elements can be 

located at both ground and first floor, in particular, in masonry piers oriented in Y direction. 

However, piers of body B were seriously damaged also in X direction. An out-of plane mechanism 

occurred in body B, resulting in the collapse of the corner at the first floor and as well as the collapse 

of part of the slab between first floor and attic. 
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Figure 42 and Figure 43 show the damage survey respectively at ground and first floor. The level of 

damage is classified in light/moderate (one line), serious (two lines), very serious (three lines). The 

letter P means that cracks are present on both sides of masonry walls.  

 

Figure 42 - Damage survey at ground floor (UNIGE, 2016). 

 

Figure 43 - Damage survey at first floor (UNIGE, 2016). 
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Damage at the raised ground floor 

In body A, internal masonry piers oriented in Y direction were seriously damaged and mainly 

exhibited a shear response with diagonal cracks developing through the thickness of the walls (Figure 

44a). The damage observed in X direction is significant, but not as widespread as in Y direction. In the 

NW side of the building a shear-sliding mechanism activated and produced an important residual 

deformation (Figure 44b). In body B, the level of damage differs according to the direction, with 

serious and very serious damage in the piers oriented in NW and NE directions (Figure 45), and 

moderate/serious damage in SE direction. 

a)  b)  

Figure 44 - Damage in masonry piers of body A: shear a) and shear-sliding (b) response (UNIGE, 2016). 

  

Figure 45 - Damage in masonry piers of body B (UNIGE, 2016). 

As far as concerns the spandrels, limited damage is noticed in body A (Figure 46a), while serious 

cracks are located in most of the spandrels above the windows of first floor in body B (Figure 46b). 
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a)  b)  

Figure 46 - Damage in masonry spandrels: body A (a) and body B (b) (UNIGE, 2016). 

Figure 47 shows the presence of sub-vertical cracks in the NW side of body B. According to (UNIGE, 

2016), they can be attributed to a poor connection between walls, but they are located only in this 

area.  

  

Figure 47 - Sub-vertical cracks in body B (UNIGE, 2016). 

In the staircase cracks are mainly due to the presence of discontinuites in the materials since the 

spans between the pillars were filled with solid bricks during past interventions (Figure 48). 

 

 

Figure 48 - Damage in the staircase (UNIGE, 2016). 
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Regarding the slabs, a crack can be noticed in the planking slab of the corridor in the NW side of body 

A (Figure 49a), while sub-horizontal cracks are observed in correspondence of the connection 

between walls and slabs (Figure 49b). They are in correspondence of the internal walls, while a more 

serious crack is present along the wall of the hall.  

 

a)  b)  

Figure 49 - Damage in the slabs: crack in the planking slab (a) and crack in the connection between walls and 

slabs (b) (UNIGE, 2016). 

Damage at the first floor 

Regarding masonry piers of body A, they exhibit a response similar to the one at the ground floor, 

with serious and widespread damage in Y direction and more limited damage in X direction.  

In body B, damage is concentrated in NW and NE side with diagonal shear cracks. Moreover, an 

overturning mechanism occurred in the corner, leading to a local collapse of masonry walls (Figure 

50a). Flexural cracks are located on SE side, as shown in (Figure 50b). 

 

a)  b)  

Figure 50 - Damage in body B at first floor: local collapse (a) and flexural cracks (b) (UNIGE, 2016). 
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Concerning the spandrels, the damage is limited in body A, while serious cracks are widespread in 

body B on NW side (Figure 51). 

 

 

Figure 51 - Damage in the spandrels of body B (UNIGE, 2016). 

As far as concerns the slabs, two local collapses occurred in the planking slab, one close to the 

staircase and the other in the northern corner of body B (Figure 52a). The steel slabs between first 

floor and attic are seriously damaged with an extensive collapse produced by the out-of-plane 

mechanisms (Figure 52b), a local collapse in body A and cracks along all the metallic profiles. 

Furthermore, it is possible to observe horizontal cracks in the façade in correspondence of the slab. 

 

a)  b)  

Figure 52 - Damage in the slabs: local collapse in the planking slab (a) and extent collapse in the steel slab (b) 

(UNIGE, 2016). 
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4.2 Seismic Observatory of Structures (OSS) 

The monitoring system installed in "Pietro Capuzi" school as part of the Seismic Observatory of 

Structures allowed obtaining information about the seismic response and damage state of the 

building all through the recent seismic sequence. Furthermore, the tri-axial accelerometer installed 

in the basement of the building allowed recording the seismic input exactly at the base of the 

structure. In particular, the Department of Civil Protection provided the time histories in acceleration 

and displacement (double integration from acceleration) relative to the main seismic events occurred 

on August 24th (Mw 6.0), October 26th (Mw 5.4 and 5.9) and October 30th (Mw 6.5). In the thesis, these 

recordings, already filtered, were processed in order to characterize the ground motion in terms of 

amplitude and frequency, as well as the seismic behavior of the structure in terms of maximal 

accelerations with respect to the ground and interstory drifts. SeismoSignal 2016 was used to obtain 

the acceleration response spectra of the acceleration records.  

The time histories in acceleration recorded in the three directions XX, YY and ZZ by the tri-axial 

accelerometer located at the base of the structure are presented in Figure 53, Figure 55, Figure 57 

and Figure 59 for the seismic events of respectively 24 August 24th (Mw 6.0), October 26th (Mw 5.4 and 

5.9) and October 30th (Mw 6.5). The corresponding acceleration response spectra are shown in Figure 

54, Figure 56, Figure 58 and Figure 60. The values of PGA (peak ground acceleration), i.e. the maximal 

acceleration recorded in the time history, are also reported in the following figures. It can be 

observed that the highest values of horizontal PGA were recorded during the Mw 5.9 earthquake of 

October 26th, which are equal to 0.364 g and 0.473 g respectively in XX and YY directions (Figure 57). 

It is also noted that the vertical component ZZ of strong motion is significant in the case of the 

earthquakes of October 26th (Mw 5.4) and October 30th. In particular, a value of the vertical PGA equal 

to 0.407 g was reached during the seismic event of October 26th.  
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Figure 53 - Acceleration time-history recorded by OSS monitoring system for Mw 6.0 August 24

th
, 2016 

earthquake. 

 

Figure 54 - Acceleration response spectra (=5%) for the records presented in Figure 53. 
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Figure 55 - Acceleration time history recorded by OSS monitoring system for Mw 5.4 October 26
th

, 2016 

earthquake. 

 

Figure 56 - Acceleration response spectra (=5%) for the records presented in Figure 55. 
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Figure 57 - Acceleration time history recorded by OSS monitoring system for Mw 6.0 October 26

th
, 2016 

earthquake. 

 

Figure 58 - Acceleration response spectra (=5%) for the records presented in Figure 57. 
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Figure 59 - Acceleration time histories recorded by OSS monitoring system for Mw 6.5 October 30

th
, 2016 

earthquake. 

 

Figure 60 - Acceleration response spectra (=5%) for the records presented in Figure 57. 
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Figure 61 and Figure 62 show a comparison between the acceleration response spectra of the 

horizontal components of motion in XX and YY directions for the four earthquakes considered, and 

the elastic response spectrum in accordance with NTC2008 for a return period of 712 years, soil of 

type B and damping 5%. The latter was obtained assuming an exceedance probability of 10%, 

corresponding to life safety limit state, and a reference period VR equal to 75 years, which is equal to 

the product between the nominal life (50 years) and the coefficient of use Cu =1.5 for the class of use 

III which is employed for schools (NTC, 2008). The excel sheet Spettri-NTCver1.0.3 provided by the 

Consiglio Nazionale dei Lavori Pubblici (CSLP, 2017) was used to generate the elastic spectrum. 

Figure 61 and Figure 62 also report the natural periods of the structure relative to the modes of 

vibration that mobilize the most of the mass in the directions XX and YY, respectively. In particular, 

they were obtained as the inverse of the frequencies relative to the modes 3 and 1 identified by (CESI 

S.p.A., 2010). In fact, as described later in chapter 6, modes 3 and 1 were found to be translational 

modes respectively in the longitudinal (XX) and transversal (YY) directions of the building. In 

correspondence to these values of periods, it can be observed that the response acceleration of the 

structure is amplified with respect to the peak ground acceleration, especially in y direction. In 

particular, this is evident in the case of the seismic event of August 24th in YY direction. However, it 

can been observed that the records relative to this event do not shown such significantly higher 

acceleration in Y direction (see Table 9). It must be noted that, in order to achieve to adequately 

characterize the dynamic behavior of a structure under seismic action, the frequency content of the 

earthquakes should be estimated thanks to Fourier Transform. In fact, the maximal amplification is 

obtained when the predominant period of the ground motion is close to the elastic period of the 

structure (this value will change in the damage process to a lower frequency / higher period). 

Finally, it can be seen that, except for the YY component of Mw 5.4 earthquake of October 26th, the 

response acceleration spectra obtained for a period equal to 0.31s are comparable and, in same case, 

even higher than the elastic response spectrum of NTC2008 for the life safety limit state. This is 

consistent with the high level of damage experienced by the building. 
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Figure 61 - Comparison between the response spectra (XX component) of the seismic events of August 24
th

, 

October 26
th

 and October 30
th

 and the elastic spectrum of NTC2008 for soil B and return period Tr=712 years 

(damping 5%). 

 

Figure 62 - Comparison between the response spectra (YY component) of the seismic events of August 24
th

, 

October 26
th

 and October 30
th

 and the elastic spectrum of NTC2008 for soil B and return period Tr=712 years 

(damping 5%). 

The seismic response of the building was analyzed in terms of maximal acceleration with respect to 

the ground as well as interstory drifts. These parameters are useful to provide an estimate of damage 

to compare with the actual damage exhibited by the structure.  

Tables from Table 9 to Table 12 present the values of maximal acceleration recorded by each of the 

bi-axial accelerometers located in the structure (see Figure 32and Figure 33 in section 3.3.1 for the 

location of the sensors) during the four seismic events taken into account. For each accelerometer, 
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the accelerations recorded by the two channels oriented in X and Y directions are reported. For each 

channel, the amplification factor PSA/PGA was calculated as the ratio between the maximal value of 

acceleration measured by the channel and the peak ground acceleration, PGA in the direction X or Y, 

according to the orientation of the channel. It can be observed that higher maximal values of 

amplification factors are obtained in X direction in comparison to Y direction for all the seismic 

events considered. However, this is only generally valid since the maximal values in the two 

directions may be associated to different sensors. For instance, in the case of the earthquake of 

August 24th, it is noted that, except for sensors A6, the amplification factors are higher in Y direction 

than in X direction. As expected, higher amplification factors are obtained at first floor with respect 

to ground floor. The Mw 6.5 earthquake of October 30th is found to have produced the larger 

amplification on the structure, with values of the amplification factors equal to 4.65 and 4.89 in X 

and Y direction.  

Table 9 - Maximal accelerations and amplification factors PSA/PGA obtained for Mw 6.0 August 24
th

, 2016 

earthquake. 

 
Ground floor First floor 

Direction Channel 
Max accel. 

(g) 
PSA/PGA Channel 

Max accel. 

(g) 
PSA/PGA 

x A1_1 0.58 1.76 A6_11 1.05 3.21 

y A1_2 0.61 1.92 A6_12 0.80 2.52 

x A2_3 0.41 1.25 A7_13 0.52 1.56 

y A2_4 0.41 1.30 A7_14 0.51 1.60 

x A3_5 0.36 1.10 A8_15 0.45 1.37 

y A3_6 0.54 1.70 A8_16 0.61 1.92 

x A4_7 0.46 1.41 A9_17 0.55 1.69 

y A4_8 0.59 1.84 A9_18 0.74 2.31 

x A5_9 0.56 1.71 A10_19 0.37 1.13 

y A5_10 0.63 1.98 A10_20 0.74 2.32 

 
max_x 0.58 1.76 max_x 1.05 3.21 

 
max_y 0.63 1.98 max_y 0.80 2.52 
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Table 10 - Maximal accelerations and amplification factors PSA/PGA obtained for Mw 5.4 October 26
th

, 2016 

earthquake. 

 

Ground floor First floor 

Direction Channel 
Max accel. 

(g) 
PSA/PGA Channel 

Max accel. 

(g) 
PSA/PGA 

x A1_1 0.47 1.60 A6_11 0.91 3.06 

y A1_2 0.55 2.59 A6_12 0.78 3.70 

x A2_3 0.47 1.58 A7_13 0.58 1.96 

y A2_4 0.48 2.25 A7_14 0.55 2.61 

x A3_5 0.47 1.60 A8_15 0.60 2.02 

y A3_6 0.29 1.36 A8_16 0.58 2.74 

x A4_7 0.48 1.62 A9_17 0.84 2.85 

y A4_8 0.32 1.53 A9_18 0.60 2.83 

x A5_9 0.78 2.62 A10_19 1.26 4.27 

y A5_10 0.39 1.83 A10_20 0.66 3.13 

 

max_x 0.78 2.62 max_x 1.26 4.27 

 

max_y 0.55 2.59 max_y 0.78 3.70 

 

Table 11 - Maximal accelerations and amplification factors PSA/PGA obtained for Mw 6.0 October 26
th

, 2016 

earthquake. 

 

Ground floor First floor 

Direction Channel 
Max accel. 

(g) 
PSA/PGA Channel 

Max accel. 

(g) 
PSA/PGA 

x A1_1 0.44 1.21 A6_11 1.41 3.86 

y A1_2 0.61 1.29 A6_12 1.15 2.42 

x A2_3 0.44 1.22 A7_13 0.54 1.49 

y A2_4 0.58 1.23 A7_14 1.13 2.39 

x A3_5 0.47 1.28 A8_15 0.53 1.47 

y A3_6 0.55 1.17 A8_16 0.91 1.92 

x A4_7 1.38 3.80 A9_17 0.68 1.87 

y A4_8 0.49 1.05 A9_18 0.73 1.54 

x A5_9 0.81 2.22 A10_19 1.01 2.76 

y A5_10 0.62 1.30 A10_20 1.33 2.81 

 

max_x 1.38 3.80 max_x 1.41 3.86 

 

max_y 0.62 1.30 max_y 1.33 2.81 
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Table 12 - Maximal accelerations and amplification factors PSA/PGA obtained for Mw 6.5 October 30
th

, 2016 

earthquake 

 

Ground floor First floor 

Direction Channel 
Max accel. 

(g) 
PSA/PGA Channel 

Max accel. 

(g) 
PSA/PGA 

x A1_1 0.46 1.58 A6_11 1.26 4.29 

y A1_2 0.68 2.26 A6_12 1.23 4.07 

x A2_3 0.36 1.24 A7_13 0.86 2.92 

y A2_4 0.65 2.16 A7_14 1.47 4.89 

x A3_5 0.38 1.29 A8_15 0.47 1.60 

y A3_6 0.33 1.10 A8_16 0.80 2.65 

x A4_7 0.43 1.45 A9_17 0.75 2.54 

y A4_8 0.40 1.32 A9_18 0.61 2.01 

x A5_9 0.77 2.64 A10_19 1.36 4.65 

y A5_10 0.49 1.62 A10_20 0.67 2.22 

 
max_x 0.77 2.64 max_x 1.36 4.65 

 
max_y 0.68 2.26 max_y 1.47 4.89 

 

Tables from to Table 14 to Table 17 report the maximal relative displacements and corresponding 

interstory drift between different floors of the building, namely between ground floor and basement, 

and between first floor and ground floor. The maximal values obtained in X and Y directions are 

highlighted respectively in pink and blue. In order to obtain the drift, the relative displacements 

between pairs of sensors located at different levels were initially calculated from the time-history of 

displacements. Then the interstory drift was obtained dividing the maximal values of relative 

displacements by the distance between the sensors. The latter corresponds to the height of the first 

floor, i.e. 4.3 m, in the case of the drift between first and ground floor, while it is equal to the sum of 

the heights of basement and ground floor, i.e. 7.5 m, for the drift between ground floor and 

basement due to the absence of sensors at the top of the basement. The couples of sensors between 

which the relative displacements were calculated, as indicated in the tables from Table 14 to Table 

17, are located in Figure 32 and Figure 33 of section 3.3.1. 

The interstory drift may represent a measure of the damage suffered by the structure. Table 13 

shows the reference values regarding the drift-damage relation provided by the OSS for masonry 

structures.  
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Table 13 - Reference values regarding drift-damage relation for masonry buildings (DPC, OSS, 2017). 

Damage level Drift (x1000) 

No damage 0 - 2 

Slight damage 2 - 4.5 

Moderate damage 4.5 - 8 

Serious damage > 8 

 

From the following tables, it can be observed that the highest values of drift, respectively equal to 

13.53 and 16.01 in X and Y direction, were obtained for the Mw 5.9 earthquake of October 26th. These 

values are significantly higher than the ones obtained for the shakes of August 24th and October 26th 

(Mw 5.4). This is in agreement with the development of damage observed in the structure, since the 

damage state significantly increased after the Mw 5.9 seismic event of October 26th with respect to 

the previous shakes, as described in section 4.1.1. On the basis of the drift-damage relation reported 

in Table 13, the values of drift obtained for the Mw 5.9 earthquake of October 26th correspond to 

serious damage, while moderate and slight damage are respectively associated to the shakes of 

August 24th and October 26th (Mw5.4). This is consistent with the damage level exhibited by the 

building during the seismic sequence. As for the Mw 6.5 earthquake of October 30th, it is difficult to 

interpret the values of drift obtained since the building had been severely damaged by the previous 

seismic events. It is noted that higher values of drift are obtained in X direction for the earthquakes 

of August 24th and October 26th (Mw  5.4), while larger drift are obtained in Y direction for the shakes 

of October 26th (Mw 5.9) and October 30th. For the first two events a complete damage survey is not 

available, hence it is not possible to compare the damage level with the drift values obtained in the 

two directions. However, according to the damage survey performed by (UNIGE, 2016) in December 

8th, 2016, i.e. after the seismic events of October 26th and October 30th, the damage is more severe 

and widespread in Y direction than in X direction. This is consistent with the higher values of drift 

obtained in Y direction. Finally, it is interesting to note that the highest value of drift in Y direction at 

ground floor is always obtained for channel A5_10 for the four earthquakes. This channel is located 

in the corner of the building where a shear-sliding mechanism was activated at the ground floor since 

the shake of August 24th (see section 4.1.1). 
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Table 14 - Maximal relative displacements and corresponding drifts obtained for Mw 6.0 August 24th, 2016 

earthquake. 

 
Ground floor - basement First floor - ground floor 

Direction Channels 
Max rel. 

displ. (mm) 
drift (x1000) Channels 

Max rel. 
displ. (mm) 

drift (x1000) 

x A1_1-NF_21 27.42 3.66 A6_11- A1_1 26.23 6.10 

y A1_2-NF_22 10.85 1.45 A6_12-A1_2 13.40 3.12 

x A2_3-NF_21 8.15 1.09 A7_13-A2_3 5.96 1.39 

y A2_4-NF_22 5.16 0.69 A7_14-A2_4 5.81 1.35 

x A3_5-NF_21 5.21 0.69 A8_15-A3_5 5.09 1.18 

y A3_6-NF_22 13.03 1.74 A8_16-A3_6 13.05 3.03 

x A4_7-NF_21 9.31 1.24 A9_17-A4_7 7.04 1.64 

y A4_8-NF_22 17.37 2.32 A9_18-A4_8 14.23 3.31 

x A5_9-NF_21 4.12 0.55 A10_19-A5_9 5.38 1.25 

y A5_10-NF_22 31.76 4.23 A10_20-A5_10 10.00 2.33 

  max_x 27.42 3.66 max_x 26.23 6.10 

 

max_y 31.76 4.23 max_y 14.23 3.31 

 

Table 15 - Maximal relative displacements and corresponding drifts obtained for Mw 5.4 October 26
th

, 2016 

earthquake. 

 
Ground floor - basement First floor - ground floor 

Direction Channels 
Max rel. 

displ. (mm) 
drift (x1000) Channels 

Max rel. 

displ. (mm) 
drift (x1000) 

x A1_1-NF_21 17.10 2.28 A6_11- A1_1 16.98 3.95 

y A1_2-NF_22 7.67 1.02 A6_12-A1_2 10.38 2.41 

x A2_3-NF_21 7.36 0.98 A7_13-A2_3 4.94 1.15 

y A2_4-NF_22 5.07 0.68 A7_14-A2_4 4.64 1.08 

x A3_5-NF_21 6.72 0.90 A8_15-A3_5 5.07 1.18 

y A3_6-NF_22 5.36 0.71 A8_16-A3_6 7.37 1.71 

x A4_7-NF_21 7.49 1.00 A9_17-A4_7 5.42 1.26 

y A4_8-NF_22 8.13 1.08 A9_18-A4_8 10.60 2.46 

x A5_9-NF_21 6.86 0.91 A10_19-A5_9 8.11 1.89 

y A5_10-NF_22 12.32 1.64 A10_20-A5_10 4.41 1.03 

  max_x 17.10 2.28 max_x 16.98 3.95 

 

max_y 12.32 1.64 max_y 10.60 2.46 
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Table 16 - Maximal relative displacements and corresponding drifts obtained for Mw 5.9 October 26
th

, 2016 

earthquake. 

 
Ground floor - basement First floor - ground floor 

Direction Channels 
Max rel. 

displ. (mm) 
drift (x1000) Channels 

Max rel. 

displ. (mm) 
drift (x1000) 

x A1_1-NF_21 28.48 3.80 A6_11- A1_1 49.21 11.44 

y A1_2-NF_22 42.56 5.68 A6_12-A1_2 68.82 16.01 

x A2_3-NF_21 12.85 1.71 A7_13-A2_3 9.80 2.28 

y A2_4-NF_22 12.86 1.71 A7_14-A2_4 16.24 3.78 

x A3_5-NF_21 12.41 1.65 A8_15-A3_5 8.23 1.91 

y A3_6-NF_22 31.87 4.25 A8_16-A3_6 41.98 9.76 

x A4_7-NF_21 58.92 7.86 A9_17-A4_7 58.18 13.53 

y A4_8-NF_22 48.53 6.47 A9_18-A4_8 60.33 14.03 

x A5_9-NF_21 16.80 2.24 A10_19-A5_9 20.93 4.87 

y A5_10-NF_22 74.67 9.96 A10_20-A5_10 17.21 4.00 

  max_x 58.92 7.86 max_x 58.18 13.53 

 

max_y 74.67 9.96 max_y 68.82 16.01 

 

Table 17 - Maximal relative displacements and corresponding drifts obtained for Mw 6.5 October 30
th

, 2016 

earthquake. 

 
Ground floor - basement First floor - ground floor 

Direction Channels 
Max rel. 

displ. (mm) 
drift (x1000) Channels 

Max rel. 

displ. (mm) 
drift (x1000) 

x A1_1-NF_21 6.83 0.91 A6_11- A1_1 12.73 2.96 

y A1_2-NF_22 15.48 2.06 A6_12-A1_2 47.21 10.98 

x A2_3-NF_21 11.77 1.57 A7_13-A2_3 8.92 2.07 

y A2_4-NF_22 15.05 2.01 A7_14-A2_4 30.53 7.10 

x A3_5-NF_21 11.61 1.55 A8_15-A3_5 7.13 1.66 

y A3_6-NF_22 11.69 1.56 A8_16-A3_6 32.11 7.47 

x A4_7-NF_21 10.77 1.44 A9_17-A4_7 7.59 1.76 

y A4_8-NF_22 15.60 2.08 A9_18-A4_8 30.16 7.01 

x A5_9-NF_21 15.40 2.05 A10_19-A5_9 23.76 5.52 

y A5_10-NF_22 24.43 3.26 A10_20-A5_10 11.73 2.73 

 
max_x 15.40 2.05 max_x 23.76 5.52 

 
max_y 24.43 3.26 max_y 47.21 10.98 
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Table 18 summarizes some parameters useful to characterize the ground motion and seismic 

response of the structure for the seismic events of August 24th, October 26th (Mw 5.4 and Mw 5.9) and 

October 30th (Mw 6.5). 

Table 18 - Seismic parameters obtained from OSS monitoring system. 

Time (UTC) 2016/08/24 01:36 2016/10/26 17:10 2016/10/26 19:18 2016/10/30 06:40 

MW 6.0 5.4 5.9 6.5 

Municipality Accumuli (Rieti) 
Castel Sant'Angelo 
sul Nera (Perugia) 

Ussita (Macerata) Norcia (Perugia) 

Distance from 
epicenter (km) 

28 7 4 10 

PGA x (g) 0.327 0.296 0.364 0.294 

PGA y (g) 0.318 0.212 0.473 0.301 

PGA z (g) 0.135 0.407 0.309 0.329 

PGAzx  0.41 1.37 0.85 1.12 

PGAzy 0.42 1.92 0.65 1.09 

PSA x (g) 1.049 1.265 1.406 1.364 

PSA y (g) 0.803 0.782 1.330 1.473 

PSA/PGA,x 3.21 4.27 3.86 4.65 

PSA/PGA,y 2.52 3.70 2.81 4.89 

Dmax x (x1000) 6.10 3.95 13.53 5.52 

Dmax y (x1000) 4.23 2.46 16.01 10.98 

 

Where: 

PGA = max acceleration recorded at the base of the structure 

PGAz = amplification factor, ratio between the max acceleration recorded in the vertical direction and 

horizontal direction, respectively (PGA z/PGAx,y) 

PSA = max acceleration recorded on the structure 

PSA/PGA = amplification factor, i.e. ratio between the max acceleration recorded at the base and the 

max acceleration on the structure (PSA/PGA) 

Dmax = max drift (max ratio of the relative floor displacement to the height of the floor) 

The effect of a seismic shake on structures does not depend only on the maximal amplitude of the 

ground motion, i.e. PGA, but also on the acceleration experienced by the different parts of the 

building in comparison to the base. This aspect may be represented by the amplification factor , 



2016 Central Italy Earthquake: Seismic Assessment of "Pietro Capuzi" School in Visso (Marche) 

 

Erasmus Mundus Programme 

64 ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 

which is the ratio of the maximum allowable acceleration exhibited by the structure to the peak 

ground acceleration. In order to evaluate how the damage can be related to these aspects, the 

values of PGA and amplification factor PSA/PGA for the four studied earthquakes were plotted to the 

maximal value of drift in Figure 63 and Figure 64, respectively for xx and yy direction. From Figure 

63a, it can be observed that in direction xx similar values of PGA are associated to similar values of 

maximal interstory drift for the seismic events of August 24th, October 26th (Mw 5.4) and October 

30th (Mw 6.5). Furthermore, the highest drift is obtained for the Mw 5.9 earthquake of October26th 

which is characterized by the highest value of PGA. These considerations are not valid for the 

amplification factor-drift relation. In fact, as shown in Figure 63b, similar values of drift correspond to 

different values of the amplification factor. In addition, the maximal drift is obtained for the Mw 5.9 

earthquake of October26th that is not associated to the highest amplification factor. On the other 

hand, from Table 11, it can be observed that this earthquake is the one producing the highest values 

of acceleration in the structure. In the case of y direction, it is more difficult to find a well defined 

relationship between drift and PGA or amplification factor.  

As for PGA, Figure 64a shows that the minimal and maximal drift are associated to lowest and 

highest values of PGA, which are obtained for the seismic events of October 26th with magnitude Mw 

5.4 and 5.9, respectively. However, considerably different values of drift are obtained for similar 

values of PGA, as in the case of August 24th and October 30th. As for the amplification factor, as 

already noticed for x direction, it can be seen that the maximal drift is not associated to the highest 

amplification factor. It is possible to conclude that, in terms of damage, a different tendency was 

found between the PGA and amplification factor. In addition, the damage is related more to the 

values of acceleration produced in the structure than to ratio between the latter and the 

acceleration at the base. Anyway, it must be noted that the structure suffered from an increase of 

damage during the entire seismic sequence, while the previous considerations considered each 

earthquake independently. 
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Figure 63 - a) PGA vs maximal interstory drift in XX direction; b) Amplification factor PSA/PGA vs maximal 

interstory drift in XX direction. 

  

Figure 64 - a) PGA vs maximal interstory drift in YY direction; b) Amplification factor PSA/PGA vs maximal 

interstory drift in YY direction. 

4.3 National Accelerometric Network (RAN) 

Two RAN stations, called FEMA (on soil of "type B") and CNE (on soil of "type C"), are located in Visso. 

Consequently, the recording of the seismic events in this area are available. Figure 65 and Figure 66 

show a comparison between the response spectra in terms of acceleration corresponding to three 

seismic events of Amatrice-Norcia-Visso sequence, and the design spectrum in accordance with 

NTC2008 (for a return period of 712 years, soil of type B and damping 5%).  

The spectra reported in Figure 65 and Figure 66 are referred to the following recordings for the two 

components NS (North-South) and EW (East-West): 

 2016_08_24_01:36:32 (GMT) Mw6.0 for FEMA station;  

 2016_10_26 17:10:36 (GMT) Mw5.4 for FEMA e CNE stations; 

 2016_10_26 19:18:06 (GMT) Mw5.9 for CNE station;  

 2016_10_30 06:40:18(GMT) Mw6.5 for CNE station. 
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It must be noted that the recordings of the seismic events of October 26th (Mw5.9) and October 30th 

(Mw6.5) are available only for CNE station on soil C, while the soil where the school is located was 

classified as soil of "type B". 

 

Figure 65 - Comparison between the response spectra (NS component) obtained from the recordings of RAN 

network and design spectrum according NTC 2008. 

 

Figure 66 - Comparison between the response spectra (EW component) obtained from the recordings of RAN 

network and design spectrum according NTC 2008.
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5. NUMERICAL MODELING 

The structural behavior of "Pietro Capuzi" school was studied by creating a numerical model of the 

building according to the Finite Element Method (FEM). Since the aim of this thesis is to investigate 

the global response of a complex structure, masonry was modeled according to a macro-modeling 

approach that consists in representing masonry as a "composite" and, consequently, considering only 

indirectly the interaction between units and mortar (Lourenço, P. B., 1996). A 3D model of the school 

was created in AutoCAD and then imported in Midas FX+ pre/post processor for DIANA software. The 

geometry of the model as well as the properties of materials and diaphragms adopted were based on 

the survey performed by S.G.M. S.r.l. and UNIGE (see Chapter 3), and they are described in the 

following paragraphs. 

5.1 Geometry  

The building has four levels: basement (partially underground), raised ground floor, first floor and 

attic. The three floors completely above the ground were included in the modeling, while a different 

strategy was adopted regarding the basement. In fact, modeling a portion of building located under 

the ground is often controversial since the interaction between soil and structure is not 

straightforward. Therefore, in this thesis, different models were created in order to consider or not 

the presence of the portion of basement located underground. In particular, three models were built, 

see Figure 67: 

 a model with three levels without any basement (named as model A) 

 a model with three levels and basement (1.47 m high) as indicated in the geometrical survey 

(named as model B) 

 a model with three levels and basement (1.47 m high) as created in TreMuri model (named 

as model C). 

The choice of the model to use for subsequent structural analyses will be based on the comparison 

between the experimental and numerical response of the different models in terms of frequencies 

and modal shapes, as described in chapter 4. It is noted that the models differ only for the presence 

of the basement, therefore the description of geometry, slabs and materials presented in this 



2016 Central Italy Earthquake: Seismic Assessment of "Pietro Capuzi" School in Visso (Marche) 

 

Erasmus Mundus Programme 

68 ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 

chapter is applicable to all. In particular, the figures that accompany this description will be referred 

to model B. 

 
Model A 

 

Model B 

 
Model C 

Figure 67 - Different models constructed. 
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Firstly, the masonry envelope was created. Load-bearing walls and pillars were identified and 

included in the model, while partition walls were not taken into account. The different thickness 

characterizing masonry walls at different levels was also modeled where significant (at least 20 cm). 

Different base levels were adopted in different parts of the structure. In fact, according to the 

geometrical survey available, perimeter walls raise from the level of the ground (assumed as the 

reference level 0.00 m), while internal walls develop from the height of 1.47 m where the first slab is 

located. This difference was included in the model as illustrated in Figure 68, where the internal walls 

raising from the height of 1.47 m are represented in orange. In the attic, masonry walls were 

modeled until the height of the timber roof. The roof was built as an ensemble of inclined surfaces 

supported by masonry walls (Figure 69). It is believed that this solution may allow representing 

properly the distribution of loads on the perimeter walls. In fact, a punctual calculation of the loads 

transferred by each structural element cannot be more accurate due to the lack of a detailed 

geometrical survey of the timber structure. Furthermore, no information is available about timber 

species and mechanical properties. For these reasons, the timber structure of the roof was not 

directly modeled. 

 

 

Figure 68 - Different base levels adopted in the numerical model (in orange internal walls raising from the 

height of 1.47m). 
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Figure 69 - Modeling of the top level and roof. 

Secondly, the slabs were introduced in the model, as shell elements (Figure 70). Since they were 

modeled without an explicit inclusion of the thickness, they were located at half the height of their 

actual thickness (mid-plane). The slab between the raised ground floor and first floor was located at 

the height of 5.91 m, while the slab between the first floor and the attic was located at the height of 

10.25 m. In the case of models B and C, the slabs present between basement and raised ground floor 

were located at the height of 1.47 m. 

 

 

Figure 70 - Location of the slabs at different levels in the global model of the building. 
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Finally, other structural elements were included in the numerical model, namely the reinforced 

concrete beams located at the entrance and in the staircase, the reinforced concrete bond-beam 

present at the top of the building and the metallic tie-rods introduced in the 1990's to improve the 

seismic response. 

 

 

Figure 71 - Location of concrete beams and metallic tie-rods in the global model. 

5.2 Material properties 

Different materials were identified taking into consideration the inspections performed by S.G.M. 

S.r.l. and UNIGE. Load-bearing walls are made of stone masonry, while brick masonry characterizes 

the pillars (located in body B or between openings in the main façade at the first floor) and the infill 

walls constructed during past interventions in the area of the staircase. Within the stone masonry 

walls, the presence of injected masonry in the transversal walls of body A was taken into account in 

the model. Reinforced concrete was used for the beams at the entrance and in staircase as well as 

the bond-beam present at the top of the building. Finally, steel characterizes tie-rods and their 

anchor plates. Figure 72 shows the location of the different masonry materials in the global model of 

the building. 
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Figure 72 - Location of different materials in the numerical model. 

The physical and mechanical properties used to characterize the different materials are presented in 

the following paragraphs. It is noted that only basic properties such as elasticity modulus, Poisson's 

ratio and density must be input to perform linear elastic analyses and eigenvalue analyses since 

linear elasticity is assumed for all the materials. Differently, non linear-analyses require additional 

properties to model the material behavior with appropriate constitutive laws. In this thesis, non-

linear behavior was adopted exclusively for masonry materials, and it was modeled in DIANA using 

the Total Strain Rotating Crack Model (TNO DIANA BV, 2014), as described more in detail in section 

5.2.1.  

A complete mechanical characterization of materials is essential to study the structural behavior of 

existing buildings, but this is far from being an easy task. Many uncertainties may arise in the 

definition of material properties due to lack of information and difficulties in performing in-situ tests, 

especially when dealing with historical structures. A common approach to take into consideration 

these uncertainties is the one proposed by the Italian Technical Code (NTC2008) and its Circolare that 

define three levels of knowledge LC (LC1, LC2 and LC3) and their corresponding confidence factors. 

The levels of knowledge are defined according to the information collected during the phase of 

survey and inspection of the building. Each level of knowledge is then associated to a corresponding 

confidence factor that is used to reduce the values of the mechanical properties of materials, 

allowing taking into consideration the degree of uncertainty that characterizes their definition. In this 
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thesis, materials properties were defined according to this approach. A knowledge level LC2 was 

adopted since geometrical survey, on-site extensive and exhaustive survey of construction details, 

and on-site extensive testing on material properties were performed (NTC, 2008). 

5.2.1 Masonry 

Constitutive model 

Masonry is a quasi-brittle heterogeneous material characterized by softening behavior. As described 

in (Lourenço, P. B., 1996), softening consists in "a gradual decrease of mechanical resistance under a 

continuous increase of deformation", and it is a feature of quasi-brittle materials whose failure is 

associated with the progressive growth of internal cracking. The softening behavior of masonry in 

tension and compression can be described respectively by the tensile fracture energy Gf and the 

compressive fracture energy Gc. As shown in Figure 73, these quantities represent the integral of the 

stress-displacement curve obtained for materials subjected to uniaxial tension or compression 

(Lourenço, P. B., 1996). 

a)  b)  

Figure 73 - Stress-displacement curve of quasi-brittle materials under uniaxial loading: tension (a) and 

compression (b) (Lourenço, P. B., 1996). 

The computational methods used to model masonry structures must be able to represent accurately 

the evolution from an elastic behavior to the failure through cracking and degradation (Lourenço, P. 

B., 1996). In the numerical model of "Pietro Capuzi" school, the non-linear behavior of masonry was 

represented by means of the Total Strain Rotating Crack Model available in DIANA. In Total Strain 

Crack Models, the material behavior in tension and compression is described through a stress-strain 

relationship. In the case of the rotating crack model, the stress is evaluated in the directions of the 

cracking that continuously rotates with the principal directions of the strain vector (TNO DIANA BV, 

2014). The input for the Total Strain Rotating Crack Model includes the basic material properties like 

Young's modulus, Poisson's ratio and density, and the definition of the behavior in tension and 
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compression. The shear behavior does not have to be defined, differently to what is necessary for 

other Total Strain Crack Models like Fixed Crack Model (TNO DIANA BV, 2014).  

An exponential function was adopted to represent the tensile behavior (Figure 74). This curve 

requires the definition of the tensile strength ft, the tensile fracture energy Gt and the crack 

bandwidth h. The latter was not specified since DIANA can calculate it automatically on the basis of 

area or the volume of the element, in order to ensure a mesh independent behavior. The 

compressive behavior was described with a parabolic curve, as illustrated in Figure 74. This curve is 

defined based on the relationship between compressive fracture energy Gc, compressive strength 

and crack bandwidth h of the element. Again, the crack bandwidth was calculated by default in 

DIANA based on the square root of the area of the element (TNO DIANA BV, 2014). 

a)  b)  

Figure 74 - Non linear behavior of masonry material: exponential softening in tension (a) and parabolic 

hardening-softening in compression (b) (TNO DIANA BV, 2014) 

Estimate of physical and mechanical properties 

Different types of masonry were identified in "Pietro Capuzi" school. The prevalent type of masonry 

present in the school was classified as "cut stone with good texture" as defined in table C8A.2.1 of 

Italian Circolare (Circolare n.617, 2009). Masonry made of solid bricks and mortar was also located in 

limited parts of the building. Since a complete physical and mechanical characterization of these 

materials is not available, their properties were derived from literature on the basis of the qualitative 

information collected during past inspections (S.G.M. S.r.l. and UNIGE).  

Table 19 presents the values of physical and mechanical properties input in the numerical model for 

the different types of masonry materials. It is noted that some quantities, in particular the modulus 

of elasticity, may be updated, to provide a better representation of the buildings, when the model is 

calibrated with the experimental response obtained from dynamic identification. 
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Italian Circolare was used as a reference to estimate the values of compressive strength, shear 

strength, elasticity modulus and specific weight. In accordance with the prescriptions for knowledge 

level LC2, the compressive strength, shear strength and elasticity modulus were assumed equal to 

the average of the range provided by table C8A.2.1 (Circolare n.617, 2009). The confidence factor 

FC=1.20 was then adopted to reduce the strengths. Finally, some coefficients were introduced to 

improve material properties according to Table C8A.2.2 of Italian Circolare. In particular, the 

coefficient related to injections (equal to 1.5) was used for masonry panels retrofitted during past 

interventions, while the coefficient related to good quality mortar (equal to 1.5) was adopted for 

brick masonry. These coefficients were applied to compressive and shear strengths as well as 

elasticity modulus of masonry.  

To summarize, according to what described above, the values of mechanical compressive strength fc, 

shear strength  and elasticity modulus E to input in the numerical model were calculated using the 

relationships: 

               (1) 

            (2) 

         (3) 

where                   are the average values of the range provided by Circolare and k is the 

coefficient used to improve material properties. 

The values of the tensile strength ft were derived from the shear strength  according to the 

following formula(Tomaževič, 2009): 

 

     
  
 
 
 

        
  
 

  (4) 

where 0 = 0 and b = 2 (Angelillo, Lourenço, & Milani, 2014). 

Regarding the softening behavior, the values of fracture energy were defined based on the literature. 

The values of the compressive fracture energy Gc were estimated according to the relation 

           where dcu is the ductility index, assumed equal to 1.6 mm as recommended for 

compressive strength lower than 12 MPa (Angelillo, Lourenço, & Milani, 2014). A value of 0.024 

N/mm was adopted for the tensile fracture energy Gt of all masonry materials, which is the double of 

the average masonry joint fracture energy in (Lourenço, P. B., 1996). 

 



2016 Central Italy Earthquake: Seismic Assessment of "Pietro Capuzi" School in Visso (Marche) 

 

Erasmus Mundus Programme 

76 ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 

Table 19 - Material properties of different types of masonry adopted in the numerical model. 

Material property Unit Stone masonry 
Stone masonry 

(+ injections) 

Brick masonry 

(+ good mortar) 

Specific weight, w kN/m
3
 21 21 18 

Modulus of elasticity, E MPa 1740 2610 2250 

Poisson's ratio,  - 0.2 0.2 0.2 

Compressive strength, fc MPa 2.67 4.00 4.00 

Compressive fracture energy, Gc N/mm 4.27 6.40 6.40 

Tensile strength, ft MPa 0.108 0.163 0.190 

Tensile fracture energy, Gf N/mm 0.024 0.024 0.024 

 

5.2.2 Other materials 

Concerning reinforced concrete and steel, no physical or mechanical characterization is available, 

therefore the properties of these materials were assumed based on the values provided by NTC2008. 

Table 20 reports the linear-elastic properties adopted for reinforced concrete and steel. Regarding 

reinforced concrete, the elasticity modulus E was estimated considering only the contribution of the 

concrete and neglecting steel rebars, whose distribution is unknown. In particular, E was calculated 

for a concrete of class C20-25 according to the formulas present in NTC2008. 

Table 20 - Linear-elastic properties of reinforced concrete and steel. 

Material property Unit Concrete Steel 

Specific weight, w kN/m
3
 25 78.5 

Modulus of elasticity, E MPa 31500 210000 

Poisson's ratio,  - 0.2 0.29 

 

5.3 Diaphragm properties 

Different types of slabs were identified based on the inspection performed by S.G.M. S.r.l., as 

described in section 3.1, namely lightweight concrete slabs (one-way and two-ways) and mixed steel-

masonry slabs. Since the two types of two-ways lightweight concrete slabs identified are 

characterized by a cross-section that is very similar, only one type of two-ways concrete slab was 

considered in the modeling. Figure 75 show the location of the different types of slabs in the global 

model of the buildings. 
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Figure 75 - Different types of slabs present in the numerical model. 

In DIANA, slabs must be characterized by their bending and axial stiffness. In order to define these 

properties, it is necessary to input the elasticity modulus E of the material assigned to the slabs and 

the thickness h of the finite elements (shell elements as described in section 5.4) used to model 

them. These quantities were calculated according to the system of equations reported in Eq. 5 in 

order to take into consideration correctly both bending and axial stiffness. In fact, the values of the 

equivalent modulus of elasticity Eeq and equivalent thickness heq to input in DIANA were calculated 

based on the real bending and axial stiffness of a strip of slab as wide as the spacing (i) between the 

principal elements composing the slab structure. 
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   (5) 

By extracting the equivalent thickness heq from the second equation of the system and replacing it in 

the first equation, the following system of equations was obtained to calculate the values of heq and 

Eeq: 

 

 
 
 

 
 
     

       
     

                                      

    
          

    
                       

   (6) 

In the case of lightweight concrete slabs, a T-shape section including the joists and the concrete layer 

above them was considered in order to calculate the real bending and axial stiffness of the slab. An 

isotropic material was assigned in DIANA to two-ways concrete slabs, therefore the values of 

stiffness are the same in the three principal directions. Differently, in the case of one-way slabs, an 

orthotropic material was used. The system of equations reported above was used to calculate the 

stiffness in the principal direction E1, while the stiffness in the normal direction E2 was assumed equal 

to the 10% of the previous one. Finally, the stiffness in the orthogonal direction (vertical direction) E3 

was estimated in order to fulfill the requirements of orthotropic elasticity reported in Eq. 9 and Eq. 

10. 

As for steel slabs, the values of bending and axial stiffness were calculated considering only the steel 

profiles and neglecting the presence of the layer of rubble material above it. In fact, no information 

about the actual connection present between the two materials as well as between the rubble layer 

and masonry walls is available. Similarly to one-way concrete slabs, an orthotropic material was 

assigned to steel slabs, and a stiffness equal to the 10% of the principal one was assumed in the 

secondary direction. 

Finally, the roof was modeled as an ensemble of inclined surfaces (shell elements) based on the 

geometrical survey. The structure of the roof is composed of timber elements supporting hollow clay 

tiles and a reinforced concrete layer 6 cm thick. The stiffness of the roof was estimated taking into 

account only the contribution offered by the reinforced concrete layer. 

One final comment concerns the values of Poisson's ratio  and shear modulus  adopted for the 

materials characterizing the slabs. In the case of isotropic material, the Poisson's ratio was assumed 
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equal to 0.2, while in the case of orthotropic materials the values of Poisson's ratio  and shear 

modulus  in the three principal directions were calculated according to the following equations (Li & 

Barbič, 2014): 

 

      
  
  

        
  
  

        
  
  

  (7) 

 
    

      
      

       
      
      

      
      
      

 (8) 

The values so calculated fulfill the requirements of orthotropic elasticity expressed by the following 

inequalities (TNO DIANA BV, 2014): 

 
   
  

  
  

     
  

  
  

     
  

  
  

  (9) 

 
          

  
  

      
 
  
  

    
 
  
  

    
 
  
  

   (10) 

Table 21 presents the more significant properties adopted for the slabs with regards to their 

structural behavior, namely the axial stiffness in their plane in both directions (E1h and E2h) and the 

bending stiffness in the vertical direction (E3h
3/12). 

 

Table 21 - Properties of diaphragms adopted in the numerical model. 

Type of diaphragm 
Type of 

material 

E1h 

(kN/m) 

E2h 

(kN/m) 

E3h
3
/12 

(kNm) 

Lightweight concrete slab 

(one-way) 
orthotropic 3.001E+06 3.001E+05 7.051E+03 

Lightweight concrete slab 

(two-ways) 
isotropic  2.644E+06 2.644E+06 1.061E+04 

Steel slab (one-way) orthotropic 3.822E+05 3.822E+04 6.618E+02 

Roof  isotropic 1.889E+06 1.889E+06 5.666E+02 

 

5.4 Meshing for the Finite Element Method 

The meshing of the model was performed in Midas FX. Different types of finite elements were used, 

namely solid elements for masonry walls, shell elements for diaphragms, beam elements for 

reinforced concrete beams and bond-beams, and truss elements for tie-rods.  
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For any family of elements, many options are available in DIANA in terms of shape, number of nodes, 

stress and strain conditions. In this thesis, four-node three-side isoparametric solid tetrahedron 

elements (TE12L) were used to mesh the walls (Figure 76). Three-node triangular (T15SH) (Figure 

77a) and four-node quadrilateral (Q20SH) (Figure 77b) isoparametric curved shell elements (T15SH) 

were employed to built the slabs. The triangular surfaces of the roof were modelled by using only 

three-node triangular isoparametric curved shell elements that assured a better quality mesh 

preventing the creation of elements with undesirable shapes in the corners. Regarding 1D elements, 

two-node, three-dimensional class-I beam elements (L12BE) were adopted for reinforced concrete 

beams and bond beams (Figure 78a). Finally, two-node regular directly integrated (1-point) truss 

elements (L2TRU) were adopted to mesh tie-rods (Figure 78b).  

 

3D ELEMENTS 

 

TE12L, four-node solid tetrahedron element 

Figure 76 - 3D finite element used in the meshing. 

 
2D ELEMENTS 

  

a) T15SH, three-node triangular curved shell 

element 

b) Q20SH, four-node quadrilateral curved shell 

element 

Figure 77 - 2D finite elements used in the meshing. 
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1D ELEMENTS 

 
 

a) L12BE, two-node 3D class-I beam element b) L2TRU, two-node regular truss element 

Figure 78 - 1D finite elements used in the meshing. 

In total, the numerical model is composed by 180.567 nodes and 696.997 elements in the case of 

model A, 187.988 nodes and 727.853 elements as for model B (Figure 79), and 189.256 nodes and 

730.953 elements in the case of model C. 

 

Figure 79 - Mesh of the numerical model (model B). 

As for tie-rods, they were modeled by using truss elements defined between two nodes of the 

opposite walls to which the tie-rods are anchored. This condition is likely to result in high 

concentration of stresses in the walls since the axial forces present in the tie-rods are transferred to 

the walls in a single node. In order to prevent this situation, the steel plates used to anchor the tie-

rods to the walls were modeled by using shell elements superimposed on the mesh of the solid 

(Figure 80). The mesh for the solids was also refined in correspondence to the steel plate such that 

stresses were more accurately represented.  
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Figure 80 - Modeling of tie-rods and steel plates (in red). 

5.5 Loading conditions 

5.5.1 Dead and live loads 

The self-weight is estimated automatically in DIANA by considering the mass density of the materials, 

the geometrical properties of the elements and the gravity acceleration. 

Concerning diaphragms, the values of self-weight assumed for slabs and roof were based on the 

loading analysis provided by UNIGE (UNIGE, 2017). In addition, live loads were taken into 

consideration and they were included in DIANA by increasing the self-weight of the slabs. The total 

value of the loading was computed by considering a quasi-permanent combination of the actions 

(NTC2008). The values of the live loads and the corresponding  factor for variable actions were 

obtained respectively from table 2.5.I and 3.1.II of NTC2008.  

Table 22 shows the values of the loading adopted in the numerical model. It is noted that the value 

of the self-weight includes the contribution of both structural (G1) and not structural elements (G2). 

Table 22 - Properties of diaphragms adopted in the numerical model. 

Type of diaphragm 
Self weight G1+G2 

(kN/m
2
) 

Live load qk 

(kN/m
2
) 

21  

(-) 

qtot 

(kN/m
2
) 

Lightweight concrete slab 

(one-way) 
4.85 3.00 0.6 6.65 

Lightweight concrete slab 

(two-ways) 
5.15 3.00 0.6 6.95 

Steel slab (one-way) 1.92 0.50 0.0 1.92 

Roof  3.00 0.50 0.0 3.00 



2016 Central Italy Earthquake: Seismic Assessment of "Pietro Capuzi" School in Visso (Marche) 

 

Erasmus Mundus Programme 

ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 83 

5.5.2 Seismic load 

In the pushover analyses, the first distribution of lateral forces (uniform pattern) defined by 

Eurocode 8 was adopted. It consists in applying lateral forces proportional to the mass of the 

structure regardless of elevation. In the non-linear time history analysis, the accelerograms relative 

to the seismic event of August 24th, 2016 were used as input. 

5.6 Boundary conditions 

A clamped boundary condition was adopted at the base of the walls. Since the walls were modeled 

with solid elements that do not admit rotational degree of freedom, the fixed condition was provided 

by pinning all the nodes at the base level, i.e. their translational degrees of freedom were restricted. 

5.7 Linear static analysis 

A linear static analysis was performed in order to check the presence of irregularities in the mesh as 

well as inconsistencies in terms of units, loading and boundary conditions. This analysis is performed 

by taking into consideration only the vertical loads due to gravity, and it represents a useful and not 

time-consuming tool to verify the accuracy of the numerical model before executing further and 

more complex analyses. 

First, the total mass of the model and the total vertical reaction obtained from the analysis were 

compared with the corresponding values estimated by a simple calculation. In the latter case, 

AutoCAD was used to compute the volumes and areas of the solids and surfaces imported in Midas 

FX. Then, the masses were calculated by simply considering the specific weight of each part of the 

building. As shown in Table 23 for model B, the values obtained from the two estimates are only 

slightly different.  

Table 23 - Properties of diaphragms adopted in the numerical model. 

Quantity Unit Numerical model Hand calculation 

Total mass ton 3684.80 3676.74 

Total vertical reaction kN 36150.00 36068.77 

 

Secondly, the vertical displacements in the walls and diaphragms were verified. As shown in Figure 

81, the distribution of displacements in the masonry walls is uniform and consistent with the 
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expected. The maximum vertical displacement is located at the top of a window at the second floor 

and it is equal to 1.47 mm. As for the diaphragms, the maximum vertical displacements obtained for 

lightweight concrete slabs, steel slabs and roof are respectively equal to 9.3 mm (Figure 82), 34.4 mm 

(Figure 83) and 6.4 mm (Figure 84). It is noted that the vertical displacements of steel slabs are quite 

high, however this result was expected since their stiffness was calculated considering only the steel 

profiles and neglecting the contribution of other elements (i.e. rubble layer) that might increase the 

actual stiffness of the diaphragm.  On the other hand, it is believed that such significant deformability 

of the steel slabs cannot affect the results of further analyses since a linear behavior was assumed for 

the slabs. Furthermore, this thesis does not focus on vertical deformation of the slabs, but it is more 

interested in how their in-plane stiffness can affect the global response of the buildings.  

 

 

Figure 81 - Distribution of vertical displacements in the masonry walls and location of the maximum vertical 

displacement. 
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Figure 82 - Distribution of vertical displacements in the lightweight concrete slabs and location of the 

maximum vertical displacement. 

 

 

Figure 83 - Distribution of vertical displacements in the steel slabs and location of the maximum vertical 

displacement. 
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Figure 84 - Distribution of vertical displacements in the roof and location of the maximum vertical 

displacement. 

Finally, the distribution of principal stresses was controlled. Figure 85 illustrates the distribution of 

the minimum compressive stresses in the masonry walls. Some local concentrations of stresses are 

noticed in the pillars between the openings. Except for these concentrations, the highest values of 

compressive principal stresses are located at the base of the walls, as expected, and they 

approximately equal to 0.43 and 0.5 MPa. These values of compression are much lower than the 

value of compressive strength assumed for stone masonry. 

 

Figure 85 - Distribution of minimum compressive principal stresses. 

Figure 86 illustrates the distribution of the maximum tensile stresses in the masonry walls. It is noted 

that the highest values are located at the top of the building as well as in correspondence of the 
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corners of the lightweight concrete slabs. It is reasonable to attribute these concentrations of 

stresses to how the connection between walls and slabs was modeled. In fact, slabs and walls only 

shared the nodes present on the perimeter of the diaphragms, this resulting in a concentration of 

stresses in few nodes and elements. 

 

Figure 86 - Distribution of maximum tensile principal stresses. 

For this reason, shell elements with the same properties of the adjacent slabs were created on the 

top surface of the walls characterized by different thickness along the elevation (Figure 87 in blue), 

and at the level of the roof (Figure 87 in red). Figure 88 shows the significant decrease in the values 

of tensile principal stresses in the nodes along the perimeter of the slabs after shells were added on 

the top surfaces of the walls. On the other hand, this strategy of modeling is consistent with the 

actual connection present in many existing buildings between slabs and masonry walls where 

diaphragms are usually supported inserted to some length into the walls (or are externally 

anchored). 

 

Figure 87 – Shell elements added on the top surfaces of the walls. 
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Figure 88 - Distribution of maximum tensile principal stresses. 
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6. DYNAMIC IDENTIFICATION AND MODEL UPDATING 

This chapter presents the dynamic identification and model updating performed for the case study of 

"Pietro Capuzi" school. In particular, the first part of the chapter illustrates the results of the dynamic 

identification tests performed by CESI S.p.A. (CESI S.p.A., 2010) as well as the dynamic identification 

analysis carried out in this thesis by using ARTeMIS Modal Software. The second part of the chapter is 

addressed to the strategies used to update the numerical model based on the experimental results. 

The last part of the chapter describes the updated model that will be used for structural analysis.  

6.1 Dynamic identification 

Dynamic or modal identification analysis is a diagnosis technique widely applied in civil engineering 

to identify the modal parameters of structures, namely frequencies, mode shapes and damping 

coefficients (Lourenço, Trujillo, Mendes, & Ramos, 2012). By means of dynamic tests and analytical 

methods, this procedure allows understanding the dynamic response of a structure, representing a 

useful tool to calibrate and validate the numerical models constructed to simulate the behavior of 

the structure. 

Dynamic identification tests were carried out by CESI S.p.A. in 2010, aimed to identify the first three 

natural modes of vibration of "Pietro Capuzi" school (CESI S.p.A., 2010). An artificial excitation was 

produced by dropping on the ground around the building a concrete block of size equal to 

approximately 1x1x1 m. Several tests were performed dropping the block in different locations near 

the building and from different heights (Figure 89). The accelerations of the structure were recorded 

by the accelerometers located at the first and second level of the building (see figures in section 

3.3.1).   

Table 24 shows the natural frequencies as well as the mode shape vectors for the three vibration 

modes as identified by CESI S.p.a.. It is noted that this table was downloaded from (ISS, 2017); 

however, no report is available describing in detail how the dynamic identification was performed. 

CESI S.p.A., 2010 only provided the frequency domain representation for the signals recorded by 

each accelerometer in one of the several tests performed, as shown for instance in Figure 90 for 

sensor 1 in both directions.  
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a)  b)  

Figure 89 - Dynamic tests performed: a) position of the block in different tests and b) lifting of the block by 

means of a truck. 

Table 24 - Experimental dynamic parameters: natural frequencies and mode shape vectors for the first three 

modes identified (ISS, 2017). 

Accelerometers Mode 1 Mode 2 Mode 3 

Floor Id. Direction 1 2 3 

G
ro

u
n

d
 f

lo
o

r 

1 x 0.3888 0.3493 0.6151 

2 y 0.834 0.2724 -0.4052 

3 x 0.2958 -0.2713 0.6923 

4 y 0.6734 -0.1656 -0.2427 

5 x 0.1862 -0.3852 0.7133 

6 y 0.6789 0.3118 -0.3293 

7 x 0.2224 -0.2769 0.6781 

8 y 0.611 0.5294 -0.3417 

9 x 0.1544 -0.532 0.666 

10 y 0.8921 0.794 -0.2044 

Fi
rs

t 
fl

o
o

r 

11 x 0.3353 0.2071 1 

12 y 0.9501 0.3481 -0.4744 

13 x 0.3044 -0.3297 0.7519 

14 y 0.7167 -0.1885 -0.2999 

15 x 0.2307 -0.4371 0.7519 

16 y 0.7496 0.4012 -0.4151 

17 x 0.3294 -0.3144 0.8722 

18 y 1 0.7344 -0.5435 

19 x 0.378 -0.5901 0.7883 

20 y 0.9556 1 -0.2712 

Frequency (Hz) 3.175 3.755 4.047 
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Figure 90 - Frequency domain representation for sensor 1 (x and y direction) (CESI S.p.A., 2010). 

A graphical representation of the mode shapes was obtained by drawing on scale in the plan of the 

building the modal displacements associated to each mode shape vector.  The deflected shapes 

relative to the first, second and third mode of vibration are shown respectively in Figure 91, Figure 92 

and Figure 93. It can be observed that the three estimated modes are associated to global modes of 

the building. In particular, mode 1 and mode 3 correspond to translational modes of the structure 

respectively in the transversal (y) and longitudinal (x) direction, while mode 2 is likely to be a 

torsional mode. 

 

a)  b)  

Figure 91 - Deflected shape relative to the first mode of vibration obtained by (CESI S.p.A., 2010): a) ground 

floor; b) first floor. 
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a)  b)  

Figure 92 - Deflected shape relative to the second mode of vibration obtained by (CESI S.p.A., 2010): a) 

ground floor; b) first floor. 

a)  b)  

Figure 93 - Deflected shape relative to the third mode of vibration obtained by (CESI S.p.A., 2010): a) ground 

floor; b) first floor. 

Among the information concerning experimental modal analysis provided by the Seismic Observatory 

of Structure (ISS, 2017), the signals recorded by the accelerometers during a time interval of 37.25s 

were available. In this thesis, these records were processed in order to perform a dynamic 

identification. It is important to note that the use of these signals is not without any uncertainties 

since it was not possible to confirm their origin and nature. However, it may be useful to look into 

the possibility to analyze these signals in order to gather more information about the modal 

response of the structure.  

Different techniques are available to perform dynamic identification when output-only test are 

performed, i.e. when only the response of the system is measured, as in the case of "Pietro Capuzi" 

school (Ramos L. , 2007). In particular, frequency or time domain methods may be employed. 

Frequency domain techniques are based on the signal analysis of each measured point by the 
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application of the Fast Fourier Transforms (FFT) and on the correlation between the signals (Ramos L. 

, 2007). Time-domain techniques idealize the dynamic response of the structure by using an 

adequate mathematical model. Modal parameters are then identified so that the model fits properly 

the experimental data. These methods can be applied to time history series or response correlation 

functions (Belmonte, 2010). In this thesis, only frequency domain methods were used since they are 

more user-friendly, especially for not experts in the field, and they have a faster processing time. 

However, some difficulties may arise in identifying frequency values when they are close because of 

the limitation on the frequency resolution coming from the Fast Fourier Transforms process (Ramos 

L. , 2007). In order to identify the predominant frequencies, two different frequency domain 

techniques were used, namely the Frequency Domain Decomposition Method (FDD) and the 

Enhanced Frequency Domain Decomposition Method (EFDD). In the FDD method, the response of a 

multi degree of freedom system is separated into a set of independent single degree of freedom 

systems, each corresponding to a mode. This is obtained by performing a singular value 

decomposition of the spectral density matrices estimated from the raw time series data (SVS, 2016). 

The EFDD method is simply an improved version of the FDD method where frequencies and damping 

coefficients are estimated by applying inverse FFT of the spectral density function for each mode 

shape (Ramos L. , 2007). The results obtained from the FDD and EFDD methods were then compared 

using the Modal Assurance Criterion (MAC) between modes.  

ARTeMIS Modal 5.0 software was used to process the recorded data and identify the modal 

parameters (frequencies and modal shapes) for the school. It is noted that the recording of channel 

1_x was excluded from the identification since it consisted mainly in noise. Furthermore, the signs of 

the recordings related to channels 19_x and 20_y were inverted in order to obtain consistent 

displacements in all parts of the building. Figure 94 and Figure 95 show the resonant peaks and 

corresponding vibration modes identified by using respectively the FDD and EFDD methods and 

considering a range of frequencies between 0 Hz to 12.5 Hz. It can be observed that the identification 

of the modes is not straightforward since there are several peaks close to each other, especially for 

lower values of frequencies. 
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Figure 94 – Resonant peaks and corresponding vibration modes identified by using the Frequency Domain 

Decomposition Method (FDD).  

 

Figure 95 - Resonant peaks and corresponding vibration modes identified by using the Enhanced Frequency 

Domain Decomposition Method (EFDD). 

The modes of vibration identified by using the FDD and EFDD are alike in terms of frequencies and 

mode shapes, as expected. The ten estimated modes correspond to global modes of the building 

(Figure 96). The first three modes (3.062 Hz, 3.263 Hz and 3.407 Hz from EFDD method) are all 

associated to translational modes in the transversal direction of the structure (y direction). In 

particular, it can be observed that the mode shapes corresponding to the first two modes are almost 

identical, while the third mode is associated to a movement of the building in the direction 

perpendicular to the one of the first two modes. This behavior can be attributed to the absence of a 

perfect symmetry in the transversal direction, which results in displacement components directed 

towards different corners of the structure. The fourth mode of vibration (3.755 Hz from EFDD 
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method) is associated to a torsional mode, while the fifth mode (4.084 Hz from EFDD method) 

consists in translational mode in the longitudinal direction of the building (x direction). The structure 

is stiffer in the longitudinal direction, consequently the modes of vibration in this direction are 

associated to higher values of frequencies than the modes in the transversal direction. The modes 

from sixth to tenth are associated to higher values of frequencies and correspond to modes of higher 

orders. In particular, mode sixth, seventh and eighth are second order modes, as shown by different 

parts of the structure moving in opposite directions. Modes ninth and tenth correspond to third 

order modes in which the main body of the structure moves in an opposite direction with respect to 

the other parts. 

 

  
Mode 1 (3.062 Hz) Mode 2 (3.263 Hz) 

  

Mode 3 (3.407 Hz) Mode 4 (3.755 Hz) 
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Mode 5 (4.084 Hz) Mode 6 (5.743 Hz) 

  

Mode 7 (6.222 Hz) Mode 8 (7.069 Hz) 

  

Mode 9 (7.807 Hz) Mode 10 (8.787 Hz) 

Figure 96 – Mode shapes obtained from the EFDD method. 

The Modal Assurance Criterion (MAC) was used to compare the mode shapes obtained 

experimentally from the two identification techniques used. The Modal Assurance Criterion is a 

statistical indicator that is normally used to compare the modes shapes obtained from analytical or 

numerical models with the ones obtained experimentally (Pastor, Binda, & Harcarik, 2012). The MAC 
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may be calculated as the normalized scalar product of the two sets of vectors to compare according 

to the following equation (Pastor, Binda, & Harcarik, 2012): 

 
         

      
        

 

      
               

        
  (11) 

where    and    are the mode shape vectors of the modes to compare. The MAC value ranges from 

0 to 1, where 0 and 1 mean respectively no consistency and full consistency between the modes.  

The MAC between the mode shapes obtained from FDD and EFDD methods are presented 

graphically in Figure 97. As expected, MAC values close to 1 were obtained for modes with similar 

frequencies, this confirming that the two methods allowed identifying the same modes of vibration. 

Furthermore, MAC values close to 1 were obtained between the first two modes identified by FDD 

and EFDD. This makes difficult to distinguish which is actually the first mode of vibration of the 

structure. For further developments, the use of time domain methods for modal identification could 

help in identifying correctly the modes in case of close frequency values. 

 

 

Figure 97 – Comparison between FDD and EFDD methods using the Modal Assurance Criterion. 

A further comparison was performed between the modal parameters obtained by using ARTeMIS 

Modal software and the ones provided by (CESI S.p.A., 2010). The first five modes of vibration obtained 

from EFDD were considered for the comparison. From a first qualitative assessment, consistency 

between the two dynamic identifications can be observed. In fact, both procedures identified a 

translational mode in the transversal direction of the building, a torsional mode and a translational 
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mode in the longitudinal direction. Furthermore, the frequencies and deflected shape are alike for 

these corresponding modes. 

Table 25 and Table 26 show respectively the comparison in terms of frequency and mode shapes 

between the vibration modes obtained from the two dynamic identifications. The error in 

percentage between the frequencies estimated with the two procedures was calculated according to 

the following equation: 

 
      

         
    

      (12) 

where f1,i and f2,i are the frequencies obtained respectively by (CESI S.p.A., 2010) and ARTeMIS. The 

MAC values were calculated according to Eq. 11 where the mode shape vectors for the vibration 

modes identified in ARTeMIS were explicitly calculated by using the magnitude and phase of each 

complex mode shape value.  

The result presented in Table 25 and Table 26 confirm the similarity between the translational modes 

as well as the torsional mode being compared. In particular, mode 1 from by (CESI S.p.A., 2010) can be 

associated to mode 1 or 2 in ARTeMIS (translational mode in the transversal direction of the building), 

mode 2 from (CESI S.p.A., 2010) is a torsional mode corresponding to the mode 4 in ARTeMIS, and 

mode 3 from (CESI S.p.A., 2010) corresponds to mode 5 in ARTeMIS (translational mode in the 

longitudinal direction). For the corresponding modes, the errors in the frequency values are low and 

the MAC values are close to 1. As for the mode 3 identified in ARTeMIS, the MAC values obtained from 

the comparison with the first and second mode from CESI S.p.A., 2010 are low, respectively equal to 

0.31 and 0.39. A MAC value equal to 0.74 is obtained from the comparison with mode 3, but the error 

in terms of frequencies is high (-15.81%). Consequently, this mode does not match with any of the 

modes identified by (CESI S.p.A., 2010). 

 

Table 25 – Error (in %) between the values of frequencies obtained by CESI S.p.A. and ARTeMIS. 

  ARTeMIS 

  
Mode 1 

(3.062 Hz) 

Mode 2 

(3.263 Hz) 

Mode 3 

(3.407 Hz) 

Mode 4 

(3.755 Hz) 

Mode 5 

(4.084 Hz) 

C
ES

I S
.p

.A
. 

Mode 1 

(3.175 Hz) 
-3.56 2.77 7.31 18.27 28.63 

Mode 2 

(3.755 Hz) 
-18.46 -13.10 -9.27 0.00 8.76 

Mode3 

(4.047 Hz) 
-24.34 -19.37 -15.81 -7.22 0.91 
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Table 26 – Comparison between the mode shapes obtained by CESI S.p.A. and ARTeMIS using the Modal 

Assurance Criterion. 

  ARTeMIS 

  
Mode 1 

(3.062 Hz) 

Mode 2 

(3.263 Hz) 

Mode 3 

(3.407 Hz) 

Mode 4 

(3.755 Hz) 

Mode 5 

(4.084 Hz) 

C
ES

I S
.p

.A
. 

Mode 1 

(3.175 Hz) 
0.97 0.95 0.31 0.39 0.03 

Mode 2 

(3.755 Hz) 
0.30 0.18 0.39 0.91 0.52 

Mode3 

(4.047 Hz) 
0.13 0.00 0.74 0.50 0.95 

 

In conclusion, the dynamic identification performed in ARTeMIS Modal software was consistent with 

the one carried out by (CESI S.p.A., 2010) in terms of both frequencies and mode shapes, even if richer 

in terms of definition of more possible frequencies and the possibility of visualizing animations of the 

mode shapes. The first three modes of vibration are associated respectively to a translational mode in 

transversal direction, a torsional mode and a translational mode in longitudinal direction. The 

animation of the mode shapes provided by ARTeMIS made easier the interpretation of the deflected 

shapes of the structure. More modes with higher frequencies were also identified, however only the 

first three were used for the calibration and updating of the numerical model of the building. It was 

believed that these modes are more significant to represent the modal response of the structure. 

Furthermore, considering more modes would make the process of model updating much more 

complex. In view of the results obtained, the updating of the numerical model was based on the modal 

parameters (frequencies and mode shapes) provided by (CESI S.p.A., 2010). The reason is that other 

researchers have been using these results for other modeling strategies and a comparison with other 

works would be more effective. 

6.2 Model updating 

Numerical models must be reliable in predicting the response of a structure. On the other hand, the 

construction of a numerical model necessarily requires making assumptions, especially when dealing 

with existing structures. The difficulty in performing an extensive inspection campaign often results 

in the absence of a detailed mechanical and physical characterization of building materials as well as 

in a limited knowledge about constructions details and connections between different elements. 

Literature and engineering judgement may help in countering this lack of information, but a more 
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robust approach is needed to verify that the mechanical properties and boundary conditions adopted 

in numerical models allow representing properly the real behavior of structures. In addition, some 

simplifications are essential when modeling detailed features since the use of extremely refined 

meshes to represent accurately the geometry increases the computational cost without any 

significant change in the structural response obtained from numerical models. In this view, modal 

updating is a method used to calibrate numerical models according to the results of experimental 

modal tests so that they simulate properly the behavior of structures. The first step of modal 

updating consists in the choice of the parameters to update among the ones that affect significantly 

the structural response, for instance the values of material properties are usually employed. Then 

the updating quantities are tuned so that the modal parameters (frequencies and mode shapes) 

obtained from the numerical models are close to the experimental ones. This makes the response 

simulated numerically more reliable with respect to the real behavior of the structure. 

In order to update the numerical model created for "Pietro Capuzi" school, an eigenvalue analysis 

was firstly performed in DIANA (TNO DIANA BV, 2014) to obtain numerically the natural frequencies 

and mode shapes. The values of diaphragms and material properties adopted are the ones presented 

in sections 5.2 and 5.3. It is important to recall that three different models were built for the 

structure to simulate the presence or absence of the basement (see section 5.1). In particular, model 

A does not include any basement, while the basement is modeled in models B and C according to the 

geometrical survey performed by (S.G.M. S.r.l., 2010) and the Tremuri model created by (S.G.M. 

Engineering, 2011), respectively. Therefore, before starting the process of model updating, the 

modal parameters (frequencies and mode shapes) obtained for the different models were compared 

with the ones derived experimentally by (CESI S.p.A., 2010) in order to identify the model that better 

simulates the real behavior of the structure. The error in terms of frequencies was calculated with 

respect to the experimental frequencies according to Eq. 12 where f1,i and f2,i represent respectively 

the frequencies obtained experimentally and numerically. The average total error was calculated 

considering the absolute error for each mode. The comparison of the mode shapes was performed 

by using the Modal Assurance Criterion (see Eq. 11).  

Firstly, the modes resembling the experimental ones were identified for each of the three models. As 

shown in Figure 98, three global modes were picked out for each model for increasing frequency 

values, namely a translational mode in the transversal direction of the building (mode 1), a torsional 

mode (mode 2) and a translational mode in the longitudinal direction (mode 3).  
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It is noted that these modes actually correspond to the modes 8, 9 and 10 as obtained from the 

eigenvalue analysis since local modes of the slabs are associated to the first modes. However, for the 

sake of simplicity, they were named mode 1, 2 and 3. From Figure 98, it can be observed that two 

translational modes and a torsional mode can be easily identified for model A and B, whose mode 

shapes are consistent, while this distinction is not straightforward in the case of model C. 

 MODEL A  

   

Mode 1 (5.63 Hz) Mode 2 (5.78 Hz) Mode 3 (6.00 Hz) 

 MODEL B  

   

Mode 1 (5.57 Hz) Mode 2 (5.77 Hz) Mode 3 (5.92 Hz) 

 MODEL C  

   

Mode 1 (5.51 Hz) Mode 2 (5.70 Hz) Mode 3 (5.80 Hz) 

Figure 98 - Comparison between the mode shapes obtained for model A, B and C. 

Table 27 reports the comparison between the numerical and experimental results in terms of 

frequencies and MAC for the first three modes of the structure. It can be observed that the 

percentage of error in the frequencies is similar for the three different models (about 60%), while the 

average MAC value obtained for model C (0.53) is much lower than the one obtained for model A 

(0.68) and model B (0.69). Since the error in frequency values is slightly lower for model B when 
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compared with model A, and model B seems to more closely replicate the actual geometry, model B 

was considered the model that better simulates the real behavior of the structure and it was used for 

model updating and structural analyses. 

 

Table 27 - Comparison of numerical and experimental frequencies and mode shapes.  

 
Experimental Model A Model B Model C 

Mode 
Frequency 

(Hz) 

Frequency 

(Hz) 

F. Error 

(%) 

MAC       

(-) 

Frequency 

(Hz) 

F. Error 

(%) 

MAC       

(-) 

Frequency 

(Hz) 

F. Error 

(%) 

MAC       

(-) 

1 3.175 5.63 77.2 0.67 5.57 75.6 0.72 5.51 73.6 0.63 

2 3.755 5.78 54.0 0.81 5.77 53.6 0.77 5.70 51.7 0.34 

3 4.047 6.00 48.2 0.55 5.92 46.3 0.57 5.80 43.2 0.61 

 
Average 

 
59.8 0.68 

 
58.5 0.69 

 
56.2 0.53 

From Table 27, it can be clearly observed that, despite the similarity in terms of deflected shape, 

there is a significant error in the frequencies obtained numerically and experimentally. For model B 

(hereafter simply named model), the average error in the frequencies is equal to 58.5%, with the 

largest error, equal to 75.6 %, obtained for mode 1. The frequencies obtained from the numerical 

model are much higher than the experimental ones. This means that the model is much stiffer than 

the real structure, and consequently it must be updated to simulate properly the real behavior of the 

structure. The calibration of the model was performed with the aim to obtain values of frequencies 

close to the experimental ones for the first three modes of the structure. A verification in terms of 

mode shapes was carried out calculating the Modal Assurance Criterion between experimental and 

numerical results when updating the frequencies. The process of model updating was performed 

using an iterative procedure that simply consisted in tuning the updating parameters in order to 

minimize the error in the frequencies. The use of the optimization methods available in literature to 

minimize the difference between the numerical and experimental response (Ramos L. , 2007) may be 

considered for further developments. 

First of all, the process of model updating required the choice of the properties or parameters to 

update. In this thesis, two different strategies were considered. The first one consisted in updating 

the properties adopted for masonry materials and diaphragms and neglecting soil-structure 

interaction. As for the second strategy, the soil-structure interaction was taken into account by 

introducing a finite stiffness for in the soil, and assuming this stiffness as the variable to update. 

Diaphragm and the related material properties were kept unchanged and equal to the values 
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presented in section 5.2 and 5.3. The procedures adopted as well as the results obtained from the 

two updating strategies are described in detail in the following section 6.2.1 and 6.2.2. A brief 

summary concerning the process of model updating is presented in the last part of the chapter (see 

section 6.2.3). 

6.2.1 Model updating based on diaphragm and material properties 

A first calibration was performed assuming the properties of masonry materials and diaphragms as 

the variables to tune. Concerning masonry materials, the Young's modulus of stone and brick 

masonry was considered for the updating. As for the slabs and roof, the in-plane (or axial) stiffness 

was varied keeping constant the bending stiffness. Since the frequencies obtained numerically were 

significantly higher than the experimental ones, this meaning that the numerical model was stiffer 

than the real structure, the values of Young's modulus of masonry as well as the axial stiffness of the 

slabs were decreased in order to reduce the stiffness of the model. It is noted that the properties of 

masonry materials and diaphragms were changed separately. For any change in the values of the 

updating parameters, an eigenvalue analysis was performed to identify a set of new frequencies to 

compare with the experimental ones. 

Table 28 presents the results obtained by updating the Young's modulus of masonry materials. It is 

noted that the calibration was based on the Young's modulus of stone masonry since it is the 

predominant material in the building. The properties of the other masonry materials were decreased 

by the same factor employed for stone masonry. The first attempt of updating (calibration no. 1) was 

performed by assuming for the Young's modulus of stone masonry the lower limit of the range of 

values provided by (Circolare n.617, 2009) for this type of masonry (cut stone with good texture). 

However, as expected, the error in the frequencies was still significantly large. Consequently, a 

further reduction was performed using the lowest value given by (Circolare n.617, 2009), even if 

associated to irregular stone (calibration no. 2). In this case, an average of the frequency errors equal 

to 6.3% was obtained, but the first mode still presented a large error, which was equal to 12.7%. 

Additional attempts of updating are presented in Table 28 (calibration no. 3-8), but the results 

obtained were only slightly different. In particular, it can be observed that any increase of the 

Young's modulus resulted in a larger error associated to the first mode. For instance, this is the case 

of calibration no. 5, where a slight decrease of the average error (5.8%) is associated to an error of 

around 15% in the frequency of the first mode. Table 29 shows the MAC values calculated for the 

different values of the variables to update. It can be observed that the MAC does not present 

significant variations between the different calibrations despite the considerable variation of the 
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Young's modulus of masonry materials. This means that the mode shapes are almost insensitive to 

the elastic properties of masonry and, consequently, the MAC does not influence the choice of the 

numerical model to use. According to the result obtained in terms of frequencies, the lower errors in 

the frequency of mode 1 are obtained for calibrations no. 2 and 3. Since the average error is achieved 

for calibration no. 3, the latter can be considered for model updating. 

 

Table 28 - Results of the updating based on the Young's modulus of masonry materials. 

 
Updating parameters Frequency (Hz) Frequency error (%) 

Average 
error (%) 

Calibration 
no. 

Estone 

(Mpa) 
Einjection 

(Mpa) 
Ebrick 

(Mpa) 
Mode 1 Mode 2 Mode 3 Mode 1 Mode 2 Mode 3 

All 
modes 

0 (ref. value) 1740 2610 2250 5.56 5.75 5.96 75.2 53.0 47.2 58.5 

1 1500 2250 1800 5.18 5.35 5.56 63.1 42.5 37.4 47.7 

2 690 1035 892 3.58 3.68 3.88 12.7 -2.0 -4.1 6.3 

3 700 1050 905 3.60 3.71 3.91 13.5 -1.3 -3.5 6.1 

4 710 1065 918 3.63 3.73 3.93 14.3 -0.6 -2.9 5.9 

5 720 1080 931 3.65 3.76 3.96 15.0 0.1 -2.2 5.8 

6 730 1095 944 3.68 3.78 3.98 15.8 0.7 -1.6 6.0 

7 740 1110 957 3.70 3.81 4.01 16.6 1.4 -1.0 6.3 

8 750 1125 970 3.72 3.83 4.03 17.3 2.1 -0.3 6.6 

 

Table 29 - MAC values obtained when updating the Young's modulus of masonry materials. 

 
Updating parameters MAC Average  

Calibration 

no. 

Estone 

(Mpa) 

Einjection 

(Mpa) 

Ebrick 

(Mpa) 
Mode 1 Mode 2 Mode 3 

All 

modes 

0 (ref. value) 1740 2610 2250 0.73 0.77 0.59 0.70 

1 1500 2250 1800 0.73 0.77 0.60 0.70 

2 690 1035 892 0.73 0.79 0.63 0.72 

3 700 1050 905 0.73 0.79 0.63 0.72 

4 710 1065 918 0.73 0.79 0.63 0.72 

5 720 1080 931 0.73 0.79 0.63 0.72 

6 730 1095 944 0.73 0.79 0.63 0.71 

7 740 1110 957 0.73 0.79 0.63 0.71 

8 750 1125 970 0.72 0.82 0.54 0.69 
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Regarding the diaphragms, the definition of a lower limit to adopt for the values of stiffness is not 

straightforward since a mechanical characterization of the slabs is not available. As shown in Table 

30, in order to obtain a better fit between numerical and experimental response, the values of 

stiffness initially adopted for slabs and roof were reduced up to two orders of magnitude. It is 

difficult to verify if such a significant reduction is physically meaningful since the values of stiffness 

were calculated based on the mechanical properties of the structural elements composing the 

diaphragms, but no experimental data were available. On the other hand, the properties of the 

diaphragms were included among the variables to update with the main aim to verify if they affect 

significantly the behavior of the structure, and, consequently, if they may be responsible for the 

higher stiffness of the numerical model with respect to the real structure.  

Table 30 presents the reference values of the axial stiffness of the different types of diaphragms as 

well as the values used for the updating. Different calibrations were performed, changing initially the 

properties of only one type of diaphragms each time and then considering the same variations for all 

diaphragms.  

Table 30 - Values of the axial stiffness of diaphragms used for the calibration. 

Type of diaphragm 
Reference value 

(kN/m) 

(EA)/5 

(kN/m) 

(EA)/10 

(kN/m) 

(EA)/100 

(kN/m) 

Lightweight concrete slab (one way) 3.001E+06 6.001E+05 3.001E+05 3.001E+04 

Lightweight concrete slab (2ways) 2.644E+06 5.288E+05 2.644E+05 2.644E+04 

Steel slab 3.822E+05 7.644E+04 3.822E+04 3.822E+03 

Roof 1.889E+06 3.777E+05 1.889E+05 1.889E+04 

 

Table 31 and Table 32 show the frequency errors and MAC recalculated in correspondence of the 

different values assumed for the updating variables. It can be observed that the decrease of the axial 

stiffness by a factor 5 (calibration no. 12) or 10 (calibration no. 16) for all the diaphragms does not 

improve significantly the consistency between numerical and experimental results, since the average 

frequency errors just varies from 58.5%, obtained for the reference values, to respectively 51.4% and 

47.3%. Furthermore, a decrease in the average MAC can be noticed with respect to the initial 0.70, 

the latter being equal to 0.52 and 0.62 for calibration no. 12 and 16. It is also noted that the decrease 

of the axial stiffness of the diaphragms, in particular of the roof, causes a switching in the order in 

which the modes are identified in the eigenvalue analysis. In fact, in the case of calibration 15 and 16 

as well as 19 and 20, corresponding to a further reduction of the stiffness, the highest frequency is 
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associated to torsional mode and not to the longitudinal one as derived from the experimental 

modal analysis. The minimal value of the average frequency error (24.7%) is obtained decreasing the 

axial stiffness of all the slabs to 1/100 of the reference values (calibration no. 20). However, this error 

is still significantly large and it is associated to an error of 44.7% in the frequency of the first mode. 

Additionally, from Table 32 it can be seen that the average MAC sharply decreases from 0.70 

(reference values) to 0.33 (calibration no. 20). Looking at the deformed shape of the longitudinal 

mode (mode 3) shown in (Figure 99), it is evident that this worsening may be attributed to the low 

value of axial stiffness that does not provide an adequate connection between masonry walls, this 

resulting in the walls behaving independently one from each other. This leads in turn to a significant 

change of the mode shapes and the occurrence of local modes.  

 

Table 31 - Results of the updating based on the axial stiffness of the slabs. 

 
Updating parameters Frequency (Hz) Frequency error (%) 

Average 

error (%) 

Calibration 

no. 
Axial stiffness (kN/m) Mode 1 Mode 2 Mode 3 Mode 1 Mode 2 Mode 3 

All 

modes 

0 (ref. value) (EA)c,ref- (EA)s,ref - (EA)r,ref 5.56 5.75 5.96 75.2 53.0 47.2 58.5 

9 (EA)c/5 5.50 5.68 5.89 73.1 51.4 45.5 56.7 

10 (EA)s/5 5.49 5.69 5.90 72.8 51.4 45.7 56.7 

11 (EA)r/5 5.51 5.70 5.75 73.5 51.9 42.1 55.8 

12 (EA)c/5 - (EA)s/5 - (EA)r/5 5.36 5.55 5.57 68.7 47.9 37.7 51.4 

13 (EA)c/10 5.45 5.64 5.85 71.7 50.2 44.6 55.5 

14 (EA)s/10 5.46 5.67 5.88 72.1 51.0 45.3 56.1 

15 (EA)r/10 5.48 5.68 5.65 72.7 51.2 39.5 54.5 

16 (EA)c/10 - (EA)s/10 - (EA)r/10 5.24 5.43 5.36 65.0 44.6 32.4 47.3 

17 (EA)c/100 5.29 5.47 5.74 66.7 45.8 41.8 51.4 

18 (EA)s/100 5.51 5.72 5.93 73.5 52.4 46.6 57.5 

19 (EA)r/100 5.42 5.56 5.40 70.7 48.0 33.5 50.7 

20 (EA)c/100-(EA)s/100-(EA)r/100 4.59 4.54 4.40 44.7 20.8 8.8 24.7 
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Table 32 - MAC values obtained when updating the axial stiffness of diaphragms. 

 
Updating parameters MAC (-) Average  

Calibration 

no. 
Axial stiffness (kN/m) Mode 1 Mode 2 Mode 3 

All 

modes 

0 (ref. value) (EA)c,ref- (EA)s,ref - (EA)r,ref 0.73 0.77 0.59 0.70 

9 (EA)c/5 0.73 0.80 0.56 0.69 

10 (EA)s/5 0.74 0.73 0.60 0.69 

11 (EA)r/5 0.70 0.76 0.52 0.66 

12 (EA)c/5 - (EA)s/5 - (EA)r/5 0.70 0.63 0.24 0.52 

13 (EA)c/10 0.73 0.81 0.54 0.69 

14 (EA)s/10 0.75 0.71 0.61 0.69 

15 (EA)r/10 0.75 0.71 0.61 0.69 

16 (EA)c/10 - (EA)s/10 - (EA)r/10 0.65 0.73 0.47 0.62 

17 (EA)c/100 0.72 0.82 0.54 0.69 

18 (EA)s/100 0.61 0.55 0.69 0.62 

19 (EA)r/100 0.72 0.79 0.51 0.67 

20 (EA)c/100-(EA)s/100-(EA)r/100 0.74 0.01 0.25 0.33 

 

 

Figure 99 - Deflected shape for the longitudinal mode (mode 3) obtained for calibration nr.20. 

In conclusion, the results obtained showed that the Young's modulus of masonry is the property 

mostly affecting the numerical response in terms of frequencies. As for the diaphragms, a 

considerable decrease in their axial stiffness resulted in higher errors and, in addition, it caused a 

considerable change in the mode shapes with respect to the experimental ones. Consequently, the 

axial stiffness of diaphragms is not taken into consideration for model updating, which will be based 
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only on the Young's modulus of masonry. On the other hand, it can be observed that the difference 

between numerical and experimental frequencies can be significantly reduced only decreasing 

significantly the Young's modulus of masonry stone with respect to the experimental value obtained 

from double-jack tests (see section 3.2.1). This may indicate that masonry was poorly built or it was 

damaged when the dynamic tests were performed, or the soil conditions significantly influence the 

measures of frequency values. In the literature of identification methods, damage is usually 

associated to a decrease of stiffness (Ramos, de Roeck, Lourenço, & Costa, 2006). It is important to 

recall that the building was damaged by 2007 Umbria-Marche earthquake, even if slightly according 

to the information collected by (UNIGE, 2016). However, it is not possible to exclude that the modal 

response of the structure was modified by the seismic event that occurred in 2007. 

6.2.2 Model updating based on soil-structure interaction 

A further calibration of the numerical model was performed by taking into consideration the soil-

structure interaction and, in particular, the stiffness of the soil. In the numerical model created for 

"Pietro Capuzi" school, a clamped boundary condition was assumed for the nodes at the base of the 

model, i.e. all translations in the base nodes were restrained. This corresponds to consider the soil 

infinitely rigid or, at least, so much rigid that no displacements are allowed at the base of the 

structure. If this assumption may be reasonable for structures founded on rock, it may be less 

accurate in the case of deformable soils. The soil on which the school is built was classified as "type 

B" according the seismic prospection performed by (S.G.M. S.r.l., 2011). In NTC 2008, this type of soil 

corresponds to soft rock and deposits of very dense sand, gravel or very stiff clay, while rocks and 

very rigid soils are classified as "type A". Consequently, it is reasonable to suppose that the 

assumption of rigid soil in the numerical model resulted in an overestimate of the stiffness as well as 

in higher natural frequencies with respect to the experimental results. 

The presence of the soil under the building was introduced in the numerical model by creating a 

continuous plane interface at the base of the walls (Figure 100). With this aim, T18IF elements were 

used in Midas FX (Figure 101).  
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Figure 100 - Continuous plane interface at the base of masonry walls (in red): global view and zoom. 

 

a) topology b) displacements 

Figure 101 - T18IF elements used to model the interface. 

A normal stiffness modulus kn and a shear stiffness modulus kt must be input to characterize the 

interface. Consequently, these quantities were adopted as the variables to tune in order to perform a 

calibration of the numerical model based on the stiffness of the soil. The initial values to use for the 

stiffness moduli were derived from the mechanical properties of the soil obtained by (S.G.M. S.r.l., 

2011) and reported in section 3.2.1. For this purpose, the properties of the first layer of soil under 

the structure were taken into account, as shown in Table 33.  
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Table 33 - Mechanical properties of the first layer of soil under the building. 

Material property Unit Soil layer 1 

Density,  kg/m3 19 

Poisson's ratio,  - 0.4 

Dynamic Young's modulus, Ed kN/m2 7.64E+05 

Dynamic shear modulus, Go kN/m2 2.73E+05 
 

The normal and shear stiffness moduli were calculated according to the following equations: 

          (13) 

         (14) 

where h is the thickness of the first layer of soil under the structure, and it was assumed equal to 4 m 

according to (S.G.M. S.r.l., 2011). Consequently, kn= 1.91E+05 kN/m3 and kt= 6.83E+04 kN/m3 were 

adopted as reference values. 

 A first eigenvalues analysis was performed adopting these values in the numerical model, and the 

results in terms of frequencies and MAC are presented in Table 34 and Table 35, respectively. A 

significant improvement is observed with respect to the un-calibrated model without interfaces. In 

fact, the average frequency error is equal to 8.8%, which is significantly lower than the value of 

58.5% (see Table 31) obtained for the un-calibrated model without interfaces. The MAC value slightly 

increased from 0.70 to 0.72 considering the models without and with interfaces, respectively. 

The initial values of the stiffness moduli were updated to minimize the error between the 

frequencies of the numerical model and the ones obtained experimentally. In particular, the 

calibration was performed in order to reach an error lower than 5% both on average and for each 

mode. It is noted that the ratio between the normal and the shear stiffness modulus was kept 

unchanged in the updating. Table 34 shows the new set of frequencies obtained for the updated 

values of the stiffness moduli. The frequency error, on average, is equal to 3.0%. The first mode 

presents the larger error, but it is only equal to 4.5%. This represents a significant improvement with 

respect to the error of 14.4% obtained for the initial values of the stiffness moduli. As for the average 

MAC, the results presented in Table 35 show that it does not change when calculated with the initial 

and updated values. In both cases, the average MAC is equal to 0.72. It is observed that the 

introduction of the interfaces resulted in an improvement of the MAC for mode 1 and 3, while a 

decrease of the MAC value is obtained for mode 2. Mode 1 presents the larger MAC value, which is 
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equal to 0.89, which means almost full consistency between numerical and experimental results. 

MAC values equal to 0.55 and 0.72 are obtained for mode 2 and 3, respectively. On average, the 

results may be considered satisfactory since the higher values are obtained for the translational 

modes. The torsional mode is likely to be more sensitive to the introduction of the tangential 

stiffness of the soil, and, consequently, a calibration based on this value is proposed for further 

developments. 

Table 34 - Frequencies obtained for the reference and updated values of soil stiffness. 

 
Updating parameters Frequency (Hz) Frequency error (%) Average 

Model 
kn 

(kN/m
3
) 

kt 

(kN/m
3
) 

Mode 1 Mode 2 Mode 3 Mode 1 Mode 2 Mode 3 
All 

modes 

Reference values 1.91E+05 6.83E+04 3.63 3.95 4.29 14.4 5.2 6.1 8.6 

Updated values 1.32E+05 4.71E+04 3.31 3.65 3.97 4.3 -2.8 -2.0 3.1 

 

Table 35 - MAC values obtained for the reference and updated values of soil stiffness. 

 
Updating parameters MAC (-) Average 

Model 
kn 

(kN/m
3
) 

kt 

(kN/m
3
) 

Mode 1 Mode 2 Mode 3 
All 

modes 

Reference values 1.91E+05 6.83E+04 0.88 0.57 0.70 0.72 

Updated values 1.32E+05 4.71E+04 0.89 0.55 0.71 0.72 

 

6.2.3 Updated numerical model and eigenvalue analysis 

In this thesis, a process of model updating was performed in order to reduce the difference in the 

modal parameters obtained numerically and experimentally. In particular, the frequencies obtained 

numerically had to be reduced since they were significantly higher than the ones derived 

experimentally. Two different updating strategies were considered, the first one based on 

diaphragms and masonry properties, and the second one based on the stiffness of the soil. As for the 

first strategy, it was demonstrated that considerable reductions of the axial stiffness of the 

diaphragms only resulted in limited decreases in the values of the numerical frequencies. Therefore, 

only the Young's modulus of masonry materials was taken into account in the first updating strategy. 

The results obtained from these two calibrations are summarized in Table 36. It can be clearly 

observed that the MAC is almost insensitive to the updating strategy employed, i.e. it does not 
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depend on the properties adopted as variables to update. Different are the results in terms of 

frequencies. In fact, not only the updating based on soil stiffness allowed to obtain the lowest 

average error, equal to 3.1%, but also resulted in a significantly lower error in the frequency of the 

first mode with respect of the updating based on the Young's modulus of masonry. As shown in Table 

36, an error equal to 14.4% and 4.3% is obtained for the calibrated model without and with 

interfaces, respectively. Consequently, the calibrated model with interfaces was considered the one 

that better simulates the real response of the structure and it will be used for structural analyses. 

Table 36 - Comparison of frequencies and MAC between different updating strategies. 

 
Frequency error (%) MAC (-) 

Average f. 

error (%) 

Average 

MAC 

Model Mode 1 Mode 2 Mode 3 Mode 1 Mode 2 Mode 3 All modes All modes 

Un-calibrated without 

interfaces 
75.2 53.0 47.2 0.73 0.77 0.59 58.5 0.70 

Calibrated without 

interfaces 
13.5 -1.3 -3.5 0.73 0.79 0.63 6.1 0.72 

Un-calibrated with 

interfaces 
14.4 5.2 6.1 0.88 0.57 0.70 8.6 0.72 

Calibrated with 

interfaces 
4.3 -2.8 -2.0 0.89 0.55 0.71 3.1 0.72 

 

An eigenvalue analysis was again performed on the calibrated numerical model with interfaces. Table 

37 shows the effective modal masses in the three directions x, y and z for the first thirty modes. High 

values of participating masses are associated to the three modes used in the model updating, namely 

modes 1, 4 and 5 of Table 37. Since these modes provide higher contribution to the dynamic 

behavior, they proved to be suitable to characterize the modal response of the structure in the 

calibration process. Table 37 also reports the cumulative effective mass percentages, with respect to 

the total mass of the structure, for the first thirty modes as well as for the modes 1, 4 and 5. A 

cumulative percentage higher than 90% is obtained in both x and y directions considering the first 

thirty modes. Furthermore, it can be seen that a high cumulative percentage can be also reached 

considering only the modes 1, 4 and 5. The modes with low participation mass are generally 

associated to local out-of-plane modes of the diaphragms. It must be noted that these modes are 

mainly due the properties attributed to the slabs and, consequently, they are not necessarily 

associated to actual modes of the structure. The deflected shape for the modes 1, 4 and 5 are 

presented in Figure 102. 
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Table 37 - Effective modal masses and cumulative percentages for the first thirty modes of the structure. 

Mode 
Frequency 

(Hz) 

X direction Y direction Z direction 

Effective 

modal mass 

(ton) 

Percentage 

(%) 

Effective 

modal mass 

(ton) 

Percentage 

(%) 

Effective 

modal mass 

(ton) 

Percentage 

(%) 

1 3.31 3.14 0.08 2955.80 79.37 0.26 0.01 

2 3.36 0.81 0.02 0.15 0.00 0.06 0.00 

3 3.36 0.00 0.00 80.20 2.15 18.25 0.49 

4 3.65 466.91 12.54 0.80 0.02 0.00 0.00 

5 3.97 2663.20 71.52 2.46 0.07 0.10 0.00 

6 4.04 0.07 0.00 0.05 0.00 8.92 0.24 

7 4.07 0.01 0.00 0.03 0.00 8.40 0.23 

8 4.39 0.78 0.02 0.02 0.00 8.84 0.24 

9 4.95 0.00 0.00 0.02 0.00 0.00 0.00 

10 4.95 0.14 0.00 0.00 0.00 0.00 0.00 

11 6.04 0.00 0.00 0.00 0.00 0.00 0.00 

12 6.08 0.00 0.00 0.00 0.00 0.00 0.00 

13 6.29 1.19 0.03 0.06 0.00 10.37 0.28 

14 6.36 21.35 0.57 0.03 0.00 0.53 0.01 

15 6.79 1.90 0.05 3.56 0.10 0.51 0.01 

16 6.80 0.26 0.01 0.34 0.01 0.54 0.01 

17 7.25 0.11 0.00 0.28 0.01 86.91 2.33 

18 7.63 0.20 0.01 0.12 0.00 10.69 0.29 

19 7.63 0.40 0.01 0.06 0.00 4.79 0.13 

20 8.26 5.72 0.15 2.56 0.07 218.45 5.87 

21 8.28 7.46 0.20 2.70 0.07 212.72 5.71 

22 8.99 0.02 0.00 30.95 0.83 100.59 2.70 

23 9.36 0.02 0.00 5.84 0.16 284.93 7.65 

24 9.43 0.46 0.01 20.21 0.54 31.81 0.85 

25 9.46 0.13 0.00 415.32 11.15 166.57 4.47 

26 9.64 0.69 0.02 7.04 0.19 1595.70 42.85 

27 9.92 195.97 5.26 9.26 0.25 13.32 0.36 

28 9.96 24.01 0.64 3.19 0.09 82.17 2.21 

29 10.15 22.58 0.61 36.99 0.99 25.51 0.69 

30 10.22 0.22 0.01 0.74 0.02 24.03 0.65 

Cum. for all modes 3417.76 91.78 3578.78 96.10 2914.97 78.28 

Cum. for modes 1, 4, 5 3133.25 84.14 2959.05 79.46 0.36 0.01 
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Mode 1 (3.31 Hz) 

 

Mode 2 (3.65 Hz) 

 

Mode 3 (3.97 Hz) 

Figure 102 - Deflected shapes for the modes 1, 4 and 5 of the calibrated model with interfaces, assumed as 

modes 1, 2 and 3 experimental. 
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7. SEISMIC ANALYSIS  

Once the numerical model was calibrated according to the results of dynamic identification tests, the 

seismic behavior of the building was evaluated by means of pushover analysis and non-linear 

dynamic analysis with time integration. 

7.1 Seismic response of masonry structures 

Historical masonry buildings are characterized by a significant variety of constructive types and 

techniques. Hence, the analysis of their structural and, in particular, seismic behavior is influenced by 

uncertainties related to material properties as well as geometry and constructions details. The 

observation of damages caused by past earthquakes allowed identifying the most common 

typologies of damage and collapse occurring in masonry structures. In particular, the absence of an 

effective connection between perpendicular walls, and between walls and slabs, together with the 

high deformability of traditional floors (i.e. timber slabs) facilitate the occurrence of local collapses of 

building portions. On the contrary, good connections between walls, stiffer diaphragms and 

structural devices like metallic ties help in the redistribution of horizontal loads between the 

different structural elements, this resulting in a global response of the building (the so called box 

behavior).  

Different methodologies may be employed to study the seismic behavior of existing masonry 

structures. It is to recall that, despite their heterogeneity, masonry materials are characterized by 

common features like low tensile and shear strengths, and quasi-brittle behavior. Hence, in presence 

of the horizontal actions caused by seismic events, masonry often exhibits a non-linear behavior at 

early stages of loading. Consequently, linear-elastic analysis is not suitable, while non-linear methods 

must be preferred (Lourenço P. B., 2013). In this thesis, the seismic response of the building was 

evaluated by means of non-linear static (pushover analyses) and non-linear dynamic analyses with 

time integration. These analyses were performed on the calibrated model with interfaces, taking into 

consideration for the normal and tangential stiffness of the soil the values reported in section 6.2.3. 

As for material properties, the values illustrated in section 5.2 were used.  
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7.2 Pushover analysis 

Pushover analysis is a non-linear static analysis that simulates seismic actions by applying horizontal 

lateral forces over the height of the structure. In this analysis, lateral forces are increased 

monotonically up to failure while vertical loads due to gravity are kept constant (Lourenço, Trujillo, 

Mendes, & Ramos, 2012). The capacity of the structure under horizontal loading is generally 

represented by a capacity curve obtained by plotting the total base shear with respect to the 

horizontal displacement of a given control point, generally assumed at the top of the building. 

Pushover analysis was used here to evaluate the seismic performance of the structure not only in 

terms of capacity curves, but also in terms of failure mechanisms and distribution of damage. The 

damage was associated to high values of principal tensile strains, which represent an indication of 

cracking (Lourenço, Trujillo, Mendes, & Ramos, 2012). According to Eurocode 8 (EN 1998–1, 2004), 

two distributions of lateral forces should be considered in pushover analysis: 1) a uniform pattern 

based on lateral forces that are proportional to the mass regardless of elevation; 2) modal pattern 

proportional to lateral forces consistent with the distribution determined in the modal response 

analysis. In this thesis, a uniform mass proportional distribution was adopted. Before pushing the 

structure with lateral forces, the self-weight was applied in ten steps.  

Pushover analyses were performed by using the finite element software DIANA. The regular Newton-

Raphson iteration method was used to find the solution of the non-linear problem. In this method, 

the stiffness matrix is calculated for each iteration with the result that, compared to other methods, 

less iterations are needed, but each of them is more time consuming (TNO DIANA BV, 2014). A 

convergence criterion based on energy control was used with a tolerance of 10-3. In combination with 

the regular Newton–Raphson method, arc-length control was employed. This control prevents the 

displacement increments to become very large by constraining the norm of the incremental 

displacements to a prescribed value and simultaneously adapting the size of the increment (TNO 

DIANA BV, 2014).  

It must be noted that some difficulties were encountered in getting convergence during the analysis 

after the behavior of the structure had become strongly non-linear. Since the use of different 

iteration methods as well as different step increment did not help, in some cases the indirect 

displacement control was adopted in order to improve convergence. This control consists in defining 

a set of degrees of freedom to control during the iteration procedure. In this case, the translations of 

some nodes in the direction of application of the horizontal loads were assumed as degrees of 

freedom to control (Figure 103). As for the choice of the nodes, since the structure exhibits a global 
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behavior with similar displacements for the nodes at the top, eight nodes located in the corners of 

the structure and characterized by large displacement, but small deformation were taken into 

consideration within the indirect displacement control. Hence, in this case, the capacity curve was 

obtained by plotting the base shear to the average displacements of these nodes. 

 

Figure 103 - Nodes used for the indirect displacement control. 

Pushover analyses were performed along the X and Y global axes of the numerical model, 

corresponding respectively to the longitudinal and transversal directions of the structure. Since the 

building is not symmetric, the seismic action was applied in both positive and negative directions. 

It should be mentioned that, due the complexity and high number of nodes of the model, the 

computational effort to run the analyses was significant as well as the time necessary to perform 

each of them. For this reason, the capacity curves reported in the following paragraphs were plotted 

until the last step that was possible to reach in the time available for the thesis, this meaning that the 

last step does not represent necessarily the ultimate capacity of the building. However, it will be 

possible to continue the analyses and extend the curves in future works.  

The results obtained from pushover analyses will be presented in sections 7.2.1 and 7.2.2 the 

following sections for each direction of the application of the seismic load, then a comparison and 

final conclusions will be provided in section 7.2.3. 

7.2.1 Pushover analyses in Y direction 

The seismic performance of the building was first assessed in the transversal direction. Pushover 

analyses were carried out applying the seismic action in both, positive, +Y and negative, -Y directions 

of the global Y-axis. The results are presented in terms of capacity curves, failure mechanisms and 
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damage distribution. Since a linear-elastic behavior was assumed for the diaphragms, the damage 

distribution is presented only for the masonry envelope. 

Pushover analysis in -Y direction 

Figure 104 shows the load-displacement curve obtained in the negative direction of the Y-axis. The 

curve was obtained by plotting the horizontal load factor to the average displacements of the nodes 

used to develop the curve when it enters in non-linear range (see Figure 103). The value of the total 

base-shear obtained in correspondence of each loading step is also reported on the Y-axis. According 

to the results, the structure presents a stiff behavior, and it is able to withstand a maximum 

horizontal lateral load of 0.46 g.  

 

Figure 104 - Capacity curve for pushover analysis in -Y direction. 

Nevertheless, it can be seen that the curve exhibits a long, almost flat, plateau, consistent with a 

shear or rocking failure mode of masonry elements, without material crushing or geometrical non-

linear effects. This makes the last point of the curve physically less meaningful, but only related to 

convergence issues. For this reason, the ultimate capacity of the structure was estimated by taking 

into consideration the value of ultimate displacement indicated by (Circolare n.617, 2009) for the 

verification with respect to ultimate (life safety) limit state for existing masonry buildings. According 

to the Italian code, the ultimate displacements for each panel must be assumed equal to the 0.4% of 

its height (h), in case of shear failure, and equal to 0.6% for flexural failure. Since the building is 

characterized by a global behavior with shear failure (Figure 106), the limit of 0.004h was adopted for 

the global interstory displacement, calculated taking into consideration the relative displacements in 

correspondence of the control nodes for each level of the structure (Table 38).  
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Table 38 - Limit values of interstory displacement for ground and first floor. 

Floor height (m) 
Limit interstory displacement =0.004h 

(m) 

Ground floor 5.91 0.024 

First floor 5.56 0.022 

Figure 105 shows the capacity curves obtained plotting the horizontal load factor versus the 

interstory displacement for ground and first floor, respectively. It can be observed that that limit 

value of interstory displacement (0.004h) is exceeded after step no. 36 and no. 39 for ground and 

first floor, respectively. Consequently, the ultimate displacement for the structure was assumed in 

correspondence of the step characterized by the minimal load factor, which is 0.44g for step no. 36.  

 

a) Ground floor 

 

b) First floor 

Figure 105 - Capacity curves obtained plotting load factor vs interstory displacement for ground (a) and first 

(b) floor. 

Figure 106a-b shows the global damage pattern corresponding to the step no. 36 of the analysis in 

terms of maximum principal strain (-) and first principal crackwidth strain (mm), respectively. It can 

be noted that high values of principal tensile strain are reached, which means that the structure is 

significantly damaged. It can be seen that high concentrations of tensile strain and corresponding 

cracks are present at the top of the building. It is believed that this damage does not have any 

validation with respect to the real behavior for the structure, but it is likely to be related to the 

modeling of the roof. In fact, the roof, modeled as an ensemble of inclined shells, is characterized by 

a considerable stiffness if compared with masonry stiffness. In addition, the mesh of the top surfaces 

of the walls is quite irregular, and this can finally lead to this concentration of damage. For these 

reasons, the top part of the building was not represented in Figure 107 and Figure 108 where the 

damage is illustrated more in detail.  
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a) Maximum principal strain 

 
 

a) First principal crackwidth strain  

Figure 106- Global crack pattern for the pushover in analysis in -Y direction in terms of: a) maximum principal 

strain and first principal crackwidth strain. 

As already mentioned, it can be observed that the failure mechanism is global, and it is associated to 

an in-plane response of load-bearing masonry walls. In particular, shear failure is the prevalent 

failure mechanism obtained under horizontal loading in Y direction. Shear cracks are widespread in 

both body A and B of the building, and they can be observed both in the internal walls (Figure 107a 

and Figure 108b) and in the external walls (Figure 107a and Figure 108) oriented in Y direction. 

Flexural damage is also present in the spandrels of body B (Figure 108b). The maximum crackwidth, 

equal to approximately 3mm, is obtained in correspondence of the shear failure of an internal wall of 

body A at ground floor (Figure 107a). A concentration of damage is also present in the external walls 

of the corridor, in both sides of the building (Figure 107b). This damage can be attributed to the 
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absence of internal walls oriented in Y direction in the corridor, which results in the external walls 

bearing all the seismic action in this part of the building. 

a)  b)  

Figure 107 - Crack pattern in body A in terms of first principal crackwidth strain: a) shear cracks in the 

internal walls, b) damage concentrated in the corner of the wall of the corridor. 

a)  b)  

Figure 108 - Crack pattern in body B in terms of first principal crackwidth strain: a) flexural cracks in the 

spandrels and shear cracks in the piers b) shear cracks in the internal walls. 

Pushover analysis in +Y direction 

Figure 109 shows the load-displacement curve obtained in the positive direction of the Y-axis. The 

curve was obtained by plotting the horizontal load factor to the average displacements of the nodes 

shown in Figure 103). In this case, the indirect displacement control was not used, however some 

problems were encountered to find convergence after the last step shown in Figure 109. Despite this, 

it must be noted that the analysis could be continued. The maximum horizontal load factor obtained 

for the last step of the curve is 0.40 g, which is not too far from 0.44g obtained in -Y direction, 

considering that the analysis may progress. This consideration is confirmed by the capacity curves 

obtained plotting the horizontal load factor versus the interstory displacement for ground and first 

floor. In fact, from Figure 110 it can be observed that the interstory displacement obtained for the 
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last point of the curve is much lower than the limit value given by (Circolare n.617, 2009) for both 

ground and first floor, i.e. the building has not reached its ultimate capacity yet. 

 

Figure 109 - Capacity curve for pushover analysis in +Y direction.  

 

a) Ground floor 

 

b) First floor 

Figure 110 - Capacity curves obtained plotting load factor vs interstory displacement for ground (a) and first 

(b) floor. 

As expected, the stiffness in the elastic range is almost the same than the one obtained when the 

load is applied in negative direction. Differently from the results obtained in -Y direction, the curve 

shows a significant variation in the stiffness after step no. 30, corresponding to a load factor of 0.35g. 

By comparing the damage pattern in correspondence of step no. 30, 31 and 32 (Figure 111) in terms 

of maximum principal strain, it can be observed that this change in the stiffness can be associated to 

shear cracks appearing in the external walls of body B oriented in Y direction.  
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a) Step no. 30 

 

b) Step no. 32 

Figure 111 - Development of damage between step no. 30 (a) and step no. 32 (b) in the external walls of 

body B, resulting in a change of the stiffness of the capacity curve.  

Figure 112 shows the global damage pattern corresponding to the last point of the capacity curve in 

terms of maximum principal strain (a) and first principal crackwidth strain (b) for the analysis 

performed in +Y direction. Figure 113 and Figure 114 show more in detail the damage distribution. 

Since the damage pattern is represented with the same color scale as the results in -Y direction, it is 

evident that the damage is less widespread in comparison with the results obtained in -Y direction, 

and the values of maximal principal tensile strain are lower (0.04 versus 0.06 for the peak value). This 

is probably due to the limited development of the capacity curve in +Y direction. Despite the failure 

mechanism not being fully defined, it can be seen that the failure is connected to the in-plane failure 

of masonry walls. In particular, as shown in Figure 113, shear and flexural cracks can be located in the 

piers and spandrels, respectively, of the external walls of both body A and B as well as in the internal 

walls of body B. Differently from the results obtained for -Y, the internal walls of body B are not 

damaged. From Figure 114, the presence of cracks flexural, almost horizontal, in the main façade can 

be observed. 
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a) Maximum principal strain 

  

a) First principal crackwidth strain  

Figure 112- Global crack pattern for the pushover in analysis in +Y direction in terms of: a) maximum 

principal strain and first principal crackwidth strain. 

a)  b) 

Figure 113 - Crack pattern in terms of first principal crackwidth strain in the west (a) and east (b) side of the 

building. 
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Figure 114 - Flexural cracks in main façade.  

7.2.2 Pushover analyses in X direction 

The seismic performance of the building was assessed in the longitudinal direction performing 

pushover analyses in both, positive, +X and negative, -X directions of the global X-axis. The results are 

presented in terms of capacity curves, failure mechanisms and damage distribution. 

Pushover analysis in -X direction 

Figure 115 shows the load-displacement curve obtained in the negative direction, -X of the X-axis. 

The curve was obtained by plotting the horizontal load factor to the average displacements of the 

control nodes shown in Figure 103. In this case, the indirect displacement control was not used, 

however some problems were encountered to find convergence after the last step shown Figure 115. 

Despite this, it must be noted that the analysis could be continued. The maximum horizontal lateral 

load applied in the last step of the curve is equal to 0.55 g. From Figure 116 it can be observed that 

the limit value of interstory displacement is higher than the displacement in the last point of the 

curve. Consequently, considering that the analysis may progress, even higher capacity can be 

expected in +X direction. In any case, the building shows a higher capacity to bear horizontal load in 

the longitudinal direction than in the transversal one, in which a maximum factor load of 0.44g was 

obtained. This different behavior in the two directions was expected since there are three main 

alignments of load-bearing walls developing along all the longitudinal direction, while there is no 

continuity in the walls oriented in Y direction.  
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Figure 115 - Capacity curve for pushover analysis in -X direction. 

 

a) Ground floor 

 

b) First floor 

Figure 116 - Capacity curves obtained plotting load factor vs interstory displacement for ground (a) and first 

(b) floor. 

Figure 117 shows the global damage pattern corresponding to the last point of the capacity curve in 

terms of maximum principal strain (a) and first principal crackwidth strain(b) for the analysis 

performed in -X direction. Figure 118 and Figure 119 show more in detail the damage distribution. 

Similar to the results obtained in Y direction, it can be seen that the failure mechanism is global, and 

it is related to an in-plane response of load-bearing masonry walls. In particular, shear failure is the 

prevalent failure mechanism obtained in both external (Figure 118) and internal walls (Figure 119). 

Flexural cracks can be noticed in the piers among the openings in the main façade (Figure 119a). 

Finally, horizontal cracks can be observed in body B in correspondence to the connection between 

masonry walls and light concrete slabs. 
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a) Maximum principal strain 

 

 

a) First principal crackwidth strain  

Figure 117- Global crack pattern for the pushover in analysis in -X direction in terms of: a) maximum principal 

strain and first principal crackwidth strain. 
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a)  
b)  

Figure 118 - Crack pattern in terms of first principal crackwidth strain in the west (a) and east (b) side of the 

building. 

a)  b)   

Figure 119 - Crack pattern in body A in terms of first principal crackwidth strain: a) shear cracks in the 

internal walls, and flexural cracks in the façade; b) horizontal cracks at the height of the slabs 

Pushover analysis in +X direction 

Figure 120 shows the load-displacement curve obtained in the positive direction, +X of the X-axis. 

The curve was obtained by plotting the horizontal load factor to the average displacements of the 

control nodes used to develop the curve when it enters in non-linear range (Figure 103). According to 

the results, the structure is able to withstand a maximum horizontal lateral load of 0.49 g. It can be 

observed that the response is very similar when the load is applied in the positive and negative 

directions of X-axis. This was expected since the building is almost symmetrical in X direction. The 

difference in the values of maximum lateral load (0.49g versus 0.55g) can be attributed to the fact 

there the curve in +X direction was plotted for a slightly smaller ultimate displacement. Hence, a 

higher capacity can be expected also in this direction of application of the load. This is confirmed by 

comparing the interstory displacement reached in the last step of the analysis with the limit value of 
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interstory displacement given by (Circolare n.617, 2009) (Figure 121). As for the analysis in +Y 

direction, also in this case it can be observed that the interstory displacement obtained for the last 

point of the load-interstory displacement curve is much lower than the limit value given by (Circolare 

n.617, 2009) for both ground and first floor. 

 

Figure 120 - Capacity curve for pushover analysis in +X direction. 

 

a) Ground floor 

 

b) First floor 

Figure 121 - Capacity curves obtained plotting load factor vs interstory displacement for ground (a) and first 

(b) floor for pushover analysis in +X direction. 

Figure 122 and Figure 123 show the global damage pattern corresponding to the last point of the 

capacity curve respectively in terms of maximum principal strain and first principal crackwidth 

strain(b) for the analysis performed in +X direction. Figure 124 and Figure 125 show more in detail 

the damage distribution. Similar to the results obtained in -X direction, it can be observed that the 

failure mechanism is global, and it is associated to an in-plane response of load-bearing masonry 
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walls. Again, as in -Y direction, the damage is mostly represented by shear cracks in masonry walls 

both in the exterior (Figure 124) and in the interior (Figure 125). 

  

Figure 122- Global crack pattern for the pushover in analysis in +X direction in terms of maximum principal 

strain. 

 
 

Figure 123- Global crack pattern for the pushover in analysis in +X direction in terms of first principal 

crackwidth strain. 
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a)  
b)  

Figure 124 - Crack pattern in terms of first principal crackwidth strain in the west (a) and east (b) side of the 

building. 

 

Figure 125 - Shear cracks in the internal walls of body A.  

7.2.3 Final considerations 

The seismic capacity of the building was assessed by performing pushover analyses in both positive 

and negative directions of the global axes X and Y. Figure 126 shows the capacity curves relative to 

the analyses carried out in +X, -X, +Y and -Y directions. In the case of the analysis in -Y direction, 

Figure 126 also shows the last step that was considered to evaluate the seismic capacity in 

accordance with the limit value of interstory displacement prescribed by (Circolare n.617, 2009). As 

for the analyses in +X, -X and +Y directions, it must be noted that the latter limit was not exceeded. 

However, since some problems were encountered to find convergence after the last step of these 

analyses, higher capacity can be expected also in these directions. 
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Figure 126 - Comparison between the capacity curves obtained from the analyses performed in +X, -X, +Y and 

-Y directions.  

It can be observed that the response is similar when the seismic load in applied in the positive or 

negative direction of the same global axis, both in X and Y direction. The lower capacity obtained in 

+Y and +X directions with respect to -Y and -X directions, respectively, can be attributed to the fact 

that there were plotted for smaller ultimate displacements. Furthermore, it is noted that the 

structure is characterized by higher stiffness and capacity in X direction than in Y direction. The 

maximum values of lateral load factor obtained in X and Y directions are respectively 0.55 g and 0.44 

g. As already mentioned, this was expected due to the continuity of masonry walls in X direction. By 

comparing the damage pattern in the two directions (Figure 127), it is also seen that, despite the 

higher values of horizontal load applied in X direction, the building is damaged more severely in Y 

direction, as shown by the distribution of damage and values of crackwidth.  

a)  b)  

Figure 127 - Comparison between the damage pattern obtained in X (a) and Y (b) directions in terms of 

maximum principal strain. 
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In any case, the structure exhibited a high seismic capacity in both directions since it is able to bear 

considerable values of horizontal load. In particular, the failure mechanisms obtained is global with 

in-plane failure of masonry walls. This proves the building to be characterized by a box behavior, i.e. 

it is able to redistribute the horizontal actions between different structural elements, and to exploit 

the in-plane capacity of masonry walls. It must be noted that the metallic tie-rods present in the 

building were introduced in the numerical model, and this could have helped to obtain a box 

behavior.  

Finally, even if pushover analyses are not able to fully represent the simultaneous action of 

earthquakes in different directions, a comparison can be performed between the results obtained by 

pushover analyses and the seismic performance exhibited by the structure during the seismic events 

of 2016. First, it is important to recall that, except for the out-of-plane mechanism, the building was 

characterized by an in-plane response with severe cracks in both internal and internal walls. The out-

of-plane mechanism was difficult to obtain from the numerical model due to the presence of the 

concrete bond-beam at the top of the structure, possibly resulting from a local disintegration of the 

material, not considered in the model. Furthermore, as shown in Figure 129, after the Mw 5.9 

earthquake of October 26th, the building exhibited severe damage in the structural elements, with 

cracks widespread in masonry walls, especially in Y direction. This damage level can be considered 

compatible with the life safety limit state as described by (NTC, 2008), i.e. the structure maintains a 

limited capacity to bear vertical loads and a safety margin with respect to the collapse due to 

horizontal actions. These considerations are consistent with the results obtained from pushover 

analyses in terms of both damage pattern and seismic capacity. In fact, not only a global failure 

mechanism was obtained from pushover analyses, but also the maximum values of horizontal load 

that the structure was found to bear are in accordance with the values of PGA recorded during the 

seismic event of October 26th. In particular, this is evident in Y direction where the maximum lateral 

load applied was equal to 0.44 g and it was associated to a damage state compatible with the one 

observed in the building. As for X direction, the building showed a higher seismic capacity, with a 

maximum lateral load equal to 0.55g. From Figure 129a, the PGA recorded in x direction was much 

lower and, in fact, the damage in X direction was less severe than the one in Y direction. In 

conclusion, the numerical model was found capable to estimate the actual seismic performance of 

the building in terms of capacity and horizontal load and failure mechanisms. 
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PGAx = 0.364 PGAy =0.473 

a)  b)  

Figure 128 - Comparison between the damage distribution obtained in the walls oriented in X (a) and Y (b) 

after the Mw 5.9 earthquake of October 26
th

. 

7.3 Non-linear time history (dynamic) analysis 

A non-linear time history (dynamic) analysis was also carried out on the calibrated numerical model 

with interfaces. Dynamic time integration analysis is a very complex tool that requires a considerable 

amount of time to run and process the results (Mendes, 2012). On the other hand, if compared with 

pushover analysis, this method allows reproducing the dissipation of energy that characterizes 

masonry buildings during seismic events, and it may result in a more accurate identification of 

damage and failure mechanisms. In fact, pushover analyses are not able to represent, for instance, 

the damage produced by reversal loads since the horizontal forces are increased monotonically until 

reaching the collapse (Betti, Galano, & Vignoli, 2015). In non-linear time history analysis, the seismic 

response of the structure is calculated through the integration of the equations of motion. The 

seismic action is represented by accelerograms, which can be artificial, simulated or natural, i.e. 

recorded on site (NTC, 2008). In this thesis, the use of this type of analysis is particularly interesting 

since the natural accelerograms relative to the earthquakes that damaged the structure during 2016 

Amatrice-Norcia-Visso seismic sequence are available. In particular, the time histories in acceleration 

were recorded by the tri-axial accelerometer located at the base of the building. Hence, a non-linear 

time history analysis was performed in order to further validate the finite element model by 

comparing the numerical results in terms of damage distribution with the real damage observed on 

the structure.  
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7.3.1 Definition of model data input 

The accelerogram relative to first earthquake occurred, namely the main shock of August 24th, 2016 

was selected for the analysis in order to facilitate the comparison between the numerical results and 

the real damage. In fact, the building experienced an increase of the damage level after the different 

seismic events. The acceleration time histories (for the three components of ground motion in XX, YY 

and ZZ directions) relative to the Mw 6.0 earthquake of August 24th are reported in Figure 129. The 

recordings are characterized by a total duration of 60 s and a time step of 0.004s. As shown in Figure 

130, the duration of the accelerogram to input in the analysis was reduced to 20 seconds, between 

seconds 10 and 30. All the three components of the seismic action were applied simultaneously as 

base excitation in order to fully characterize the ground motion. 

 

Figure 129 - Acceleration time-histories of the Mw 6.0 August 24
th

, 2016 earthquake. 

 

Figure 130 - Part of the acceleration time-histories reported in Figure 129 (between 10 and 30 s) applied in 

the non-linear time history analysis. 
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The definition of the damping matrix, c is required in the analysis of non-linear structures. Rayleigh 

damping is normally used to represent viscous damping in non-linear dynamic analyses. The damping 

matrix c can be expressed as a linear combination of the mass m and stiffness k matrices according to 

following formulation (Chopra & McKenna, 2016): 

where a0 and a1 are the coefficients that weight the contribution given by the mass and stiffness 

matrices, respectively, to the definition of the damping matrix c (Mendes, 2012).  

The coefficients a0 and a1 can be calculated from specified values of damping ratios associated to two 

natural modes of vibration of the building. The damping ratio n for the nth mode of vibration, with 

natural frequency n, is calculated according to the following equation (Chopra & McKenna, 2016) : 

The coefficients a0 and a1 can be calculated by solving the following system, obtained by expressing 

Eq. 16 in matrix form for the ith and jth modes of the structure (Chopra & McKenna, 2016): 

In particular, if the same damping ratio is adopted for both modes, the following equations can be 

directly employed to estimate a0 and a1(Chopra A. K., 2007): 

It is noted that the two vibration modes i and j should be selected in order to obtain reasonable 

values of damping ratios for all the modes that contribute significantly to the response of the 

structure (Chopra A. K., 2007).  

According to Eurocode 8 (EN 1998–1, 2004), for modal response spectrum analysis, the response of 

all the modes of vibration that contribute significantly to the global response should be taken into 

consideration according to the following requirements: 1) the sum of the effective modal masses for 

the modes selected must be equal at least to 90% of the total mass of the structure; 2) all the modes 
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characterized by an effective modal mass greater than 5% of the total mass must be taken into 

account. In this thesis, the same requirements were taken into account to select the two modes of 

vibration necessary to calculate the Rayleigh damping coefficients. Based on the eigenvalue analysis 

performed (see Table 37 of section 6.2.3), it was found that more than the 90% of the total structural 

mass participates in the first 27 modes in both X and Y direction. Consequently, the modes no. 1 and 

27 were taken into account to calculate Rayleigh damping coefficients. Table 36 reports the 

frequencies and cumulative percentage of effective mass relative to these two modes. 

Table 39 - Modes used for the calculation of Rayleigh Damping coefficients. 

Mode 
Frequency fn 

(Hz) 

n 

(rad/s) 

Period 

(s) 

Cumulative percentage mass (%) 

X Y Z 

1 3.31 20.8 0.30 0.1 79.4 0.0 

27 9.92 62.3 0.10 90.5 95.0 74.7 

 

A damping ratio equal to 2% was assumed for both modes, according to (Cervera, Oliver, & Faria, 

1995). Then, the Rayleigh damping coefficients were calculated by Eq. 18 and 19, obtaining a0 = 

0.623978 and a1 = 0.000481. Given these values of a0 and a1, the damping ratios for the first fifty 

modes of vibration were calculated according to Eq. 16. The variation of damping ratios with natural 

frequencies is represented graphically in Figure 131. 

 

 

Figure 131 - Variation of damping ratios with natural frequencies for the first fifty modes identified by 

eigenvalue analysis. 
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As described in (Mendes, 2012), the coefficients a0 and a1 are generally calculated for two 

frequencies in the linear range, i.e. in absence of damage. Even though in dynamic analysis the 

damage increases significantly and, as a result, frequencies and damping ratio change, the value of 

damping was kept unchanged during all the analysis. In fact, the update of the damping ratio is not a 

common procedure and, in addition, it would make the analysis even more time consuming. 

It is important to note that the non-linear time history analysis was performed adopting the Hilber-

Hughes-Taylor (HHT) time integration method. In this type of analysis, the choice of the integration 

method to use is essential since numerical noise arises because of the quasi-brittle behavior of 

masonry in tension, which results in an abrupt change from a non-linear elastic to a fully cracked 

state characterized by almost null stiffness. The propagation of high frequency spurious vibrations 

can also be produced due to the quasi-instantaneous changes in the displacement field (Cervera, 

Oliver, & Faria, 1995). For this reason, the HHT time integration method, which introduces numerical 

dissipation without diminishing the order of accuracy, is normally used in non-linear dynamic analysis 

(TNO DIANA BV, 2014). More details related to the equations used by the HHT method can be found 

in (Mendes, 2012). 

In non-linear dynamic analysis with time integration, it is important to set properly the time step t. 

The choice of this parameter is based on two criteria (Mendes, 2012): 

 the time step t should be sufficiently small with respect to the total duration of the analysis 

td; 

 in order that the error related to the contribution of the mode with lowest frequency and, 

consequently, highest period Ti, is lower than 5%, the time step t has to be calculated as: 

In this thesis, as shown in Table 36, the mode with lowest frequency and highest period is the 27th 

mode, which is associated to a frequency of 9.92 Hz and a period of 0.10 s. In correspondence of this 

mode, a time step  equal to 0.005 was obtained by using Eq. 20. 

Finally, the secant method was used as iterative solution method to obtain equilibrium in each step 

of the analysis. A convergence criterion based on internal energy with tolerance equal to 10-3 was 

employed. 
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7.3.2 Results in term of damage pattern 

The results obtained from the non-linear dynamic analysis in terms of maximum principal strain are 

presented in this section. Nevertheless, it must be noted that the analysis was found to be extremely 

time consuming and, after more than three weeks, it has been possible to run only the first five 

seconds, as shown by the dotted line in Figure 132. Consequently, only preliminary considerations 

can be done regarding the damage pattern since the failure mechanism has not been developed yet. 

 

Figure 132 - Progress of the non-linear time history analysis  

Figure 133 and Figure 134 show the global results in terms of maximum principal strain. It can be 

observed that the values of maximum principal strain are really low, as expected since the values of 

acceleration input are low. However, it can be observed that the damage pattern resembles the 

damage distribution caused by the recent earthquakes, with the formation of cracks in masonry piers 

and spandrels. In particular, as shown in Figure 135, it can be seen that the time-history analysis is 

able to simulate realistically the type of damage mechanism occurred in the building. In fact, as 

observed in the structure, both shear and flexural cracks occur on the west side of the building, while 

mainly flexural cracks are present on the west side near the openings in the east side. For further 

consideration, it is necessary to wait for the development of the analysis. 
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Figure 133- Global crack pattern for the non-linear time history analysis in terms of maximum principal 

strain. 

 
 

Figure 134 - Crack pattern terms of maximum principal strain observed in the east (a) and west (b) side of the 

building. 
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West side East side 

  

  

Figure 135 - Comparison between the damage pattern obtained from time history analysis and the damage 

observed in the building after Mw 6.0 earthquake of August 24
th

, 2016. 
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8. CONCLUSIONS AND RECOMMENDATIONS 

This thesis aims at evaluating the structural behavior of "Pietro Capuzi" school and, in particular, its 

seismic performance. Detailed documentation was available regarding geometry, constructions 

details and material properties as well as about the damage experienced by the structure during the 

Amatrice-Norcia-Visso seismic sequence occurred in 2016. Based on the existing information, a finite 

element model of the entire structure was created in Midas Fx for DIANA software and calibrated 

according to the results of identification dynamic tests. Pushover analyses and non-linear time 

history analyses were then performed in order to assess the seismic performance of the building. The 

structure was proved to have a significant seismic capacity since it was able to bear high values of 

horizontal lateral load, namely 0.44 g and 0.55 g in Y and X directions, respectively. As for the failure 

mechanism, the structure exhibited a global failure mechanism associated to the in-plane response 

of load-bearing masonry walls. This is consistent with the damage observed in the building after the 

recent seismic events. In fact, the structure the building was characterized by an in-plane response 

with severe cracks in both internal and internal walls. Furthermore, the damage level obtained from 

pushover analyses in correspondence to the maximum values of horizontal lateral load is similar to 

the one observed in the building for similar values of peak ground acceleration, in particular in Y 

direction, where a PGA equal to 0.473 g was recorded. Consequently, the numerical model was 

found to be able to simulate the seismic performance of the structure in terms of both capacity 

under horizontal load and failure mechanisms. As for non-linear time history analysis, it is necessary 

to wait for the development of the analysis for further considerations. 

As a result of the work done, some recommendations for further studies are proposed: 

 The extensive inspection campaign performed in the building provided detailed information 

about geometry, constructions details and material properties. Nevertheless, a complete 

mechanical characterization of material properties is still missing and well as information 

regarding the connection between masonry walls and diaphragms. Since the building is not in 

use currently, further inspections should be carried out in order to clarify some uncertainties 

and improve the numerical model. 

 In the thesis, the damage suffered by the structure during the entire seismic sequence was 

analyzed. In particular, the recordings of the seismic events were processed in order to 
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characterize the ground motion and the seismic response of building. Since this thesis 

focused more on the characterization of the ground motion in terms of amplitude, further 

studies could be addressed to characterize the ground motion in terms of frequency content 

and, thus, better estimate the dynamic amplification produced by the earthquake on the 

structure. Furthermore, a detailed damage survey would help in the reconstruction of 

damage development. 

 Although the numerical model was calibrated on the basis of experimental results, 

sensitivities analyses should be performed in order face the uncertainties regarding the 

properties of materials and construction details, and identify the parameters that mostly 

affect the structural behavior of the building. 

 The process of model updating was carried out taking into consideration two different 

strategies: the first one is based on tuning the properties of materials and diaphragms, while 

the second one takes into consideration the finite stiffness of the soil by means of interface 

elements. The second strategy was considered more reliable since it provided smaller error 

between the natural frequencies obtained numerically and experimentally, and the Young’s 

modulus of masonry was consistent with the measured values and Italian normative. Hence, 

the calibrated model with interfaces was used to perform structural analysis. However, it is 

believed that there are margins to improve the updating in terms of modes of vibration. It 

would be useful to have more information about the properties of the soil near the structure 

as well as about the foundations. Even if this was not possible, some optimization methods 

may be used in the process of model updating. 

 Modeling the slabs in the numerical model was found challenging since no experimental 

characterization of their mechanical properties is available. Consequently, future works 

should be addressed to better investigate the mechanical and elastic properties of the slabs, 

and understand how to represent them properly in a finite element model. Furthermore, the 

connection between slabs and masonry walls was found to be a weak point in the finite 

element modeling. In fact, despite some expedients aimed to reduce the concentration of 

stresses in the connection between masonry walls and slabs, concentration of damage were 

obtained in these parts of the model from non-linear analyses, without any correlation with 

the real damage experienced by the structure. Hence, future research should aim 

investigating the best strategy for modeling in FEM the connection between slabs and walls. 

 During the phase of creation of the numerical model, it was attempted to represent as 

accurately as possible geometry and constructions details. However, such a detailed 
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modeling does not result necessarily in improving the numerical result, but, at the contrary, 

may produce results that are not realistic. This is the case of modeling different thickness for 

the walls at different levels. Even though it was believed that these differences were 

important to consider, they resulted in high concentration of stresses in the numerical model 

without any correspondence with the real structural behavior. Consequently, a review of the 

model should be taken into consideration in order to check which details must be modeled 

and which one can be neglected since not significant for the global response. 

 The model created was very complex and characterized by a considerable number of degrees 

of freedom. This required a considerable computational effort as well as a significant amount 

of time to perform non-linear analyses. This evidence leads to two considerations. First, the 

analyses could be continued in order to getter further results and fully characterize the 

seismic performance of the structure. Second, the creation of a numerical model where 

masonry walls are modeled by means of 2D shell elements instead of 3D solid elements is 

suggested. The choice of using solid elements was due to the presence of masonry piers with 

width and thickness approximately equal, which made difficult to apply the assumption of 

plane stress. However, as already mentioned, this resulted in a very complex model that 

made any analysis significant time consuming. With the creation of a model with 2D 

elements for the walls, a comparison could be performed in order to evaluate if the use of 3D 

elements is actually beneficial in simulating the real behavior of the structure. 

  Finally, a further model could be created taking into account the damage exhibited by the 

structure in order to evaluate the residual capacity of the building under vertical and seismic 

loads. 
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