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IX 
 

ABSTRACT 
This work gives a small contribution about the study of the huge amount of historical buildings 

which must be protected in the Italian landscape. The model over time can be improved and is 

an excellent starting point for further exploration. 

This thesis is fundamentally divided into three phases of work. The first phase consists in the 

structural modelling of the building studied, being careful, to the correct individuation of the 

supporting element and the present characteristics. The modelling through a finite element 

program must represent in a suitable way the geometry and all the structural particularities of 

the building. In the second phase, once the geometric model is done, will be carried out a 

calibration. This operation is used to ensure that the FEM model created has a structural 

behaviour as close as possible to the real one, which is measured experimentally by the sensors 

placed in the building. The goal is to have a finite element model that mimics in an adherent 

way the behaviour of the structure subjected to any earthquake. The last phase concerns the 

study of the behaviour of the building, under the seismic sequence that struck Norcia and 

Amatrice in 2016. Will be made an evaluation on the state of damage for the post-earthquake 

considering the verification of limit state of damage provided by Italian law.  

The model created and calibrated at this point will be part of the archive of the project Reluis, 

which will be available for future studies and dynamic analyses. 
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CHAPTER I 

1 GENERAL INTRODUCTION 

Italy is a territory characterized by a high seismic activity. The latest seismic events have 

reinforced the interest and the study of active and passive mitigation measures for earthquakes. 

The vulnerability of the Italian territory is dual, at first, the presence of active plaques, and 

second, the state of conservation of our buildings, which are for the most part historical and in 

a non-optimal state. Understanding these two factors, is of paramount importance for making 

progress on earthquake prevention. Most of the Italian heritage consists of masonry buildings, 

these are often the result of edifications, modifications and alterations, which have succeeded 

in the years, and are characterized by extremely heterogeneous types of construction and 

materials. For these reasons, in fact, the evaluation of the current construction status is often 

delicate and sometimes uncertain.  

The tragic consequences of the recent seismic events that took place in Italy, have rooted the 

idea of a greater protection of the existing buildings respect of earthquakes, and a greater 

knowledge of historical buildings in order to understand their behaviour under these exceptional 

events. The study of seismic mitigation starts from the knowledge and monitoring of "strategic" 

buildings that belong to the public patrimony such as: schools, town halls, courts, bridges etc... 

The continuous monitoring of a building has a double importance in the study of its dynamic 

response. First of all, it is possible to understand the evolution over time of the "health 

condition” of the structure, going to monitor structural parameters, and secondly, in this way is 

possible to have a seismic data storage network. The structure studied set in Marche region and 

is the "E. Fermi" School, which after extensive damage by the earthquake of September 1997 

has been consolidated with invasive interventions. After 1997 the structure, is subjected to 

continuous monitoring thanks to the installation of sensors by the Italian Civil Protection. The 

thesis object, will be the study of this building‘s behaviour under some chosen  earthquakes, 

and the Thesis work will be diveded in three fundamental steps. The first step will involve the 

creation of the geometrical model, with a 3D graphics program, the next step, will be calibration 

of the model found, considering the vibration data under the earthquake of that structure 

provided by the Civil Protection. Finally, once the model is calibrated, simulations will be 

performed with five different earthquakes, to make some considerations about the level of 

damage suffered. The simulated earthquakes are real and refer to the seismic swarm that hit 

central Italy in 2016, in particular the city of Norcia. The calibrated model is an indispensable 

tool for diagnostic purposes and for the estimation of seismic safety. It also appears to be a valid 

support in the design of possible consolidation, rehabilitation and seismic protection 

interventions. From this point of view, with a good calibration of the model it is possible to 

have simulations more reliable and similar to the real behaviour of the structure with a degree 

of reliability that is certainly greater than an uncalibrated FEM model. The study of this building 

is part of a larger project of National interest. The Civil Protection Department collaborates 

with the Italian Universities and together they work on the monitoring of strategic buildings in 

Italy. The following chapter aims to give a general but at the same time exhaustive idea about 

this important collaboration, which is fundamental for the conservation of our constructive 

heritage. 
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CHAPTER II 

2 SEISMIC PREVENTION 

For Seismic Prevention we mean the activity aimed at avoiding, or minimizing, the possibility 

of damage resulting from seismic events. The prevention activity is based on the knowledge 

and identification of areas of territory subject to seismic risk and is supported through the 

introduction of rules, programs and plans, with the implementation of interventions on 

buildings and infrastructures and actions aimed at training operators and information to the 

population. The earthquake of Molise in 2002, gave a strong impulse about the numerous strides 

to be taken in the field of prevention and seismic legislation. This dramatic event, as we recall, 

made 28 victims, whom 27 were children, shock the consciences of the Italian population a lot, 

highlighting the enormous need to adopt more rigorous seismic norms. In 2003, with the 

issuance of the Ordinance of the President of the Council of Ministers (OPCM) 3274, were laid 

the bases in Italy of a seismic prevention strategy. Because of this hard initiative, was required 

the help of the Institutions, of the Scientific Community, of the Professional Associations and 

of the Enterprises, to give Italy a state-of-the-art seismic regulation able to cope with these 

exceptional events. Specifically, it must be said that the regions of Marche and Umbria, after 

the earthquake of 1997, immediately provided for the development of seismic vulnerability 

assessment programs, but nevertheless more space was given to the problem of reconstruction 

rather than prevention. 

 The Civil Protection Department thanks to the OPCM 3274 was authorized to promote the 

establishment of a network of university laboratories of Engineering Seismic (ReLUIS), with 

the aim of providing scientific, technical and financial organizational support to the universities 

participating in the project, furthering their participation to activities in the field of seismic 

engineering. The ReLUIS project began in 2005 involving 137 research units spread across 40 

university sites throughout Italy. 

 

2.1 ReLUIS  

The Network of University Laboratories of Seismic 

Engineering (ReLUIS), constituted by a 

conventional act signed on April 17 of 2003, is an 

inter-university consortium whose purpose is to 

coordinate the activity of University Laboratories of 

Seismic Engineering, providing scientific, organizational, technical and financial services to 

the associated Universities and furthering their participation in scientific and technological 

activities in the field of Seismic Engineering, in accordance with national and international 

research programs in this field. The coordination action consist of collaborations between 

Universities, University Institutes and Interuniversity centers among themselves and with other 

Research Institutions and Industries, boosting the development of the Seismic Engineering 

Laboratories, with research activity and dissemination knowledge. The Consortium proposes 

itself as scientific interlocutor of the various organs of the National Government, of the Regions, 
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Provinces, Municipalities and of public and private Institutes in order to achieve concrete 

objectives and valuate and reduce vulnerability and seismic risk. The head office is in Naples, 

at the Department of Structural Engineering of the Federico II University, and is non-profit-

making. Below, we can see the universities that participate in the project, the Polytechnic of 

Turin is among them. 

 

 

Figure 2.1 Universities ReLUISS 
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2.2 Seismic Observatory of Structures 

The seismic observatory of the structures, OSS, was created to cope the need for a correct 

seismic prevention and represents the national network of permanent monitoring of the seismic 

response of construction which belonging to the public patrimony. The Ministry of 

Infrastructure and Transport, Regions, local authorities and other public bodies collaborate in 

the identification of the structures of the permanent network of OSS. Through the national 

network of the Seismic observatory of the structures, the Department of Civil Protection 

monitors the oscillations caused by the earthquake in 160 buildings of public property: 150 

buildings (of which 70 schools equal to 47%, 29 municipalities of 19%, 30 hospitals equal to 

20%, 21 other types equal to 14%), as well as 7 bridges and 3 dams. In 2018 two more dams 

will be added. These buildings are found in municipalities classified mostly in Seismic Zone 1 

(34%) and 2 (63%). The OSS allows the evaluation of the damage caused by an earthquake to 

the monitored structures, which can be extended to those similar ones that fall in the affected 

area. In this way, it provides useful information to the civil protection activity immediately 

following the seismic event. When a construction of the OSS is affected by a significant 

earthquake, the monitoring system records the movement of soil and structure, and immediately 

sends the recorded data to the central OSS server in Rome. The server automatically processes 

the recordings flocked from all the affected structures, providing a concise report of some 

significant parameters that permit to evaluate: the incoming earthquake, the vibrations of the 

structure and the relative state of damage. There are two monitoring systems: 

• "Detailed" Monitoring system: 

 

In the "detailed" monitoring system, the sensors are distributed on all floors of the 

building and on the ground, for an average of 20 acceleration measures, in order to 

adequately rebuild the vibrations of the structure and estimate the damage 

 

•  "Simplified" Monitoring system: 

 

In the "Simplified" monitoring system, the sensors are on the ground and on the top 

floor, independent and connected to the Wi-Fi network only, for about 7 measurements. 

However, this system is less expensive as supply and as installation, for lack of wiring, 

but provides less information. 

 

Is possible consult the list of monitored buildings, which are ordered according to a numerical 

alpha code, on the Civil Protection site (www.protezionecivile.gov.it). Our building ,as seen, 

from the following image, taken from site above falls into the structures with monitoring 

"Detailed". 

 

 

 

 

Figure 2.2 List of monitored buildings 
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The following image shows all buildings monitored by OSS, and their type of use. The map also, refers 

their geographical location in relation to seismic hazard zones. 

 

Figure 2.3 Monitored buildings locations 
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2.3 National Network of Accelerometers (RAN) 

The Ran is the national accelerometric network of Italian territory that records the response 

monitoring the earthquake in terms of ground acceleration. The data recorded provide an 

accurately history of seismic shaking in the Epicentral area. These data also are very useful for 

studying seismology and seismic engineering and are convenient to defining the seismic action 

to be applied in the structural calculations. The Ran is distributed throughout the national 

territory, with a higher density in areas with major earthquake activity. The management of this 

network is entrusted by the staff of the seismic risk of the Civil Protection Department. The 

national network consists of permanent and temporary 561 digital workstations, equipped with  

an accelerometer, a digitizer, a modem/router with an antenna to transmit digitized data via 

GPRS and GPS receiver to associate the data the universal time UTC and to measure latitude 

and longitude of the location. Their location is divided into 201 devices in electrical substations 

of Enel and 360 on publicly owned land. (data updated to July 2017). The data flow to the 

central server of Ran in the headquarters of the Civil Protection Department, where they are 

automatically collected and processed to obtain an estimate of the main descriptive parameters 

of earthquake. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 National Accelerometer Network 
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2.4 INGV Ancona 

The building that will be studied is located in the Marche Region, in the municipality of 

Fabriano. In this Region, often remembered for the large seismic activity, the monitoring is 

develop in collaboration with the “Instituto Nazionale di Geofisica e Vulcanologia (INGV)”, 

which is responsible for coordinating national initiatives undertaken by several entities. Since 

2002 the Civil Protection Department has started a formal relationship with the INGV seismic 

contains field and information related to the seismic risk. With this in mind, was created the 

headquarters of Ancona, significant in this territory, which over the years has seen a modest 

expansion. Initially it was composed of 10 measurament stations, and subsequently with the 

absorption of Central Eastern Italy Seismometric network (ReSIICO) has gone to 103 stations. 

The data obtained from stations are transmitted in real time to Control Centre of Ancona and to 

the operations room at the INGV of Rome.  Multiple initiatives have been developed: activity 

of monitoring, activity of prevention, vulnerability study of public buildings, measurements to 

calculate values of ground shaking. All these activities have been designed and developed with 

a strongly regional characterization through algorithms and improved models of the INGV. The 

presence of many measurement points also permit to monitor and study in detail the extension 

of the seismic zone: from the Northern Apennines to the Adriatic coast. The work of INGV is 

very useful because the collection of the information in a seismic station consent to highlight 

and study in detail the possible effects of site that should be considered when attempting to 

study and reproduce the shaking the soil surface. The figure below shows the location of the 

stations present in the Marche region owned by INGV Ancona 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5  ReSIICO stations 
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2.5  Seismic events considered 

For the study of the building, five earthquakes were identified belonging to the seismic swarm 

which struck central Italy in 2016. In the database of recordings into the INGV the site 

(www.ingv.gov.it), it’s possible find these earthquakes with all their information. 

 

 

 

 

From the previous figure are shown all the information that the INGV makes available. 

Earthquakes are medium to high intensity and their Epicentral depth not exceeding 10 km. 

Earthquakes in question were felt even in nearby areas, particularly in Umbria and Abruzzo, 

and generally in much of Italy. The affected area lies in zone 2 which is characterized by 

maximum acceleration on the ground, with the 10% probability of exceedance in 50 years 

(return period of 475 years), refers to soils of category A, equal to 0, 2 g (1, 90m/s 2). The 

seismic sequences in detail will be shown in the next paragraph. 

 

 

 

 

 

 

Figure 2.6 Earthquake list 

http://www.ingv.gov.it/
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2.5.1 24-08-2016 Earthquake (hh.mm 01.36) 

 

The seismic shock had an intensity of 6 in the Richter scale. The fault that generated, it extends 

over 20 km along the axis of the Apennines with a depth of 8 km between the surface. The 

affected area hosts numerous historic towns and smaller centres of Lazio, Umbria and Marche. 

The area hit by the earthquake is a dangerous seismic band that runs along the Apennine Ridge. 

This area has already been stricken by strong earthquakes in the years, as shown in the following 

figure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Although the earthquake of 24 August, isn’t one of the strongest known seismic events of the 

historical chronicles but the impact was very serious. Inhabited centers such as Accumoli and 

Amatrice in fact suffer damage, estimated equal to the X-XI degree MCS (Mercalli-Sieberg). 

The shock of August 24 arrives without notice, no foreshock in the days and hours before the 

earthquake. The progress of the sequence after 24 August had a rather complex and 

Figure 2.7 History earthquakes 
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unpredictable trend. After a phase of intense seismic activity with numerous aftershock per day, 

it seemed that it was going towards a slow return to normality. 

 

 

 

 

 

 

 

 

2.5.2 26-10-2016 Earthquake (hh.mm 17.10 -19.18) 

 

On 26 October the sequence of activity recovered with two earthquakes, causing further damage 

but not victims. The active area moved north between Marche and Umbria. Some think that this 

earthquake is generated by an independent fault compared to that of August, supporting the idea 

of an adjacent fault, instead others sustain that it was a "domino effect" with two months later. 

Here the two images following represent the attempt of experts to want to model the 

phenomenon according to the many seismic data that were available until then. They thought 

of two different models one single-fault with one double fault.  

Figure 2.8 Seismic sequence after earthquake 24-08-2016 
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Figure 2.10 Model double fault 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9 Model single fault 
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2.5.3 30-10-2016 Earthquake (hh.mm 06.40) 

 

On the morning of October, millions of people from central Italy ,experienced a new shock, the 

loudest of the sequence and the strongest in Italy from the earthquake of 1980 in Irpinia. The 

epicenter was located at 5 km from Norcia, in the middle of the area already affected. The 

effects of this shock were glaring. Thanks to geological studies, was highlighted a slip of the 

two fault of 2 m. The following figure shows the sequence of the aftershock and was of 

fundamental importance to understand the fault system, the deformations of the ground and the 

forms of the seismic waves. 

 

 

Figure 2.11 Seismic sequence after earthquake 30-10-2017 

 

 

 

2.5.4 18-01-2017 Earthquake (hh.mm 10.14) 

The last sequence taken into account in the study is that of 18 January 2017, almost a year from 

its inception, with four events between 5 and 5.5 in magnitude in the provinces of L'Aquila. 

The shock of the 10.14 was the strongest, but it did not cause strong damage. 
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Figure 2.12  Seismic sequence afeter earhtquake 18-01-2017 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.6 Current situation  

One year after the start of the sequence, more than 75,000 earthquakes were located in an 

extended area for 80 km from north to south, affecting four regions and several provinces. An 

interesting aspect to note is how the seismic sequences of 2016/2017 are part of a wider activity 

started in 1997, and then continue in 2009 and arrive to date. Each event concerned a precise 

geographic area. From here, the doubt of the geologists and seismologists to have in the near 

future another area interested by earthquakes. The following figure shows this representation, 

it’s possible see a certain uniformity in the events from 1997 to 2017.  
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Figure 2.13 Distribution earthquakes from 1997 to 2017 
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CAPTHER III 

3 MONITORING SYSTEM 

The following chapter will introduce the Structural Health Monitoring (SHM), which belong 

to monitoring systems, explaining the fundamental components and the reasons that led to 

their use rather than the traditional methods. 
 

3.1 Introduction 

Structural Health Monitoring (SHM) is the process of characterization of existing structures, its 

proposed is to identify some properties of the building, having information on the real structure 

and to be able to develop analytical models for the evaluation of the state of the structure or to 

evaluate changes in structural behaviour. In addition, the installation of a monitoring system 

permit to have a pre-alarm in order to intervene preventively suspending activities potentially 

dangerous for the structure (Civil and public sector) so as to identify in detail the vulnerabilities. 

Another aspect, but not less important, is the economic aspect associated on the reduction of 

maintenance costs, with targeted and really necessary controls. The great Italian heritage of 

historic buildings makes our country particularly vulnerable to the seismic events . The costs 

of securing the buildings are very large due to the unstoppable decay of the materials. In this 

perspective it is essential to have a permanent evaluation of our structures to guarantee an 

adequate level of safety. In addition to the visual methods of evaluation, that over the years 

have always been more consolidated by the experience, it was decided to combine to these, 

experimental procedures to have a clearer and more precise information about the performance 

of the structure studied. A monitoring system consists of a periodic detection by means of some 

basic parameters, from which statistical extraction and analysis it is possible to determine the 

current state of the system. The need to have an efficient and flexible but simple instrumentation 

in its installation, to be used in structural applications in civil suit, has encouraged a 

collaboration between Centre for Research of Civil Protection the University associated. 

In fact, remember that the onerous cost of the "visual or traditional monitoring" is due to the 

use of highly qualified people who periodically inspects the building with a  the temporary 

suspension of the structure's activities on the days of Control ( Double shopping). Talking 

instead of a permanent monitoring system eliminates completely these expenses, in fact once y 

faced the initial costs of the instrumentation, the system executes in real time and permanently 

all the measures required.  

A monitoring system is generally divided into several annexed devices that are: a system of 

measurement, data acquisition, an alarm system, a modelling and identification system and a 

decision-making system 

SHM systems pursue the same objectives that had traditional visual inspection. In this 

perspective there is a real integration. In fact, it’s possible talking about an evolution of new 

technologies discovered to have a single intelligent system, overcoming the limits that often 

traditional practices had. 
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3.2 Architecture of the seismic monitoring system in Fabriano 

Structure 

The monitoring system consists on a network of accelerometer sensors distributed within the 

structure, which communicate in real time with one or more units of acquisition and 

interpretation of the data. The transmission can be done with a wireless connection or through 

a wiring of the sensors with the central acquisition device. The main components that make up 

the system are: 

 

 

• The Data Acquisition unit 

This device also known as the "Master " node consists of a real time controller and an 

input-output module for connecting the measuring points. 

 

• Accelerometer Sensors 

The accelerometers are attached to the cable acquisition units and measure the 

accelerations in real time, at the most in 3 directions. 

 

• Power supplies 

Next to each control unit there is a power supply box necessary for the electrical supply 

of the sensors. Each accelerometer has a single cable which provides for both the data 

and the electric charge. 

 

• Continuity Group 

In order to cope with sudden electrical interruptions, due also to the earthquake itself, a 

Continuity Group is foreseen that can guarantee the electrical supply to the system for 

a certain time. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Accelerometer and cable wiring Figure 3.2 Acquisition system 
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3.3 Technologies of SHM 

This is a multidisciplinary subject that concerns new structural monitoring techniques, modern 

measurement systems, modelling and non-destructive investigation techniques. The application 

of the SHM allows the implementation of interventions only when it is necessary in order to 

optimise the costs of structural maintenance. The analysis is fundamentally based on the 

development of global methodologies that are based on the analysis of the variations of the 

dynamic characteristics of the structure. This technique of investigation requires a dense 

network of measures distributed in the structure under examination, which are transferred to a 

central system to be then processed, as to understand the health conditions of the building. The 

techniques available are clearly distinguishable from (NDE not distructive evaluation), which 

are a method of field investigation and allow only local inspection due to their limited areas, 

not observing the global behaviour of the structure.  

Regarding the methodologies used, is possible distinguish three methodologies that are 

referenced in three different technologies: 

• experimental technologies,  

• analytical technologies,  

• technologies for the processing of the data 

 

3.3.1 Experimental technologies 

Experimental technologies use techniques developed in the course of the last decades. These 

techniques allow the survey of structural response. They are based entirely on the use of 

experimental data of dynamic response of the system and the variability of the measurements 

compensated automatically from a statistical method .The techniques used can be static or 

dynamic depending on the acquisition of  measures, on the basis of a destructive nature or not, 

and depending on the duration of monitoring. The table below shows the most important 

experimental technologies ,classified according to the type of tests: static dynamic, hybrid. 

 

 

Class Name Description 

          Static tests 

Not destructive 

These tests are carried out for 

a limited portion of the 

structure, by applying 

controlled load you can 

characterize materials 

destructive 

In this category fall the  

laboratory tests designed to 

characterize samples 

collected in situ. These tests 

are often expensive and little 

generalizable, performing in 

the field of scientific research 
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Dynamic tests 

 

 

 

 

 

Not destructive 

These tests involves 

vibration analysis in order to 

extract the modal properties 

of the structure and its 

dynamic behaviuor. The 

excitation of the imput  

comes from the impact of a 

hammer or  can be done 

impulsively by falling 

weight. It is possible even  

use the natural vibrations 

caused by wind or traffic. 

 

 

 

permanent monitoring 

The measuring system is set 

on the structure. And acquire 

periodically  different 

amount related to structure 

behaviour. In this way it is 

possible to study the data 

evolution in order to provide 

reliable warnings 

 

 

 

 

 

 

Hybrid tests 

 

 

 

geometric monitoring 

These tests make use of tools 

such as: laser scanning, 

Photogrammetry and remote 

sensing, with the purpose of 

having a Visual framework 

of geometrical changes 

during the time. 

 

 

 

not destructive 

These tests are used to detect 

hidden construction details, 

defects or damages, for 

physical-chemical 

characterization of materials. 

investigate a limited portion 

of the structure. There are a 

wide range of these tests. 
 

Table 3.1 Main experimental technologies used in SHM 

 

3.3.2 Analytical technologies 

In view of a good prevention and an accurate diagnosis, analytical technologies play a key role. 

When it is necessary to do a diagnostic study of the building, the measured signals will be 

analysed and correlated. Instead when is required do dell forecast, will be taken into account 

the temporal evolution of the data. These technologies provide structural simulation tool, both 

in operating condition and in presence of damages. Nothing can be done without structural 

modelling, which can be geometric or numeric.  However because of uncertainties concerning 

the characteristics of historic buildings, has been accompanied stochastic study of these 
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parameters, as boundary conditions, non-linear effects and mechanical properties of materials.  

However it is preferable to have a fitting model to reality, in which uncertainties are handled 

with a deterministic approach, considering a maximum range of variation of these parameters. 

To have a template as much as possible adhering to reality, knowledge of experimental data is 

of great help, because they give valuable information that will be useful for proper calibration 

of the model. The first step in analytic modelling turns out to be the computer-aided design 

CAD. Thanks to a 3D rendering you can define the macro elements that are part of the structure 

as a whole. The photogrammetric techniques in this stage play an important role, thanks to these 

it is possible to define precisely size and details the most significant.  The photographic images 

obtained from the photogrametrich techniques can also be used to make important assessments, 

for example: using triangulation of strategic points is possible to calculate the displacements at 

the base during time. 

The numerical modelling, depending on the purpose of study, may be more and less into detail, 

if is required high precision, the computational burden will be higher, so as to take more time.   

There are three methods that can be implemented: 

• finite element method (FEM) 

• boundary element method (BEM) 

• finite difference method (FDM 

 

FEM solution turns out to be the most suitable, also due to the presence of numerous sotweare 

on the market, many of which are easy to use. Three-dimensional models are indispensable for 

studying on a building in the complex. The idealization of geometry, constraints, and the 

interaction between the structural elements are important choices that must be made before start 

the modelling, these  wrong choices lead to significant errors at the time of calibration.  A 

correct template provides a starting point for the control system, it is also a good indicator for 

comparison to the results obtained from the structural identification. This is also useful for 

evaluating the critical elements of the structure and evolution of possible damage. 

The methods of analysis are divided into linear and non-linear. Masonry models are designed 

with linear regression analyses, which are slimmer. Linear analysis takes into account the 

constitutive materials non considering second order effects. Non-linear analysis especially in 

heterogeneous materials, such as masonry, makes it difficult to interpret the results and an error 

in the mechanical parameters can lead to very high errors. 

 

3.3.3 technologies for the processing of the data 

In the design of a monitoring system, not only the correct position of the sensors and data 

acquisition, are the steps where need to be accurate and precise. In order to avoid systematic 

failures, it must be adopt an appropriate methodologies such as: a tidy archiving, an analysis 

and interpretation of data acquired. In the preliminary stages of the design of the monitoring 

system, are to define procedures for: the collection, classification and archiving of data.  A key 

parameter affecting the technical implementation is the choice of the number of sensors an 



 MONITORING SYSTEM 

__________________________________________________________________________________ 
 

20 
 

 the use of the number of channels.Some of the most common operations that are performed 

after data collection are: 

 

 

• formatting data 

It makes a similar formatting to all acquired signals to facilitate their treatment 

• data classification 

out-put data must be organized into a structure with a appropriate nomenclature to 

facilitate data collection and storage 

• prior checking, 

is an initial check to verify the correctness of the signals, the formatting and their 

classification 

• data communication 

devices communicate with the remote unit via wired lines or wireless systems. 

Hopefully in the near future to have a communication in real time to the control system 

• data storage,  

It is important to have database management programs and data storage systems for 

signal processing become sequentially 

• data pre-processing, 

are operations that prepare data before extraction of certain characteristics. may be the 

cleansing of the signal from the noise, the outlier removal, the waste of some of these 

• extraction of characteristics 

in this phase, we proceed with the extraction of useful information to the purposes 

sought. 

• data interpretation  

in this operation we proceed to diagnose the health of structure based on experimental 

data 

• presentation of results 

Depending on the nature of the results and achievements, we proceed to the 

representation of the results using charts, summarizing the information obtained. 

• decision-making 

is the final step where you decide based on the results whether to intervene or not, and 

what actions to take 
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Figure 4.1 Building on 2017 

CHAPTER IV 

4 CASE STUDY: COURT OF FBRIANO (EX "E. FERMI" 

SCHOOL) 

 

4.1 Introduction 

The building belongs to the public patrimony for over 50 years, it falls into the category of 

buildings bound by law 1089 of 1939. The property in question has undergone a change of use 

in the last year, which will be explained later. That appertain to the artistic buildings in seismic 

areas and for this reason there are stringent constraints on method seismic improvement. The 

structure is located in the immediate vicinity of the historic centre of Fabriano (AN), at the 

intersection of streets of Porta Pisana.   
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Figure 4.2 Fabriano location 

Figure 4.3 Town Hall of Fabriano 

4.2 Territorial classification 

The town of Fabriano is located 325 m s.l. m between hills in the Umbria-Marche Apennines. 

The municipality of Fabriano with its 57 fractions counts 31,075 inhabitants but the town itself 

has no more than 6,000 inhabitants. With its 27.2018 km2, it is the largest town of the Marche 

region. The city plays a primary role in the economy of the area, very important are its leading 

industries in the production of paper and appliances.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The origins of this ancient Italian village date back to the iron age, and over time has undergone 

several influences of foreign populations. The cultural heritage of this community is huge, the 

houses in the historical centre, the Town Hall, churches, teathers, dating to the middle ages. 
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Figure 4.4 Building on 1939 

Figure 4.5 Building on 1940 (up) and on 1943 

(down) 

4.3 Description and History of the building 

From the historical archives of the municipality, the ceremony of "cornerstone" was attended 

by Prince Umberto II on 28-06-1922. The area for the building of the Royal industrial school 

was expropriated to count Carlo Corbelli, and the construction of the building was entrusted to 

company  "Crocetti Pacifico ". On this occasion, the City Council reorganized also the urban 

layout and the entire surrounding area.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In 1941 the building was raised by one floor, arousing criticisms and controversies of the 

population about the architectural look. Important works were made at the beginning of the 

years 50, there were set up the body of toilets adjacent to the two outer wings. The raising of 

one floor was done with little care of prospectuses and finishes.  The building also holds a very 

clear symbol: the willingness of the city of expansion along the direction of the road to Ancona, 

this area is still a key interchange node. The earthquake that struck central Italy in September 

1997 ,severely damaged the school, making it unfit for use. In 1999 after the allocation of funds 

to the affected areas of the earthquake, the building has undergone a change of use from school 

building in legal-administrative. Today, however, there have been changes. Only the second 

floor is home to the administrative offices, while the ground floor is home to a kindergarten and 

the first floor is waiting for a target by the municipal administration. 
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Figure 4.6 Bildings’s diagram type 

4.4 Dimensional characteristics  

The property is developed over four levels, three above ground and one basement, the maximum 

eaves height is 16.8 , the diagram repeats itself identical on every floor, and his form refers to  

"T". It is possible to distinguish two bodies, one geared more elongated in a North-South 

direction and another more small linked to this on East. 

  

   

 

 

 

 

 

 

 

4.5 Vertical elements 

The building is masonry. The  walls are constituted in split stone, whose thickness grows to full 

height with good regularity. The thicknesses of wall vary from floor to floor: the first floor 

between 110 and 80 cm, and between 50 and 60 cm remaining ones. The different types of walls 

can be divided into three categories. The following table summarizes these types: 

 

Type Representation Description 

 

 

 

 

 

MUR1 

 

 

Original structure 

This is the most common type 

of walls in the building. Is 

filled with rocks  split with 

good texture, and also from 

solid brick, as seen by some 

polls. The thickness of these 

walls varies between 110 

and 50 cm. 

After consolidation of 1999 

Were executed 

consolidation: plaster 

reinforced with welded mesh 

ϕ 6 and mesh 10 x 10, armed 

with mortar injections and 

reinforced bolting bar ϕ 16 
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MUR2 

 

Original structure 

This type of wall is made of 

bricks. that category has 

spread on the top floor and 

in some interior walls of the 

lower floors. The thickness 

varies between 35 and 45 

cm. 

After consolidation of 1999 

were executed 

consolidation: plaster 

reinforced with welded mesh 

ϕ 8 and mesh 10 x 10, armed 

with mortar injections and 

reinforced bolting bar ϕ16 

 

 

 

 

 

 

MUR3 

 

 

Original structure 

This type of walls are the 

walls of the ground floor and 

the first floor.As for type 

MUR_1 split stones are 

characterized by the 

presence of a brickwork 

variable. the total thickness 

of the walls varies between 

75 and 45 cm. 

After consolidation of 1999 

were executed 

consolidation: plaster 

reinforced with welded mesh 

ϕ 6 and mesh 10 x 10, armed 

with mortar injections and 

reinforced bolting bar ϕ 16 

Table 4.1 Type of mansonary 
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Table 4.2 Test results 

4.5.1 Tests to define the mechanical parameters 

 

Tests conducted for the characterization of mechanical properties of materials is provided 

below: 

 

• DOUBLER PLATES JACKS 

The test was carried out in a section of the basement. Were 

recorded the following stress: 

 

- σ = 0,43 N/mm2     operating stress of the wall before                   

cutting 

- σ = 0,33 N/mm2     loss of linearity on stress-strain 

diagram 

- σ = 0,82 N/mm2     stress limit value corresponding to 

the cracking of mortar 

 

 

 

 

 

 

 

 

 

 

• PENETROMETRO FOR MALTA 

This test is performed on 8 zone, going to relate the energy that comes from the 

realization of a blind hole with the compressive strength of the material. 

 

Call sign 

compressive 

strength 

 [N/mm2 ] fm 

PE1 0,51 

PE2 0,35 

PE3 0,48 

PE4 0,42 

PE5 0,41 

PE6 0,38 

PE7 0,57 

PE8 0,61 
Table 4.3 Results on 8 areas considered 

Figure 4.7 Preparing test 
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Figure 4.8 Termografhy Southwest side 

• SAMPLING OF MANSORY 

Eight samples were taken for compression tests and punching of mortar in the laboratory 

 

 

Call sign 

compressive 

strength of 

specimen of 

mortar fm 

compressive 

strength of the 

element fbk 

PM1 - 104,8 

PM2 - 91,0 

PM3 - 100,4 

PM4 - 40,2 

PM5 - 106,8 

PM6 - 90,6 

PM7 2,24 9,5 

PM8 2,26 87,3 
Table 4.4 Results on 8 areas considered 

 

PM7 element refers to brick material and everyone else are blocks of natural stone. Most 

samples do not eligible to try punching of the mortar, so is not possible calculated the 

compression resistance, and also not within the rage of the legislation. For these reasons 

it wasn't can estimate the compressive resistance of mortar. 

 

• THERMOGRAPHY ON MASONRY 

This test is run in 8 areas, and aims to ensure consistency and homogeneity of the 

masonry. the test was conducted with indirect methods. 

 

Call sign Average Speed [m/s] 

TS1 1031 

TR2 956 

TS3 948 

TS4 1020 

TS5 1003 

TS6 1050 

TS7 972 

TS8 1082 
Table 4.5 Result of Thermografhy 
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4.6 Horizontal elements 

The building has different types of horizontal closures because of the different construction 

epochs. The types that will be identified refer to the investigations carried out by the SGM 

company during the improvement of the 1999. It is specified that the company found 

inconsistencies from the analysis of the documents that were available to them. It was decided 

to divide into five categories as the table follows: 

 

 

Type Representation Description 

 

 

 

 

SOL0 

 

 

 

 

                                        - 

Original structure 

The investigation by radar 

shows the presence of an 

armed slab with probable 

implants inside. More 

precise considerations are 

complicated to do. 

After consolidation of 1999 

From the material available 

there is no intervention 

 

 

 

 

 

 

 

 

 

 

SOL1 

 

 

 

Original structure 

The floor is made of steel 

beams, with wheelbase of 80 

cm. Above is an armed slab 

of 6 cm and a screed where 

the floor is placed, the 

thickness of which is 

uncertain. Due to the 

presence of the floor heating 

the surveys have not 

identified the thickness of 

the slab. 

 

 

After consolidation of 1999 

With the consolidation 

intervention were arranged 

the connectors welded on 

the steel profiles, was 

distributed a welded  net and 

was filled with a concrete 

Rck25 for a thickness of 6 

cm. To ensure a good 

connection to the masonry, 

ϕ16 irons have been inserted 

throughout the perimeter. 
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SOL2 

 

 

 

 

 

 

Original structure 

It is a steel-brick slab with a 

profile wheelbase of 35/40 

cm. The thickness of the 

brick cone is 10 cm while the 

section of the steel joist is 

IPE 120. There is also a 

probable presence of floor 

heating. 

After consolidation of 1999 

There is no information 

available in the cut-out 

regarding this typology. It is 

possible to hypothesize that 

the same techniques of 

SOL_1 have been used. 

 

 

 

 

 

 

 

 

 

SOL3  
 

Original structure 

we do not have information 

about the type of the slab 

originally before the 

consolidation 

 
 
 

 

After consolidation of 1999 

The floor consists of steel 

profiles of type IPE with 

wheelbase 84 cm with 

corrugated sheet. Above it is 

a jet of concret with a 6 cm 

thick electro-welded mesh. 

Two different dimensions of 

the IPE were used, 

depending on the distances 

to be covered more 

precisely: IPE 160 and IPE 

240. The connection to the 

masonry was improved with 

a chemical anchorage 

 

 



 CASE STUDY: COURT OF FBRIANO (EX "E. FERMI" SCHOOL) 
__________________________________________________________________________________ 
 

30 
 

Figure 4.9 Features typological basement floor 

 

 

 

 

 

 

 

 

 

SOL4 

 
 

Original structure 

It is  consisted of profiles ϒ  

with wheelbase of 145 cm 

and wood panel of 3.5 cm. 

The size of the steel profiles 

varies from 9 to 16 cm 

depending on the lights to be 

covered. 

 

After consolidation of 1999 

The interventions concerned 

the replacement of the 

flooring, the construction of 

braces of steel top and a 

connection with chemical 

anchorage to the masonry 

 

 

 

The layout of the types of walls and slab for each floor is as follows:  
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Figure 4.10 Features typological ground floor 

Figure 4.11 Features typological first floor 
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Figure 4.12 Features typological second floor 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.7 Roof 

The roof is made up of wooden trusses, so as to have a light and non-pushing cover. The trusses 

support a warping of joists on which the wooden plank and the tiles are resting. In the north-

south oriented body the two pitch have the top at different altitude as a result the trusses are 

divided. On the transverse body the trusses are raised chain. However a real stratigraphy of the 

roof isn’t available , the maps share reports only the position of the trusses. 

 

 

Figure 4.13 typology roof 
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Figure 4.16Externel body stair 

Figure 4.15  Steel joint in the corner 

Figure 4.14 Steel joint in hight 

4.8 External body joined to the structure 

As is shown from the plants, in the West right side, recently was built a scale body, this structure 

of concrete and steel is spliced to the structure for all its height. This body was built for the 

autonomous access of the second floor of the structure, which is predispose for the offices of 

the Court. The staircase being joined does not constitute an increase in weight but in the points 

where it is connected to the structure turns out to be a strong constrain. In the next chapter will 

be developed to take this stiffness into account. 
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4.9 Foundations 

The investigations that have been made, including that video endoscopic have shown that the 

foundations are formed by the continuation of the masonry blocks, at least equal to 1.90 m from 

the trampling quote of the basement. From the information available there are no consolidation 

interventions to the foundations. Also through surveys done in 1999, it was possible to 

characterize the soil. Thanks to the MASW method, calculating the speed of the cutting waves 

Vs 30=472m/s, the soil the land has been classified belonging to category B. 

 

 

Table 4.6 Soil categories NTC08 

 

 

4.10  Active monitoring system in the structure 

The monitoring system consists of accelerometers. The number of devices installed is 16 

elements. Twelve of these have a double channel (X, Y), another 3 are single channels (X) 

Finally there is one tri-channel ground attack. A data acquisition unit is installed in the 

basement. The accelerometers are powered by cables for power supply and for data transfer, 

these cables pass from floor to floor through special passages. On each floor of the building are 

installed five sensors, except for the basement that also has the earth sensor. The arrangement 

of the sensors is shown in the following figures. 
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Figure 4.17 Arrangement of Accelerometers floor basement 

 

 

 

 

 

 

 

Figure 4.18 Arrangement of Accelerometers ground  floor  
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Figure 4.19 Arrangement of Accelerometers  first floor 

 

 

 

 

 

 

 

Figure 4.20 Arrangement of Accelerometers second floor 
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Figure 5.1 Representation body sud -est RHINO Figure 5.2 Representation body nord-vest RHINO 

CHAPTER V 

5 GEOMETRIC MODELING 3D (RHINO) AND FEM 

ANALYSIS (ANSYS) 

 

Once the phase of the study of the characteristics of the structure is completed, the next step 

will be to build a FEM model to reproduce its geometry in a adherent way. The design of the 

model was entrusted to the 3D graphics and visualization program: RHINOCEROS. In this first 

preliminary phase, by means of the maps at disposal, was made a division of the elements 

constituting the structure according to: material and floor of walls,and their thickness. 

 

5.1 Nomenclature and model on RHINO Model 

For the design of the structure with the Rhino program, in the first place has been done a list of 

all the components of walls that constitute the structure. The division adopted, element by 

element is based on its location of floor, depending on the material and the thickness. The 

following tables carry all the elements created. The column "n. Rhino " lists the element created 

with the 3D program, the element with the same colour have the same material characteristic 

(as seen from name too M1 or M2 or M3). The column immediately next called "n. Ansys " is 

the number of the respective element given by Ansys. This number is important because Ansys 

only makes faith in its numerical listing. The nomenclature for the walls of the basement was 

simplified because in this plan the walls are all of the same material, so it was granted only a 

letter of recognition "S " (Seminterrato) associated with an identification number. The following 

table, more than the main elements created, refers even the horizontal elements such as  

"SOLAIO" divided according to existing type, and sloping elements like internal stair. 

Elements like  "TRAMEZZI" refer to the walls that make up the internal body stair, and 

"TETTO” that are those that hold up the roof. Is important to remember that all the elements 

created in Rhino are plane, it has worked with surfaces. 

 

 

 

 

 

 

 

 



 GEOMETRIC MODELING 3D (RHINO) AND FEM ANALYSIS (ANSYS) 
__________________________________________________________________________________ 
 

38 
 

Table 5.2 Classification adopted 

Table 5.1 Classification adopted 
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5.2 Modeling with Ansys 

At this point did the geometrical model, the various elements were saved in .iges format and 

hence have been recalled in the finite element software Ansys. It is important to know, as 

already mentioned before for all assignments the features of the different elements, it must refer 

to the numerical order given from Ansys (Table 5.1,5.2 n. Ansys). So far, is been defined the 

model in its "graphical view", the modelling phase continue with: 

 

• definition of Material 

• definition of Section 

• definition of Constraint and Mass 

• definition of type of Analysis 

 

 

 

 

5.2.1 Definition of Material 

The materials used in the model are three: the concrete for the floors and stairs, wood for the 

ceiling of the top floor, and the brickwork. For the latter category is a further subdivision into 

three types as has been reported in Vertical . 

 

• Masonry 

 
The values shown in the table were taken from the report of civil protection. the 

investigations have led to the characterization of MUR1 and MUR2, however for type 

MUR3, as stated by the report, it has not been possible to classify. For MUR3 it was 

thought to hypothesize the mechanical characteristics, choosing intermediate 

parameters. it wasn't given any information about the Poisson's ratio, and was 

considered equal to υ = 0,2 for all type. 

 

 

 

 

Figure 5.3 Mechanic characteristic of masonry 
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Figure 5.4 Element shell 181 

 

• Concreet 

 
For the reinforced concrete elements, was calculated the density of each slab, going to 

view the Autocad drawing for their thickness. The SOL4 is wooden slab. Note that for 

both the type SOL3 and SOL4, for the same category, we used two different profiles 

depending on the light cover. The values of the elastic module were hypothesized, about 

it there was not information. 

   

Table 5.3 Slab and stair characteristic 

 

 

5.2.2 Definition of Section and SHELL element 

The building counts 119 sections, coming from the subdivision made before, and all elements 

belong to the same shell element selected. To these sections must be set the thickness and the 

material of belonging, This operation was done in Ansy, considering the numerical 

correspondence of each element. The choice of the shell element is critical to the behaviour of 

the structure. The structural components, are elements where one size, thickness, is much lower 

than others that define its geometry. These items ,can't be assimilate to beam (1-Dim), where 

the length is predominant on the size of the section and neither to solid elements, due to the 

heaviness of  FEM model. The masonry elements have been assimilated to plates endowed of 

a certain orientation, this assimilation can be done by virtue of two hypotheses: infinitesimal 

deformations of the element with respect to its transverse dimensions and presence of 

membrane actions. The walls and the horizontal elements are SHELL181 elements of ANSYS. 
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Figure 5.5 ANSYS representation 

Figure 5.6 Meshed Structure 

 

 

Ansys recalls the saved items in the. iges format, one by one until the entire structure is 

composed as a whole. 

 

 

 

 

 

 

 

 

 

 

 

 

Once you have imported the model into Ansys and assigned all the section and material 

characteristics, it will be meshed, the size of the mesh is a parameter to set. More dense is the 

mesh and the more calculations will be onerous, but not always will accurate. It been chosen a 

mesh of 0.6 in the Ansys settings , later will see how to a thickening of mesh would change the 

results of analysis 
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Table 5.4 Indicative values of the modulus of elasticity of some soil 

5.2.3 Definition of Constraint and Mass 

 

The constraints play a key role in the structural behaviour under seismic excitation. Their 

determination is not often intuitive and requires experience and characterization tests. The 

constraints characterize in the model are: ground at the base, the perimeter ground and the 

externa stair of the body. 

 

 

- Constraints at the base 

The type of foundation that owns the building is made up of the extension of the walls that go 

in depth. For this reason it was thought to assume a rigid constraint at the base quote by going 

to block the three translations and rotations. 

 

 

 

- Perimeter Terrain 

The soil thanks to the surveys carried out in 1999 was catalogued as B. Belong to category B 

semi-rigid terrain. However, the perimeter ground is not a rigid constraint, and so it is 

characterized by reagent springs in longitudinal direction. The stiffness of the springs has been 

hypothesized with an imposed value, but then it will be a parameter to calibrate. 
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Figure 5.9 Representation of constraint  

Figure 5.8 Representation of perimetral soil as springs 

 

 

 

 

 

 

 

 

 

 

 

 

-Outdoor Staircase 

The external staircase must be shaped. In this case, it has taken the nodes along the attack 

with the structure along all its height , creating spring which  react longitudinally. Because of 

the great geometry of the scale it was thought that this is a considerable stiff constraint, and is 

used a very high stiffness value of the springs at first. However, this will also be a parameter 

to be calibrated 
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-Mass 

 

For the masses of the walls and floors, Ansys takes into account automatically, going to set the 

density of the materials used. For loads in serviceability, were taken into account by going to 

increase the density of the slabs in the calibration phase. The roof which represents a not 

indifferent load on the structure was not modelled but was operated in another way. There was 

no stratigraphy of the cover, and therefore is made a general load analysis. 

The first step in the analysis of the roof loads is going to calculate the roof area. Thanks to the 

maps available, and going to consider the inclinations of the roofs is possible calculate it: 

 

Area_Roof = 1466.5 m2 

 

progressing to calculate the weights: 

 

Table 5.5 Composition of Roof 

 

 

Now that the weight of the roof first hypothesis is found, after, this is distribuited between all 

the perimeter nodes of the septa of the top floor, and to these nodes is assigned the MASS21 

element of ANSYS. 

 

 

Table 5.6 Characteristic element mass21 

 

 

How can it be seen  from the table below, the total perimeter nodes are 244 and they have been 

assigned a uniform mass each. This parameter will also be calibrated given its uncertainty. 
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5.2.4 Definition of type of Analysis 

 

The analysis chosen is the modal one in order to evaluate the own frequencies and the 

magnitude of the deformed. For a structure of this size, the analysis is set on the first seven 

ways of vibrating. At this stage, have to be careful to exclude local ways that could impair the 

results. 

 

 

 

5.3 Placement of accelerometers 

The 17 accelerometers are arranged in the structure's floor and need to be identify them on the 

basis of a main reference system. This coordinate system is very important because the  

recorded data refers to these points for identifies displacements and accelerations of structure. 

The reference system is the one that was created in modelling with Rhino and which is then 

taken back to Ansys. 

 

 

Figure 5.10 Coordinates of sensors 
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CHAPTER VI 

6 METHODS OF MODEL UPDATING AND 

CALIBRATION 

The model updating is the tool through which is possible improve the performance of 

mechanical systems and structures of civil engineering. With the passing of time, instruments 

available for the resolution of more and more specific problems, were not suitable, just think of 

the solution with some mathematical models that foresee the resolution of differential equations 

of high order, whose solution is complicated and difficult to interpret. Then was tempted 

another approach, detecting a tool that could be a support to the mechanical model realized, 

able to identify it and improve its behaviour and if need to correct it. From these necessity were 

formulated the updating models, able to correlate the results obtained from the processing with 

those proceeds from experimental tests. The first stride of the calibration process is the choice 

of model parameters. This phase is of fundamental importance, because these parameters must 

be chosen in order to characterize the model with a strong physical meaning and not only in 

order to have an optimal calibration. In the civil field a fundamental parameter is the rigidity, 

thanks to its calibration it is possible to detect any problems and defects in the real structure. A 

wrong choice of the model or its incompleteness leads to inevitable and coarse errors, but also 

an inaccurate acquisition of the data, due to background noises, lead to very common errors. 

Another aspect concerns the measurements that are often made by sensors in a not high number 

of points, so that do not have a complete database. 

Is possible divide the Updating techniques into two categories: 

• Indirect methods 

Correct the starting model in one step 

• Direct methods 

The model is corrected step by step, updating the parameters each time 

Both categories incur errors typical of these processes. In fact, the data can often be inaccurate, 

in some cases it is not possible to have a unique solution and the presence of non-linear 

functional relationships does not allow an adhering simulation of the physical phenomenon 

studied. A non-minor point is the identification of boundary conditions that are not fast-

identifying. 

In both cases the steps to be done in a Model Updating algorithm are as follows: 

- Creation of a numerical model of the system to be studied, with a program of finite 

elements FEM 

- Assignment of the updating object parameters 

- Choosing a model that can correlate the measured parameters and those of the model by 

means of suitable algorithms 

- Calibration of parameters by direct or indirect methods (choice of updating criterion) 
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6.1 Basic mathematical model and modal analysis 

The problem is solved through a discretization to infinite degrees of freedom with the 

techniques of Finite Element analysis. The first step is the construction of local matrices of the 

system and then with the processes of assembly and expansion are obtained the global matrices. 

These permit the solution of the dynamic problem, deriving a system of differential equations 

of the second order: 

 [𝑀]{�̈�} + [𝐶]{�̇�} + [𝐾]{𝑥} = {𝑓(𝑡)}  (6.1) 

 

Where: 

- [M] global matrix of mass 

- [K] global matrix of stiffness 

- [C] global matrix of Viscous damping 

 

Assuming an harmonic force and neglecting the damping [C], the solution to the problem is: 

The system of autovectors and eigenvalues corresponding respectively to the modal forms and 

to their own frequencies are obtained: 

 

Where: 

- λ𝑗 is j-th autovalue, also is the square of the modal frequencies 

- {Φ}𝑗 is j-th modal formis j-th modal form 

 

 

For the Orthogonality property of the modes result: 

 

 {Φ}𝑗
𝑇[𝑀]{Φ}𝑘 = 𝑚𝑗           𝑓𝑜𝑟   𝑘 = 𝑗 

{Φ}𝑗
𝑇[𝑀]{Φ}𝑘 = 0          𝑓𝑜𝑟   𝑘 ≢ 𝑗 

 
 

 

(6.4) 

 {Φ}𝑗
𝑇[𝐾]{Φ}𝑘 = 𝑘𝑗           𝑓𝑜𝑟   𝑘 = 𝑗 

{Φ}𝑗
𝑇[𝐾]{Φ}𝑘 = 0          𝑓𝑜𝑟   𝑘 ≢ 𝑗 

 

 

(6.5) 

 𝑥(𝑡) = 𝑥(𝜔) ∙ e𝑖𝜔𝑡  (6.2) 
 

(6.2) 

 [𝐾]{Φ}𝑗 = 𝜆𝑗[𝑀]{Φ}𝑗 

  

(6.3) 
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When is set up modal analysis of a building modelled with finite element program, the mode 

of vibration that can be found are elevated, by virtue of the many degrees of freedom. When is 

analysed a structure, the Italian regulations, like the European ones, takes into account the 

participant mass of each mode. To find the modal mass, it is indispensable to make a 

decoupling of the equation of motion considering: 

Firstly a normalization respect of mass matrix: 

 

 

In this way it  have: 

 
{𝑈}𝑖 

𝑇[𝑀]{𝑈}𝑗 = {
0       𝑖 ≠ 𝑗
1       𝑖 = 𝑗

 

 

{𝑈}𝑖 
𝑇[𝐾]{𝑈}𝑗 = {

0       𝑖 ≠ 𝑗

𝜔2       𝑖 = 𝑗
 

 

 

(6.7) 

 

and furthermore: 

 [𝑈]𝑇[𝑀][𝑈] = [𝐼] 
[𝑈]𝑇[𝐾][𝑈] = [Ω] 

 

 

(6.8) 

Where: 

- [Ω]  is the matrix of the modal pulses of all modes 

- [𝐼]     is the identity matrix 

- [𝑈]   is the normalized modal matrix 

 

Then by virtue of this, is possible rewrite (6.1) introducing the modal coordinate: 

 

 {𝑥} = [𝑈]{𝑝} 

 
 

(6.9) 

 [𝐼]{�̈�} + [Ω]{𝑝} = [𝑈]𝑇{𝑓(𝑡)} 
 

(6.10) 

 

and corresponds to the generic decoupled equation associated with the i-th mode 

 

 
{𝑈} =

{Φ}

√{Φ}𝑇[𝑀]{Φ}
  

 

 

(6.6) 
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The matrix system contains the following equations: 

 

 𝑝�̈� + 𝜔𝑘
2𝑝𝑘 = −{𝑈}𝑇

𝑘
[𝑀]{𝑡} ∙ �̈�𝑔(𝑡) 

 

(6.11) 

 

Notice how the to force was replaced  𝑓(𝑡) = 𝑚 ∙ �̈�(𝑡) 

 

These equations can be developed separately for finding the effect of each mode on the 

structure.  

it distinguish: 

 

 
Γ𝑘 = −{𝑈}𝑇

𝑘
[𝑀]{𝑡} = ∑ 𝛾𝑖𝑘

𝑖

 

 

(6.12) 

Where: 

- Γ𝑘 is the coefficient of modal participation 

- 𝛾𝑖𝑘  Is the participation factor of plan 

 

The modal mass participant of each mode can be derived from the equivalent static forces and 

is: 

 m𝑚𝑜𝑑,𝑘 = ({𝑈𝑘}𝑇[𝑀]{𝑡})2 
 

(6.13) 

Where:  

-{𝑡}  dragging vector of the problem 

 

In the  analysis the modal mass that will be calculated will be a useful parameter to verify if 

the ways we have taken in the consideration are the most important. 

 

 

6.2 Uploading parameters 

The selection of the parameters subject to calibration is one of the most delicate passages. The 

number of parameters is the function of the measured data that are available. Having a limited 

number of data, in fact, it will not be able to calibrate too many parameters, otherwise it will be 

enlarged to problems of bad-conditioning.  A good criterion of choice could be that which 

selects the parameters able to correct the uncertainties localized in the model. 
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As studied by Wittrich (1962) and Fox-Kaapoor (1968) , variation of the system in function of  

the parameter θ is: 

 

[[𝐾] − λ𝑗[𝑀]]
𝜕{Φ𝑗}

𝜕θ
= − [

𝜕[𝐾]

𝜕θ
− λ𝑗

𝜕[𝑀]

𝜕θ
−

𝜕λ𝑗

𝜕θ
[𝑀]] {Φ𝑗} 

 

(6.14) 

It is possible to extract the sensitivity of the autovector, thanks to the symmetry of the stiffness 

matrix and the masses: 

 𝜕λ𝑗

𝜕θ
= {Φ𝑗

𝑇} [
𝜕[𝐾]

𝜕θ
− λ𝑗

𝜕[𝑀]

𝜕θ
] {Φ𝑗} 

 

(6.15) 

From the formula just obtained, can be seen, how the sensitivity of the i-th autovector is a 

function itself. 

Generally, to the parameters object of calibration are associated a range of variability due to 

their mechanical limits. For example, if in a masonry structure as an updating parameter, chosen 

is the Poisson coefficient υ, this parameter in the Updating process will undergo constant 

variation. However these variations are limited, as from literature, υ has a range that varies, and 

especially for the walls will hardly exceed 0.4. Another choice that can be made is to calibrate 

not only individual elements but groups, making sure that these groups have similar 

characteristics. The mass and stiffness matrices defined earlier refer to the structure overall, but 

in the analysis it is not going to vary these in their entirety, but in their components. In fact, as 

will explained below, it will calibrate groups of walls, from that, the global matrices depend 

directly. 

 

What just said is confirmed in the following formulas: 

 

 
[𝑀] = [𝑀0] + ∑ 𝜃𝑖[𝑀]𝑖

𝑛

𝑖=0

 

 

(6.16) 

   

 
[𝑀] = [𝑀0] + ∑ 𝜃𝑖[𝑀]𝑖

𝑛

𝑖=0

 

 

(6.17) 

Where: 

- [𝐾]𝑖  stiffness matrix of the single or group of calibrated elements 

- [𝑀]𝑖 mass matrix of the single or group of calibrated elements 

- 𝜃𝑖   parameter to be calibrated 
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6.3 Comparison between measured parameters and model parameters 

The criterion underlying the comparison between the experimental data and those related to the 

FEM model, is the one that sees the identification of a parameter called MAC, whose 

formulation is: 

 

𝑀𝐴𝐶𝑗𝑘 =  
({Φ𝑚}𝑗

𝑇{Φ𝑎}𝑘)
2

({Φ𝑎}𝑗
𝑇{Φ𝑎}𝑘)({Φ𝑚}𝑗

𝑇{Φ𝑚}𝑘)
 

 

(6.18) 

Where: 

- {Φ𝑚}𝑗 J-Ith Autovector referred to structural reliefs 

- {Φ𝑎}𝑘 J-Ith Autovector referred to model analysed 

 

It is important to have a streamlined computational model that uses little onerous analytical 

methods, because every time is calculated the MAC, time to time is done a modal analysis. The 

MAC has a range of variability between 0 and 1. Values close to 1 denote an optimal correlation, 

on the contrary, values close to 0 indicate an uncorrelation.  

In general, on numerator the values are non-zero, due to the orthogonality property of the 

modes. MAC is calculated for all possible pairs of modal shapes. In this way it is possible to 

construct a square matrix, which in the case of perfect coincidence between the data, has unit 

values in the diagonals, while in the others equal to 0 

 

6.4 Direct methods of Updating 

As the name indicates, these methods perform in a small number of stages and do not require 

iterations. In this way the convergence of the solution is assured and the calculation times are 

not long. These methods are able to reproduce exactly the measures available, but this could 

also be a weakness, because of the wrong measurements, also those affected by noises become 

an integral part of the analytical model. When is used these methods, is recommended careful 

caution on the experimental data acquisition procedure. The modal frequencies are identified 

with good precision, on contrary for the modal deformed, the measurement is more delicate. 

There is a pre-requisite that never occurred: the number of degrees of freedom measured must 

be equal to the number of degrees of freedom of the analytical model. Another problem 

concerns the sensors, in fact the measurements can be carried out only in a range of frequencies, 

thus leading to the not knowledge of certain modes of vibrating out of this range. However, in 

civil applications, the sensors are calibrated in a range in which most of the frequencies of the 

structure fall. Is not demanded to know all the ways, but only the most important ones, in 

general the top ten are fine 
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6.5 Iterative methods 

The iterative methods are a very useful tool, because they allow an accurate choice of the 

parameters to be optimized. However, these methods require a good understanding of the 

physical nature of the problem. Iterative methods, are based on the measurement of modal data 

such as frequencies and deformed ones, trying to minimize the differences between the 

experimental data and the updated model. By subsequent iterations is tempted to minimize this 

difference, only the selected parameters are calibrated in this procedure. This optimization is 

based on the search for the cost function, which is built on frequencies and modal forms, it is 

the sum of the squares of the differences between estimated and measured data. The parameters 

that can be used can be of a high number but it is recommended not to have an excessive number 

because of the calculation times.  A good parameterization of the system allows a better 

efficiency of the iterative methods, and not all the chosen parameters have the same role in the 

system.  A model can be more or less sensitive to certain parameters, in fact some of these 

varying little, can create a great variation of the response. The MAC index is a great way to 

have an estimate of this comparison 

 

6.5.1 Matrix Mixing method 

The measurement of all modal forms of structure in all its degrees of freedom, in a practical 

way is unfeasible, but if it were possible the construction of the matrices of mass and stiffness 

would be immediate: 

 

[𝑀]−1 = [Φ𝑚][Φ𝑚]𝑇 = ∑[Φ𝑚]𝑖[Φ𝑚]𝑖
𝑇

𝑛

𝑖=1

 

 

(6.19) 

   

 

[𝐾]−1 = [Φ𝑚][Λ]−1[Φ𝑚]𝑇 = ∑
[Φ𝑚]𝑖[Φ𝑚]𝑖

𝑇

𝜔𝑚𝑖
2

𝑛

𝑖=1

 

 

(6.20) 

Where: 

- 𝜔𝑚𝑖
2  Observed natural frequencies 

- [Φ𝑚]𝑖 Natural eigenvalues observed 

 

 

However, the provisions data are limited and often incomplete and refer to a number of degrees 

of freedom significantly lower than ones of the model. The mixing approach aims to solve the 

problems that affect this difference between the few degrees of freedom considered and the 

many belonging to the model. The problem around the incompleteness of the data is solved 

with the passage of the expansion of the Autovectors. 
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 So the matrices are derived with the following expression: 

 

 

[𝑀]−1 = ∑[Φ𝑚]𝑖[Φ𝑚]𝑖
𝑇

+ ∑ [Φ𝑎]𝑖[Φ𝑎]𝑖
𝑇

𝑛

𝑖=𝑚+1

𝑚

𝑖=1

 

 
 

(6.21) 

 

[𝐾]−1 = ∑
[Φ𝑚]𝑖[Φ𝑚]𝑖

𝑇

𝜔𝑚𝑖
2 + ∑

[Φ𝑎]𝑖[Φ𝑎]𝑖
𝑇

𝜔𝑎𝑖
2

𝑛

𝑖=𝑚+1

𝑚

𝑖=1

 

 

(6.22) 

 

Where: 

- The subscript ”a” indicates the analytically calculated quantities 

- The subscript “m” indicates the quantities obtained experimentally 

- The subscript “n” indicates number of degrees of freedom of the model 

 

 

This formulation requires the calculation of the high frequency modes, and does not always 

lead to a suitable solution to obtain the matrices. Assuming that the number of modes is much 

less than the order of the model, m< < n, Indirectly is possible get to the following formula of 

modal deformation: 

 

 

 

 
∑ [Φ𝑎]𝑖[Φ𝑎]𝑖

𝑇
= [𝑀𝑎]−1  −  ∑[Φ𝑎]𝑖[Φ𝑎]𝑖

𝑇

𝑚

𝑖=1

𝑛

𝑖=𝑚+1

 

 

 

(6.23) 

 

 

 
∑

[Φ𝑎]𝑖[Φ𝑎]𝑖
𝑇

𝜔𝑎𝑖
2 =  [𝐾𝑎]−1  − ∑

[Φ𝑎]𝑖[Φ𝑎]𝑖
𝑇

𝜔𝑎𝑖
2

𝑚

𝑖=1

𝑛

𝑖=𝑚+1

 

 

 

(6.24) 
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6.5.2 Lagrange multipliers Method 

The method of Lagrange multipliers is a technique for studying the maximums and the 

minimums of a multi-variable function, in reference to one or more constraints. The application 

this method in this study takes into account three quantities: the measured modal data, the mass 

matrix, and the stiffness matrix. Although in the past it was preferred to compute the mass 

matrix with static methods because it came to better results than dynamic analysis. A 

fundamental point of the analysis is the limited number of sensors to disposition, which acquire 

data on the points where they are installed, which are not in all degrees of freedom of the model 

(Operation impossible in reality). To cope with this deficiency, it is performed, an expansion 

of modal shapes or a reduction of the analytical model matrices. However these techniques 

could compromise the orthogonality of the modes. The[Φ] matrix is determined by going to 

minimize the Euclidean norm: 

 

J = ||𝑁([Φ] − [Φ]𝑚)|| = ∑ ∑ [∑[𝑁]𝑖𝑗([Φ]𝑗𝑘 − [Φ𝑚]𝑗𝑘)

𝑛

𝑗=1

]

2
𝑚

𝑘=1

𝑛

𝑖=1

 

 

 

(6.25) 

 

In which the condition of normality results: 

 

 [Φ]𝑇[M𝑎][Φ] = [𝐼] 
 

(6.26) 

 

Where : 

- N =  √[M𝑎] 

- [M𝑎] Analytic mass matrix 

- [Φ]𝑚 Matrix Autovectors measured 

- 𝑚 , Number of autovectors measured 

- n,  Number of degrees of freedom analytical model 

 

The array of autovectors is weighed with the parameter N, which represents the square matrix 

of the mass matrix, so that the true function is minimized. 

 
𝐽 =  ∑ ∑{[𝑁]𝑖𝑗([Φ]𝑗𝑘 − [Φ𝑚]𝑗𝑘)

𝑚

𝑘=1

𝑛

𝑖,𝑗,ℎ=1

∙ [𝑁]𝑖ℎ([Φ]ℎ𝑘 − [Φ𝑚]ℎ𝑘)}

+ ∑ 𝛾𝑖ℎ

𝑚

𝑖,ℎ=1

{ ∑ ([Φ]𝑖𝑗[M𝑎][Φ]𝑘ℎ − 𝛿𝑖𝑗)

𝑛

𝑗,𝑘=1

} 

 

 

 

 

(6.27) 



 METHODS OF MODEL UPDATING AND CALIBRATION 

__________________________________________________________________________________ 
 

55 
 

Where : 

- 𝛿𝑖𝑗 Kronecker operator 

- 𝛾𝑖ℎ Lagrange operators 

 

Lagrange operators can be collected in the matrix [Γ]. Because of the redundancy of the number 

of equations, which could cause the non-uniqueness of the solution, the following constraint 

arises: 

 [Γ] = [Γ]𝑇 
 

(6.28) 

The minimization of the function (6.27), is obtained by placing the derivatives equal to zero 

relative to each element of the autovectors, thus obtaining the following expression 

 

 [Φ][[𝐼] + [Γ]] = [Φ𝑚] 
 

 

(6.29) 

And by means of a replacement it becomes: 

 [Φ] = [Φ𝑚][[Φ𝑚]𝑇[M𝑎][Φ𝑚]]
1/2

 
 

(6.30) 

 

Considering the exact mass matrix, so as to respect the equation of motion, the modal matrix 

found, is used to determine the stiffness matrix, by means of the direct formulation: 

 

 [𝐾][Φ] = [M𝑎][Φ][Λ] 
 

(6.31) 

Where: 

- [Λ] Diagonal matrix of measured frequencies 

 

The function to be minimized refers to the differences between the correct and analytical 

stiffness matrix, and has the following formulation: 

 

 
J =

1

2
||[𝑁]−1([𝐾] − [𝐾𝑎])[𝑁]−1|| 

 

(6.32) 

and to make the solution unique it poses the condition: 

 

 [Γ]𝑘 =  −[Γ]𝑇 
 

(6.33) 
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It is possible to differentiate the formula to be minimized in relation to the elements of the 

stiffness matrix, reaching the expression of the analytical stiffness matrix as a function of the 

matrix with Lagrange multipliers: 

 

 [K] = [K𝑎] − [M𝑎][ΓΛ][Φ]𝑇[M𝑎] − [M𝑎][Φ][ΓΛ]𝑇[M𝑎] (6.34) 

 

And of the one where all the terms that compose it are known: 

 

 [K] = [K𝑎] − [K𝑎] [Φ][Φ]𝑇[M𝑎] − [M𝑎] [Φ][Φ]𝑇[K𝑎]
+ [𝑀𝑎] [Φ][Φ]𝑇[K][Φ][Φ]𝑇[M𝑎]
+ [M𝑎][Φ][Λ][Φ]𝑇[M𝑎] 

 

 

(6.35) 

 

In case that the mass matrix is not correct, the following expression must be minimized to 

determine the [M] values: 

 
𝐽 =

1

2
||[M𝑎]−1/2([𝑀] − [M𝑎])[𝑀]1/2|| 

 

 

(6.36) 

 

Another approach is the correction of the matrices of mass and stiffness at the same time, using 

as input data the array of autovectors and having as constraint the orthogonality. In this case the 

function to minimize becomes: 

 
J  =  

1

2
||[M𝑎]−1/2([𝐾] − [K𝑎])[𝑀]1/2||

+
1

2
||[M𝑎]−1/2([𝑀] − [M𝑎])[𝑀]1/2|| 

 

 

 

 

(6.37) 

6.6 Model Quality 

The methods of Updating are al lots and are consolidated over time, however, it is necessary to 

validate the quality of the obtained parameters and the same procedures that are used. A 

procedure that can be proposed is the one which provides for the division into two categories 

of the acquired data. The first category will be developed to correct and calibrate the uncertain 

parameters, while the second will be used to verify the quality of the parameters and the model 

obtained. The quality of a model refers to three parameters: 

• Adherence between normal measure and the analytical model 

• Selection of parameters and correction algorithm 

• Weights and variance assigned to estimation of measured data and initial 

parameters 
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6.7 Optimization Techniques 

The techniques of optimization are all those techniques that are meant to minimize a certain 

function. Working with an indirect-type Updating model, the iterative calculations that are 

performed aim to the minimum point of the cost function. The mathematical optimization 

counts of many techniques, specialized in different fields, from the economic one to the 

structural one, but all have a common basis. The main problem that is faced, is the presence of 

numerous parameters to be calibrated and the presence of their relative minimums that 

inevitably leads to very long calculation times. 

 

6.7.1 Genetic algorithm 

This algorithm was created by John Holland at the beginning of the years 70 ', and is considered 

as an excellent optimization technique. This is part of the category of heuristic algorithms, and 

the genetic term defines their way of implementation: they are inspired by mechanisms similar 

to  biochemical ones and also to the process of Darwinian evolution. The idea is to select better 

solutions and to recombine them in some way , evolving  each time toward the best  selected 

points . The main elements that characterize it are: 

• Fitness function , is the function to maximize 

• Individual or population , are the variables belonging to the fitness function in a certain 

interval 

• Chromosome, is the sequence of 0 or 1 that make up an individual 

 

The structure of a genetic algorithm is articulated in these phases: 

 

- Defining the initial generation 

It is defined, even at random, a first set of possible solutioni to the problem under 

consideration 

- Definition of each solution and selection of the best 

Each solution is evaluated, associating a quality indicator with each one so that 

they can be ordered 

- Defining a new generation 

for generation it is intended the population of a given moment of time, at this 

stage, is defined a new group of solutions with high quality, in order to promote 

the development at the expense of the worst ones 

- Conclusion of the processing 

If the number of iterations established has been reached or the quality of the best 

available solution is acceptable, processing can terminate, otherwise a new 

solution group is generated 

 



 METHODS OF MODEL UPDATING AND CALIBRATION 

__________________________________________________________________________________ 
 

58 
 

It is important to know, that the selection of an individual depends on its value of fitness, a high 

value of this corresponds to a greater possibility of being chosen as a parent to create a new 

generation 

 

 

Figure 6.1 genetic algorithm diagram 

 

 

6.8 Calibration Parameters of Structure 

The calibration of the structure was made by going to subdivide all its  components into blocks 

that had the same characteristics. As parameters of updating were considered: the stiffness and 

the density of the walls, the stiffness of the ground and the external staircase, and the mass of 

the roof. In a first phase, few parameters were chosen, but seeing that the model reached poor 

MAC values, it was thought of a schematization of the parameters, floor by floor, that could 

better capture the structural behaviour. A single parameter has been taken for the rigidity of the 

slabs, considering that it must be a rigid plane and knowing that this value does not deviate 

much from the different typologies that make up the structure. However, for each of these, the 

density was taken into account as the updating parameter. With regard to the ground around, 

and the external staircase, these were schematized by elastic Springs, whose stiffness represent 

two independent updating parameters. From the technical reports of the structure, it was not 

possible to analyse in detail the components of the roof, and to have a precise mass of the cover, 

for this reason, the weight of the roof was taken as a parameter to calibrate. It started however 

from starting values shown in table 5.5 and 5.6. 



 METHODS OF MODEL UPDATING AND CALIBRATION 

__________________________________________________________________________________ 
 

59 
 

6.8.1 Stiffness Parameters 

 The schematization of stiffness is subsequently reported for each block of wall considered: 

 

 

 

 

 

Figure 6.2 Ground floor stifness 

 

 

 

 

 

Figure 6.3 First floor stiffness 
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Figure 6.4 Second floor stiffness 

 

 

 

 

 

Figure 6.5 Roof floor stiffness 

 

 

 

The figure 6.5 reports the walls that belong to the roof, are those that support in part the cover, 

are nothing else the continuation of the walls of second floor. The selected stiffness parameters 

are shown in the following table. 
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Table 6.1 Stiffness parameters 

6.8.2 Density Parameters of walls 

Instead, for the density, were chosen two parameters for each plane, considering the types of 

materials present, which were exhibited in Chapter III. Only for the second floor, because it has 

only one type of masonry the two density parameters were divided for the walls in the X-

direction and for the walls in the Y-direction. 

 

 

Table 6.2 Density parameters 
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The parameters D10, D52, D53, D54, refer to the wall of thorns that support the roof. 

 

6.8.3 Density parameters of slabs 

The same thing was done for the slabs, remembering that each floor has two different types, 

and for this reason two parameters have been chosen by floor: 

 

 

Table 6.3 Slabs parameters 

 

6.8.4 External parameters  

In addition to the parameters of the structure, three other parameters have been chosen which 

modify in part the structural behaviour and which must be taken into account. The first concerns 

the rigidity of the ground, which surrounds the structure for a depth of about 1.70 m, the second 

parameter refers to the stiffness from the ladder spliced along the north-east side, which 

constitutes an alley, and finally the third parameter that represents the weight of the roof, 

distributed perimeter on top of the walls of the second floor. 

 

 

 

Table 6.4 External parameters 

 

It was decided to calibrate also the value of the Poisson's module whose range is limited.  

 

 

  

In total the calibrated parameters are 51. 
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6.9 Results of Calibration 

For the calibration of the model, were considered, the first three modes of vibration, which 

constitute a good approximation of the structural behaviour, as they excite more than 80% of 

the mass of the building. 

I MODE 

 

Figure 6.6 I MODE updated Model 

 

 

 

Figure 6.7 IMODE identificated 

 

The first mode of vibrating is a torsional mode, from the comparison with Figure 6.7, which 

represents the mode identified by the sensors, it is possible to grasp a good approximation with 

the torsional mode obtained from the calibrated FEM analysis 
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II MODE 

 

Figure 6.8 II MODE updated Model, East Side 

 

 

Figure 6.9 II MODE updated Model , West  Side 

 

Figure 6.10 II MODE identificated 

 

The second way of vibrating represents the heel in the Y direction, here too, it is possible to 

compare the two results, the mode of the calibrated structure Fig 6.10 and the experimental 

modes obtained by sensors fig 6.11 
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III MODE 

 

 

Figure 6.11 III MODE updated Model , sud  Side 

 

 

Figure 6.12 III MODE identificated 

 

 

The third mode instead corresponds to a skid along the X-axis 

 



 METHODS OF MODEL UPDATING AND CALIBRATION 

__________________________________________________________________________________ 
 

66 
 

Comparing the result obtained in terms of frequencies between the two model : FEM and 

IDENTIFICATED is possible observe that the error is less than 1%. The following table show 

the values of frequency of the starter model too: 

 

 

Table 6.5  STARTING, FEM and ID frequency comparison 

 

 

The values of the MAC parameter is very good for the first mode, as far as the second one is at 

a lower value, but always satisfactory, the same for the third mode. 

 

 

 

Figure 6.13 Frequency of model 
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6.9.1 Upload parameters found 

The 51 parameters analysed belong to various categories, as already mentioned in the previous 

paragraph. Most of these are part of the stiffness group of floor and another part of the density 

of the walls and slabs. Only a small part are the external parameters of the structure. 

 

• STIFFNESS  

 

Table 6.6 Stiffness MUR_1 MUR_3 

 

 

 

Figure 6.14 Stiffness MUR_1 MUR_3 
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Table 6.7 Stiffness MUR_2 

 

 

 

Figure 6.15 Stiffness MUR_2 

 

• DENSITY 

 

Table 6.8 Density of wall 
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Figure 6.16 Density of wall 

 

Table 6.9 Density of slab 

 

 

Figure 6.17 Density of slab 
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• EXTERNAL PARAMETERS 

 

 

Table 6.10 External parameters uploaded 

 

6.10  MAC 

The fundamental parameter that has been taken to validate the correspondence between FEM 

and real model is the MAC.  The values that are shown in the table confirm the good adherence 

of the calibrated model. 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.18 MAC uploaded model 

Figure 6.19 MAC starting model 
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CHAPTER VII 

7 MODEL BEHAVIOUR UNDER EARTHQUAKE 

The model created, has been calibrated, and now s possible study its behaviour with numerous 

analyses. In fact, besides modal analyses, also structural analyses to evaluate the deformation 

and stress level. In this chapter, however, will be cope the behaviour of the structure under 

earthquake, in particular, those belonging to the seismic sequence that struck Norcia in 20016. 

The objective is to assess the degree of damage caused by these earthquakes, thus verifying the 

safety of the building. This assessment is of paramount importance because, after the 

renovation, the structure has undergone a change of destination in the first two floors, becoming 

a public kindergarten. 

 

7.1 Simulated earthquakes 

 

Table 7.1 Earthquake considered 

The data acquired by the sensors of the structure were used, in particular were taken into 

account, the recordings of the sensor in the basement, whose channels 29,30,31, recorded a 

sequence of accelerations with a sampling time of 0.004 s. 

 

Figure 7.1  Earthquake output sensor 
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Figure 7.2 Earthquakes distance from Fabriano 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 7.3 Earthquakes distance from Amatrice and Norcia 
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The previous images show the distances of the epicenters of the five earthquakes, the figure 7.2 

with the site of Fabriano and the figure 7.3 with Amatrice and Norcia, cities that have suffered 

the greatest damage considering human losses and structural collapses. As is possible see from 

the table 7.1 and from following images, The PGA to which the structure has undergone are not 

to be elevated, in fact the earthquakes have modest epicentreal distances. For example, the 

earthquake of 24-08-2017 magnitude 5.9 was resented by the structure with PGA of 0.089g, 

but the same earthquake have a far greater value in epicentral site, this in fact is due to the laws 

of attenuation and distance.  The shaking maps give an orientation of a value of the PGA felt 

according to the distance. The double yellow triangle shows the position of Fabriano, for when 

it concerns the first earthquake, even if the magnitude is lower, the PGA in the area of Fabriano 

is around 9% of g fig 7.5, while for the second earthquake, the one with the magnitude of 6.5 , 

in the same area the PGA is lower, reaching a value around 5% of g fig 7.4.  These shaking 

maps confirm the validity of the recored accelerations and of the PGA values shown in table 

7.1 

 

 

 

Figure 7.4 Shaking map earthquake n.4 
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Figure 7.5 Shaking map earthquake n.3 

 

 

 

the values of accelerations that were used as seismic input to the structure are listed below, by 

noting in addition to component in two four cardinal directions: North, South, East, and West, 

the Pga has also been reported in reference to component, in Z direction, which usually has 

lower values than the other. 
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Figure 7.6 Seismic acceleration Earthquake n.1 

 

 

Figure 7.7 Seismic acceleration Earthquake n.2 
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Figure 7.8 Seismic acceleration Earthquake n.3 

 

Figure 7.9 Seismic acceleration Earthquake n.4 
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Figure 7.10 Seismic acceleration Earthquake n.5 

 

The earthquakes reported, belong to the same seismic swarm begun in August of 2016, and still 

not permanently interrupted. These five one were those which had a greater relief of liberated 

energy and damage caused. 

 

 

Figure 7.11  Damage caused by seismic shock 24-08-2016 
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7.2 Acceleration comparison 

Another comparison that can be made is to compare the accelerations of the FEM model and 

the experimental ones (ID) at the points where the sensors are installed. This comparison can 

be made for each earthquake and for each channel, but below the graphs report the accelerations 

for the first earthquake. Two significant points of the second floor were chosen. 

 

 

Figure 7.12 Acceleration FEM, ID channel 22 

 

Figure 7.13 Acceleration FEM, ID channel 24 
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7.3 Displacements 

The movements of the structure play a key role, in fact, they are a very useful parameter that 

allows to understand how the structure is "suffering" under the earthquake. A first step is to 

comprae the movements of our model with those measured by the sensors. 

 

 

Figure 7.14 Dispalcement channel 22 

 

 

Figure 7.15 Dispalcement channel 24 
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7.4 Drift of floor 

The drift is a useful parameter to value the level of stress or structure. This parameter is 

nothing more than the difference in displacement between two adjacent planes. For the study 

the drift is calculated to carry out evaluations with the state limit of damage, in fact, through 

its evaluation it is possible to determine whether the structure in question is injured, if it needs 

immediate interventions of consolidation, and in the best of the cases, if such a structure has 

not been damaged. In the case of civil and industrial constructions, according to the 

provisions of paragraph 7.3.7.2 NTC08, the verification of the State of damage is deemed to 

be fulfilled if the drift is: 

dr < 0,005 h 

 

Where h is the height between two floors. 

 

In addition to considering the drift calculated by the calibrated model (FEM), it will compared 

to the experimental (ID), seeing if there is a correspondence. 

The experimental Drift (ID), are calculated considering the position of the sensors and their 

channel orientation. Each channel measures the movement in one direction, to make the 

calculation require do the difference of two measurements, with two sensors belonging to the 

same channel, in the same is point but at different altitude 

 

 

 EARTHQUAKE 1    

 DIR.DRIFT CHANNEL ID [cm] FEM [cm] 0,005 H [cm] 

FLOOR  1/2 

X 
20 

0,02 0,01 2,04 
27 

X 
19 

0,04 0,02 2,04 
24 

Y 
21 

0,09 0,07 2,04 
28 

Y 
16 

0,06 0,05 2,04 
23 

FLOOR 0/1 

X 
20 

0,07 0,15 2,68 
13 

X 
19 

0,04 0,03 2,68 
8 

Y 
21 

0,18 0,43 2,68 
14 

Y 
16 

0,12 0,23 2,68 
10 

Table 7.2 Drift under earthquake n.1 
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 EARTHQUAKE 2    

 DIR.DRIFT CHANNEL ID [cm] FEM [cm] 0,005 H [cm] 

FLOOR  1/2 

X 
20 

0,06 0,01 2,04 
27 

X 
19 

0,02 0,01 2,04 
24 

Y 
21 

0,07 0,07 2,04 
28 

Y 
16 

0,04 0,03 2,04 
23 

FLOOR 0/1 

X 
20 

0,05 0,03 2,68 
13 

X 
19 

0,04 0,03 2,68 
8 

Y 
21 

0,09 0,06 2,68 
14 

Y 
16 

0,07 0,23 2,68 
10 

Table 7.3 Drift under earthquake n.2 

 

 

 EARTHQUAKE 3    

 DIR.DRIFT CHANNEL ID [cm] FEM [cm] 0,005 H [cm] 

FLOOR  1/2 

X 
20 

0,09 0,02 2,04 
27 

X 
19 

0,05 0,04 2,04 
24 

Y 
21 

0,017 0,015 2,04 
28 

Y 
16 

0,08 0,10 2,04 
23 

FLOOR 0/1 

X 
20 

0,078 0,017 2,68 
13 

X 
19 

0,045 0,070 2,68 
8 

Y 
21 

0,016 0,040 2,68 
14 

Y 
16 

0,014 0,020 2,68 
10 

Table 7.4 Drift under earthquake n.3 
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 EARTHQUAKE 4    

 DIR.DRIFT CHANNEL ID [cm] FEM [cm] 0,005 H [cm] 

FLOOR  1/2 

X 
20 

0,045 0,025 2,04 
27 

X 
19 

0,017 0,017 2,04 
24 

Y 
21 

0,013 0,015 2,04 
28 

Y 
16 

0,013 0,023 2,04 
23 

FLOOR 0/1 

X 
20 

0,045 0,015 2,68 
13 

X 
19 

0,017 0,005 2,68 
8 

Y 
21 

0,012 0,003 2,68 
14 

Y 
16 

0,013 0,019 2,68 
10 

Table 7.5 Drift under earthquake n.4 

 

 

 EARTHQUAKE 5    

 DIR.DRIFT CHANNEL ID [cm] FEM [cm] 0,005 H [cm] 

FLOOR  1/2 

X 
20 

0,050 0,001 2,04 
27 

X 
19 

0,007 0,005 2,04 
24 

Y 
21 

0,008 0,007 2,04 
28 

Y 
16 

0,005 0,008 2,04 
23 

FLOOR 0/1 

X 
20 

0,045 0,037 2,68 
13 

X 
19 

0,017 0,003 2,68 
8 

Y 
21 

0,012 0,002 2,68 
14 

Y 
16 

0,013 0,023 2,68 
10 

Table 7.6 Table  Drift under earthquake n.4 
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7.4.1 Drift variation with the PGA 

Another interesting thing to note is that the drift varies according to the PGA, or the earthquakes 

to which the structure was subjected. To make this comparison, only the second-floor drift of 

three significant points were taken into account: 

 

 

Figure 7.16 Location of DRIFT calculated second floor 

 

 

The values of the interplane movements, calculated from the calibrated model, are shown below 

 

 

Figure 7.17 Displacement of point 1 with PGA 

 

2 

1 

3 
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Figure 7.18 Displacement of point 2 with PGA 

 

 

 

Figure 7.19 Displacement of point 3 with PGA 

 

as shown above, there is a pattern similar to the linear one as the intensity of the earthquake 

increases. 
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7.4.2 Comparison Drift ID and FEM 

At this point it is possible to make a comparison between the identified drift and those of FEM, 

in order to verify a correspondence and eventually to detect any errors, if the differences should 

be too pronounced. 

 

 

Figure 7.20 Compoarison DRIFT point 1 

 

 

 

Figure 7.21 Compoarison DRIFT point 2 
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Figure 7.22 Compoarison DRIFT point 3 

 

 

From the graphs do not denote any appreciable difference, however this check should also be 

made to the other two floors to have a greater assurance of the goodness of the results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 MODEL BEHAVIOUR UNDER EARTHQUAKE 

__________________________________________________________________________________ 
 

87 
 

 

7.4.3 Drift for height of floor 

At this point it is useful to see how the drift varies depending on the height of the plane. The 

three points in figure 7.15 were always taken in reference and only the Earthquake n.3 is 

considered, which has the highest PGA. 

 

 

Figure 7.23 DRIFT FEM point 1 

 

 

 

Figure 7.24 DRIFT FEM point 2 
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Figure 7.25 DRIFT FEM point 3 

 

 

It is possible to notice a linear trend as the height of the plane increases, with very low values. 
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8 CONCLUSION 

The modelling of the structure in question has led to satisfactory results even if the information 

about the structural characteristics provided by the civil protection has been summary and often 

not very specific. A very good calibration needs a few independent parameters and a simple 

implementation model. The calibration has been assessed with a good result but a further 

improvement is possible, extending the study to at least two modes of vibration. The model 

made, in fact, constitutes a good start, for further studies. A fundamental point that can and must 

be resumed is the study of the sensitive data acquired by the sensors. The acceleration and 

displacement signals available, were ordered in an order that did not respect the legend provided 

by the civil protection, and such data were affected by distortions that only a careful analysis 

of the signals could correct. The structure under examination, after the seismic sequence of 

Norcia, has not been damaged, as can be verified by paragraph 7.4. Public and civil activities 

can be resumed without any danger. 

 

With a calibrated model it is possible to perform time history analysis considering real recorded  

earthquakes or with recreated by softwear to evaluate the response of the building and 

eventually to identify the area in which it can intervene thus guaranteeing its  accessibility also 

immediately after the shock. The calibration, thanks to which the actual behaviour of the 

structure is simulated, is an important diagnostic tool that is available, especially for the most 

vulnerable buildings, those belonging to the historical-architectural heritage. In a larger 

perspective, thesis work is part of a seismic prevention project that is gradually taking shape in 

an increasingly large number of historic buildings to be protected. 

 

Without prevention there is no protection, every study on structural behaviour is essential and 

must collect as many fields of study as possible. This is what it is doing, with good results the 

project Reluis. Seismic operating on prevention that plays a fundamental role especially in the 

preservation of historical buildings, where in Italy they are most of the built. 
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ATTACHMENT  

 

 

 PARAMETER ID 
VALUE 

 
TYPE/FLOOR 

 

1 'E15' 5,55E+07 2 

2 'E28' 1,44E+12 1 

3 'E48' 5,02E+09 G 

4 'E55' 3,09E+09 WALLS PARTITIONS G,1,2 

5 'E53' 3,57E+12 2_ROOF 

6 'E10' 1,29E+10 2_ROOF 

7 'E52' 1,36E+14 2_ROOF 

8 'E39' 3,49E+09 G 

9 'E40' 2,17E+09 G 

10 'E44' 1,90E+09 G 

11 'E47' 2,14E+09 G 

12 'E51' 1,19E+09 G 

13 'E25' 1,24E+10 1 

14 'E26' 1,03E+10 1 

15 'E31' 3,07E+09 1 

16 'E34' 1,73E+10 1 

17 'E37' 7,34E+09 1 

18 'E12' 4,33E+10 2 

19 'E13' 2,45E+10 2 

20 'E23' 9,97E+08 2 

21 'E18' 1,48E+09 2 

22 'E21' 5,84E+08 2 

23 'E2' 4,52E+09 WALL PARTITIONS U 

24 'E4' 6,90E+09 SLAB 

25 'K_SOIL' 3,63E+09 SOIL SPRNGS 

26 'E1' 1,47E+09 UNDERGROUND 

27 'E38' 1,43E+09 G 

28 'E43' 1,20E+09 G 

29 'E24' 2,31E+09 1 

30 'E29' 4,97E+11 1 

31 'E11' 4,52E+08 2 

32 'E16' 1,24E+09 2 

33 'K_SPRING' 1,18E+09 SOIL SPRNGS 

34 'MASS_ROOF' 5,47E+02 WEIGHT OF ROOF 

35 'vpoiss' 3,10E-01 MODULE OF  POISSON 

36 'D4' 6,96E+02 SOL_1 
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37 'D38' 2,86E+03 G 

38 'D49' 1,10E+03 G 

39 'D24' 1,90E+03 1 

40 'D30' 1,78E+03 1 

41 'D16' 2,10E+03 2 

42 'D11' 2,10E+03 2 

43 'D1' 3,42E+03 UNDERGROUND 

44 'D5' 6,28E+02 SOL_3 

45 'D6' 3,00E+02 SOL_3 

46 'D7' 2,56E+02 SOL_4 

47 'D8' 3,00E+02 SOL_4 

48 D54' 1,20E+03 ROOF 

49 D10' 5,00E-02 ROOF 

50 D52 5,00E-02 ROOF 

51 D53 5,00E-02 ROOF 
Table Attachment n..1 Calibrated Values Parameters 
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