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Abstract 

The monumental historic buildings are an important part of cultural heritage, which have to be preserved 

for future generations in order to transmit their history, culture and art, having also to meet the practical 

test of utility and a suitable safety level. These buildings, for their history and complexity, are very 

different from ordinary structures and the application of the methods commonly used in civil engineering 

for the analysis of the structural behaviour not always seem to be appropriate for historical masonry 

monuments of unique features. Therefore, it clearly appears the need of a reliable estimation of the actual 

level of safety in order to plan effective interventions. In the knowledge process of the historical 

buildings, a fundamental contribution is played by the Structural Health Monitoring (SHM) whose aim 

is to evaluate the evolution of the structural health through a continuous real-time monitoring by means 

small removable sensors. In recent years, several historical monuments have been equipped with 

monitoring systems, but no standardized procedure for systematic interpretation of the data acquired by 

static SHM is yet available. The main purpose of the current research work is to introduce an approach 

for a standardized analysis of the data recorded by a static Structural Health Monitoring system installed 

in an historical building. The identification of a stationary or evolutionary ñconditionò has been 

evaluated through the introduction of specific tools, referred to as reference quantities, which can be 

interpreted as descriptors of the recorded data. This approach is intended as a contribution to move 

forward in the systematic use of the data acquired by the monitoring system within a policy for 

management of cultural buildings. Indeed the systematic collection of the values (along the time) of 

these reference quantities, referred to as reference values, in a database allows to make interesting 

comparisons among similar buildings in order to produce guidelines useful for the interpretation of data 

acquired by static monitoring system of masonry monuments. The data acquired by the monitoring 

system allow also to calibrate and validate the numerical models adopted for the structural analyses of 

the monuments. However, to conceive a unique tool able to describe all the possible structural responses 

of the historical masonry monuments is complex, and most likely impossible. Quite often, more reliable 

results can be obtained by employing a multi-analysis method that integrates different approaches. The 

second purpose is to provide a summary of the studies conducted on a real monumental building, namely 

the Cathedral of Modena (UNESCO world heritage) aimed at its reliable structural assessment based on 

a multi-disciplinary multi-analysis approach (MDMA), integrating the real field data obtained by the 

SHM. 

 



Sommario 

Gli edifici storici monumentali rappresentano una porzione importante dellôeredit¨ culturale, che deve 

quindi essere preservata nel futuro garantendone un adeguato livello di sicurezza. Questi edifici, per la 

loro storia e complessità, sono molto diversi dalle strutture ordinarie e lôapplicazione dei metodi 

comunemente utilizzati nellôingegneria civile per lôanalisi del comportamento strutturale non sono 

generalmente in grado di coglierne tutte le peculiarità. Dôaltra parte, una stima affidabile del livello 

effettivo di sicurezza attuale di questi edifici risulta fondamentale al fine di pianificare interventi 

efficaci. Un notevole aiuto in questa fase ¯ dato dallôinstallazione di sistemi di monitoraggio strutturale 

(SHM) che, grazie a dispostivi removibili e non invasivi, permette di monitorare la salute dellôedificio 

e capire quindi se è in una condizione stabile o se ci sono fenomeni evolutivi dei parametri 

sottôosservazione. Le applicazioni di sistemi di monitoraggio strutturale su edifici monumentali hanno 

visto una notevole crescita negli ultimi anni ma ad oggi non è presente in letteratura una procedura 

uniformata che permette unôinterpretazione dellôingente quantit¨ di dati ottenibili. Il primo obiettivo 

della tesi ¯ proprio quello di introdurre un approccio per lôinterpretazione dei dati ottenuti dai sistemi di 

monitoraggio statico identificando delle quantità di riferimento, estrapolabili dai dati, che permettono 

di identificare la presenza di possibili evoluzioni nello stato di salute dellôedificio. Questo approccio 

mira a dare un contributo verso l'uso sistematico e standardizzato dei dati acquisiti dai sistemi di 

monitoraggio all'interno di una politica di gestione degli edifici culturali. Queste ñquantit¨ di 

riferimentoò costituendo una nomenclatura specifica, permettono, se applicate in maniera sistematica, 

di fare confronti interessanti con i dati registrati su edifici simili e costituire linee guida utili per 

l'interpretazione dei dati acquisiti dal sistema di monitoraggio statico di monumenti in muratura. I dati 

ottenuti dal monitoraggio strutturale costituiscono anche un elemento fondamentale nella validazione e 

calibrazione dei modelli numerici adottati per lôanalisi strutturale degli edifici storici. Tuttavia, 

l'identificazione di un unico strumento e modello in grado di descrivere tutte le peculiarità dei 

monumenti in muratura storica è praticamente impossibile. Risultati più affidabili possono essere 

ottenuti impiegando un metodo multi-analisi che integra i risultati ottenuti dall'applicazione di approcci 

diversi. Il secondo scopo è quello di realizzare una sintesi degli studi condotti su un vero edificio 

monumentale, ossia la cattedrale di Modena (patrimonio mondiale UNESCO) finalizzato alla sua 

valutazione strutturale affidabile basata su un multi-disciplinare approccio multi-analisi (MDMA), 

integrando la dati reali ottenuti dal SHM. 
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Chapter 1 

1 Introduction 

1.1 Background 

Cultural heritage monuments represent inestimable values and not removable resources of most of 

European countries, which have to be preserved for future generations in order to transmit their history, 

culture, art. The correct management of cultural heritage buildings is a crucial issue: on one side, the 

conservative restoration requires compatible and limited intervention techniques in order to preserve the 

integrity of the monuments, and on the other side, this implies a profound knowledge of the structural 

behaviour, often difficult to understand and to predict for these complex buildings. 

The most widespread construction material used, especially in Italy, for the monumental buildings is the 

masonry that is characterized by a quite complex mechanical behaviour due to composite nature 

resulting from the interaction of bricks and mortar (both characterized by significantly different 

behaviour under tension and compression) thus leading to specific issues to be faced when analysing 

and modelling these constructions . Moreover, historical monuments are built and modified during the 

centuries by using various construction techniques, workmanships of different expertise, with the result 

of a complex fabric, characterized by a high degree of uncertainties, quite far from our modern buildings. 

In most cases, their actual configuration and the state of conservation are not only the result of the natural 

degradation due to aging effects, but also the consequence of the impact of past extreme natural events 

(such as earthquakes, floods, groundwater changes), which may sometime have caused partial or total 

collapses. The inherent complexity of historical buildings (due to the articulated geometrical 

configuration, the use of different construction techniques, different materials, the level of the 

connections between orthogonal walls), together with the natural material decay and the effects of 

natural hazards, makes the assessment the "structural healthò extremely challenging. Furthermore, all 
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the uncertainties due to this complexity render each monument a "unique". This means that there is no 

baseline directly applicable in order to obtain useful information concerning the "health" of the structure 

and the approach commonly used for the assessment of modern steel and concrete building (largely 

based on the use of computer software and well-established guidelines or codes) cannot be simply 

adopted for historical buildings. On the other hand such effects tend to inevitably reduce the level of 

safety and therefore increases the risks to future extreme events, but the monuments have also to meet 

the practical test of utility. Therefore, it clearly appears the need of a reliable estimation of the actual 

level of safety in order to plan effective interventions. In this respect, while for the case of conventional 

structures, a common strategy to reduce the uncertainties and therefore provide a reliable assessment of 

the ñstructural healthò is based on the use of extended in situ experimental tests (destructive tests). For 

the case of cultural heritage sites, the authorities responsible of monuments conservations in the spite of 

preserving the original integrity often prohibit this strategy. 

An alternative approach to reduce the uncertainties in the knowledge of historical sites should be based 

on the development of a multidisciplinary approach aimed at providing an ñintegrated knowledgeò 

through the mutual exchanging of expertise and capabilities offered by different fields. In this 

interdisciplinary knowledge process a fundamental contribution is played by the Structural Health 

Monitoring (SHM) whose aim is to evaluate the evolution of the structural health through a continuous 

real-time monitoring. 

Hence, the main feature of Structural Health Monitoring strategy for monuments is to be geared towards 

a long-term evaluation of what is ónormalô structural performance or óhealthô. In this regard several 

studies available in the scientific literature, in fact, reported the main information obtained through 

structural health monitoring. However, such information are not so easy to compare given that a no 

unique approach is used for data analysis and interpretation.  

Similarly, the assessment methods commonly used for the analyses of the ñstructural healthò and for the 

evaluations of the effects of extreme events, consisting in the developments of single computer-based 

model and numerical simulations, do not always appear as appropriate for the case of historical 

monuments. Generally, only one model of the whole building is not able to capture all the structural 

peculiarities. 

1.2 Objective 

As the previous section mentioned, the first fundamental step for preservation of historical monuments 

is the deep knowledge of the building. The historical monuments have to be considered, hence, as a real 

model of themselves to be observed, studied and controlled. A fundamental contribute in the knowledge 

process of the monuments is given by the implementation of a real-time monitoring systems, that allow 

a long-term evaluation of the structural health and the identification of damage and degradation 

phenomena. In recent years, several historical monuments have been equipped with static and dynamic 
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monitoring systems. Even though several studies were focused on the interpretation of the data acquired 

by dynamic monitoring, no standardized procedure for systematic and easy data interpretation of data 

are yet available. Due to the fact that measurements are made during long-term periods, the recorded 

data contain a very large amount of information, whose interpretation is not straightforward. 

Consequently, the choice of the methods to process the vast heap of information and provide useful and 

simple measures of a structureôs health status appears crucial. 

The main purpose of the current research work is to introduce an approach for a standardized analysis 

of the data recorded by a static Structural Health Monitoring system installed in an historical building. 

The identification of a stationary or evolutionary ñconditionò has been evaluated through the 

introduction of specific tools, referred to as reference quantities, which can be interpreted as descriptors 

of the recorded data. Such descriptors could be used as the roots for the establishment of a standardized 

procedure for data analysis and interpretation. Indeed the systematic collection of the specific values 

(along the time) of these reference quantities, referred to as reference values, in a database could allow 

to make interesting comparisons among similar buildings in order to produce guidelines useful for other 

researchers or even practitioners approaching to the monitoring of monumental buildings.  

The second purpose is to provide a summary of the studies conducted on a real monumental building, 

namely the Cathedral of Modena (UNESO world heritage) aimed at its reliable structural assessment 

based on a multi-disciplinary multi-analysis approach (MDMA), integrating the real field data obtained 

by the SHM.  

 

1.3 Outline of Thesis 

The approach taken to achieve the aforementioned objectives is as follows. The thesis is subdivided in 

two main parts. 

Part One is related to the Structural Health Monitoring (SHM) 

This part is composed of Chapter 2, which provides the state-of-the-art on the main strategies, methods 

and applications of the SHM strategy for the civil structures. In Chapter 3, the primary objective of the 

thesis is presented: an approach for a standardized analysis of the data recorded by a static SHM system 

installed in an historical building. This approach, introducing appropriate descriptors able to characterize 

the main features of the data acquired by the monitoring, allows to identify if the phenomena under 

observation through the SHM system are in a stable condition or not. Chapter 4 illustrates the removal 

signal irregularities procedure and an overview of the signal analyses that could be used in the 

interpretation of the data acquired by static monitoring systems. Chapter 5, 6 and 7 present the 

application of the procedure proposed for the interpretation of the data obtained from the static 

monitoring system, on three case studies: the Asinelli tower, the Garisenda tower and the Cathedral of 
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Modena, respectively. The large amount of data recorded by the monitoring systems installed on the 

three monuments are analysed using the approach proposed in § 2.3. The signal frequency analyses on 

the recorded data is also carried out and the results obtained compared with those obtained making use 

of the approach proposed. The main results obtained from the analyses are presented in these chapters, 

while the systematic calculation of the descriptors are presented in the Appendix A, B and C. Chapter 8 

provides reference values, extrapolated to the descriptors obtained through the analyses of the three 

monuments, which may be guidelines useful for the interpretation of data acquired by static monitoring 

system of other masonry monuments. 

Part Two is focused on the reliable structural assessment of the monumental buildings. 

This part is composed of Chapter 9, which first provides an overview of the main methods applicable to 

the study of masonry historical buildings.  Then, in the same chapter a possible approach for the reliable 

assessment of the structural ñhealthò of historical monuments based on a multi-disciplinary multi-

analysis approach (MDMA) integrating the real field data obtained by the SHM is presented. The 

MDMA approach is grounded on the experience obtained during an almost decade of studies on the 

Cathedral of Modena, developed within of a Scientific Research Committee, with the purpose of 

identifying its potential structural vulnerabilities and criticalities. The integrated knowledge of a 

monument is the first step to develop consistent structural analyses and, thus, to understand correctly its 

structural health. The knowledge process obtained for the Modena Cathedral through the mutual 

exchange of expertise and capabilities of different disciplines is presented in Chapter 10. Chapter 11 

provides the main results of different structural analyses, based on the information obtained from the 

integrated knowledge, in order to identify the main static and seismic vulnerabilities of the Cathedral. 

The structural behaviour of the Cathedral has been investigated through simple limit schematizations 

and Finite Element models of increasing complexity. Due to the complexity of the monument and the 

relevant influence of different factors (such as construction phases, soil properties, existing cracks, 

interaction with the Tower, as highlighted from the integrated knowledge ), instead of a unique 3D FE 

model in which all factors are simultaneously taken into account, several specific 3D FE models have 

been performed to separately investigate, the effects of each single factor. Chapter 12 presents the main 

results obtained from the study of the local collapse mechanisms of the main substructures of the 

Cathedral.  In addition, the results, in terms of stress and deformation, of the most damaged vaults, after 

the 2012 Emilia Romagna earthquake, obtained through analyses on 3D Finite element models are 

provided. Chapter 13 treats the most vulnerable cross section of the Cathedral of Modena (characterized 

by different soil stiffness at the base and absence of tie-rods) through a Discrete Element (DE) modelling 

in order to evaluate the interactions between the vaults and the longitudinal walls under seismic loads. 

First, the modelling criteria using Discrete Element Method and a possible calibration of the springs at 

the base of the walls in order to take into account of the interaction soil-foundation- structure are 

presented. A sensitivity analysis is also conducted on a simple buttressed vault in order to evaluate the 
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different influence on the structural response due to the modelling parameters. Then both static and 

dynamic analyses are performed on the DEM model of the cross section and the results are compared 

with the crack patterns as observed before  and after the 2012 Emilia Earthquake. The structural response 

of the DEM model has been also compared with the response of corresponding FE models. The results 

obtained from the different structural analysis approaches are compared in order to identify the 

preliminary limitations and reliability of these methods when applied to the structural assessment of 

masonry historical buildings. Chapter 14 summarizes this research work and discusses possible future 

researches. 

 

 



 

Part I 

STRUCTURAL HEALTH MONITORING 



 

Chapter 2 

2 Structural Health Monitoring : state of the art 

2.1 Introduction  

The process of implementing a damage detection strategy for aerospace, civil and mechanical 

engineering infrastructure is referred to as Structural Health Monitoring (SHM) (Sohn et al. 2003). This 

process, based on the continuous monitoring of the behaviour of critical parts, allows to provide a 

prognosis of the actual state (evolution of damage, residual life, etc.). SHM in civil engineering is a 

relatively new phenomenon. For this reason, it is very important to develop methods and models adapted 

for the needs in civil engineering applications. 

This Chapter presents a state-of-the-art on the main strategies, methods and applications of the SHM 

strategy for the civil structures. 

2.2 Structural Health Monitoring for  civil structures 

The main objective of a monitoring system installed in a civil structure is the evaluation of its ñstructural 

healthò. A SHM strategy requires a continuum monitoring of the structures through an assembly of 

sophisticated electronic devices with the purpose of detecting the presence of potential structural 

criticalities and/or incoming damages. The word ñdamageò, when used with reference to buildings, 

describes situations that can influence their present or future behaviour in an adverse way (Sohn et al. 

2003). The evolution of a structural damage can be slow as it typically happens when temperature, 

fatigue, corrosion, subsidence phenomena are involved but it can also sudden accelerate when extreme 

events such as earthquakes, hurricanes and explosions happen. 
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SHM systems may prove invaluable to evaluate the level of structural damage shortly after an 

earthquake. The damage caused by an earthquake are not always immediately obvious and recognizable 

by visual inspection, but sometime damage hidden within a structure. The monitoring can provide useful 

information of what and where damage may have occurred, but also whether immediate action is 

necessary to guarantee the safety of the people. The rapid reuse of buildings for production activities 

can significantly reduce the economic damage caused by earthquakes, as well as that of public buildings 

can significantly reduce the social problems. Figure 2-1shows the organization of a typical SHM system. 

 

Figure 2-1- Example of SHM system (Balageas et al. 2006) 

Generally, in the civil engineering the SHM is used in the following cases: 

- structures subject to long-term movement or degradation of materials, 

- modifications to an existing structure, 

- monitoring of structures affected by external works, 

- monitoring during demolition, 

- feedback loop to improve future design based on experience, 

- fatigue assessment, 

- novel systems of construction, 

- assessment of post-earthquake structural integrity, 

- decline in construction and growth in maintenance needs, and 

- the move towards performance-based design philosophy. 

To the considerable cost of the SHM sensors, these system are generally applied to relevant construction, 

such as large dams, bridges, gas/oil production installations and cultural heritage buildings (Brownjohn 

2007). 
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An advanced SHMS is composed by: 

- measurement devices (sensors): sensors are installed directly on the structural elements, they 

measure physical parameters and transfer the information as a digital or analogy signal. 

- cables / radio waves: means for transmitting the signals from the sensors to the acquisition units. 

- A/D converters, signal conditioners, filters: electronic devices transforming the analog signals 

to digital information. Signal amplifiers and Conditioners are used to amplify very small 

ambient signals, thus enabling a reliable evaluation. 

- data acquisition unit: a data-logger that receives all the signals measured by the sensors. This is 

accompanied by an industrial PC equipped with large hard disks since large amounts of 

measuring data have to be processed. 

- data processing software: specifically designed software capable of data management and 

remote control of the system. 

- internet router Network: connection enabling data transfer to end users.  

 

 Structural Health Monitoring in Cultur al Heritage buildings 

The SHM has a very important role in the diagnostic process of cultural heritage buildings, for which 

generally, the identification of the structural behaviour is affected by many uncertainties. In the last 

decade, the number of SHM system designed and implemented on historic structures increased 

considerably. SHM perfectly meets principles and guidelines of Italian and European seismic codes 

concerning the historical buildings, which require the preservation of the structural architectural 

integrity, promoting removable, non-invasive and compatible solutions in the knowledge process, 

restoration and strengthening. The importance of monitoring in Cultural Heritage is also stress in the 

Italian Guidelines, which indicate the monitoring as the main tool for informed conservation of the 

historical buildings (Guidelines for Evaluation and Mitigation of Seismic Risk to Cultural Heritage 

2011) 

A SHM system installed on historical buildings allows to identify, locate and classify type and severity 

of damages induce by external actions or degradation phenomena and to assess their effect on the 

structural performance, by means small removable sensors. The most common damage phenomena that 

can occur on the historical buildings are due to displacements and inclinations of portion of the structure, 

cracks, foundation displacements and settlements, vibration induced by traffic loads and corrosion 

(Figure 2-2Figure 2-1). 

SHM system applied to historical monuments can be considered a knowledge-based assessment tool, 

which monitoring for a suitable span of time, leads to the following key findings: 
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- assessment of structural vulnerabilities, through the correlation between environmental actions 

(temperature, wind, earthquake, new forces applied to the structure, foundations settlements, 

changes of the boundary conditions) and the structural response (crack width, movement and 

tilt of the support structures, differential movements of the foundation structure, etc.); 

- study of the long-term behaviour ; 

- definition of a procedure to verify promptly abnormal behaviour or exceeded warning level; 

- control the damage states of buildings in a post-seismic scenario. 

 

 

Figure 2-2: The typical damage phenomena that can occur on the historical buildings are shown as example for 

the Pisa Tower in Italy 

 

SHM can be divided into several different categories depending on the time schedule (duration and 

frequency of the measurements), phenomenon to be observed, and the techniques/instruments used. 

Figure 2-3 displays a classification of the monitoring techniques for civil buildings. 
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Figure 2-3-Classification of monitoring techniques in civil buildings (Bergmeister & U. Santa 2001) 

 

 Time schedule 

The time strategy describes the duration and frequency of the measurements. The duration dependent is 

characterized as: 

- short-term,  

- long-term,  

- periodic, continuous, and triggered monitoring.  

The frequency of the measurements are defined as: 

- periodic: measurements at pre-defined intervals,  

- continuous: permanent automatic measurements, for example every hour. 

The selected strategy depends on the phenomena to be observed. 

2.2.2.1 Long-term  monitoring  

The monitoring of a structure is considered to be long term when the monitoring is carried out permanent 

over a period of years-to-decades. Recent advances in sensor technology, data acquisition, computer 

power, communication systems and data now makes it possible to construct this type of system. 

Continuous monitoring should only be considered if the changes in loading are slow, such as gradual 

temperature changes, or if the loads are not predictable, e.g. natural hazards such as floods, hurricanes 

or earthquakes. In addition if a structure is affected by slow degradation processes and the methods to 

prevent this are limited or should be postponed as long as possible. This is the case for monitoring of 
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historical structures and monuments where the aesthetics can not be changed. For such structures, the 

only way to find the state of the health is to use non-destructive tests since no material can be removed 

and tested to evaluate the material properties. 

The first step is to reflect on all possible ways the construction might respond to externally induced 

impacts and to choose which quantities to measure, where to measure them, and to select adequate 

instruments to do so. 

2.2.2.2 Short -term  Monitoring  

Short term monitoring can be used if the state of the structure is to be examined at a specific point in 

time. This is a typical measure if an inspection shows a deficiency or damage in the structure and the 

safety is questioned. Short-term monitoring gives more information than a visual inspection since the 

structural safety can be controlled. These types of monitoring are often used to evaluate a change. 

Examples are: changed of traffic loads, change of the structural system, strengthening of a structure, etc.  

If several periodic monitoring measures are repeated frequently over an extended period it will be 

defined as periodic continuous  monitoring.. 

2.2.2.3 Continuous or triggered monitoring  

In long-term monitoring operations the collection of data can be continuous or periodic. Frequent 

periodic monitoring is when data is collected at regular time intervals. Triggered periodic monitoring is 

when data collection is initiated or triggered by a specific event, e.g. when a measured parameter exceeds 

a threshold. The sampling interval for each data collection depends on the dynamic nature of the studied 

phenomena, see also load dependency. Typical application for frequent periodic monitoring is when the 

loads are static and the monitored phenomenon changes gradually for example if the yearly temperature 

effect of a dam should be monitored. A typical application for triggered monitoring is measurements of 

trains passing a bridge. Here, the interesting samples are only when the train is on the bridge. Continuous 

monitoring is used when rapid changes due to stochastic events are expected. Mostly, these types of data 

streams are processed to decrease the amount of data collected. 

 

 Phenomenon to be observed and sensors  

Based on the phenomenon to be observed, the quantities to be monitored significantly change as well as 

the features of the instruments needed. An estimation of the magnitudes of changes in the quantities to 

be measured, allow to definition of the range, resolution, accuracy and sensitivity of the instrument 

(Bergmeister & U. Santa 2001). The prevalent phenomena to be observed concerning the civil structures 

are: 
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- Mechanical:  displacement, inclination, rotations, deformation ... 

- Physical: material temperature, humidity,... 

- Chemical: pH, chlorine, sulfate,... 

- Environmental: air temperature, humidity, solar irradiation, wind,... 

- Actions: vehicle loads, forces,... 

The response obtained from the monitoring of the different phenomena listed can be subdivided on: 

- Static: measurement of slowly varying parameters  

- Dynamic: measurement of vibrations and other dynamic responses 

 

2.2.3.1 Static SHM monitoring  

Measurements of phenomena such as cracks opening, inclination, settlements, corrosion and phenomena 

caused by environmental properties, for example temperature, humidity, wind, are most of the time 

quasi-static since they vary slowly over the time. Generally, to monitor these quantities is enough to 

measure the peak values over a longer time depending on the speed of actions that create the 

phenomenon. This is defined as static monitoring. 

2.2.3.2 Dynamic SHM monitoring  

Measurements of phenomenon such as fatigue or induced by ambient vibration  vary fast over the time. 

Dynamic monitoring is performed with a much higher sampling rate compared to static monitoring in 

order to obtain the structural behaviour from dynamic loads. 

 Sensor technology 

The typology of sensors used in the civil monitoring is extensive and growing. Different applications 

with various techniques, like electrical, optical, acoustical, geodetical etc are available. For the past few 

decades, some of the more common used sensors are inclinometers, deformeters, distanziometer, load 

cells, accelerometers, etc...These sensors have proven to be highly robust, reliable, repeatable and 

accurate in a variety of applications. Following are some details on some the sensors mentioned: 

- Inclinometers ï measure horizontal and vertical angular inclination to very high levels of 

precision, and output the data in analogue or digital form. In SHM applications, inclinometers 

are employed to monitor movement over time of bridges, buildings and other large structures.  

- Accelerometers ï measure acceleration and deceleration of dynamic systems. Low ógô range 

accelerometers are used within SHM to monitor accelerations induced into bridges and other 

structures to check design calculations and long-term critical safety.  
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- Load cells ï transducers used to convert a force into an electrical signal and offer measurement 

of tension, compression and shear forces. Load cells are available in many physical shapes and 

forms to suit particular applications and types of loading. The majority of todayôs designs 

employ precision strain gauges as the primary sensing element, whether foil or semiconductor, 

and feature low deflection and high frequency response characteristics. SHM applications for 

load cells include bridge lifting/weighing, vehicle/crane load monitoring, and earthquake force 

monitoring. 

Recently, a significant number of innovative techniques and sensors for civil engineering purposes have 

been developed through the evolution of fibre optic sensors, lasers etc. together with the effective 

wireless transmission data and analyse the vast volumes being stored. Table 2-1 shows some examples 

of suitable sensors to monitor specific phenomenon of civil structures. 

 

Table 2-1- Suitable sensors to monitor specific phenomenon of civil structures. 

Phenomenon Sensor Types Response 

Crack opening Defometers 

LVDT  (Linear Variable Differential Transformer) 

Static 

Displacements Laser 

GPS 

LVDT 

Static or 

Dynamic 

Inclinations Inclinometers Static  

Strain Extensometers 

Fibre optic 

 

Foundation displacements and 

settlements 

Piezometers 

LVDT 

Static 

Whether condition Thermometer Static 

Vibration Accelerometers Dynamic 

Corrosion Scanning sensors Static 
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2.3 Conclusions 

The important role of the implementation of SHM systems on the historical monuments is highlighted 

in this chapter. A SHM system installed on historical buildings allows to identify, locate and classify 

type and severity of damages induced by external actions or degradation phenomena and to assess their 

effect on the structural performance, by means small removable sensors. Moreover, SHM systems may 

prove invaluable to evaluate the level of structural damage shortly after an earthquake. It was also 

highlighted that several devices are currently available for structural monitoring, making more difficult 

the developing of standardized procedure for the interpretation of these data. 

 

 



 

Chapter 3 

3 Static Structural Health Monitoring : interpretation of 

the data acquired by the monitoring of monumental 

buildings 

3.1 Introduction  

The Static Structural Health Monitoring (SSHM) system typically acquired 2 to 4 data per hour and is 

generally used to monitor the evolutions of the ñstate or conditionsò of the monument. The recorded raw 

data need to be analyzed in order to gather some useful information on the evolution of the condition of 

the building under observation. A stationary condition reasonably suggests that the structure is in a safe 

condition, whilst a non-stationary response (especially in the cases where a clear trend is observed in 

the data) may indicates a significant evolution of the state of damage, which may preclude the structural 

safety of the monument. 

The identification of a stationary or evolutionary ñconditionò may appear simple in theory, while, in 

actual practice, it proved to be quite cumbersome, given that the recorded signals are significantly 

affected by a number of external factor (climate changes and anthropic effects) which render the 

identification of a potential damage evolution not so straightforward (Sohn 2007). 

A brief overview of the methods present in literature for the interpretation of the data acquired by static 

monitoring will be presented in this chapter. In addition, an approach for the critical interpretation of 

the data acquired by the static monitoring of historical buildings will be presented. This approach, 

introducing appropriate descriptors able to characterize the main features of the data acquired by the 

monitoring, allows to identify the evolution of the state of the monuments.  
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3.2 Literature review  

In the last years, several studies were focused on the interpretation of the data acquire by dynamic 

monitoring system of historical buildings (Beskhyroun et al. 2011), (Robert-Nicoud et al. 2005), 

(Anastasi et al. 2009), (Magalhães et al. 2016), (Tyagunov & Petryna 2016), (Ivorra & Pallarés 2006). 

In recent years, several structures, and in particular historical monuments, have been equipped with 

permanent static monitoring systems, able to record the response in terms of displacements and strains 

over very long periods of time and, theoretically, for the entire life of the structure. Despite the number 

of applications, a procedure aimed at interpreting the data and at providing a means for detecting and 

localizing the insurgence of damage and the safety of the structure level from the measurements is still 

lacking. Due to the fact that measurements are not made during special purpose short-term experiments, 

but during long-term day-to-day operation, the data contain a very large amount of information, the 

meaning of which is not always clear. As a consequence, the main problem of a continuous static long-

term monitoring system is not the acquisition of the data, but rather the choice of the methods to process 

the vast heap of information and provide useful and simple measures of a structureôs health status 

(Lanata & Grosso 2006). 

In the 2000 Grosso et all.(Grosso et al. 2000) have presented an interpretation of the data acquired by 

the monitoring system composed by more than 60 SOFO fibre optic long-base sensors along the east 

quay wall of the San Giorgio pier. To carry out interpretation of the measurements and correlation with 

the mechanical behaviour of the structure, a computer method, named SPADS, has been used. According 

to this algorithm, the structure is subdivided into macro-elements, each one containing several cells in 

which the sensors are installed. From the data of each campaign, an average curvature is computed for 

every cell, both in the vertical and in the horizontal planes.  Among the various environmental sources 

causing long-period displacement of the wall, it has been found that temperature is playing the most 

important role. However, the concepts of macro-elements and this algorithm can be useful to transform 

sensor strain data into curvatures but it is not a procedure applicable to all the devices installed on 

historical monuments. Omenzetter et al., in 2004, have focused their attention to the identification of 

abrupt, anomalous and potentially onerous events in the time histories of static, hourly sampled strains 

recorded by a multi-sensor SHM system installed in a major bridge structure and operating continuously 

for a long time. Statistical analysis of wavelet coefficient time series is conducted to detect outliers, i.e. 

data that significantly protrude from the remainder (Omenzetter et al. 2004). Recently a statistical 

method known as proper orthogonal decomposition (POD) has been proposed as a damage detection 

algorithm for the continuous static monitoring of civil structures (Lanata & Grosso 2006), (Posenato et 

al. 2008). The POD has been used for extracting a temporal and spatial correlation between the static 

structural responses measured at different sensor locations. The comparison in time of extracted 

correlations is able to detect relative changes between adjacent sections that can indicate that damage 

has occurred and localize it. The method has been applied by the authors on data obtained by means of 
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a computer simulation of a typical bridge structure subjected to environmental loadings. However, this 

method require a distribution of the sensors along the elements to be monitored and it is scarcely 

applicable to the data acquired by the monitoring of monuments in which generally, due to their 

geometry complexity, the sensors are located in specific critical portions (often belonging to different 

sub-structures of the building with different structural behaviour). 

The data acquired by the static monitoring were often used to calibrate and validate the numerical models 

of the structures. (Robert-Nicoud et al. 2005), (Onate et al. 2000), (Ivorra et al. 2010). In addition, several 

studies reported examples on the use of the static monitoring in order to understand the structural 

behaviour of historical monuments. For instance, Rossi et al. (Rossi & Rossi 1998) reported the results 

obtained from  automatic monitoring system installed on the Cathedral in Mexico city in order to control 

the response of the supporting structures during  the under excavation works. In addition, the results 

obtained by the static monitoring of St. Mark's Basilica in Venice have been also presented. In particular, 

in this study the correlation between the data recorded by the sensors (crak-gaunges, long base 

extensometers, inclinometers..) and the temperature is highlighted (the relative horizontal movements 

of pillars recorded by the extensometers are strongly correlated and out-of-phase with respect to 

temperature data). Masciotta et al. presented the results obtained from the monitoring of the main cracks 

and towers tilting of the Church of Saint Torcato (Masciotta et al. 2016). In this study a specific threshold 

values to establish appropriate warning levels for structural stability of the church and the correlation 

between the recorded data and the ambient parameters have been reported. The correlation between 

cracks and environmental parameters is very limited (the cracks monitored are inside the church) while 

a strong correlation between the oscillations of the towers and the seasonal fluctuations of the 

temperature is registered, (e.g. Figure 3-1). 

 

Figure 3-1: Structural damage in the church of saint Torcato and variation of cracks opening and towers tilting 

versus temperature (AT), (Masciotta et al. 2016) 
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3.3 Approach for a critical interpretation of the data acquired by a Static 

SHM system 

SSHM systems return discrete time series which can be generally referred to as x(ti), where x represents 

the monitored quantity (e.g. displacement, strain, angle inclination, crack width, temperature, é) and ti 

represents a specific instant of time t (Brockwell & Davis 2009).Each monitored quantity is here 

assumed to be a function of two main factors: 

    (3.1) 

F(t) represents the (time-dependent) external forces acting on the structure, and S(t) represents the time 

evolution of the ñstateò of the structure, i.e. the condition of the structure due to its geometrical 

configuration, the materials mechanical properties, its boundary conditions, etc. In general, the state of 

the structure can be assumed stationary if it does not change significantly from year to year or not 

stationary if it changes with time. The variation of the state may be due to different factors such as 

material degradation, soil-structure interaction, etc.  

The external actions F(t) on the building can be classified into three main groups (ASCE7-98 1998): 

- Dead loads D(t): the permanent forces acting on a structure such as the self-weight of the 

structure; 

- Live loads L(t): the non-permanent forces acting on the structure. In detail, these encompass the 

forces that depend on the weather effects, which are herein referred to as natural forces, N(t), 

such as wind, temperature, precipitations, etc. 

- Accidental loads A(t): the forces depending on rare events, such as earthquakes, hurricanes, 

explosions, etc.; 

Therefore, the external actions F(t) can be decomposed into: 

    (3.2) 

while the state S(t) may be seen as: 

    (3.3) 

where S0 is the state of the structure at time t0 (which is assumed as known), and ȹS(t0,t) represents the 

variation of the state over the time. In the case of ȹS(t0,t) is approximately null over a certain time 

period, it follows that the state can be assumed as stationary (i.e. S(t)=S(t0)). On the contrary, in the case 

of ȹS(t0,t) differs from zero on a certain time period (on average) , it follows that the state is not 

stationary and some potential damage evolution is in act. 

The main problem for data interpretation is that the components of the records due to the external forces 

are generally larger (order of magnitudes) than the components relegated to the eventual change in the 

x(t) [ ( ), ( )]f F t S t=

F(t = D(t +) ) ) L(t +  A(t)

0 0 00S(t = S(t +ȹS(t,t)= S +ȹS(t) ) ,t)
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state, a direct analysis of the time-history recorded often does not allow to detect the evolution of the 

state. On the other hand, in the case of dead and loads are within their usual ranges, we expect that the 

recorded data should be characterized by predominant components due to seasonal and daily 

temperature excursions (assuming the temperature as the predominant external factor). In the absence 

of extreme events inducing accidental actions A(t) = 0, and assuming that the live loads are 

predominately due to the natural forces L(t) = N(t), F(t) can be expressed as the sum of the two 

components D(t) and N(t). Moreover, assuming constant dead loads,  Equation (3.2) specifies 

as follows: 

    (3.4) 

Substituting Equations (3.2), (3.3) and (3.4) in Equation (3.1) leads to: 

    (3.5) 

For historic buildings, generally composed of massive masonry walls, the temperature is typically the 

external factor which mainly affects the structural response (in usual operational condition). It is here 

assumed that the natural forces are periodic functions with two fundamental components: 

    (3.6) 

N1 has period T equal to 365 days (due to the motion of revolution of the earth around the sun) leading 

to the annual oscillations and a contribution N2 with a period T equal to 1 day (due to the motion of 

rotation of the earth around its axis) leading to the daily oscillations. Based on all the above assumptions 

and considerations, the time series x(t) can be decomposed into two main components: 

    (3.7) 

x1(t) is the periodic component of x(t) depending on N(t) and  , while x2(t) is the component of x(t) 

depending on the state S(t). 

  

D(t) =D

F(t  =D) +N(t)

0 0x(t)=f D, (t), S , ȹS(N t[ ,t)]

1 2(t) N(t) = N + N (t)

1 2(t)x(t) = x +x (t)

D
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 Reference quantities 

In the light of all the above consideration, it appears that a useful analysis of the data from a SHM system 

have to focus on the identification of the potential evolutionary trends of response, which typically 

oscillates following the daily and seasonal thermal excursions. To do that, it is first necessary to 

characterize these seasonal and daily effects by introducing appropriate descriptors, hereafter referred 

to as ñreference quantitiesò  

The collection of these ñreference quantitiesò constitute a specific nomenclature for an interpretation of 

the data obtained from a structural monitoring that also allow to collect data in a systematic fashion and 

thus compare them with those of similar structural typologies. The systematic identification of the 

ñreference quantitiesò from the recorded data allows to identify the presence of potential evolutionary 

trends of the monitored state by the specific sensor. In effect, the "reference quantities", extracting useful 

information of the data recorded in a daily and annual span of time, allow to compare these values over 

all the period of monitoring.  

With reference to the j-th generic day, the quantities of interest are: 

- the Daily Amplitude ( ,day jd ), that represents the difference between the maximum and minimum of 

the discrete time series recorded x(ti) in the specific j-th day 

() (),   day j i imax x t min x td = -è øê ú              " tiÍ j-th day  (3.8) 

 

- the Mean Daily Value ( ,day jm ), that represents the mean value of the discrete time series recorded 

x(ti) in the specific j-th day 

n

,

1

1
x(t )

n

j

day j i

ij

m
=

= ä
                                      " tiÍ j-th day

  (3.9) 

 

- the Absolute Daily Residuals of the Mean Value (
0, ( )r day j k km - ), that represents the difference 

between the mean value, recorded in the j-th day, of the k-th year and the k0-th year (reference year, 

generally corresponding to the first year of monitoring) 

0 0, ( ) , (k) , (k )r ɛ ɛday j k k day j day jm m m- = -     (3.10) 

 

- the Progressive Daily Residuals of the Mean Value ( , ( 1 )rp day j k km + - ), that represents the difference 

between the mean value, recorded in the j-th day, of the k+1-th year and the k-th year  
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1 1, ( ) , (k ) , (k)rp ɛ ɛday j k k day j day jm + +- = -     (3.11) 

 

With reference to the y-th year, the quantities of interest are: 

- the Annual Amplitude ( ,year yS ), that represents the difference between the maximum and minimum 

of the discrete time series recorded x(ti) in the specific y-th year 

() (),   year y i imax x t min x tS = -è øê ú                      " tiÍ y-th year    (3.12) 

 

- the Mean Annual Value ( ,year yM ), that represents the mean value of the discrete time series recorded 

x(ti) in the specific y-th year 

n

,

1

1
x(t )

n

y

year y i

iy

M
=

= ä
                           " tiÍ y-th year

   (3.13) 

 

- the Absolute Annual Residuals of the Mean Value (
0, ( )r day j k km - ), that represents the difference 

between the mean annual value recorded in the k-th year and the k0-th year (reference year, generally 

corresponding to the first year of monitoring) 

0 0,( ) , ,kMyear k k year k yearR M M- = -
     (3.14) 

 

- the Progressive Annual Residuals of the Mean Value ( ,( 1 )RpMyear k k+ - ), that represents the difference 

between the mean annual value recorded on the k+1-th year and the k-th year  

1 1,( ) , ,kRpMyear k k year k yearM M
+ +- = -

    (3.15) 

 

In addition also sudden drops may be present in the recorded time series x(ti). These sudden drops may 

be related either to an instrument malfunctioning, either to external factors, or to extreme events (such 

as earthquakes, hurricanes, é) and are here identified through the letter D. Table 3-1 collects the 

ñreference quantitiesò defined. For the sake of clarity, in order to describe the ñreference quantitiesò a 

fictitious signal is displayed in Figure 3-2 and some of its corresponding reference quantities are 

presented in Figure 3-3. 
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Figure 3-2- Time series x(t) 

 

 

(a)      (b) 

  

c)                                                              d) 

Figure 3-3: Reference quantities of the fictitious signal: (a) Daily amplitude and Mean Daily Value, (b) Annual 

amplitude and Mean Annual Value,(c) Absolute Daily Residuals of the Mean Value and (d) Absolute Annual 

Residuals of the Mean Value 
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Table 3-1- The introduced ñreference quantitiesò for the analysis of the recorded data. 

Reference 

quantity  
Definition  

Mean value within the 

observation period Dt 
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3.4 Conclusions 

An approach for a standardized analysis of the data recorded by a Structural Health Monitoring system 

installed in an historical building has been presented. It has been assumed that the recorded time series 

may be decomposed into two fundamental components. The first one related with the natural actions 

and characterized, in absence of extreme events (such as explosion earthquake, hurricanes,é), by a 

substantial periodic behaviour. The second one related to the evolution of the state indicating possible 

evolution of structural damage. Once the recorded signal is depurated from the first components (the 

periodic one), the eventual evolution of the state of the structure can be more easily detected. The 

evolution of the trend has been evaluated through the definition of reference quantities as descriptors of 

the recorded data. The difference between the values of these parameters evaluated in a different span 

of time allow to identify  the possible evolutionary trends of the signal, considering that the influence of 

the external factors is always present and it is  repeated similarly year-after year. Aside the identification 

of the eventual evolution of the structural damage, the other main objective of these ñreferenceò 

quantities is the definition of a common nomenclature for the interpretation of the data acquired by 

monitoring system of the monuments. These quantities could be collected in a database and used as to 

evaluate the records of similar buildings to have a more sound interpretation of the SMH data. 

 



 

Chapter 4 

4 Real data processing  

4.1 Introduction  

The fictitious signal showed in the previous section represent the ideal discrete time series acquired by 

the monitoring system. The real recorded data often present irregularities due to malfunctioning of the 

sensor, which must be removed before performing the processing for the interpretation of the signal. 

After the removal of signal irregularities and drops it is possible proceed with the signal analyses. As 

explained before, the main objective in the interpretation of the data acquired from the SSHM system is 

identify if the phenomena under observation are in a stable condition or not. The "reference quantities" 

introduced allow to directly identify if the recorded signal is repeated over time in a stationary condition 

or not. The difference between the values of these parameters evaluated in a different span of time allow 

to identify  the possible evolutionary trends of the signal, considering that the influence of the external 

factors is always present and it is repeated similarly year-after year. Another possibility to estimate the 

trend is to develop a signal frequency analysis in order to identify and then remove the main periodicity 

of the signal. The signal frequency analyses applied to the static monitoring data will be introduced in 

this section and used to validate the approach presented in the previous chapter. As mentioned before, 

the temperature is typically the external factor which mainly affects the structural response of historical 

masonry buildings. However, a statistical analysis to evaluate the influence of the different external 

factors on the recorded data seems opportune and will be explain in this chapter. 
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4.2 Removal signal irregularities 

The irregularities can lead to an interpretation of the signal not corresponding to the real behavior of the 

phenomenon. The sensors installed on the monumental buildings are generally located at accessible 

areas and thus they can be subjected to accidental impact. The movement of the device causes 

interruptions or drops that can change the mean value of the recorded data (Figure 4-1a). Generally a 

repositioning of the sensor is necessary. In this case the time series analysis have to consider the two 

parts (before and after the repositioning) separately. The time series can present other drops, such as 

spikes that do not change the mean value, related to the sensibility of the devices to the external factors 

(rain, snow...) or extreme events (earthquakes). Figure 4-2a shows the data recorded by a sensor very 

sensible to the weather conditions. It is clear that without the removal of the drops is impossible 

understand the trend recorded by the signal (Figure 4-2b). It is of fundamental importance identify the 

nature of each drops recorded in order to remove the spike corresponding to incorrect recorded data and 

focus the attention on the data recorded during an earthquake. This analysis consist on the identification 

of each drops recorded and in a critical comparison with the information collected concerning to the 

earthquakes occurred close to the monument (Figure 4-3). Then the incorrect data (not significant for 

the analysis but due to incorrect recording by the device) are removed from the time series through a 

specific filter (Figure 4-2b). 

 

(a)      (b) 

Figure 4-1: (a) Signal as recorded by the sensor, (b) Removal of signal irregularities 

 

(a) (b) 

Figure 4-2: (a) Signal as recorded by a sensor very sensible to the weather conditions, (b) Removal of signal 

irregularities 
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Figure 4-3: Drop recorded by the sensor during the 2012 Emilia earthquake 

4.3 Signal analyses 

The recorded data for a random physical phenomenon may be thought of as one physical realization of 

a stochastic process. Stochastic process are subdivided in stationary or non stationary. The stochastic 

process is defined weakly stationary when the mean value (first moment) and the autocorrelation 

function (joint moment) defined in Equations 4.1 and 4.2 do not vary as time varies. In particular, the 

mean value is a constant and the autocorrelation function is dependent only on the time displacementt
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If the Equations 4.1 and 4.2 vary as time varies, the stochastic process is said to be non-stationary (Julius 

S. Benedat 2000). 

For the special case where all possible moments and joint moments are time invariant, the random 

processes is said to be strongly stationary. Nonstationary stochastic process may be further categorized 

in terms of specific types of nonstationary properties. The data, whether from physical measurements or 

numerical modelling, most likely will have one or more of the following problems: (i) the total span is 

too short, (ii) the data are non-stationary, and (iii) the data represent nonlinear process. Facing such data, 

we have limited options to use in the analysis(Huang et al. 1998). The non-stationarity of a time series 

can be due to the presence of: (i) a trend; (ii)seasonality and (iii) other evolutionary effects. The signal 

analysis for the data acquired by the static SHM aims at the estimation of these three components. When 

analyzing periodic fluctuations in measured data, the most common form of data analysis is Fourier 

analysis, which uses the postulate that any signal can be constructed as a sum of sinusoidal functions. 

Fourier analysis describes the signals as the sum of sine waves, with infinite extent, with different 
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frequencies. Fourier analysis, for its prowess and its simplicity, has dominated the data analyses efforts 

since its introduction, and has been applied to all kind of data. Although the Fourier transform is valid 

under extremely general conditions (Titchmarsh 1948), there are some crucial restrictions of the Fourier 

spectral analysis: the system should be linear; and the data should be periodic or stationary; otherwise, 

Fourier spectral analysis may give misleading results. For lack of alternatives, however, Fourier spectral 

analysis is still used to process such data. In the recent years, new methods for analyzing nonlinear and 

nonstationary data have been developed. For instance, an alternative data analysis tool has been 

proposed by Norden E. Huang called the Hilbert-Huang Transform (HHT) (Barnhart 2011). The HHT 

technique for analyzing data consists of two components: a decomposition algorithm called empirical 

mode decomposition (EMD) and a spectral analysis tool called Hilbert spectral analysis. The key part 

of the method is the óEMDô method. The algorithm attempts to decompose nearly any signal into a finite 

set of functions, whose Hilbert transforms give physical instantaneous frequency values. These 

functions are called intrinsic mode functions (IMFs). The algorithm utilizes an iterative sifting process 

which successively subtracts the local mean from a signal. The sifting process is as follows: 

- Determine the local extrema (maxima, minima) of the signal. 

- Connect the maxima with an interpolation function, creating an upper envelope about the signal. 

- Connect the minima with an interpolation function, creating a lower envelope about the signal. 

- Calculate the local mean as half the difference between the upper and lower envelopes. 

- Subtract the local mean from the signal. 

- Iterate on the residual. 

The sifting process is repeated until the signal meets the definition of an IMF. Then, the IMF is 

subtracted from the original signal, and the sifting process is repeated on the remainder. This is repeated 

until the final residue is a monotonic function. The last extracted IMF is the lowest frequency component 

of the signal, better known as the trend. The sifting process is stopped when the signal meets the criteria 

of an IMF. The definition of an IMF was formed to ensure that the IMF signals give physical frequency 

values when using the Hilbert transform. The definition of an IMF, therefore, is a signal which has a 

zero-mean, and whose number of extrema and zero-crossings differ by at most one(Huang et al. 

1998),(Mukhopadhyay & Betti 2013) . IMFs are considered monocomponent functions which do not 

contain riding waves. Once a signal has been fully decomposed, the signal can be written as the finite 

sum of the IMFs and a final residue. Appears therefore clear that this method not allow to identify 

separately the main components of the signal. For this reason, and only with the objective to validate 

the approach proposed in the previous chapter, the Fourier analyses will be applied to the recorded data 

by the static monitoring system. First, however, an analysis to assess which external factors influence 

more the structural response of the historical buildings is presented. 



30  Chapter 4 

 

 Influence of the external factors 

The raw data obtained from the SHM systems should be analyzed in order to identify relationships 

between the recorded quantities and the external factors such as temperature, wind, humidityé. 

(Palermo et al. 2013). For each record yi, with i= 1,é..,m, m is the number of instruments, an empirical 

regression model has been built using a polynomial function such as the one shown below: 

    (4.3) 

where Ů is the regression model error and xj is the vector containing the measurements of the j-th external 

factor,  

Equation  4.3 can be also rewritten in a compact and matrix form: 

    (4.4) 

where 

 is a matrix collecting the vectors (time series) of the recorded external 

factors. 

 

The values of parameter ɓ of the polynomial function are evaluated using: 

    (4.5) 

The relative importance on the structural response of each external effect i is evaluated through the 

normalizing and centering the measured external effects on their mean value, as following  

    (4.6) 

where  is the mean of the recorded data for an external effect i and  is the corresponding standard 

deviation. The parameter values ɓ calculated using the normalized external effects  constitute a vector 

(n x 1) called . The relative importance of each external effect is contained in the vector  and it has 

been obtained using the following equation: 

    (4.7) 
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 Signal frequency analysis 

The main periodicity of the data recorded has been obtained through a frequency analysis of the signal 

using a Fourier analysis (formulated by Joseph Fourier in the early 1800s). The Fourier Transform (FT) 

is a mathematical technique that transforms a function of time, x(t), to a function of frequency X(ɤ). In 

effect, FT decomposes a waveform or a function into sinusoids of different frequencies, which sum to 

the original waveform. It identifies or distinguishes different frequency sinusoids and their respective 

amplitudes. Fourier transform can be expressed as x(t) Ÿ X(f) according to: 

( ) ( ) j tX f x t e dtw
+¤

-

-¤
=ñ    (4.8) 

where ɤ = 2ˊf , and f denotes frequency in Hz 

X(f) contains all the information of the original signal x(t). Further, x(t) can be obtained from X(f) by 

the inverse Fourier transformation: 
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In the case of signal obtained by monitoring system, the function x(t) is known at evenly spaced points 

x(nT) where T = 1/fs and fs is the sampling rate, the Discrete Fourier transform (DFT) would be given 

by: 
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This function is periodic with period fs. The sampled function can be recovered by inverse transform: 
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The main periodicity of the data recorded by the monitoring system can be evaluated trough the Fast 

Fourier transform (FFT), an efficient implementation of the discrete Fourier transform (DFT). 

First, the recorded signal will be transform in a signal characterized by zero mean and unit variance as 

follows: 
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The FFT allows identifying the main periodicities of the signal. The periodicities that can be associated 

to seasonal effects will be removed with an appropriate filter. The inverse Fourier Transform of the 

filtered signal allows to reconstruct the signal not affected by the influence of the seasonal effects. 
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4.4 Conclusions 

The real data acquired by the static monitoring system generally present several irregularities due to 

malfunctioning of the sensors, which have to be removed in order to evaluate correctly the trend 

recorded. In this chapter, examples of such irregularities are presented and the importance of a critical 

comparison between these irregularities and the information collected concerning to the extreme 

external factors (generally earthquakes) that occurred close to the monument were highlighted. 

Moreover, the main features of the data obtained from physical measurements and the available methods 

for their signal analyses are briefly reported. In addition, the methods that will be used for the analyses 

of the assessment of the influence of the external factors on the recorded data and for the signal 

frequency analysis in order to estimate the trend and main periodicity of the signal in the next chapters 

were presented. 

 



 

Chapter 5 

5 A case study of the Asinelli Tower  

5.1 Introduction  

In the 2011, a static SHM system has been installed on the Asinelli tower, a masonry leaning tower built 

at the end of the 12th century in order to monitor the health of the monument after the strengthening 

interventions that were performed between 1998 and 2008. The monitoring system will be described in 

this Chapter, i.e. the localization of the sensors on the tower and the type of sensors used. 

The large amount of data recorded by the monitoring system has been analyzed using the approach 

proposed in § 3.3 in order to evaluate if the phenomena under observation are in a stable condition or 

not. The signal frequency analyses on the recorded data have been also carried out and the results 

obtained in terms of residuals (i.e. signal not affected by the seasonal effects which should be 

representative of the state of the building) compared with the residue obtained making use of the 

approach proposed. The main results obtained from the analyses are presented in this Chapter. 
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5.2 The Asinelli Tower  

The city of Bologna preserves traces from past civilizations, especially the medieval era. During the XII 

and XIII centuries, a large number of towers were erected by some of the richest families (Costa 1984). 

Some of them still stand nowadays and the two most majestic, the Garisenda and Asinelli are the symbol 

of the city (Figure 5-1a). The Asinelli tower was most probably completed in 1119 reaching a height of 

almost 100 m thanks to the introduction of advanced construction methods for the time (Cavani 1912). 

During the Second World War, the Tower was used as a watchtower. It tilts toward Sud-West of 2.23 

m. Its cross-section is approximately square for the whole height with a gradual decrease (almost linear) 

of the side width from 8.5 m at the base to 6.0 m at the top, excepting a sudden discontinuity at a height 

of 34 m. The external walls were built using the so-called ña saccoò technique (Figure 5-1b): two skins 

of brick masonry with an internal rubble and mortar fill. The fill is com-posed of irregular materials 

including brick fragments and irregular stones bound by aerial mortar. Common solid bricks are used 

for the outer skins, while the basement is realized with selenitic bricks. The total thickness of the 

masonry (the two skins plus the internal fill) decreases almost linearly from 3.15 m at the base to 0.45 

m at the top. Three main discontinuities are present at 11.5 m, 34.0 m and56.0 m. The masonry 

assemblies are not regular, with variations in both the width of the bricks and the thickness of the mortar 

(from1.0 cm to 3.0 cm) 

     

(a)      (b) 

Figure 5-1- (a) The Asinelli tower of Bologna, (b) The tower elevation with the indication of the main 

discontinuities; 
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Several strengthening interventions were performed in the last decade (1998 - 2008) on the tower. The 

strengthening interventions were developed in two main phases: 

- Phase 1: (a) masonry consolidation through substitution of the damage bricks and injection of 

high strength mortar (Figure 5-2a); (b) installation of steel frame in order to provide a 

connection between the two masonry layers (Figure 5-2b). 

- Phase 2: installation of external steel ties in order to provide a lateral confinement to the masonry 

(Figure 5-2c). 

 

(a) 

 

(b) 

 

(a) 

Figure 5-2- Details of the strengthening interventions of the tower: (a) masonry consolidation: before the 

substitution of the damage bricks and injection of high strength mortar (left) and after (right), (b) installation of 

steel frame and (c) installation of external steel ties 
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5.3 Types and location of instruments 

At the beginning of year 2011, a SHM system was installed in the Asinelli tower in order to monitor: 

¶ the opening of the main cracks, 

¶ the variation of the stress level of the steel ties, 

¶ the masonry compression at critical locations, 

¶ the variation in the inclination of the towers, 

¶ the environmental parameters (temperature, wind direction and wind speed).  

Data are acquired at time intervals of 15 minutes. 

The nomenclature of the monitoring instruments used has been chosen using the following principles: 

the first letter indicates the name of the monument, the second and third the position of the instrument 

and then the last the type of instrument. The following symbols have been used:  

A=Asinelli,  

FN=North front, FS=South front, FE=East front, FO=West front (Figure 5-3), 

F=long base deformeter, D=deformeter, I=inclinometer, E=extensometer, L=laser displacement sensor, 

T= thermometer, V=gonioanemometer sensor. 

 

Figure 5-3: Identification of the different Fronts of the Asinelli tower 
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Table 5-1 summarised the typology and the position of the different instruments installed along the 

height of the Asinelli tower which are then displayed in Figure 5-4 

Table 5-1-Typology and position of the instrument installed on the Asinelli tower 

Sensor N. Location Type 

Long Base Deformeter 8 5 on the masonry of the West front(FO): at 

different level 

3 on the masonry of the South front (FS): at 

different level. 

Invar wire 

Deformeter 

Deformeter  5 4 on cracks of the West front (FO) 

1 on a crack of the East front (FE) 

OG400 

deformeters 

Inclinometer 8 4 on the wall of the West front (FO): at different 

level. 

4 on the wall of the South front (FS): at different 

level. 

 

Dual axis 

inclinometer 

ELS-XX-V 

Extensometer 6 3 on the steel ties of the West front (FO) 

3 on the steel ties of the South front (FS) 

Vibrating Wire 

Spot Weldable 

Strain Gauge 

Laser displacement 

sensor 

3 1 on the West front (FO) with  target on 

Prendiparte tower 

1 on the South front (FS)with target on Santa 

Maria della Vita dome 

1 on the South (FS)front with target on a building 

on Santo Stefano street 

Long Range 

Laser 

Displacement 

Sensors DLS-B 

Thermometer 2 1 on the west front (FO) 

1 on the South front (FS) 

 

Gonioanemometer sensor 1 At the top of the tower  
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Figure 5-4: Monitoring system of Asinelli Tower 

The instruments installed on the Asinelli tower are briefly described below. 

Long base Deformeters: Invar wire Deformeter  

Deformeters are simple devices used to monitor the crack and deformation propagation in the structure 

they are applied on. They are employed during structural (cracks in buildings, joints of bridges, etc.) and 

geotechnical monitoring (soil subject to landslide, cracks in rocks, etc.), and during monitoring 

operations of rotations, displacements, and deformations. There are a wide range of products suitable 

such as mechanical joint meters (linear, two or three-dimensional), electrical joint meters (vibrating wire 

and potentiometer), and wire deformeters. The long base deformeters installed on the Asinelli tower in 

order to monitor the stress of critical portions of masonry are Invar wire deformeters (Figure 5-5). They 

use an invar wire and a pre-stretching system to give a structural extension compared to electronic 

deformeters, so to allow the measurement of two anchor points at a distance of more than 20m. Wire 

Deformeters are employed during geotechnical, structural, and convergence monitoring and during 

operations to measure deformations on a medium or long-term basis. Automated, computerized 

measures can be either read in loco or stored in a local data logger to be submitted to a remote data 
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acquisition unit, through different transmission methods. Table 5-2 collects some technical specification 

of the Invar wire Deformeters.  

  

Figure 5-5- Invar wire deformeters (F1) installed on the West Front 

Table 5-2-Technical specification of the Invar wire Deformeters 

TECHNICAL SPECIFICATIONS  

Measurement Range 25 mm 

Measuring Base 1500 mm 

Precision < 0,05 % 

Accuracy < 0,015 mm 

Temperature Range (-10/+80 )°C 

 

Deformeter: OG400 

The deformeters used on the Asinelli tower to control the opening of the main cracks are OG400 

defometers (Figure 5-6). They can be used in tough environments, which may even require brief 

immersions.  The instrument allows a precise monitoring of relative movements of cracks and rocks. 

Installation is made easier by two M6 uniball joints, with a 6mm hole, placed at the ends of the device. 

The sliding bar can be extended for complex installations. Readings in mm can be obtained through a 

manual readout unit (OG180) or a data logger and a 4-20mA converter for potentiometers. The uniball 

joints at both ends of the device make the fixing easier and allow the transducer to monitor uneven and 

non linear movements. The high degree of protection makes the instrument reliable even in tough 

installations. The relatively low resistance allows the instrument to be insensitive to interferences and 

external electrical noise, even at medium distances. Table 5-3 collects some technical specification of 

OG400 Deformeters.  
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Figure 5-6- OG400 Deformeters (D1) installed on the West Front 

Table 5-3- Technical specification of the OG400 Deformeters 

TECHNICAL SPECIFICATIONS  

Measurement Range 300 mm 

Accuracy < 0,05 % 

Measuring Base 150 mm 

Diameter 15 mm 

Temperature working from -20°C to +80°C 

 

Extensometer: Vibrating Wire Spot Weldable Strain Gauge 

The extensometers installed on the Asinelli tower in order to monitor the stress on the steel ties are 

vibrating wire spot weldable strain extensometers (Figure 5-7). They are designed primarily to measure 

strains on the surface of steel structures but may also be used on other types of material. The 

extensometer consists of two end blocks with a tensioned steel wire between them. The end blocks are 

attached to stainless steel tabs, which may be attached to steel structures by spot welding, using 

alternative end blocks, bonded, or grouted. Precision tensioning is carried out on site using a special 

tensioning jig and the gauge can be set for compression, tension or at mid point. The strain gauge 

operates on the principle that a tensioned wire, when plucked, vibrates at its resonant frequency. The 

square of this frequency is proportional to the strain in the wire. Around the wire is a magnetic coil 

which when pulsed by a vibrating wire readout or data logger interface plucks the wire and measures 

the resultant resonant frequency of vibration. As the steel or other surface undergoes strain the end 

blocks will move relative to each other. The tension in the wire between the blocks will change 
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accordingly thus altering the resonant frequency of the wire. Table 5-4 collects some technical 

specification of Vibrating Wire Spot Weldable strain extensometers. 

 

Figure 5-7- Vibrating Wire Spot Weldable strain extensometers (E1) 

Table 5-4- Technical specification of the Vibrating Wire Spot Weldable strain extensometers 

TECHNICAL SPECIFICATIONS  

Gauge length 50,8mm 

Range 3000 ˃ -strain 

Temperature range (-20/+80 )°C 

Accuracy 0,5 % FS 

 

Laser displacement: Long Range Laser Displacement Sensors DLS-B 

The displacements of the Asinelli tower are monitored through the DLS-B Laser distance meter (Figure 

5-8a). These sensors aim three fix points: Prendiparte tower, the dome of S. Maria della Vita church and 

a building on S. Stefano street (Figure 5-8b). These sensors are optoelectronic devices used to measure 

distances through a laser. Measurement is contactless, quick, easy, and extremely accurate. 

Measurement is contactless, quick, easy, and extremely accurate.  Laser distance meters may be 

equipped with a tripod base to set up permanent stalls. They can be either portable or equipped with a 

tripod base. Measurements can be taken through a manual or automated system. Table 5-5 collects some 

technical specification of Long Range Laser Displacement Sensors DSL-B Series. 
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(a)                    (b) 

Figure 5-8- Long Range Laser Displacement Sensors DSL-B Series (L1) installed on the West Front 

Table 5-5- Technical specification of the Long Range Laser Displacement Sensors DSL-B Series 

TECHNICAL SPECIFICATIONS  

Accuracy ± 3 mm 

Measurement range (on reflective surface) 0,05-500 m 

Measurement range (on reflective surface) 0,05-65 m 

Operating Temperature (-20/+50 )°C 

Dimensions (h x w x l)  54x80x150 mm 

 

Inclinometers: Dual axis inclinometer ELS-XX-V 

The inclinations of the walls are monitored through the installation of a dual axis inclinometer (Model 

ELS-XX-V) on the height of the tower (Figure 5-9a). The x component record positive value along the 

South-East direction and negative value along the North-West direction. While the y component record 

positive value along the North-East direction and negative value along the South-West direction. These 

devices combine an electrolytic level sensor with a CMOS hybrid signal conditioning circuit. The level 

sensor contains 3 platinum contacts hermetically sealed in a cover, partially filled with a conductive 

fluid. When the sensor is at its zero position the electrical impedance of the fluid from the central 

electrode to each other electrodes is equal. When the sensor tilts the movement of the fluid determines 

the change of the impedance in proportion to the angle of tilt. Table 5-6 collects some technical 

specification of Long Range Laser Displacement Sensors DSL-B Series. 
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Figure 5-9- Dual axis inclinometer ELS-XX-V (I1) installed on the West Front 

Table 5-6- Technical specification of the Dual axis inclinometer ELS-XX-V 

TECHNICAL SPECIFICATIONS  

Measuring range (±5/±10) ° 

temperature range (-20/+70) °C 

Zero temperature drift T 0-60° < 0,2° 

Temperature Sensitivity drift T 0-60° < 0,4° 

Weight 1,2 Kg 

 

Thermometer 

The temperature is recorded by means of two thermometers installed externally on the West front at 

55.8 meters (T1) and internally on the South front at 57.50 meters (T2), respectively (Figure 5-10) 

 

Figure 5-10: Thermometers installed on the Asinelli tower 
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Gonioanemometer: Combined Wind Sensor 

The wind speed measure is recorded through a combined wind sensor, which is manufactured with 

materials to high reliability and duration, and permits to maintain in long time the characteristics of 

sensibility and precision (Figure 5-11). The sensor, installed on the top of the tower, uses a special high 

precision potentiometer that assures high resolution, high sensibility and a long mechanical life, with an 

operative angle of 360°. The mechanical body shape, permit at the sensor, to resist at high wind speed 

or squalls (up to 300km/h). Finally the use of materials like the anodized aluminium and the stainless 

steel, guarantees an optimal resistance to the corrosion due to the atmospheric agents, assuring therefore 

one long time duration. The sensor is equipped with electrical protections. 

 

Figure 5-11: Combined Wind Sensor installed on the top of the tower 

 

5.4 Reference quantities 

The reference quantities defined in § 3.3 have been identified for all the data recorded by the monitoring 

system of the Asinelli tower. Appendix A.1 provides the systematic identification of these reference 

quantities. In the next section, the salient results, obtained from the interpretation of the static monitoring 

data through the proposed procedure, are illustrated. 

It is noted that the laser distance meters have recorded many spike throughout the monitoring period. 

Their data are therefore not reliable in order to perform evaluations on the structural health of the tower. 

 Long Base Invar  Deformeters 

Long base Invar Deformeters A-FO-F1- A-FO-F2 

Long base deformeters F1 and F2, installed at the south-west corner base of the Asinelli tower (corner 

under the slope), measure the horizontal and vertical masonry deformation, respectively, (displacement 

between two points, positive values indicates that the distance between the two extremes of the 

instrument is increasing). In more detail, Figure 5-12a displays the row-data, e.g. displacements versus 
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time over years 2011-2016. In the same graph, also the temperature variation (as recorded by the 

thermometer T1) is displayed. The temperature effect is significant and for these specific instruments 

the recorded data are out-of-phase with respect to temperature data (a high inverse correlation is 

evidenced). Figure 5-12b and d represents the time-history of the daily amplitude. The values of the 

daily amplitudes recorded during the cold season are one order of magnitude less than those recorded 

during the hot season. Figure 5-12c and e show the absolute daily residuals (with reference to the first 

year of monitoring) as evaluated for F1 and F2, respectively. These quantities allow to quantify the 

evolutionary trend of the signals. For F1 a cumulative trend of +0.02mm (meaning increase in tension 

in the horizontal direction) and for F2 a cumulative trend of -0.017 mm (meaning increase in 

compression in the vertical direction) has been observed in the six years. 

 

 

(a) 

 

(b)éééééééééééééééééé..(c) 
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(d)éééééééééééééééééé..(e) 

Figure 5-12: Long base Invar Deformeters A-FO-F1- A-FO-F2: (a) row-data recorded by F1 and F2 considering 

also the temperature variation, as recorded by the thermometer T1, (b)and (c) time-history of the ñdaily 

amplitude and absolute daily residuals evaluated for F1 and (d),(e) time-history of the ñdaily amplitude and 

absolute daily residuals evaluated for F2 

 

Long base Invar Deformeters A-FO-F3- A-FO-F4 

Long base deformeters F3 and F4, installed at the West front of the Asinelli tower (at the height of 34 

m), measure the horizontal and vertical masonry deformation, respectively. Similarly, Figure 5-13a 

displays the row-data and the temperature variation (as recorded by the thermometer T1). The 

temperature effect is significant and also for these instruments the recorded data are out-of-phase with 

respect to temperature data. Figure 5-13b and d represents the time-history of the ñdaily amplitudeò. The 

values of the daily amplitudes recorded during the cold season are one order of magnitude less than 

those recorded during the hot season. Figure 5-13c and e show the absolute daily residuals as evaluated 

for F3 and F4, respectively. F3 shows a cumulative trend of -0.07 mm (meaning increase in compression 

in the horizontal direction) and F4 a cumulative trend of -0.002 mm (meaning increase in compression 

in the vertical direction) in the six years. 
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(a) 

 

(b)éééééééééééééééééé..(c) 

 

(d)éééééééééééééééééé..(e) 

Figure 5-13: Long base Invar Deformeters A-FO-F3- A-FO-F4: (a) row-data recorded by F3 and F4 considering 

also the temperature variation, as recorded by the thermometer T1, (b)and (c) time-history of the ñdaily 

amplitude and absolute daily residuals evaluated for F3 and (d),(e) time-history of the ñdaily amplitude and 

absolute daily residuals evaluated for F4 
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Long base Invar Deformeters A-FO-F5 

Long base deformeters F5, installed at the same position of F4 but inside of the Asinelli tower, measure 

the vertical masonry deformation. Figure 5-14 displays the row-data and the temperature variation (as 

recorded by the thermometer T2). The recorded data are out-of-phase with respect to temperature data. 

The absolute daily residuals displays a cumulative trend of +0.03 mm (meaning increase in tension in 

the vertical direction) in the six years. 

 

Figure 5-14: Long base Invar Deformeters A-FO-F5: row-data recorded by F5 considering also the temperature 

variation, as recorded by the thermometer T2, and the absolute daily residuals evaluated  

Long base Invar Deformeters A-FS-F6-A-FS-F7 

Long base deformeters F6 and F7, installed at the south-west corner base of the Asinelli tower (corner 

under the slope-South Front), measure the horizontal and vertical masonry deformation, respectively. 

Also in this case, Figure 5-15 a displays the row-data and the temperature variation (as recorded by the 

thermometer T1). F6 recorded a drop in the 21th June 2013 due to a malfunction of the instrument that 

influence its trend. The recorded data by F7 are out-of-phase with respect to temperature data. The values 

of the daily amplitudes recorded during the cold season are around one order of magnitude less than 

those recorded during the hot season (Figure 5-15b, d). The time history of the absolute daily residuals 

display for F6 a cumulative trend of -0.1 mm (meaning increase in compression in the horizontal 

direction) and for F7 a cumulative trend of -0.02 mm (meaning increase in compression in the vertical 

direction) in the six years (Figure 5-15c, e). It is noted that the high value of the residue recorded on the 

six years by F6 is due to the drop. Considering only the last years, the absolute daily residuals display a 

cumulative trend of -0.03 mm. 
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(a) 

 

(b)éééééééééééééééééé..(c) 

 

(d)éééééééééééééééééé..(e) 

Figure 5-15: Long base Invar Deformeters A-FS-F6- A-FS-F7: (a) row-data recorded by F6 and F7 considering 

also the temperature variation, as recorded by the thermometer T1, (b)and (c) time-history of the ñdaily 

amplitude and absolute daily residuals evaluated for F6 and (d),(e) time-history of the ñdaily amplitude and 

absolute daily residuals evaluated for F7 
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Long base Invar Deformeters A-FO-F8 

Long base deformeters F8, installed at the South front of the Asinelli tower (at the height of 34 m), 

measure the vertical masonry deformation. Figure 5-16 displays the row-data and the temperature 

variation (as recorded by the thermometer T1). The recorded data are out-of-phase with respect to 

temperature data. During the first year the sensor record anomalous data, therefore, the reference 

quantities were calculated starting from the 2013. The absolute daily residuals displays a cumulative 

trend of -0.004 mm (meaning increase in compression in the vertical direction) in the five years. 

 

Figure 5-16: Long base Invar Deformeters A-FS-F8: row-data recorded by F8 considering also the temperature 

variation, as recorded by the thermometer T1, and the absolute daily residuals evaluated 
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In Table 5-7 the mean values over the period monitored of the reference quantities are collected for all 

the long base deformeters. 

Table 5-7-Men values of the reface quantities over the six years of monitoring for the 8 long base deformeters 

Sensor Year 
,day jd  

[mm] 

rp daym  

[mm] 

r daym  

[mm] 

yearM  

[mm] 

yearS   

[mm] 

RpMyear  

[mm] 

MyearR  

[mm] 

A-FO-F1 mean 0.008 0.003 0.022 12.067 0.182 -0.001 0.016 

A-FO-F2 mean 0.040 -0.016 -0.017 12.943 0.444 -0.019 -0.016 

A-FO-F3 mean 0.101 -0.025 -0.071 9.545 0.504 -0.026 -0.071 

A-FO-F4 mean 0.037 -0.007 -0.002 11.997 0.354 -0.011 0.005 

A-FO-F5 mean 0.007 0.006 0.032 13.321 0.042 0.006 0.033 

A-FS-F6 mean 0.006 -0.031 -0.109 13.848 0.097 -0.031 -0.105 

A-FS-F7 mean 0.017 -0.016 -0.019 12.352 0.283 -0.017 -0.012 

A-FS-F8 mean 0.008 -0.017 -0.004 6.648 0.163 -0.005 -0.006 
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 Deformeters 

The deformeters D3 and D4 recorded a malfunction during the six years of monitoring and their data 

are not reliable. For this reason, the data recorded by these devices are not considered. 

Deformeters A-FO-D1-A-FO-D2 

The deformers D1 and D2 record a small movements indicating that the two monitored cracks are in a 

stable condition. In particular, the movements of the crack monitored by D2 are often smaller than the 

full scale of the sensor (Figure 5-17). 

 

Figure 5-17: Deformeters D1 and D2 installed on two cracks located in the West front of the tower 

 

Deformeters A-FE-D5 

Deformeters D5 monitor the movements of a crack in the East front of the tower. The recorded data by 

D5 are out-of-phase with respect to temperature data. Also in this case, the sensor record anomalous 

data during the first year, therefore, the reference quantities were calculated starting from the 2013. The 

absolute daily residuals displays that the crack is opening of 0.003 mm in the last five years (Figure 

5-18). 
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Figure 5-18: Deformeters D5 installed on crack located in the East front of the tower 

 

In Table 5-8 the mean values over the period monitored of the reference quantities are collected for the 

deformeters D1, D2, D5. 

 

Table 5-8- Men values of the reface quantities over the six years of monitoring for the deformeters 

Sensor Year 
,day jd  

[mm] 

rp daym  

[mm] 

r daym  

[mm] 

yearM  

[mm] 

yearS   

[mm] 

RpMyear  

[mm] 

MyearR  

[mm] 

A-FO-D1 mean 0.0151 -0.0028 -0.0045 28.3604 0.0918 -0.0025 -0.0072 

A-FO-D2 mean 0.001 0.001 0.003 28.362 0.102 -0.005 -0.010 

A-FE-D5 mean 0.003 0.002 0.003 28.362 0.102 -0.005 -0.008 
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 Extensometers 

The general trend recorded by the extensometers is similar to that recorded by the long base deformeters: 

the recorded data are out-of-phase with respect to temperature data and the values of the daily amplitudes 

recorded during the cold season are one order of magnitude less than those recorded during the hot 

season. This can be related to the thermal contraction of the masonry. 

Extensometers A-FO-E1- A-FO-E2- A-FO-E3 

Extensomiters E1, E2 and E3, installed on the still ties in the West front at the base of the Asinelli tower, 

measure the stress state of the ties. In more detail, Figure 5-19a displays the row-data recorded by the 

extensometers with the temperature variation (as recorded by the thermometer T1). The values of the 

daily amplitudes recorded during the cold season are one order of magnitude less than those recorded 

during the hot season (Figure 5-19 b, d, f). The absolute daily residuals reveal for E1 a cumulative trend 

of -4ɛŮ (meaning decrease in stress), for E2 a cumulative trend of -30 ɛŮ, and for E3 a cumulative trend 

of -5 ɛŮ, in the six years (Figure 5-19 c, e, g). 

 

(a) 
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(b)éééééééééééééééééé..(c) 

 

(d)éééééééééééééééééé..(e) 

 

(f)éééééééééééééééééé..(g) 

Figure 5-19: Extensometers A-FO-E1- A-FO-E2- A-FO-E3: (a) row-data recorded by E1, E2 and E3 considering 

also the temperature variation, as recorded by the thermometer T1, (b), (c) time-history of the ñdaily amplitude 

and absolute daily residuals evaluated for E1, (d),(e) time-history of the ñdaily amplitude and absolute daily 

residuals evaluated for E2 and (f),(g) time-history of the ñdaily amplitude and absolute daily residuals evaluated 

for E3. 

 

Extensometers A-FS-E4- A-FS-E5- A-FS-E6 

Extensomiters E4, E5 and E6, installed on the still ties in the South front at the base of the Asinelli 

tower, measure the stress state of the ties. In more detail, Figure 5-20a displays the row-data recorded 

by the extensometers with the temperature variation (as recorded by the thermometer T1). The recorded 

data are out-of-phase with respect to temperature data and the values of the daily amplitudes recorded 

during the cold season are around one order of magnitude less than those recorded during the hot season 
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(Figure 5-20 b, d, f). The absolute daily residuals reveal for E4 a cumulative trend of -5ɛŮ (meaning 

decrease in stress), for E5 a cumulative trend of -14 ɛŮ, and for E6 a cumulative trend of -14 ɛŮ, in the 

six years monitored (Figure 5-20 c, e, g). 

 

(a) 

 

(b)éééééééééééééééééé..(c) 
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(d)éééééééééééééééééé..(e) 

 

(f)éééééééééééééééééé..(g) 

Figure 5-20: Extensometers A-FS-E4- A-FS-E5- A-FS-E6: (a) row-data recorded by E4, E5 and E6 considering 

also the temperature variation, as recorded by the thermometer T1, (b)and (c) time-history of the ñdaily 

amplitude and absolute daily residuals evaluated for E4, (d) and (e) time-history of the ñdaily amplitude and 

absolute daily residuals evaluated for E5 and (f) and (g) time-history of the ñdaily amplitude and absolute daily 

residuals evaluated for E6. 

 

In Table 5-9 the mean values over the period monitored of the reference quantities are collected for all 

the extensometers. 

Table 5-9- Men values of the reface quantities over the six years of monitoring for the extensometers 

Sensor Year 
,day jd  

[ɛŮ] 

rp daym  

[ɛŮ] 

r daym  

[ɛŮ] 

yearM  

[ɛŮ] 

yearS   

[ɛŮ] 

RpMyear  

[ɛŮ] 

MyearR  

[ɛŮ] 

A-FO-E1 mean 38.93 -0.96 -3.96 2256.89 213.17 -2.23 -4.13 

A-FO-E2 mean 88.22 -8.46 -27.16 1885.19 417.68 -9.49 -24.73 

A-FO-E3 mean 59.48 0.40 -5.39 2322.23 360.76 -0.80 -3.62 

A-FS-E4 mean 38.73 -7.24 -5.34 1916.48 7288.12 -7.03 -1.47 

A-FS-E5 mean 66.68 -5.03 -14.16 2962.70 254.58 -4.52 -10.79 

A-FS-E6 mean 29.29 -5.18 -13.86 2421.53 137.48 -5.59 -13.64 
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 Inclinometers 

It should be noted that the inclinometers measure the inclination in the x-direction and y-direction of the 

wall: the x component record positive value along the South-East direction and the y component record 

positive value along the North-East direction. Moreover, almost all the inclinometers recorded an 

anomalous behaviour in the first/second year of monitoring. In this case, the reference quantities have 

been calculated starting from the 2013. 

Inclinometer A-FO-I1 

Inclinometer I1 is installed at the west front of the Asinelli tower (at the height of 17.60 m). The sensor 

recorded a drop in the 20th February 2013 due to a malfunction that influence its trend. Figure 5-21 a 

display the row-data by I1 and the temperature variation (as recorded by the thermometer T1). Figure 

5-21 b and c show the absolute daily residuals as evaluated for I1 x-direction and I1 y-direction, 

respectively. It is noted that the high value of the residuals recorded on the six years by I1 is due to the 

drop recorded. Considering only the last years, the cumulative daily residuals reveal for the x component 

a cumulative trend of -0.009° (meaning increase in the inclination in the North-West direction) and for 

the y component a trend of -0.019° (meaning decrease in the inclination in the North-East direction). 

 

(a) 
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(b)éééééééééééééééééé..(c) 

Figure 5-21: Inclinometer A-FO-I1: row-data recorded by I1 considering also the temperature variation, as 

recorded by the thermometer T1, and (b),(c) the absolute daily residuals evaluated for both X and Y direction 

Inclinometer A-FO-I2 

Inclinometer I2 is installed at the West front of the Asinelli tower (at the height of 38.0 m). Figure 5-22 

a display the row-data by I2 and the temperature variation (as recorded by the thermometer T1). It can 

be noticed that the data recorded by I2 in the y direction are in phase with respect to temperature data. 

The absolute daily residuals reveal for the x component a cumulative trend of -0.0001° (stable condition) 

and for the y component a trend of +0.007° (meaning decrease in the inclination in the South-West 

direction). 

 

(a) 
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(b)éééééééééééééééééé..(c) 

Figure 5-22: Inclinometer A-FO-I2: row-data recorded by I2 considering also the temperature variation, as 

recorded by the thermometer T1, and (b),(c) the absolute daily residuals evaluated for both X and Y direction 

 

Inclinometer A-FO-I3 

Inclinometer I3 is installed at the West front of the Asinelli tower (at the height of 55.8 m). The data 

recorded by I3 in the y-direction are in phase with respect to temperature data (Figure 5-23 a). The 

absolute daily residuals reveal for the x component a cumulative trend of -0.02° (increase in the 

inclination in the North-West direction) and for the y component a trend of -0.005° (meaning increase 

in the inclination in the South-West direction). 

 

 

(a) 
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(b)éééééééééééééééééé..(c) 

Figure 5-23: Inclinometer A-FO-I3: row-data recorded by I3 considering also the temperature variation, as 

recorded by the thermometer T1, and (b),(c) the absolute daily residuals evaluated for both X and Y direction 

 

Inclinometer A-FO-I4 

Inclinometer I4 is installed at the West front of the Asinelli tower (at the height of 87.5 m). The data 

recorded by I4 are in phase with respect to temperature data (Figure 5-24 a). The absolute daily residuals 

reveal for the x component a cumulative trend of +0.01° (increase in the inclination in the South-East 

direction) and for the y component a trend of +0.001° (meaning increase in the inclination in the North-

East direction). 

 

 

(a) 
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(b)éééééééééééééééééé..(c) 

Figure 5-24: Inclinometer A-FO-I4: row-data recorded by I4 considering also the temperature variation, as 

recorded by the thermometer T1, and (b),(c) the absolute daily residuals evaluated for both X and Y direction 

 

Inclinometer A-FS-I5 

Inclinometer I5 is installed at the South front of the Asinelli tower (at the height of 19.7 m). The data 

recorded by I5 are in phase with respect to temperature data recorded by T1 (Figure 5-25 a). The absolute 

daily residuals reveal for the x component a cumulative trend of -0.003° (decrease in the inclination in 

the South-East direction) and for the y component a trend of -0.005° (meaning decrease in the inclination 

in the North-East direction). 

 

 

 

(a) 


































































































































































































































































































































































































































































































































































































































