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Chapter 1 

INTRODUCTION 

Protection of cultural and architectural heritage represents an 

interdisciplinary challenge due to the coexistence of historical, artistic 

and structural issues (Marra 2015). Aging of materials and components 

due to either time or environmental effects represents one of the 

problems to be tackled in preserving cultural heritage. This is quite 

visible in many European Countries, including Italy, where many 

modern cities grew around historical centres thus the historical centres 

are being affected by continuous and irregular evolution over time, so 

that the present structural condition is very complex due to the effect 

of extensive interactions. 

On the other hand, the destructive effects of recent earthquakes - 

Emilia, 2012; Gorkha, Nepal, 2015; Central Italy, 2016-17 - confirmed 

the need of developing effective and reliable procedures for 

performance assessment of historical structures in seismic areas 

(EN1998-3 2005). The activity of the Italian Authorities showed a 

strong effort in this field with the release of a comprehensive program 
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aimed at assessing the seismic vulnerability of critical buildings and 

infrastructures including historical and architectural assets. Such 

programme is also integrated with a continuous development of 

national seismic code provisions. With the help of an interdisciplinary 

effort focused on the application of the seismic performance 

assessment procedures to cultural and architectural heritage, standard 

results can be obtained in compliance with the conservation principles 

(The Charter of Krakow 2000) In addition, the probabilistic approach 

of seismic safety management of structures is becoming very popular 

in the scientific and technical community, due to the enhancement of 

analysis techniques and the increment in the computational 

capabilities of non-linear analysis software programmes. 

However, numerical analyses are often very complex due to significant 

uncertainties in the characterization of material properties and 

structural behaviour. Besides this, the reliability of seismic analyses is 

often jeopardized by the need of definition of an appropriate structural 

and dynamic model. The unique structural configurations, the old 

construction techniques and the presence of stratified structural 

modifications that took place over the centuries make the definition of 

an appropriate and reliable numerical model very challenging. The 

possibility of applying the dynamic procedures for the seismic 

assessment can represent a valid tool in understanding the seismic 

behaviour of the existing historical constructions. 
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1.1 BACKGROUND OF THE SEISMIC VULNERABILITY FOR THE 

ARCHITECTURAL HERITAGE 

 Masonry buildings are the most common structural typology in the 

Italian historical centres. They are often the result of continuous urban 

development in a particular areas yielding large structural aggregates 

(Formisano et al. 2015). Due to the progressive transformation of the 

urban centres, distinguishing the structurally independent units and 

identifying the global response of the building as a whole are often 

very difficult tasks. In fact, distribution of seismic actions strongly 

depends on the dynamic properties of the architectural complex and 

its geometrical and mechanical configurations (Elnashai and Di Sarno 

2015). Thus, seismic vulnerability assessment of masonry aggregates in 

the Italian historical centres represents a challenging problem due to 

the difficulties in reliably predicting their behaviour under earthquake 

loadings and defining appropriate seismic protection measures in the 

presence of structural weakness. 

The problem of the characterization of the reference unit/component 

for the evaluation of seismic performance of masonry buildings is fully 

within the approach of the regulatory framework, not only in the case 

of historic constructions but also in the case of the traditional masonry 

building stocks in many historical sites in the big cities, towns and 

villages in Italy. It is obvious that historical buildings are integral part 

of the built environment and thus deserve to be preserved 

(Lagomarsino and Cattari 2015).  
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The urban texture of historical city centers, in terms of their 

construction, reveals considerable differences in terms of geographical, 

cultural and technical backgrounds. The differences result in buildings 

with typical local characteristics and authenticity that justify 

conservation of heritage structures. 

Apart from this, the high vulnerability of historic masonry buildings to 

seismic actions needs to be considered, mainly due to the lack of 

proper connections between the various structural elements (masonry 

walls, wooden beams in the floors and wooden beams on the roof). 

These conditions often lead to overturning collapse of the perimeter 

walls under seismic excitation. Simplified limit state analysis methods 

are often used for safety analysis and design of strengthening 

interventions (Direttiva 2011). 

The preservation of the cultural heritage in seismic areas, therefore, 

requires a strategic plan and a suitable methodology that includes a 

rational approach of multidisciplinary knowledge.  

The issue of seismic vulnerability assessment of existing masonry 

building takes on particular characteristics due to the difficulties in 

reliably forecasting their behaviour in the seismic field or provide 

suitable seismic prevention measures in the presence of structural 

weakness. To this end, the seismic assessment involves over the 

historical structures also the traditional masonry buildings present in 

many historical centers of the big cities or the numerous villages. Also, 

the architectural and cultural heritage can be viewed as strong social 
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and economic contributions for the cities and countries by providing 

an attraction. 

Recent Italian guidelines (CNR DT 212. 2012), in agreement with the 

seismic design code (NTC 2018), suggests the adoption of a 

probabilistic approach for seismic safety management of structures 

due to the enhancement of analysis techniques and advancement in 

computational capabilities of non-linear software programmes. 

Numerical analysis is a complex task, because of several uncertainties 

associated with the mechanical properties of materials, structural 

scheme and structural details. This is a very relevant difference 

between modern constructions and existing masonry buildings. So, 

relevant codes at national and international level recommend the 

assessment of local as well as global mechanisms whenever existing 

constructions are concerned. The implementation of policies to seismic 

prevention, whose aim is safeguarding the protected artistic assets, 

requires knowledge, on a different scale, of the risk which existing 

artefacts are subjected for the seismic safety assessment and design of 

the interventions of cultural heritage is therefore necessary to reach an 

adequate knowledge of the structure, in order to identify the 

characteristics of the elements that determine the structural behaviour. 

It can be obtained with different levels of details, according to criteria 

based on the accuracy of the reliefs and historical investigations, in 

recognition of the use of rules of art, identification of the level and type 

of damage, ability to reconstruction of the history of the building in 

relation to seismic events, results of experimental investigations, of 
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assess the impact of any evidence including weak earthquakes, in the 

preservation of the building.  

The acquisition of a sufficient level of security and protection with 

respect to seismic risk is guaranteed, for architectural artefacts of 

historical and artistic interest, considering three limit states: The Limit 

State of Protection of Life (LPS), in the case of rare and strong intensity 

earthquakes, and for the Damage Limit State (DLS) for earthquakes 

less intense but more frequent. In the case in which the artefact 

analysed has some characteristics in parts of it or localized in defined 

areas of the same environment such that a reference earthquake with 

intensity and frequency can cause damage to parts or elements that 

entail an irretrievable loss to the cultural heritage, it is necessary to 

define a new specific limit state called Artistic Limit State (ALS). The 

analysis to the Artistic Limit State is done exclusively at the local level, 

in the parts of the building that are characterized by elements whose 

loss would result in irreparable damage to cultural heritage which is, 

not recoverable with the procedures and methods of conservation. 

A significant attention has been aimed at investigating the seismic 

behaviour of buildings and historical and monumental complex and 

about methods of restoration, to establish criteria and methods to 

operate interventions that are respectful of cultural values and at the 

same time rational and efficient.  
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1.2 MOTIVATION FOR THE RELIABLE PROCEDURES FOR 

PERFORMANCE ASSESSMENT OF HISTORICAL STRUCTURES 

IN SEISMIC AREAS 

Heritage Constructions (HC) are exposed to natural and 

anthropogenic hazards and need a careful consideration from the 

technical point of view whenever their preservation and protection are 

concerned. The task is very complex for all the competences involved 

in the process and above all for structural engineers who must deal 

with the safety of structure and users.  

The high seismic risk and the large number of historical buildings and 

distributed over the territory make Italy a unique laboratory for the 

development and testing of innovative procedures for seismic 

vulnerability assessment of the cultural heritage. Many studies on 

protection forma seismic risk of cultural heritage have been produced 

in recent years.  

More attention has been expected at investigating the seismic 

behaviour of artefacts and architectural complexes and methods of 

restoration, to establish criteria and methods to operate interventions 

with respect to cultural values and at the same time rational and 

efficient. 

The damage scenarios related to masonry buildings, show that the 

earthquake does not affect the entire complex severely in total, but the 

damage would be concentrated to some structural parts and the 

weakest technological solutions, activating mechanisms that are easily 
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identifiable and catalogable in many cases. To overcome this problem, 

an approach based on the concept of the macroelements has been 

proposed a few years ago and since then repeatedly used to recognize 

the collapse mechanisms in the different macroelements. 

 

Figure 1.1. Collapse mechanisms 

The Architectural heritage are particularly vulnerable to dynamic 

actions, with a special focus on seismic action. Owing to the age as 

well as environmental factors, many cultural heritage buildings, as 

well as structures planned and constructed in the past, are vulnerable 

to dynamic loads, which may unpredictably induce a collapse of a 

portion or lead the whole structure to a rapid failure.  

The absence of adequate connections between the various parts, 

irregularities in plan and elevation and presence of flexible floors 

increase the vulnerability of historical masonry buildings to seismic 
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actions. The systematic documentation of damage identifies two 

categories of architectural complexes: The first includes all those 

structures historically affected by interventions that have led to the 

presence of significant percentages of stiff floors connected to the 

masonry. For this class of buildings, the participating mass ratios 

associated with the fundamental modes are appreciable and thus 

application of non-linear static analysis methods can be expected 

easily. The second category consists of structures characterized by very 

small values of participating mass ratios, suggesting the existence of 

local vibration modes. In the former case, a global “box-like” 

behaviour can be observed; whereas in the latter, subdivision of the 

building into subassemblies of relevant structural elements (macro-

elements) that can be extracted and analysed separately from the rest 

of the complex, and analysis of local mechanisms according to the 

kinematic approach are recommended. In the literature, there are some 

approaches employed to analyse the seismic behaviour of masonry 

building. Accurate simulation of the structure subjected to seismic 

action should be in principle carried out by means of Non-Linear 

Dynamic Analysis (NLDA). This means that an exhaustive knowledge 

of the cyclic response of materials and structural components exists 

and it can be integrated in the non-linear constitutive laws 

implemented in dedicated software programs. It is easy to recognize 

that a similar approach can be unsuitable for general applications, not 

only due to the high level of complexity of the procedure, but also due 
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to the need of field investigations aimed at assessing the actual 

properties of materials and components.  

This is the reason why, simplified methodologies of structural analyses 

have been defined during time. They are based on the application of a 

distribution of quasi-static forces, which depends on the dynamics of 

the structure. The structural analysis is carried out in the elastic field 

(Elastic Static Analysis, ESA). For this reason, it can be reasonably 

applied to the design of new structures, but it shows some drawbacks 

and limitations in the analysis of the existing ones.  

Another analysis option is the Response Spectrum Analysis (RSA) that, 

starting from a de-tailed knowledge of the dynamics of the structure, 

this combines the different contributions of the most relevant modes of 

vibration to the demand parameters (displacements, forces). The 

seismic performance assessment is again carried out under the 

assumptions of elastic response of materials and components and 

reduced spectral intensities of the seismic action, consider the 

structural energy dissipation. 

In recent years, non-linear static analyses - Push-Over Analyses, POA – 

have become very popular because of the moderate computational 

efforts and the possibility to track inelastic phenomena associated to 

the energy dissipation of the structure. On the analogy with ESA, POA 

are strictly related to the distribution of inertial forces acting on the 

structure during the loading process, so that the drawbacks and 

limitations of the approach are similar to those of the ESA. In 

particular, both ESA and POA are based on the existence of modes that 
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dominate the dynamics of the structure, so that the response of the 

structure under the seismic action basically depends on the same 

modes. 

 This is the reason why limitations in terms of participating mass of the 

fundamental modes are defined for both ESA and POA, and a target 

cumulative mass participation factor (0.85) is prescribed to modal 

analysis-based RSA. 

The participating mass ratio is a measure of the amount of the total 

mass participating in the mode of interest: a mode characterized by a 

large effective mass can be addressed as a significant contributor to the 

total structural response. It is therefore clear that the dynamics of the 

structure under consideration for seismic performance assessment, and 

the nature and characteristics of the local and global constitutive 

relationships dictate the complexity of the seismic calculations: the 

more regular the structure from the dynamic standpoint, the simpler 

the structural analysis would be. 

The above concepts are clearly reflected in the seismic codes aimed at 

providing rules for design and assessment of structures depending on 

the selected structural system and the associated material for 

construction. Use of traditional construction materials such as masonry 

and wood are common in cultural heritage structures, whose 

structural response also depends on construction techniques. 

In addition, fundamental mode shapes do not necessarily characterize 

the dynamics of the whole structure, so that local mechanisms, for 

instance out-of-plane overturning of walls, represent the key features 
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of the structure subjected to seismic actions. The coexistence of local 

and global mechanisms and their interaction represents one of the 

most relevant issues in the seismic structural analysis of historical 

structures.  

A general approach to seismic safety assessment should analyse the 

building within the complex, but this approach requires extensive 

analyses of the entire architectural complex. As a consequence, an 

appropriate structural modelling (spatial scale, structural scheme and 

type of analysis) should start by classifying the investigated building: 

1. Structures which tend to an isolated building behaviour; 2. 

Structures that have a global configuration behaviour; 3. Structures 

characterized by a complex interaction among the buildings.  

In other words, the complex dynamics of historical structures, that 

depends on many components, in principle can be analysed by 

dividing the structure in the so-called macro-elements (the basic 

element of the local analyses) or in structural units, i.e. buildings or 

assemblage of horizontal and vertical structures that can be extracted 

and separately analysed from rest of the complex without any loss of 

significance of the seismic analyses.  

The concept is not completely new, since it is a traditional problem in 

other engineering fields like the mechanical one (De Klerk et al 2008). 

The most relevant problem in selecting the macro-elements is the lack 

of operational recommendations in seismic codes, so that sub-

assembling is sometimes avoided.  
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When macro-elements are considered, their identification is usually 

based on the engineering judgment of the operator without the 

support of rational tools of analysis 

In any case it is easy to recognize the fundamental role of modal 

analysis, which cannot be disregarded in relation to its complexity. 

Modern instruments and software packages for the architectural and 

structural representation are effective options for the analyst, so that 

detailed modal analyses can be carried out. An effective support to the 

analysis of historical structures comes from Operational Modal 

Analysis – OMA – (Rainieri e Fabbrocino 2014) and model updating 

techniques (Friswell & Mottershead 1995), which have been proved to 

be valuable tools for indirect non-invasive structural assessment 

(Rainieri et al 2014, Conte et al 2011). However, an extensive 

experimental analysis of large architectural complexes is definitely 

expensive and sometimes infeasible. Nevertheless, some tools 

traditionally used in the context of experimental modal analysis can be 

profitably used also to compare the results of purely numerical 

analyses and check the effectiveness of sub-structuring. 

In addition, monuments significantly contribute to the economy of 

cities and countries by providing key attractions. In this context, 

structural damage identification at an early stage plays an important 

role for developing effective and reliable procedures for performance 

assessment of historical structures in seismic areas (L F Ramos et al., 

2010). Damage on masonry structures mainly relates to cracks, 

foundation settlements, material degradation and displacements. 
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When cracks occur, they are generally localized, splitting the 

structures in macroblocks. Dynamic based methods to assess the 

damage are an attractive tool to this type of structures because they are 

non-destructive methods and are able to capture the global structural 

behaviour. Moreover, being motivated by the above reasons, this work 

aims at exploring damage in masonry structures at an early stage by 

vibration measurements. 

1.3 OUTLINE OF THE THESIS 

The thesis is organized in seven chapters as follows: 

− Chapter 1 is the introduction to the work, with the 

motivation, the motivation, the background, the focus of the 

thesis, as well as the outline of the thesis; 

− Chapter 2 addresses the state of the art on system 

identification based on vibration measurements. Secondly 

presents some remarks on the dynamics of heritage 

structures. Finally, an overview of experimental 

substructuring methods is presented;  

− Chapter 3 reviews the main analysis procedures about 

dynamic based damage identification techniques. The 

principal algorithm-based methods developed hitherto are 

described; 
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− Chapter 4 presents the numerical study on a well-

established vector correlation index frequently used in the 

field of experimental modal analysis; 

− Chapter 5 performs the validation of the Modal Assurance 

Criteria (MAC) procedure identification carried out in the 

context of an isolated masonry building. 

− Chapter 6 describes the experimental campaign carried out 

on the masonry arch replica. The arch model was built in the 

laboratory where a controlled damage not recoverable 

(support movement) was applied. The dynamic response of 

the system was processed based on the spectral output. 

Issues addressed are the preliminary numerical model 

simulations for static and dynamic behaviour of the arch, the 

description of the static tests series, including the observed 

damage pattern, the system identification tests on each 

scenario; 

− Chapter 7 summarizes the main conclusion from each 

chapter and a proposal for future works. 
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Chapter 2 

VIBRATION BASED OF DYNAMIC 

IDENTIFICATION: BACKGROUND 

AND OPEN ISSUES 

2.1 INTRODUCTION 

The present chapter is dedicated to description of fundamental 

theoretical of the system identification based on vibration signatures. 

Basic notions to approach the topics analysed in the below of the thesis 

was provides. The chapter deals briefly with the differences between 

the classical experimental modal analysis approach such as conducted 

in the MST – and the OMA approach. This chapter introduces the 

theory of two major methods used in OMA: Frequency Domain 

Decomposition (FDD) and Stochastic Subspace Identification (SSI). 

Issues addressed include sensors selection, data acquisition systems 

and test planning.  
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2.2 BASICS OF DYNAMIC 

A preliminary, review about the signals and systems would be 

definitely useful in the field of experimental dynamics. 

The theory notions about signals, systems and structural dynamics and 

indirectly defines the required cultural background with respect to the 

Operational Modal Analysis (OMA).  

A signal is any physical quantity varying with respect to one or more 

independent variables and associated to information of interest. A 

system converts an input signal into an output signal (Rainieri & 

Fabbrocino, 2014).  

The evaluation of the structural conditions to a given stimulus detects 

important information about the system. For instance, the analysis 

under wind load (input signal) and the swinging of a building (output 

signal) makes possible the identification of dynamic parameters of the 

structures investigated. 

Nevertheless, attention is herein focused on inverse approaches; where 

the output is known but either the input or the system characteristics 

are unknown. The attention is focused around the identification of the 

characteristics of the system when the output signal is known and 

some assumptions for the input are considered. 

The term noise refers to any undesired signal superimposed on the 

signal of interest. Thus, suitable data acquisition strategies must be 

adopted to reduce the level of noise that necessarily affects 

measurements.   
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Figure 2.1. System scheme for the Experimental Modal Analysis approach 
(Benjamin Greiner, 2009) 

2.2.1 Theory and classical formulation 

Structural dynamics theory outlines that an undamped structure with 

multiple degrees of freedom owns simple harmonic motion without 

changing the deflected shape, if free vibration is initiated under 

particular conditions (Chopra, 2001). 

 

Figure 2.2. Free vibration of an undamped system (Chopra, 2001): (a) system; 
(b) and (c) different representations of the first natural vibration mode 
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Whenever the initial static equilibrium position changes- whether by 

applying external dynamic forces or by imparting some initial 

displacement -, the structural system starts vibrating with a certain 

frequency until the mechanisms controlled by the damping and other 

sources of energy dissipation gradually reduce the amplitude of the 

motion and cause its decline (Figure 2.2). 

Thus, the dynamic response of a structure can be described by three 

main characteristics of dynamic systems: mode shape, frequency and 

damping ratio that define the modal properties of the system. 

However, the main property of a dynamic system from a mechanical 

and physical point of view are mass and stiffness. Considering the 

direct interdependence between dynamic and physical properties 

makes modal-based methods suitable tools for detecting the structural. 

The important role played by this relationship will be extensively 

discussed in Chapter 3.  

The mathematical methods used to characterize the dynamic 

behaviour of the systems are: The Classical Formulation, the Steady-

State Formulation and Auto-Regressive Models. The attention is 

focused on the Classical formulation. Main difference between the 

dynamic and the static analysis is the time dependency of the dynamic 

approach. In fact, the response of the structure in terms of 

displacements, velocities, accelerations or internal forces is connected 

to the accelerations that take place due to inertia forces. The observed 

free vibration response of a Single-Degree-of-Freedom (SDOF) system 
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under a set of initial conditions is an example of deterministic data, 

since it is governed by an explicit mathematical expression depending 

on the mass and stiffness properties of the system: 

 𝑚𝑞̈(𝑡) + 𝑐𝑞̇(𝑡) + 𝑘𝑒𝑞(𝑡) = 𝑝(𝑡) (2.1) 

where m is mass of the system, c is the damping constant, ke is the 

system stiffness and p(t) is the load vector, which is also time 

dependant. Here, the time derivates 𝑞̈(𝑡) and 𝑞̇(𝑡) represent the 

acceleration and the velocity of the system respectively. When an 

arbitrary force is acting in the system, the solution of this second order 

differential equation can be obtained by the Duhamel’s integral, valid 

for linear systems (Chopra, 2001). 

Another possibility is to achieve the solution of linear differential 

equation in the frequency domain, by applying the Fourier transform 

to the functions on both sides of (2.2). The Fourier transform X(ω) of a 

function x(t) is given by: 

 
𝑋(ω) = ∫ 𝑥(𝑡)𝑒−ωt𝑑𝑡

+∞

−∞

 
(2.2) 

where j is the imaginary number ( j2 = −1). As the time derivate of the 

frequency transform functions are given by the product j ω in the 

frequency domain, Eq.(2.1) can be rewritten as: 
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 −𝑚ω2𝑄(ω) + 𝑐𝑗ωQ(ω) + 𝑘𝑒𝑄(ω) = 𝑃(ω) (2.3) 

where, P(ω) and Q(ω) represent the Fourier transforms of the 

excitation p(t) and the response q(t) respectively. 

Solving the Eq. (2.3) with respect to Q(ω), it can be concluded that the 

response Fourier transform function directly depends on the excitation 

and on a complex function H(ω) equal to: 

 
𝐻(ω) =

𝑄(ω)

𝑃(ω)
 

(2.4) 

Finally, the desired solution q(t) is given by the inverse Fourier 

transform of Q(ω), given by: 

For a system with n degrees of freedom, the equations of motion are 

traditionally expressed in time domain, and for general MDOF system, 

the following set of linear, second order differential equations 

expressed in matrix form are provided 

 [𝑀]{𝑞̈(𝑡)} + [𝐶]{𝑞̇(𝑡)} + [𝐾]{𝑞(𝑡)} = {𝑝(𝑡)} (2.6) 

Where {𝑞̈(𝑡)} is the vector of acceleration; {𝑞̇(𝑡)} is the vector of the 

velocity and {𝑞(𝑡)} the displacement vector. [𝑀], [𝐶]𝑎𝑛𝑑[𝐾] define the 

 
𝑞(t) =

1

2𝜋
∫ 𝐻(ω) 𝑃(ω) 𝑒jωt𝑑ω

+∞

−∞

 
(2.5) 
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mass, damping and stiffness matrices, respectively; {𝑝(𝑡)} is the 

generalized force vector. As a result, the complete solution is obtained 

by superposition of eigensolutions. 

This is a standard formulation of the dynamic problem reported in 

several structural dynamics and modal analysis books (e.g. Chopra 

2001, Ewins 2000, Heylen et al 1998). The matrix differential equation 

of Equation 4.4 becomes a set of linear algebraic equations by applying 

the Fourier transform: 

 (−𝜔2[𝑀] + 𝑐𝑗𝜔[𝐶] + [𝐾]){𝑄(𝜔)} = {𝑃(𝜔)} (2.7) 

where {𝑄(𝜔)} and {𝑃(𝜔)} are the Fourier transforms of {𝑞(𝑡)} and 

{𝑝(𝑡)}, respectively; j is the imaginary unit. A linear time-invariant 

system can be, therefore, represented through its FRF, which is given 

by the ratio between the Fourier transforms of the output and the 

input. Finally, the total response of the MDOF system in the original 

geometric coordinates is obtained by the superposition of all the n = (1, 

2, …, N) modal contributions (Figure 2.3).   
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Figure 2.3. Total response as superposition of modal components (Clough & 
Penzien, 1993) 

2.3 METHODS FOR OPERATIONAL MODAL ANALYSIS (OMA) 

The Operational Modal Analysis (OMA) defines the class of modal 

identification methods based on response measurements only. 

The excitation is either transient (impact hammer testing), random, 

burst-random or sinusoidal (shaker testing). The advanced signal 

processing tools used in operational modal analysis techniques allow 

the inherent properties of a mechanical structure (resonance 

frequencies, damping ratios, mode patterns) to be determined by only 

measuring the response of the structure without using an artificial 

excitation. This technique has been successfully used in civil 

engineering structures (buildings, bridges, platforms, towers) where 

the natural excitation of the wind is used to extract modal parameters. 

This discipline has been systematized in the last two decades but early 

applications can be traced back to the beginning of modal testing in the 

Sixties (Rainieri, Fabbrocino, & Cosenza, 2007).  
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The first applications of OMA were mainly based on the analysis of 

PSDs and the identification of Operational Deflection Shapes (ODSs). 

An ODS represents the deflection of a structure at a particular 

frequency under a generic input and it is usually the result of the 

contribution of different modes. In early 1990s different number of 

methods working in time domain were developed as the Natural 

Excitation Techniques (NExT) and applied in combination with 

correlation functions, leading to the so-called output-only modal 

testing. Furthermore, at the end of the Nineties new effective output-

only modal identification techniques, such as the Frequency Domain 

Decomposition (FDD) and the Stochastic Subspace Identification (SSI), 

became available, overcoming the limitations of the previous 

techniques in dealing with closely spaced modes and noise. OMA is 

based on the following assumptions: 

− Linearity: the systems response given by the combination of 

inputs is equal to the same combination of the 

corresponding outputs; 

− Stationarity: the dynamic characteristics of the structure do 

not change over time; thus, the factors of the differential 

equations governing the dynamic response of the structure 

are independent of time; 

− Observability: the sensor layout has been defined to see the 

modes of interest.  
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The OMA methods can be classified depending on the advantages and 

limitations related to specific assumptions and data processing 

procedures. Each criterion points out a specific aspect common to 

different analysis methods and it is helpful to guide the user towards 

the choice of the favourite or most appropriate analysis method. The 

attention is focused on the domain of implementation. In fact, the 

OMA methods based on the analysis of response time histories or 

correlation functions are referred to as time domain methods, while 

the methods based on spectral density functions are referred to as 

frequency domain methods. The PSD function of the excitation is 

considered constant.  

2.3.1 Frequency Domain Decomposition method 

The basic method for output-only modal parameter identification is 

the Basic Frequency Domain (BFD) method, also known as the Peak-

Picking method. The name of the method is given so due to the fact 

that the modes are identified by picking the peaks in the Power 

Spectral Density (PSD) plots. 

The FDD method, presented by Brincker et al. (2000), can be visualized 

as an extension of the PP method, which assumes that resonant 

frequencies are well spaced in frequency and the contribution of other 

modes in the vicinity of that resonant frequency is null. This method 

was originally applied to FRFs and known as Complex Mode Indicator 

Function (CMIF) to point out its ability to detect multiple roots and, 
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therefore, the possibility to count the number of dominant modes at a 

certain frequency (Shih et al. 1988). A theoretical formulation of the 

method is based on the modal expansion of the structural response: 

 {𝑞(𝑡)} = [Φ]{𝑃(𝑡)} (2.8) 

where [Φ]is the modal matrix and {𝑃(𝑡)} the vector of modal coordinates. 

From Eq. (2.8) the correlation matrix of the responses can be 

computed: 

 [𝑅𝑞𝑞(𝜏)] = 𝐸[{𝑞(𝑡 + 𝜏)}{𝑞(𝑡)}𝑇] = [Φ][𝑅𝑝𝑝(𝜏)][Φ]𝑇  (2.9) 

The PSD matrix can be obtained from Equation (2.9) by taking the 

Fourier transform: 

 [𝐺𝑞𝑞(𝜔)] = [Φ][𝐺𝑝𝑝(𝜔)][Φ]𝐻 
(2.10) 

The PSD matrix of the modal coordinates is diagonal if they are 

uncorrelated. The superscript H denotes the conjugate transpose and 

the following relation can be established for the matrix Φ. 

Considering that the SVD of the PSD matrix at a certain frequency ω 

leads to the following factorization: 

 [𝐺𝑞𝑞(𝜔)] = [U][∑][V]𝐻 (2.11) 

Where [U] and [V] are the unitary matrices holding the left and right 

singular vectors and [∑] is the matrix of singular values for a 
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Hermitian and positive definite matrix, such as the PSD matrix, it 

follows that [U] = [V] and the decomposition of Equation (2.11) can be 

rewritten as: 

 [𝐺𝑞𝑞(𝜔)] = [U][∑][U]𝐻 (2.12) 

The comparison between Equation (2.10) and Equation (2.12) suggests 

that it is possible to identify a one-to-one relationship between singular 

vectors and mode shapes; moreover, the singular values are related to 

the modal responses and they can be used to define the spectra of 

equivalent SDOF systems characterized by the same modal parameters 

as the modes contributing to the response of the MDOF system under 

investigation. Assuming that only one mode is dominant at the 

frequency ω, and that the selected frequency is associated to the peak 

of resonance of the kth mode, the PSD matrix approximates to a rank 

one matrix with only one term on the right side of Eq. (2.10): 

 [𝐺𝑞𝑞(𝜔)] =  {𝑢1}{𝑢1}
𝐻 , 𝜔 → 𝜔𝑘 (2.13) 

In this contest, the first singular vector {𝑢1} represents an estimate of 

the mode shape of the kth mode and the corresponding singular value 

σ1 belongs to the auto PSD function of the equivalent SDOF system 

corresponding to the mode of interest. The FDD method was 

improved by Brincker et al. (2001) with the Enhanced FDD (EFDD) 

method. Basically, the first step of the EFDD is equal to the FDD 
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method but the estimation of frequency values and damping 

coefficients are calculated by the application of inverse FFT of each 

spectral density function for each mode shape. 

The comparison of the mode shape estimates {𝜙𝑘 }̂ peak with the 

singular vectors associated to the frequency lines around the peak 

leads to the identification of the singular values whose singular vectors 

show a correlation with {𝜙𝑘 }̂ higher than a user-defined threshold. 

The Modal Assurance Criterion (MAC) is used as a measure of the 

correlation between two modal vectors. ( Allemang and Brown 1982). 

Details are shown in the following section. 

2.3.2 Stochastic Subspace Identification Method 

The time domain methods and, in particular, the Stochastic Subspace 

Identification (SSI) method (Figure 2.4) deals directly with time series 

processing (DD-SSI), driven stochastic subspace identification). 

The Data-Driven Stochastic Subspace Identification (DD-SSI) method 

allows the estimation of the states directly from the experimental data 

by applying robust numerical techniques, such as SVD and QR 

decomposition (Rainieri & Fabbrocino, 2014). 

On the other hand, the implementation is not as friendly as the FDD 

method, and more processing time is needed during parameter 

estimation. The mathematical model has parameters that can be 

adjusted to minimise the deviation between the predicted system 

response and the measured system response.  
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Figure 2.4. Stochastic Subspace Identification method: (a) model calibration; (b) 
model parameter estimation dilemma; and (c) data driven with the poles 

selection through the several test setups (Ramos 2007) 

The main objective of the SSI method is the identification of the state 

matrix A and the output matrix C, see Eq.(2.38), which contain the 

information about the resonant frequencies, mode shapes vectors and 

damping coefficients. 

 𝑋𝑘+1 = 𝐴𝑥𝑘 + 𝑤𝑘 

𝑦𝑘 = 𝐶𝑥𝑘 + 𝑣𝑘 

(2.14) 

where wk is defined as the process noise resulted from input 

perturbations and modelling inaccuracy and vk is measured noise due 

to transducers and data acquisition disturbances. For further reading 

about State-Space Formulation, the reader is referred to Peeters (2000). 

The DD-SSI method as well as the FDD method are implemented, in the 

software ARTeMIS (SVS, 2018) that has been used in the applications 

described below. 
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2.4 SOME REMARKS ON THE DYNAMICS OF 

HERITAGE STRUCTURES 

The experimental modal analysis is more importance as a valuable tool 

for the execution of accurate structural analysis, and to obtain useful 

information in the assessment of the structural behaviour of existing 

buildings. In this context, the purpose of the monitoring does not 

consist only the identification of sudden or progressive damages, but 

also evaluating their performance under operational conditions or 

during some particular environmental conditions such as earthquakes. 

The use of dynamic identification techniques and monitoring systems 

is increasingly common tools in the structural analysis. The indirect 

and non-destructive assessment is suitable for historical buildings and 

monuments; in line with the principles of conservation and protection 

of the architectural heritage and to identify the dynamic response of 

the structure (fundamental natural frequencies, mode shapes and 

damping coefficients). The experimental identification tests combined 

with the numerical investigations can be considered as effective tools 

for the knowledge path of the historical buildings. In this framework, 

the objective of the dynamic tests in operational conditions is the 

reduction of the modelling uncertainties, in terms of the mechanical 

properties and which supports the setting of a reliable numerical 

model. In the case of historical structures, more attention on the 

opportunities provided by Operational Modal Analysis (OMA) is paid 

recently. OMA can be defined as the modal testing procedure that 
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allows the experimental estimation of the modal parameters of the 

structure from measurements of the ambient vibration response only. 

The idea behind OMA is to take benefit of the natural and freely 

available excitation due to operational loads and ambient forces (wind, 

traffic, micro-tremors, etc.) to replace the artificial excitation. In this 

context, OMA is very attractive because tests are cheap and fast when 

compared with the EMA procedures, and the benefit is that the test are 

easily conducted even in the operational condition of the structure. 

Moreover, the identified modal parameters are representative of the 

actual behaviour of the structure in its operational conditions as, they 

refer to the levels of vibrations. On the other hand, the main limit of 

the application is identified by a low ratio between signal and noise, 

thus, requires very sensitive, low-noise sensors and a high-

performance measurement chain. The OMA procedures as well as the 

EMA allow to evaluate the structural dynamic parameter as: natural 

frequencies, vibration modes and damping ratios. However, the 

random and not measured input in OMA, does not allow to define the 

effective modal mass corresponding to the principal modal shapes. For 

this reason, the numerical models and sensitivity analyses, can support 

the assessment of the adequacy of a measurement chain for the specific 

OMA application, in terms of frequencies and mass distribution 

representative of the real structure. 

During the last few years a large effort in the development of 

experimental and numerical studies on reinforced-concrete structures 



Chapter 2 - Vibration based of dynamic identification: background 

and open issues 

Vibration based methods for the structural assessment of historical structures 33 

 

is observed, which highlights the potential of this investigation tools. 

Details, and more advanced procedures can be found in the literature 

as well as in the recent design codes and guidelines (e.g. Eurocode 8, 

NTC 2018). While in the case of heritage structures, adopting 

proceedings for preserving a heritage demand a deeper knowledge on 

the structural behaviour due to heterogeneity and complexity of their 

structural systems. In this case, its characteristics are mostly provided 

by case-by-case approaches; often with repeated dynamic tests and 

structural health monitoring (SHM) schemes. Recent reports have 

elaborated some simplified dynamic monitoring procedures for 

different structural typology such as Churches, Towers and Palaces 

(Boscato et al. 2016).  

A possible classification of the structures as per the function of the 

dynamic parameters is particularly difficult for the historical masonry 

structures. The uncertainties such as the geometry, structural details, 

unique configurations, heterogeneity of the material, and the plano-

volumetric irregularities make this evaluation a complex task. 

However, Modern instruments and software packages for the 

architectural and structural representation, are effective options to 

assist the assessment process of Architectural Complex (AC). The FE 

modal analysis applications show the possibility to identify the main 

characteristics of the dynamic response. The modal parameter 

estimates provided by FE models are often not fully reliable, due to 

inaccuracies related to discretization and model setting. As a result, the 
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numerical model is typically not representative of the actual dynamic 

behaviour of the structure and a correction is needed to make it more 

adherent to the experimental observations as describe above. An 

interesting contribution as reported by Boscato et al. (2016) that 

comprises several numerical analyses to highlights a possible 

classification for different structural typology as a function of 

frequencies and modal mass participating, it was readapted as shown 

in Figure 2.5 and Figure 2.6. The comparison of the numerical data of 

the main modal shapes in each case, in terms of frequency and the 

effective modal mass, allows the definition of the main dynamic 

response and the relative parameters for the all typology investigated. 

Through the processing of this data, it was possible to remarks some 

important aspect  which can support effective and reliable procedures 

for performance assessment of historical structures  in seismic areas. 

In the case of churches (Figure 2.5a) the greater percentage of the 

effective modal mass is in correspondence to the longitudinal modes 

(10% 50%) is, related to the response in the plan (Y-direction). The 

other considerable percentage, below the 10% of effective modal mass, 

is related to the response that involves the macro elements in the out-

of-plane direction (X-direction). The results underline the local 

behavioural amplitude of this structural typology also if we refer the 

total modes contribution evaluated (Figure 2.5b,c,d). 
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Figure 2.5. a) Distribution of the main modal shapes of some churches in the 
field of frequency and active modal mass participating; Mode contribution in 
terms of mass participating : b) S.Maria in Donnaromita, c) S. Agostino alla 

Zecca, d) S. Giovanni Maggiore. Adapted to Boscato et al 2016 

In the case of palaces  and masonry building that present as structural 

aggregates (Figure 2.6), the high participating mass dispersion, already 

current in the first modes, can be associated with the marked local 

behaviour of such particular structural typologies.   
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Figure 2.6. a) Distribution of the main modal shapes of some palaces in the 
field of frequency and active modal mass participating; Mode contribution in 
terms of participating mass: b) Palazzo Bosco Lucarelli; c) Beylerbeyl Palace. 

(Adapted from Boscato et al 2016 

Therefore, the evaluation of global dynamic response in such cases 

demands consideration of the contribution of the higher modes. 
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In addition, fundamental modal shapes do not necessarily characterize 

the dynamics of the whole structure, so that local mechanisms, for 

instance out-of-plane overturning of walls, can represent the key 

features of the structure subjected to seismic actions. The coexistence 

of local and global mechanisms and their interaction represents one of 

the most relevant issues for the architectural complex (AC).  

In fact, in the case of the structural complex (Figure 2.6c), for the 

structural unit (SU) or the AC, existence of overall dynamic response 

associated with the SU and the its interactions with the other structural 

units should be considered (Aras, Krstevska et al. 2011). In fact, in the 

case of the structural complex, for the structural unit (SU) or the AC, 

existence of overall dynamic response associated with the SU and the 

its interactions with the other structural units should be considered. 

Interactions in such case essentially depend on the types of 

connections among the different parts and the state of conservations of 

such connections. Nevertheless, it is interesting to note that a 

meaningful relationship between the local mode and the activation of 

the local mechanism can be observed. 

On the contrary, the masonry buildings which, for the geometry, the 

structural details and the horizontal diaphragms, present a marked 

"box" behaviour (Figure 2.6b), the first two modal shapes can be 

representative of the global dynamic behaviour of the structure 

(translational mode in X and Y direction), with a high  participating 

mass ratio respectively (greater than  85%). The possibility of suffering 
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local seismic mechanisms involve only a fraction of the total mass. In 

this case a global scale approach is appropriate in the field of seismic 

assessment (Ceroni, Pecce et al. 2012). For the buildings with 

predominantly vertical development, the first two modes are 

characterized by coupling the flexural modes associated with 

frequencies ranging 0.6 to 1.5 Hz. The third mode is typically torsional 

mode with a low percentage of participating mass, which is often 

connected with the local damages. In existing literature, for the towers, 

there are some approaches employed to classify the dynamic 

behaviour with respect to different parameters such as: slenderness of 

the structure; type of connection between the masonry walls; the 

presence of low annexes that are able to provide a meaningful 

horizontal constraint, among others (Figure 2.7). 

 

Figure 2.7. Different structural configuration of Bell Tower 
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The reliable connection as the high slenderness, for example, 

guarantees a cantilever beam behaviour with a stiffness that involves 

the whole section in plan. In this framework also the linear models, 

with the owed cautions, can provide useful and reliable information 

about the dynamic analysis of towers, particularly of the modal 

analysis.  

 

Figure 2.8. a) Bell Tower view of the San Bartolomeo church; b) layout of the 
sensor at each floor; c-d) 3D model of the church aggregate 
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This topic is discussed with reference to the case study of the Bell 

Tower of the San Bartolomeo church (Figure 2.8), one of the AC inside 

the Carthusian Monastery (Certosa) of Trisulti in Collepardo 

(Frosinone). In this context, ambient vibrations tests were carried out 

to provided reference values of the modal parameters useful for the 

validation of the numerical FEM model and to consider the influence 

of the annex interaction (the interested reader can refer to Fanelli 

(2014) for a more complete discussion about the refinement of the 

numerical model of the church and the dynamic tests on the bell-

tower). 

The results of the sensitivity analysis, aimed to consider the 

uncertainties of the artefact (mechanical properties of masonry, 

structural details, connection between the walls, presence of lower 

nearby structures acting such as horizontal restraints), show again a 

high participating mass distribution for the first modes that involves 

the structural masses in the flexural and torsional modes of the Bell 

Tower with a higher frequency value in comparison with the existing 

literature for the presence of annex (Figure 2.9a). Local modes of 

different macro-elements of the AC are recorded below 10% of 

participating mass.  

The analysis underlines that it is useful in determining the accuracy of 

dynamic response, considering all the modes characterized by a 

Participating Mass Ratio (PMR) greater than 5% or, alternatively, a 

number of modes characterized by a total PMR grate than 85%. This 
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rule provides also a guide to select the number modes to be considered 

in model refinement. 

 

Figure 2.9. a) Graph of PMR in y [%]; b) experimental mode and frequency 
values of the Bell Tower  

Other important aspect, that should not be underestimate in the 

dynamic tests, is the influence of the pre-existing damage. For the 
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historical masonry structures, the damage is often represented by an 

extensively propagated crack patterns, slow deterioration and 

degradation of the materials, and other phenomena that can change 

the original characteristics/capacity of the structural materials.  

As discussed previously, the modal parameters are evaluated on a 

linear elastic model, thus, in the case of ultimate resistance condition of 

the materials, their reliability in the assessment is often limited. 

The case study presented for the masonry Tower of the Osservatorio 

Vesuviano (http://www.ov.ingv.it/ov/it/museo/sede-storica.html) 

located in Ercolano (Napoli),it is particularly interesting in this 

perspective. The experimental tests were performed by the team of 

S2X s.r.l, spin-off company of the University of Molise, in the context 

of the structural assessment  of the structure, under the responsibility 

of Pro. Maria Rosaria Pecce from the University of Sannio. 

The Output-only modal identification tests were made to obtain 

information regarding the local flexural modes (out-of-plane) and 

global modes of the tower under operational conditions. The figure 

below shows the sensors layout for the vibration tests. Due to 

particular state of the damage of the tower ( 

Figure 2.11. a) Damage survey of the Osservatorio Vesuviano Tower; 

b) damage detail on vaulted 

), it is difficult to assess the occurrence of the global modes. However, 

to underline as expected, the potential activation of local mechanisms.  

http://www.ov.ingv.it/ov/it/museo/sede-storica.html
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The only value of frequency and damping obtained by sufficient 

consistency from the different records, is related to the individual 

response of each walls. 

 

Figure 2.10. Layout of the accelerometers at each floor of the Tower 

Natural frequencies and damping ratios are summarized in Table 2.1. 

Mode f [Hz]  [%] 

I 3.29 9.7 

Table 2.1. Experimental values 
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Figure 2.11. a) Damage survey of the Osservatorio Vesuviano Tower; b) 
damage detail on vaulted 
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This frequency is also a unique value connected with a higher 

coherence (close to unity). In order to remark the uncertainness and 

difficulty in the data processing, it is worth noting that the damping 

values associated with the three peak frequencies ( candidates to 

represent the possible structural modes) identify in the frequency 

range 0-10 Hz; they are in the order of 5-10%. One of the possible 

causes can be related with a non-linear response of the structure 

already for low vibration levels. 

The cases illustrated above provide important indications, confirming 

the need of developing effective and reliable procedures for 

performance assessment of historical structures in seismic areas.  

The main aspects emerged in the different cases analysed show 

potentiality and limit of the dynamic identification techniques of 

existing structures.  

The dynamic response of the AC or parts of that (SU), can be defined 

by the dynamic behaviour of the structure. Further possibility is to 

combine the numerical and experimental results in order to relate the 

obtained mode shapes with the global or local mechanisms expected.  

The theme certainly provides great interest points, highlighting great 

innovation elements , which require to continue both experimental and 

methodological research. 
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2.5 AN OVERVIEW OF EXPERIMENTAL 

SUBSTRUCTURING TECHNIQUES 

Seismic prevention requires the definition of appropriate analysis 

procedures to deal with the several uncertainties related to design of 

interventions in architectural heritage. Some of those uncertainties 

stem from the unique structural schemes, the aging of materials and 

hidden damage or defects. Thus, developing reliable numerical models 

for seismic assessment of architectural heritage is definitely 

challenging. One of the most investigated tasks concerns the 

discrimination between global behaviour and local response of the 

architectural complex. However, the structural models commonly 

used in the civil engineering are often incapable of predicting these 

local dynamic effects and their interaction with the global dynamics 

effects due to their geometric simplification. Therefore, a need exists 

for more detailed structural dynamic analysis tools, without losing 

versatility and generality. The dynamic substructuring approach 

shows great potential for use in different fields, such as wind turbine 

engineering, aerospace engineering, automotive engineering, 

industrial machinery. Dynamic substructuring is a method to obtain 

the structural dynamic behaviour of complex structures by dividing 

them into some, smaller structural units (or simpler substructures) of 

which the dynamic behaviour is easier to evaluate. By using 

component model reduction techniques, the number of degrees of 

freedom (DOF) of the substructure models are significantly reduced. 
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An accurate and compact set of equations of motion describing the 

global dynamic behaviour is obtained after assembly of these 

component models.  

2.5.1 The substructuring approach to dynamic analysis 

The dynamics behaviour of the global structure is obtained by 

assembling the dynamic models of the components. The development 

of this technique came two decades after the simulation concept 

developed from the theoretical basis established by the fine element 

method (FEM), which can be connected with the publication of a set of 

scientific papers by Hrennikoff (1941) and Courant (1943). The method 

is developed for analysing complex structural systems through 

interconnected components for the first time. The displacement is 

expressed in generalized coordinates, that are defined by displacement 

modes. The scientific pillars of the finite element model reduction and 

dynamic substructuring can be traced back to the works of Hurty 

(1960) and Gladwell (1964); this method became known as Component 

Mode Synthesis (CMS) back then. Others fundamental contributions, 

following the CSM methods, were introduced soon after: Craig and 

Bampton in 1968, Mac Neal in 1971 and Rubin in 1975. The potential of 

the Dynamic substructuring (DS) appeared very quickly in the 

structural dynamic analysis and gained importance rapidly in the 

engineering field. The enhancement of analysis techniques and the 

increase of computational capabilities of measurement software 
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programs, allowed the use of the measurements in the substructuring 

analyses. From the 1980's onwards, DS appeared to be a very common 

tools in the assessment of structural dynamic behaviour, and 

experimental substructuring caught the attention of the researchers. 

(e.g. D. de Klerk et. al, 2006).  

The substructuring method applied to dynamic analysis allows to 

divide a complex problem into several smaller and simpler sub-

structures in order to find a solution. Moreover, the numerical 

substructure models can be combined with the experimental 

measurements, in order to calibrate and validate the adopted 

assumptions for the global structural assessment. The main issue in 

setting the numerical model is related to the definition of the boundary 

conditions, since, the structural unit is not isolated. In this framework, 

it is possible to consider two domains in which dynamic 

substructuring can be applied: 

• The time domain, where the structural properties in terms of mass, 

stiffness and damping are used. 

• The frequency domain where frequency response functions (FRFs) 

of the macroelements are assembled. 

 In addition, inside the time domain one can identify two different 

methods: 

− The "Physical" substructures, where one describes the 

structural units considering geometric distributions of mass, 
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damping and stiffness in terms of M, C and K matrices 

respectively and the associated displacement (u). The 

equations of motion for the substructure s in the global 

structure are computed as:  

𝑀(𝑠)𝑢̈(𝑠) + 𝐶(𝑠)𝑢̇(𝑠) + 𝐾(𝑠)𝑢(𝑠) = 𝑝(𝑠) + 𝑔(𝑠) (2.15) 

Where p(s) are the applied external forces and g(s) are the 

connecting forces between the interface 

• The "modal" substructures are described in terms of generalized 

mass, damping and stiffness matrices with the associated set of 

generalized DOF (q). In this case the equation of motion is given 

by: 

𝑀̃(𝑠)𝑞̈(𝑠) + 𝐶̃(𝑠)𝑞̇(𝑠) + 𝐾(𝑠)𝑞(𝑠) = 𝑝(𝑠) + 𝑔̃(𝑠) (2.16) 

In such situation is possible identify two different interfaces, 

the first where the remains displacements of the interface in 

the new set of DOF: 

 𝑞 = [
𝜂
𝑢𝑏

] (2.17.) 

and the second where all physical DOF are lost and the new 

set of DOF contains only modal amplitudes and interface 

forces: 



Chapter 2 - Vibration based of dynamic identification: background 

and open issues 

50 Daniele Brigante  

 

 𝑞 = [
𝜂
𝑔𝑏

] (2.18.) 

This can deliver three possible assembly cases : 

1 - Displacements method (Figure 2.12), where combine the interface 

displacements ( ub ↔ub). In this case the components have the original 

set of interfaces DOF (ub). The compatibility condition, given that the 

interface DOF are defined in terms of displacements, can be satisfied 

by assembling the interface displacements between the interface. To 

comply the equilibrium conditions, an additional interface force field 

(gb) is considered. 

 

Figure 2.12. Assembly using interface displacements (adapted from van der 
Valk. 2010) 

2 - Forces methods), where interface forces can be combined (gb ↔gb). 

Here the assembling substructures is that both sets of interface DOF 

consist of only interface forces (g(s)
b) as show in the Figure 2.13. In this 

case the equilibrium condition can be satisfied by assembling the 

interface forces (gb) between the interface. For the compatibility 
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conditions, another equation in terms of interface displacements (u(s)
b) 

is considered. 

 

Figure 2.13. Assembly using interface forces (adapted from van der Valk. 2010) 

3 - Mixed method, where combine interface displacements to interface 

forces (ub ↔gb). The procedure combines the first two methods shown 

above. In this context, since both interface DOF describe different 

physical quantities, it is not possible merge directly both structural 

components. In Figure 2.14 for the component 1, the interface DOF are 

in terms of displacements and for the component 2 are in terms of 

forces.  

 

Figure 2.14. Mixed interface method (adapted from van der Valk. 2010) 

Thus, to satisfy the equilibrium condition an additional interface force 

set is introduced for the component 1. While, to satisfy the combability 
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conditions, an additional interface displacement sets are considered for 

the component 2. In such a context the equations 2.15 and 2.16 gives a 

set of equations.  

{
𝑀(1)𝑢̈(1) + 𝐶(1)𝑢̇(1) + 𝐾(1)𝑢(1) = 𝑝(1) + 𝑔(1)

𝑀̃(2)𝑞̈(2) + 𝐶̃(2)𝑞̇(2) + 𝐾(2)𝑞(2) = 𝑝(2) + 𝑔̃(2)
 

(2.19) 

The subscript b denotes coupling (boundary) degrees of freedom. 

These methods are also applicable to structures with light damping. 

Independently of whether components are defined in the frequency or 

time domain, two important conditions must be satisfied when 

assembling the components: 

1. Compatibility condition: where the interface displacements of 

both sets must be the same. 

2. Equilibrium condition: the internal forces between the 

interface must be equal in magnitude and opposite in 

direction, to satisfy the equilibrium. 

More details of assembly and reduce methods can be found in the 

M.Sc. thesis of P.L.C van der Valk (2010). 

2.5.2 The Modal Assurance Criterion (MAC) in the dynamic 

substructuring 

As a result of the reduction and assembly procedures described in the 

previous sections, the assembled system is obtained. There are 

numerous analyses one can perform on this assembled system, one of 
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this is developed to identify which substructure modes are dominant 

in the global dynamic behaviour. This allows to identify eventually the 

correlation between modes; through the MAC method (which will be 

described in section 2.5.3) that compare for instance, the experimental 

results obtained with the numerical models. In the field of dynamic 

substructuring, from the MAC method derives the Substructure Modal 

Assurance Criterion (SUMAC) presented in the section 2.5.4. 

2.5.3 Modal Assurance Criterion (MAC) 

The Modal Assurance Criterion (Allemang and Brown 1982) is a vector 

correlation index frequently used in experimental dynamics to 

quantify the similarity of mode shapes represents the most popular 

index to quantify the correlation between mode shapes, but it also 

shows some limitations, for instance the experimentally estimated 

mode shapes. Given two mode shape vectors under comparison, the 

experimentally estimated mode shape fi{ }  and the numerically 

predicted mode shape f j{ }, the MAC is computed as follows 

 
𝑀𝐴𝐶({𝛷𝑖}; {𝛷𝑗}) =

|{𝛷𝑖}
𝑇{𝛷𝑗}|

2

({𝛷𝑖}
𝑇{𝛷𝑗}) ({𝛷𝐽}

𝑇
{𝛷𝐼})

 
(2.20) 

The MAC index is basically a squared, linear regression correlation 

coefficient which provides a measure of the consistency (degree of 

linearity) between the two vectors under comparison. The MAC values 
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are bounded between 0 and 1, representing inconsistent and perfectly 

consistent correspondence between the two vectors, respectively.  

Even if the MAC between analytical and experimental mode shapes is 

generally used for verification and updating of finite element models, 

it is worth noting that it provides only a measure of consistency 

between the vectors but it does not ensure validity. For instance, when 

the experimental mode shapes are measured at few locations, the 

incomplete information can lead to a MAC value near unity with the 

corresponding analytical mode shape, but the consistency between the 

two vectors does not ensure that the analytical mode shape is correct.  

2.5.4 Substructure Modal Assurance Criterion (SUMAC) 

As described in the previous sections, The MAC approach, is a well 

know method to compute the correlation between modes (i.e. 

numerical and experimental results). This method can be also a valid 

tool to understand the correlation between the substructure modes 

(reduction method) and the global system modes. When the mode 

shapes under comparison are the part of the global mode shape Φ(s)
g 

that acts on the DOF of substructure, and the local mode shape Φ(s)
l of 

the substructure (uncoupled); the MAC equation can be rewritten as 

follows: 

𝑆𝑈𝑀𝐴C =
|{Φ(𝑠)

𝑔}
T
{Φ(𝑠)

𝑔}|
2

({Φ(𝑠)
i}

T{Φ(𝑠)
j}) ({Φ(𝑠)

J}
T
{Φ(𝑠)

I})
 

(2.21) 
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Φ (s)
g is extracted by localization of the global mode shape Φ g using the 

Boolean matrix L as follow: 

𝐿𝜙𝑔 =

[
 
 
 
 ϕ𝑔

(1)

ϕ𝑔
(2)

⋮

ϕ𝑔
(𝑛)

]
 
 
 
 

 

 

(2.22) 

Through this formulation, the participation of certain component to 

the global mode shape can be calculated and will automatically have 

the same length as the uncoupled mode shapes of the component. In 

this way a MAC value is possible to be evaluated using the extracted 

part from the expanded global mode shape or the uncoupled mode 

shape. MAC values excess of 0.8÷0.9 are accepted as indicators of high 

local mode contribution to the global mode shape, while values less 

than 0.1÷0.2 denote a poor mode contribution to the global mode 

shape. Moreover, better MAC consistency denotes how the precision 

of the local mode will have an important influence on the accuracy of 

the global mode. At the same time eventually, significant errors of the 

dominant component modes will define significant errors in the global 

dynamic behaviour. In such a context the SUMAC index can be seen as 

a valid tool in the definition of the substructure modes which are 

dominant in the global dynamic behaviour.  
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Figure 2.15. Yaw system of a 2.3. MW Siemens wind turbine adapted from 
P.L.C van der Valk (2010) 

Some applications presented in literature, in the field of dynamic 

substructuring, demonstrate the promising applicative perspectives for 

this index. In the field of wind turbine systems (Figure 2.15), different 

DS analysis are proposed using the component models of the yaw 

system, an important part of these modern wind turbine and an 

interesting case for the different model reduction approach as 

indicated earlier. 
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Figure 2.16. SUMAC of the models from the total assembly and he modes of 
the component assembly adapted from van der Valk (2010) 

In this framework, the SUMAC index is computed using the modes of 

the global yaw system and modes of the assembly components. The 

Figure 2.16 shows the SUMAC matrix correlation between the global 

mode shapes and the mode shapes of the components assembly. In 

particular visualize the effects on the mode shapes , caused by 

mounting the yaw gearboxes onto the bedplate.  

The highs values of the SUMAC matrix, defined with red blocks, 

denote a high correlation between the component and the other part 

(For instance, mode 14 define an interaction between the gearboxes 

and the rest of the assembled system). This allow to identify the 

gearbox modes in the set of global modes. 
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Chapter 3 

MODEL UPDATING VS. 

DAMAGE ASSESSMENT 

3.1 INTRODUCTION 

Protection of architectural heritage requires a deeper analysis of the 

structures through a path of knowledge—the geometry, the 

construction details, the material properties—and also with the use of 

appropriate computational models. The aim is to assess the state of 

conservation of the structures to detect any critical situations with 

respect to the exceptional events such as earthquakes and natural 

hazards, which have seriously affected the cultural heritage in recent 

years (Boscato et al. 2016). Vibration-based damage identification 

methods (VBDIMs) supported by continuous structural health 

monitoring are probably the best tool available to evaluate the 

structural condition of non-conventional systems and to catch the 

onset of damage at the earliest possible stage.  
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The evaluation of the structural conditions is needed to plan cost-

effective remedial measures, before the extension of damage leads the 

systems to stop operation, requiring expensive in-depth interventions. 

3.2 CLASSIFICATION OF VIBRATION-BASED DAMAGE 

IDENTIFICATION METHODS 

The field of damage identification is very broad and it contain different 

analysis depending on the case and the criteria. The first distinction 

regarding the damage identification methods, is between global and 

local methods. The classification is based on changes of vibration 

characteristics of structures, whereas, the latter is based on visual 

inspections and localized experimental tests. 

Another distinction with respect to the effect of damage in these 

methods can be divided in Linear or Nonlinear depending on which 

type of behaviour is assumed after the damage occurrence. Linear 

methods can be further distinguished in modal-based and non-modal-

based, depending on whether or not changes in modal parameters are 

used to infer the damage. A further distinction is between model-

based and non-model-based methods. Figure 3.1 summarize most of 

the methods present in existing literature. In the following sections, 

focus is paid on the spectrum drive damage identification method 

Further information about Vibration based Method and the related 

tests are given in  M.G. Masciotta (2015) 
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Figure 3.1. Classification of Vibration-based Damage Identification Methods 
by (M.G. Masciotta, 2015) 

3.3 SPECTRUM DRIVEN DAMAGE IDENTIFICATION METHOD 

The dynamic identification procedures and structural monitoring offer 

accurate global structural data and above all the dynamic assessment 

of the actual behaviour of a structure. Use of monitoring systems is 

progressively common in the structural conservations field, with 

different purposes, i.e., the evaluation of the dynamic response to 

assess the structural integrity or to identify the dynamic parameters for 

model updating procedure. In post-earthquake situations, it is an 

important method for the identification of damage and for the 

assessment of the efficacy of the safety intervention.  
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The main scope of this study is the evaluation of a robust spectral-

based algorithm able to detect, locate and assess the structural 

damage, suitable for both output-only and input-output dynamic 

identification techniques, independently of the excitation sources, and 

applicable to any type of structure. 

3.3.1 Basic theory 

In stochastic environment, the response X(t) of a system to dynamic 

loading F(t) can be defined as unidimensional multivariate stochastic 

vector process whose elements are the time-dependent nodal response 

processes. In this context, the dynamic characterisation of a given 

structural system can be performed by the use of normal spectral 

analysis methods based on the eigenvalue decomposition of the PSD 

response matrix 𝑆𝑥(𝜔) according to the following equation: 

 𝑆𝑥(𝜔) =  Ψ𝑋(𝜔)Λ𝑋(𝜔)Ψ𝑋
𝐻(𝜔) (3.1) 

Where Λ𝑋(𝜔) is a diagonal matrix containing frequency-dependent 

eigenvalues Λ𝑋(𝜔) = 𝑑𝑖𝑎𝑔{𝜆1(𝜔), 𝜆2(𝜔) … …𝜆𝑗(𝜔), … . 𝜆𝑖(𝜔)} in 

decreasing order, Ψ𝑋(𝜔) is a complex matrix including mutually 

orthogonal eigenvectors as columns and Ψ𝑋
𝐻(𝜔) denotes the 

conjugate transpose of Ψ𝑋(𝜔). Each eigenvalue λi(ω) is proportional 

to the energy of a certain vibration mode, whereas each eigenvector 

ψi(ω) is a mode shape estimation corresponding to certain eigenvalue. 
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A complete description of the fundamentals of stochastic dynamics 

and spectral analysis is not pursued in this study and for this purpose 

the reader is referred the book (L.H. Yam, Y.J.Yan, Z.Wei, 2004) 

The first step of the spectral damage analysis consists in the estimation 

of the global dynamic properties of the structure under investigation, 

i.e. frequency and damping coefficient. 

In order to upgrade the spectral analysis and move to higher levels of 

damage identification, coordinate-dependent parameters must be 

considered in the procedure. For this purpose, the second step of the 

method involves the analysis of the complex eigenvectors obtained 

from the PSD matrix decomposition. Each eigenvector mode shape 

Ψ𝑋(𝜔) estimation corresponding to a certain eigenvalue, thus it 

depends on the nodal coordinates of the system and can provide 

spatial information concerning the damage. The number of 

eigenvectors equals the rank of the matrix, or rather the number of 

independent measured DOFs. The comparison between spectral 

modes belonging to different scenarios may be used to locate the 

damage, real eigenvalues are combined with complex eigenvectors 

through the following expression: 

ΔΨ = ∑ ‖∑[Ψ𝑗
𝑑(𝜔𝑖)√𝜆𝑗

𝑑(𝜔𝑖)]

𝑚

𝑖=1

− [∑ [Ψ𝑗
𝑢(𝜔𝑖)√𝜆𝑗

𝑢(𝜔𝑖)]

𝑚

𝑖=1

]‖

𝑛

𝑗=1

 
(3.2) 

where Ψ(𝜔) denotes the eigenvector; λ(𝜔) indicates the corresponding 

non-zero eigenvalue, m specifies the frequency range, n represents the 
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mode number and upper scripts d and u stand for damaged and 

undamaged conditions, respectively. 

Basically, the index relies on the difference between spectral modes 

belonging to different structural conditions. If only a single damage 

scenario is available, the index is univocally computed by comparing 

the DS with the RS; whereas in case of multiple damage scenarios, the 

index can be calculated either by comparing each DS with the RS 

(absolute index) or by comparing the current DS with the previous DS 

(relative index). If the aim is to catch the progressive evolution of 

damage up to the last scenario, a relative comparison between DSs is 

more appropriate. 
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Chapter 4 

A MAC BASED APPROACH: 

DYNAMIC IDENTIFICATION OF 

THE STRUCTURAL BEHAVIOUR 

4.1 THE ROLE OF THE DYNAMIC IDENTIFICATION  

4.1.1 Introduction 

The problem of the characterization of the reference unit/component 

for the evaluation of seismic performance of masonry buildings is fully 

within the approach of the regulatory framework, not only in the case 

of historic constructions but also in the case of the traditional masonry 

building stock in many historical sites in the big cities, towns and 

villages in Italy. It is obvious that historical buildings are integral part 

of the built environment and thus deserve to be preserved 

(Lagomarsino & Cattari, 2015). 
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Apart from this, the high vulnerability of historic masonry buildings to 

seismic actions needs to be considered, mainly due to the lack of 

proper connections between the various structural elements (masonry 

walls, wooden beams in the floors and wooden beams on the roof). 

These conditions often lead to overturning collapse of the perimeter 

walls under seismic excitation. Simplified limit state analysis methods 

are often used for safety analysis and design of strengthening 

interventions (Direttiva 2011).  

The preservation of the historical city centres in seismic areas, 

therefore, requires a strategic plan and a suitable methodology that 

includes a rational approach of multidisciplinary knowledge 

discrimination between local and global response, therefore, 

represents a key step in seismic performance assessment of existing 

buildings, and strongly influences the significance of non-linear static 

procedures (Cattari, et al. 2015).  

In spite of the peculiarities of existing masonry buildings in 

aggregates, National and International codes and guidelines do not 

provide exhaustive recommendations to rationally distinguish the 

local from the global response. The present Chapter investigates the 

possibility of applying a well-known tool in experimental modal 

analysis to define the nature of a mode. The proposed procedure is 

applied to different explanatory case studies, pointing out how the 

proposed methodology can guide towards the selection of the more 

appropriate analysis procedure. 
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4.1.2 Masonry buildings in aggregates 

Aggregate constructions are common in historical city centres 

throughout the world. It is customary the coexistence of several and 

subsequent stratifications and modifications, sometimes incongruous 

and due to multiple factors, too. The progressive transformation of 

existing urban neighbourhood is synthesized in the aggregate itself. 

That is the result of an articulated, but not unified, source due to 

structural alterations, e.g. incremental construction and extensions 

which are sometimes structurally related to the pre-existing structures, 

otherwise partially separated by structural joints or adherent walls. 

The potential interactions due to the structural contiguity within the 

aggregates is one of the main factors influencing the seismic response 

and damage mechanisms.  

Design codes do not exhaustively define the analysis approach to use 

in these cases. Moreover, in the literature several papers addressed 

these issues aiming at assessing the response of masonry building 

aggregates. For instance, some Authors (Luigia Binda & Saisi, 2005) 

proposed a general methodology for seismic vulnerability assessment 

and protection of historical masonry buildings based on state-of-the-

art research carried out in Italy in the field of cultural heritage 

restoration and conservation. 

A general approach to seismic safety assessment should analyse the 

building within the aggregate, but this approach requires extensive 

analyses of the entire architectural complex. As a consequence, an 
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appropriate structural modelling (spatial scale, structural scheme and 

type of analysis) should start by classifying the investigated building 

into one of the following structural typologies : 

− Structures which tend to an isolated building behaviour 

(Figure 4.1a); 

− Structures that have a global configuration behaviour; so, it 

is reasonable to analyse global as well as local collapse 

mechanisms considering the potential interactions due to the 

structural contiguity within the aggregates (Figure 4.1 b); 

− Structures characterized by a complex interaction among the 

buildings, with a meaningful local behaviour and whose 

overall response can be obtained by evaluating the local 

collapse mechanisms of all building elements (Figure 4.1c,d). 

 

Figure 4.1. Classification of the type of behaviour of the existing masonry 
building  
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If the studied structure does not behave as an isolated building, the 

preliminary analysis should focus on those unique features that are 

peculiar of the aggregate itself, as suggested by (Carocci, 2012). 

Eventual interactions between various structural units have to be 

identified. The first stage of analysis relies on information about the 

aggregation processes, layout of voids, alignments of façades with the 

pathways of roads, extensions, rotations, intersections, sliding of the 

axes of the original walls and filled wall cells, the position of the plots 

in the tiles, disassembly and tapering of walls in order to determine 

weak areas in the stress transmission path (NTC 2018). As a second 

stage of analysis, relevant macro-elements have to be identified based 

on some insight in the static and dynamic behaviour of the building. 

This can be achieved by either very complex numerical approaches 

(Luis F. Ramos & Lourenço, 2004) or experimental dynamic tests 

(Augusti et al. 2001).  

Seismic analysis of structures can be carried out according to different 

methodologies either in the linear or in the non-linear field ( Elnashai 

and Di Sarno 2015). Simplified methodologies of structural analysis 

based on the application of a distribution of quasi-static forces, which 

depends on the dynamics of the structure, can be also used in this case. 

The structural analysis is carried out in the elastic field (Elastic Static 

Analysis, ESA), so it can be reasonably applied to the design of new 

structures, but it has some drawbacks and limitations in the analysis of 

the existing buildings. Accurate simulation of the seismic response of 
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the structure by means of Non-Linear Dynamic Analysis (NLDA) 

requires an exhaustive knowledge of the cyclic response of materials 

and structural components that can be integrated in the non-linear 

constitutive models implemented in analysis codes. It is easy to 

recognize that such an approach can be unsuitable for general 

applications, not only due to the high level of the procedure’s 

complexity but also due to the need of field investigations aimed at 

assessing the actual properties of materials and components. 

The Response Spectrum Analysis (RSA) is a linear dynamics method of 

analysis which measures the contributions of each modes of vibration. 

Combination of responses of the most relevant modes of vibration 

allows computing the maximum seismic response of the structure in 

the elastic field according to a probabilistic combination procedure.  

The above considerations remark that the complexity of analyses 

increases with the complexity of the structure from a geometric and 

mechanical point of view. Furthermore, irregularities in plan and 

elevation and presence of flexible floors make the analyses even more 

challenging: in fact, the structural response is less dependent on the 

fundamental modes, while local mechanisms may arise.  

It is possible to identify two categories of architectural complexes. The 

first includes all those structures historically affected by interventions 

that have led to the presence of significant percentages of stiff floors 

connected to the masonry. For this class of buildings, the participating 

mass ratios associated with the fundamental modes are appreciable 
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and not far from the limits for the application of non-linear static 

analysis methods. The second category consists of structures 

characterized by very small values of participating mass ratios, 

suggesting the existence of local vibration modes.  

In the former case, a global “box-like” behaviour can be observed; in 

the latter, subdivision of the building into subassemblies of relevant 

structural elements (macro-elements) that can be extracted and 

analysed separately from the rest of the complex, and analysis of local 

mechanisms according to the kinematic approach are recommended.  

An effective support to the analysis of historical structures comes from 

Operational Modal Analysis – OMA – (Rainieri and Fabbrocino 2014) 

and model updating techniques (Friswell and Mottershead 1995) 

which have been proved to be valuable tools for indirect non-invasive 

structural assessment. However, an extensive experimental analysis of 

large architectural complexes is definitely expensive and sometimes 

infeasible. Nevertheless, some tools traditionally used in the context of 

experimental modal analysis (Boscato et al. 2016) can be profitably 

used also to compare the results of numerical analyses and check the 

effectiveness of sub-structuring. 

4.1.3 An approach to discriminate global or local mode 

The dynamic sub-structuring concept is not completely new: several 

applications are already present, mainly in the mechanical field. 

Application of dynamic sub-structuring can be considered as a viable 
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way to obtain the structural dynamic behaviour of a large and complex 

structure by dividing the structures into smaller parts so that it is easy 

to determine the behaviour of the whole structure without neglecting 

the boundary conditions due to the interaction in the sub-parts (De 

Klerk et al. 2008). The dynamic behaviour of the whole structure is 

obtained afterwards by assembling the dynamic models of the 

components. In this scenario, modal analysis plays a fundamental role.  

the Modal Assurance Criterion – MAC (Allemang & Brown, 1982) 

can be used to identify local components and subsystems.  

The proposed approach to the division in structural units is based on a 

vector correlation analysis of selected modal displacement fields based 

on a well-established index for mode shape comparison traditionally 

used in experimental modal analysis. In particular, it is often used in 

finite element model updating to evaluate the correlation between 

experimental and numerical mode shapes (Russo 2013).  

From the mathematical viewpoint, given two vectors fi{ }  and f j{ }, 

the MAC is computed as follows: 

 
𝑀𝐴𝐶({𝛷𝑖}; {𝛷𝑗}) =

|{𝛷𝑖}
𝑇{𝛷𝑗}|

2

({𝛷𝑖}
𝑇{𝛷𝑗}) ({𝛷𝐽}

𝑇
{𝛷𝐼})

 
(4.1) 

The MAC index represents a squared, linear regression correlation 

coefficient and it provides a measure of the consistency (degree of 

linearity) between the two vectors of interest. A scalar value is 
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obtained in the closed interval between 0 and 1, where a value of 1 or 

very close to 1 value indicates correlated mode shapes, whereas a 

value close to zero means that there is no match between the compared 

modes (mode shape vectors are almost orthogonal). MAC values in 

excess of 0.8-0.9 are usually accepted as indicators of good consistency, 

while values less than 0.1-0.2 are considered as indicators of null 

consistency. These limit values for the MAC must not be regarded in 

absolute terms, since there are some applications that demand high 

levels of consistency and some others that can accept lower MAC 

values, depending on the final objectives of the analysis.  

 

Figure 4.2. Sample MAC matrix 

 

When multiple vectors are compared in couples, a MAC matrix is 

usually computed and graphically represented as in Figure 4.2. 
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A mathematical explanation of a high MAC value is identified by two 

vectors that have the same direction in an N-dimensional space 

regardless of their amplitudes. From this, it can be seen that 

incomplete information can give rise to high MAC values even if the 

vectors under comparison are not very similar. In addition, the MAC is 

sensitive to large differences between the corresponding components 

of the vectors under comparison, but it is basically insensitive to small 

changes and small magnitudes of the modal displacements. These 

shortcomings have to be taken into account when it is used for the 

selection of structural units according to the herein described 

approach.  

4.2 A NOVEL USE OF THE MAC: ASSESSMENT OF THE METHOD 

The MAC matrix depends on the characteristics of the modes. Thus, it 

can be conveniently used as a tool to distinguish between global and 

local modes and as an operational function to identify sub-structures 

that can be analysed separately.  

In order to identify macro-elements in a large architectural complex, 

the modal displacement fields associated to the selected verticals are 

compared.  

The vertical alignments concept consists on the selection of simulated 

alignements identified long the macro-elements of the structure. In the 

case of the numerical models, they are represented by "virtual sensors" 

distributed throughout the model and able to comparing the modal 
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displacement fields associated to these verticals for a given mode. In 

the same way, in the field of experimental vibration tests, the 

distribution of the  sensors (single or a couples) provides the vertical 

alignment definition as described in the Chapter 5 for the experimental 

case study. 

The degrees of freedom in each vertical are characterized by the same 

elevation as the corresponding vector components in the others. The 

dimension of the vectors under comparison depends on the modelling 

assumptions and the eventual reduction of the number of vector 

components to reduce the computational efforts. Moreover, it is 

fundamental to ensure the correspondence of the position of the 

elements in the vectors under comparison. In other words, since at a 

given elevation degrees of freedom along the x as well as the y 

direction are considered, the corresponding values of the modal 

displacements must be ordered in the same way, that is to say, for a 

given elevation, modal displacements in the same direction must be 

considered. 

Assuming that a sufficient number of virtual sensors have been 

considered, the computation of the MAC matrix from the modal 

displacement fields associated to the selected verticals provides a clear 

indication about the nature of the considered mode. In fact, if it is a 

global bending mode, all the vectors under comparison are very 

similar each other and all the elements of the MAC matrix show large 

values (close to 1).  
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On the contrary, in the case of a local mode, the MAC will be large and 

close to 1 only when the comparison affects verticals belonging to the 

same macro-element. Analysing the spatial distribution of highly 

correlated verticals in the case of local modes the associated macro-

elements can be identified. A threshold to discriminate highly 

correlated verticals must be set. A value of 0.9 is adopted in the present 

case. The process above described has been implemented for 

validation with reference to a numerical model of an aggregate 

masonry building and applied afterwards to the analysis of a real case 

study (Chapter 5). 

4.2.1 Explanatory numerical cases: Regular masonry structure 

A proper assessment of complex masonry buildings generally cannot 

disregard the definition of the reference structural units and of a 

number of them acting as aggregates depending on basic structural 

characteristics and geometric configuration. The herein analysed 

explanatory case, albeit not exhaustive of all the observed 

configurations, is conceived as representative of structures located in 

many historical centres of Italian villages (Marcari & Fabbrocino, 

2008). The main objective of computational analysis is the study of 

mode shapes and other relevant dynamic properties in terms of 

natural frequencies and participating mass ratios, taking into account 

some uncertainties related to the knowledge of the connections 

between the various parts of the building. 
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Figure 4.3 shows the simple explanatory geometry of the aggregate, 

whose views is reported in detail below. 

 

Figure 4.3. 3D Model of the aggregate 

The masses have been defined according to the dimensions of the 

structural elements and the physical properties of materials (reinforced 

concrete for the floors, masonry for the walls). 

A fine mesh of three-dimensional elements has been considered in the 

analyses. Once the models have been set, modal analyses have been 

carried out in order to obtain mode shapes and modal participating 

mass ratios of the first twenty modes. In particular, the modal 

displacements have been extracted for a subset of degrees of freedom. 

To compare the global behaviour of the different buildings, the same 

masonry type has been used for all models.  

An example of the arrangement of sensors (checkpoints) is 

summarized below (Figure 4.4).  
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Figure 4.4. Location of virtual sensors 

Starting from the basic configuration of the isolated building, which 

has a regular distribution of the openings and is characterized by rigid 

planes, a further variation has been defined in order to investigate the 

effects of the interactions among the original cells and the surrounding 

added structural units depending on the different grade of floor 

connections. 

To compare the global behaviour of the different buildings, the same 

masonry type has been used for all models. reports the matrix of the 

numerical tests performed in this study (Table 4.1). 

The structural modelling and the analysis have been performed with 

the FE software SOLIDWORKS Ver. 2016.  
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MODEL  a b c 

1 
A Restrained Floor   

B Unrestrained Floor   

2 
A Restrained Floor Restrained Floor  

B Restrained Floor Unrestrained Floor  

3 
A Restrained Floor Restrained Floor Restrained Floor 

B Restrained Floor Unrestrained Floor Restrained Floor 

Table 4.1. Matrix of the numerical simulation  

Furthermore, definition of the quality of the data with editing the size 

parameters of vertical and "virtual sensors" on the numerical model 

can be interpreted as optimization in the next phase of the 

experimental analysis. In the next paragraphs, in detail, different 

configuration for the alignments and number per alignments of virtual 

sensors are presented 

4.2.2  Single Cell 

The starting point of the analysis is reported by the simple buildings 

reported in Figure 4.6, which is represented a distinct original cell from 

the architectural complex. Furthermore, it is a two-story masonry 

building with masonry in stone blocks and horizontal structures made 

up of reinforced concrete slabs.  

The examined structure is a one-bay two-story 3D solid masonry 

building with vertical structures made of 25 cm thick at each floor 

(Figure 4.5 a), linearly elastic, homogeneous, 16 nodes to elements be 

seen and is perfectly constrained at the base.   
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Figure 4.5. a) 3D Model of the isolated building; b)Finite mesh view 

The numerical model consists of solid, 16 node elements, with linear 

elastic and homogeneous materials and is perfectly constrained at the 

base. The global coordinate system has been identified based on the 

orientation of the walls: the x-axis corresponds to the direction of the 

longitudinal walls with openings, while the z-axis is parallel to the 

transverse walls. The main façade is composed by a symmetric 

distribution of the openings’ basic information about the fine mesh of 

three-dimensional elements are reported in Figure 4.5 b. The masonry 

is characterized by the following mechanical properties (Circolare 617 

2009): elastic modulus E = 2400 N/mm2, shear modulus G = 780 

N/mm2, specific weight ρ = 22 kN/m3. 
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Figure 4.6. Model 1: schematic plan view of the aggregate reference basic cell 
with restrained floor (A), and unrestrained floor (B)  

The role of the axial stiffness of the floors is assessed by considering 

two conditions, rigid and a restrained floor (Figure 4.6 a), and rigid 

and weakly restrained floor (Figure 4.6 b). In the latter case, there is a 

0.02 m gap between the floors and the walls to simulate the absence of 

connections between floors and vertical walls in the direction parallel 

to the beams of the floor. The process of the numerical analysis 

consists of a two-step: in the first one modal displacement is extracted 

for a subset of degrees of freedom of the vertical alignments defined. 

In the subsequent phase, data are processed in order to obtain the 

MAC matrix value. The choice of position for virtual sensors have been 

based on the definition equivalent frame for the different alignments of 

masonry walls along the two directions (Figure 4.7). For the models 

has been defined an experimental matrix calculation ( Table 4.2). 
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This is based on the number of alignments and sensors for each 

alignment, in order to assess the effects of these and with the aimed to 

been found an optimal configuration for the dynamic monitoring.  

Number of 
alignments 

Number of sensors Model 

8 4 8 16 M.1.A M.1.B 

16 4 8 16 M.1.A M.1.B 

40 4 8 16 M.1.A M.1.B 

 Table 4.2. Single cell: numerical simulation of virtual sensors  

In Figure 4.7 an example of the incremental sensors analysis is 

reported. In this case has been used 16 vertical alignments and the 

number of the sensors by the vertical was changed. 

Modal analyses have been carried out in order to get model shapes 

and the main dynamic parameters of the first twenty modes. 

  



Chapter 4 - A MAC based approach: dynamic identification of the 
structural behaviour 

Vibration based methods for the structural assessment of historical structures 83 

 

 

 

Figure 4.7. Single cell: set of virtual sensor: a) view in plan of the verticals (16 
alignments), the number of the sensors increase (b), (c), (d) 
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 Mode 
Model – M.1.A Model – M.1.B 

Freq. Type* PMR  Freq  Type* PMR  

[-] [Hz] [-] [%] [Hz] [-] [%] 

1 9.71 T-X 83.00 8.92 T-X 76.99 

2 9.91 T-Z 73.00 9.67 T-Z 71.66 

3 15.80 R-Y 81.82 13.35 T-X 1.2e-06 

4 19.60 T-Z 10e-04 15.41 R-Y 81.87 

5 21.05 T-X 6.0e-03 16.39 T-X 6.83 

6 24.13 T-X 1.9e-06 18.52 T-X 2.131 

7 25.04 T-X 1.97  19.25 T-X 1.1e-04 

8 26.20 T-X 5.9 19.75 T-Z 2.7e-06 

9 29.32 T-Z 3.6 20.93 T-Z 6.1e-02 

10 27.90 T-Z 13 23.31 T-Z 16.10 

Table 4.3. Modal analysis results: modal shape definition codes: T-
X=Translational along X axis; T-Z=Translational along Z; R-Y=Rotational in Y 

axis. 

The results of modal analyses are summarized in Table 4.3, which 

shows relevant dynamic parameters (primary direction in the case of 

flexural modes, axis of rotation in the case of torsional modes, natural 

frequency, Participating Mass Ratio – PMR). The modes for the two 

isolated building models (M.1.A - Modal analysis for rigid and 

restrained floor; M.1.B - Modal analysis for rigid and unrestrained 

floor) are defined. The number of mode cases developed ensured that 

a total of 84% of mass participation was accounted for. A relevant 

remark is the regular of the mode shapes and the highest participating 

mass calculated is equal to 83.00% in the X axis and 73.00% in Y axis as 

expected for the regularity of the artefact. Moreover the configuration 
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with unrestrained floor determine a weakly reduces the participating 

mass equal to 7.25% in the X axis and 1.85% in the Y axis. 

 

Figure 4.8. M.1.A: modal analysis results for rigid and restrained floor 

Observing Figure 4.8 and Figure 4.9, in both configurations it is clear 

that the predominant transversal modes of vibration of the building, 

that are very close in terms of frequency and participating mass, show 

a global mode behaviour. Is equal for the torsional mode where in the 

M.1.B there is a decrease of about 2.45 % in frequency. 
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Figure 4.9. M.1.B: modal analysis results for rigid and restrained floor 

The low participating masses are representative of the local modes. In 

the M.1.B configuration the local mode is localized in the third mode 

(Figure 4.9c) where the facades, free from the floor, moves at frequency 

of 13.35 Hz in the X direction. To confirm as the poor quality of the 

connection is one of the elements that define a local behaviour of the 

structure. 

The MAC procedure has been carried out for each deformed shapes 

evaluated as related to the selected verticals. The results of the 
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assessment for the models M.1.A and M.1.B is shown by the 

schematically in Figure 4.10 and Figure 4.11. 

 

Figure 4.10. Results M.1.A.16: the MAC matrix associated with the global 
modes a-b) and local mode d); c) schematic plan view of the virtual alignments  
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Figure 4.11. Results M.1.B.16: the MAC matrix associated with the global 
modes a-b) and local mode d); c) schematic plan view of the virtual alignments  

The MAC matrices plots for the global and local modes assume as 

reference the chosen value of 0.9, so to represent a high level of 

correlation amongst the verticals. On the contrary, the absence of 

points in the MAC matrix identify a poor correlation between the 
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selected alignments. Eight virtual sensor alignments were considered, 

with 16 verticals for the box model.  

The results show in the case of principal global modes, the histograms, 

highlight as much values always exceed the threshold specified 

(Figure 4.10a). Conversely, the results of local modes (Figure 4.10d) are 

characterized to a limited number of verticals with higher value of the 

threshold. The trend is analogous for the model characterized by the 

presence of rigid and restrained floor (M.1.A.16) as well as for the 

model characterized by rigid and unrestrained floor (M.1.B.16).  

Torsion modes are characterized by a cross structure of the MAC 

matrix in the both models. The absence of the connection between the 

walls and the horizontal structures in the M.1.B. define the higher 

values of the histogram (Figure 4.9 d) also between the adjacent 

verticals (e.g. Vert. 0 and Vert 6 or Vert.5 and Vert.7).  

For sake of generality, it is worth noting that the presence of large 

scatters in terms of stiffness among components of structures may lead 

to modes characterised by substructures affected by negligible 

displacements and as a contrast others that clearly move. Assuming 

that all the values of the "motionless" block are not equal to zero, as 

generally happens in the modal analyses, the discrimination process 

can be made according to a double level of assessment, consisting of 

the MAC index and the computation  of the norm of the vector of the  

vertical alignments defined. The latter is defined as follows – let the 

vector of an n-dimensional vector  
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[𝜙𝑖] =
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 ϕ1

ϕ2

⋮
ϕ𝑛 ]

 
 
 
 

 

 

(4.2) 

the general vector norm ‖𝜙‖, is  defined as the length or magnitude of 

the vector and can be calculated using the formula: 

‖ϕ⃗⃗ ‖ =  √ϕ1
2 + ϕ2

2 + ⋯+ ϕ𝑛
2  

(4.3) 

  

Figure 4.12.  Plan view of the reference numerical model 
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Figure 4.13. 3D View of the reference numerical model  

As an explanatory case of this condition, a simple frame model of a 

multi-storey table (Figure 4.13) is shown, with two vertical alignments 

(v2 and v5)  made of a circular full section  of 0. 20 m diameter and  the 

other alignments (v1,v3,v4,v6) with a circular section of 2 m diameter, 

in such a way to define a rigidity ratio a thousand times greater. The 

beams are dimensioned with a very high stiffness for those in the Y 

direction, and low bending rigidity for those in the X direction. The 

masses have been redistributed in the vertical nodes of each alignment, 
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so as to reproduce a typical condition of a masonry building without 

horizontal rigid diaphragm.  

 

Figure 4.14. Results  multi-storey table mode 1: a) deformed shape view in 
plan; b) 3D view of  mode shape; c) the MAC matrix associated with the first 

mode  and vector norm values.  
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Figure 4.15. Results  multi-storey table mode 2: a) deformed shape view in 
plan; b) 3D view of  mode shape; c) the MAC matrix associated with the first 

mode  and vector norm values. 
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Figure 4.16. Results  multi-storey table mode 3: a) deformed shape view in 
plan; b) 3D view of  mode shape; c) the MAC matrix associated with the first 

mode  and vector norm values. 
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Figure 4.17. Results  multi-storey table mode 4: a) deformed shape view in 
plan; b) 3D view of  mode shape; c) the MAC matrix associated with the first 

mode  and vector norm values 
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Figure 4.18. Results  multi-storey table mode 5: a) deformed shape view in 
plan; b) 3D view of  mode shape; c) the MAC matrix associated with the first 

mode  and vector norm values 
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Figure 4.19. Results  multi-storey table mode 6: a) deformed shape view in 
plan; b) 3D view of  mode shape; c) the MAC matrix associated with the first 

mode  and vector norm values 
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Figure 4.20. Results  multi-storey table mode 7: a) deformed shape view in 
plan; b) 3D view of  mode shape; c) the MAC matrix associated with the first 

mode  and vector norm values 

In particular, the alignments 1,3,4 and 6 have a uniform mass 

distribution, while the alignment 5 has a mass twice greater than the 

alignment 2.  The results  of the assessment for the model is shown by 
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the tables below. The results  of the assessment for the model is shown 

by the schematically from Figure 4.14 to Figure 4.20 reported above. 

For each modes the MAC matrix and the norm of the vectors were 

evaluated.  

From the results proposed here, it is clear, how a vibration modes 

process also allows the management of singular cases like this, 

allowing the discrimination of the parts subject to local ways in a given 

global system. 
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4.2.3 Double Cell 

A correct approach for evaluate the performance of building 

aggregates should include the analysis of double cell in order to 

investigate the effects of the interaction among the original cells and 

the added structural units.  

The geometrical and mechanical characteristics of the numerical 

structural mode follow the outlines of the single unit described 

previously. The behavior of masonry aggregates was studied by using 

the use of the same numerical process showed for obtain the MAC 

matrix of single cell. The position of the verticals and the number of 

virtual sensors per alignments have been defined as in the Table 4.4. 

The structural model has been fully connected along the X direction 

(Figure 4.21), and the middle transversal walls are modelled as 

continuous (assuming a good quality of the walls connection) in both 

configurations.  

Number of 
alignments 

Number of sensors Model 

15 4 8 16 M.2.A M.2.B 

30 4 8 16 M.2.A M.2.B 

72 4 8 16 M.2.A M.2B 

Table 4.4. Double cell: numerical simulation of virtual sensors  
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Figure 4.21. Double cell: geometry modelling with restrained floor (A); and 
unrestrained floor with 0.02 m gap (B) configuration 

The main outcomes of the modal analyses are summarized in the 

following Table 4.5. In particular, are reported the main results of the 

modal analyses carried out on the double cells without gap (M.2.A) 

and with gap (M.2.B). The Figure 4.22 show the distribution of the 

alignments, with an incremental analysis that consider the vertical 

alignments and the sensors number per vertical. 
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Figure 4.22. Double cell: set of virtual sensor: the number of the sensors and 
the vertical increase.  

Figure 4.23 and Figure 4.24, instead, show explicative results of the 

deformed shape analysis carried out on the 3D aggregate model 

characterized with the restrained and unrestrained floor. In these 

cases, eight virtual sensor alignments were considered, with 30 

verticals for the building aggregates in line. The deformed shapes of 

the double cell model for the flexural mode does not present any 

difference between the two configuration (Figure 4.23a and Figure 

4.24). The only difference that emerges is the torsional mode higher in 

the first configuration compared with the unrestrained floor (Figure 

4.23d and Figure 4.24d). The dispersion of the mode shapes (in terms 

of mass participation) highlights the presence of local modes.   
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Mode 
Model – M.2.A Model – M.2.B 

Freq. Type* PMR  Freq  Type* PMR  

[-] [Hz] [-] [%] [Hz] [-] [%] 

1 9.43 T-Z 70.00 9.23 T-Z 69.41 

2 10.36 T-X 79.04 9.68 T-X 77.87 

3 13.66 R-Y 21.67 13.41 R-Y 78.34 

4 19.62 T-X 2.24e-02 15.13 T-X 2.30 

5 19.73 T-Z 7.97e-04 19.41 T-X 3.10e-02 

6 20.79 R-Y 4.09 19.75 T-X 7.35e-02 

7 21.40 T-Z 5.79  20.44 R-Y 3.74 

8 23.45 T-X 1.53e-06 21.27 T-Z 8.5 

9 24.42 T-X 7.9e-01 23.43 T-Z 12.28 

10 25.61 T-Z 11.3 23.86 T-X 4.51 

Table 4.5. Summary of the results : Modal shape definition codes: T-
X=Translational along X axis; T-Z=Translational along Z; R-Y=Rotational in Y 

axis. 

The MAC results (Figure 4.25, Figure 4.26), does not show differences 

with the single unit case in the flexural global modes (Figure 4.25a,c ) 

as so as in the local modes (Figure 4.25d) for the first configuration. In 

the M.2.B is worth noting that modelling features are well reflected by 

the form of the MAC matrix, especially for the local modes. The 

histogram shown one more a matrix blocks distribution, but with a 

smaller number of verticals with a high degree of correlation.  

This is consistent with the nature that local modes the play a more 

relevant role whenever restraints between elements is poorer 

influencing the number of modes affected by significant PMR. 
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Figure 4.23. M.2.A: modal analysis results for rigid and restrained floor (a) and 
rigid and unrestrained floor (b) 

 

Figure 4.24. M.2.B: model analysis results for rigid and restrained floor (a) and 
rigid and unrestrained floor (b) 
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Figure 4.25. Results M.2.A.30: the MAC matrix associated with the global 
modes a-b) and local mode d); c) schematic plan view of the virtual alignments  
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Figure 4.26. Figure 4.27. Results M.2.B.30: the MAC matrix associated with the 
global modes a-b) and local mode d); c) schematic plan view of the virtual 

alignments  
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4.2.4 L-Shaped aggregate 

In order to evaluate the seismic behaviour and the response of 

aggregate buildings, another additional configuration has been 

considered. In particular, the base structural unit has been modelled 

with a L-shaped geometry (Figure 4.29), always are considering the 

two boundary condition of horizontal structures.  

 

Figure 4.28.a) L-Shape aggregate: schematic plan view of the aggregate with 
restrained floor (A). 
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Figure 4.29.b) L-Shape aggregate: schematic plan view of the aggregate with 
unrestrained floor - application of a 0.02 m gap - (B).  

The whole masonry structure has been discretized by means of 3D 

solid elements (Figure 4.30) and the mechanical properties are 

considered as in previous cases.  



Chapter 4 - A MAC based approach: dynamic identification of the 
structural behaviour 

Vibration based methods for the structural assessment of historical structures 109 

 

 

 

Figure 4.30. L-Shape aggregate: set of virtual sensor alignments  

Virtual sensors have been therefore defined with the same one concept 

shown before and synthesized in Table 4.6. 

Number of 
alignments 

Number of sensors Model 

20 4 8 16 M.3.A M.3.B 

40 4 8 16 M.3.A M.3.B 

80 4 8 16 M.3.A M.3.B 

Table 4.6 L-Shape aggregate: numerical simulation of virtual sensors 

For the aggregate model, eight virtual sensor alignments were 

considered, with 40 vertical. The modal results among of the two 

configuration is reported in Table 4.7, while the deformed shapes for 

the global and local modes is displayed in Figure 4.31 and Figure 4.32. 
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The observation of the results shows clearly the influence of the 

unrestrained floor ( M.3.B) as the decrement of the frequencies and the 

increment  of the local mass mode activated. In addition, for the M.3.B 

it is observed  the dispersion of the mode shapes associated to local 

modes. 

Mode 
Model – M.3.A Model – M.3.B 

Freq. Type* PMR  Freq  Type* PMR  

[-] [Hz] [-] [%] [Hz] [-] [%] 

1 9.78 T-X 77.48 9.37 T-X 77.31 

2 11.14 T-Z 67.68 11.05 T-Z 67.27 

3 13.60 R-Y 70.46 13.28 R-Y 69.12 

4 19.61 T-Z 7.34e-03 15.68 T-Z 6.80 

5 19.77 T-X 1.07e-02 19.34 T-X 3.36e-02 

6 20.19 T-Z 1.56 19.72 T-Z 3.90e-02 

7 21.04 R-Y 7.62 19.87 T-Z 1.18e-01 

8 23.42 T-Z 3.83 20.91 T-Z 9.21e-01 

9 23.61 T-X 5.60e-02 22.95 T-Z 3.01e-01 

10 24.19 R-Y 2.06 23.37 R-Y 1.78e-01 

Table 4.7. Results : Modal shape definition codes: T-X=Translational along X 
axis; T-Z=Translational along Z; R-Y=Rotational in Y axis 

Since the PMR is basically the same in the analysed models (Table 4.7), 

it is clear that the proposed approach allows to distinguish the case of 

a large activated mass with small modal displacements from that of a 

small mass activated with significant modal displacements. 
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Figure 4.31. Results for building aggregate: M.3.A- Modal analysis with rigid 
and restrained floor;  

 

Figure 4.32. Results for building aggregate: M.3.B- Modal analysis with rigid 
and unrestrained floor;  
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The comparison between the MAC index values related to the 

numerical models examined with reference to the L-shape aggregate 

(M.3.A and M.3.B) of building is shown in Figure 4.33 and Figure 4.34. 

 In order to define a local and global mode selection procedure, the 

results obtained from MAC matrix configurations over a given 

threshold appear to provide reliable results not only in the base 

configuration, but also in the aggregate model. The MAC matrix 

among all couples of alignments shows a distinct structure depending 

on the nature of the mode. In fact, for global bending modes, the MAC 

matrix is a full matrix with almost all values close to 1 (Figure 4.33a). 

In the case of torsion mode and isolated building, the largest MAC 

values are located along the main diagonal and the main anti-diagonal 

when the number of alignments is set to a minimum. When this 

number increases, the largest MAC values are located not only along 

the above-mentioned diagonals but also along a few nearby diagonals 

(Figure 4.33b). As a result, torsion modes are always characterized by a 

cross structure of the MAC matrix that can be eventually cross banded 

in the presence of a redundant number of alignments. Within the sub-

structuring analysis process, the results of spatial distribution of 

vertices that produce large MAC values (greater than 0.9) provide 

convenient data to quantify the similarity of mode shapes, making 

possible to determine the portion of structure that can be modelled as a 

macro-element or structural unit of large aggregate complexes. It’s 

important in this framework, as seen in the section 2.5.1, to consider 
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the definition of the boundary conditions, since, the structural units is 

not isolated.  

 

Figure 4.33. Results: M.3.A.40: the MAC matrix associated with global mode a- 
b) and local modes d) 
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Figure 4.34. Results: M.3.B.40: the MAC matrix associated with global mode a- 
b) and local modes c) 
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4.2.5 Monitoring strategies  

The possibility of applying the simplified procedures for the dynamic 

identification of the different structural typologies is, therefore, 

strategic to obtain useful information to apply the design criteria and 

the structural verifications in the seismic field. 

Advantages and limitations of MAC was discussed in this section in 

light of its perspective application to the seismic analysis of 

architectural complexes.  

Considering the above shown for the three case studies, single sensor 

or a couple of sensors have been examined as the monitoring system 

scheme for the extraction of dynamic parameters and for a correct 

MAC index assessment. 

To evaluate the local mode, in terms of MAC index, the ideal 

distribution of the sensors provides for the installation of a couple of 

sensors per alignments (Figure 4.35b). The configuration with a single 

sensor , if on the one hand reduce the number of sensors, from the 

other can yield high MAC values (Figure 4.35d) even if the vectors 

under comparison are actually not very similar(missing values of 

modal displacements associated to a number of dynamic degrees of 

freedom). For these reasons, considering the distribution long the 

height of the walls, a minimum layout with a couple of sensors per 

vertical to adopt in a Structural Health Monitoring system, for the 

aggregate buildings masonry it is proposed.  
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Figure 4.35. a) Schemes in plan of the sensors distribution b) results in terms of 
MAC index 

4.3 FINAL REMARKS 

This Chapter reviewed some aspects related to seismic modelling of 

masonry building aggregates typically encountered in Italian historical 

city. In particular, attention has been focused on the potentialities of 

the MAC index to serve as a tool in the assessment of the dynamic 

response of existing buildings, in particular the aggregate structures. 

In fact, either the separation of the architectural complex in structural 
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units or the distinction between local and global response can be 

considered as major outcomes of this study. A simplified assessment 

procedure for isolated building masonry has been implemented, first, 

considering different levels of connection between floors and walls, 

obtaining results in agreement with the expectations for box-shaped 

buildings. The procedure has been further validated afterwards by 

analysing aggregates of buildings, obtaining encouraging results. 

The proposed technique allowed characterizing the nature of the 

modes even in the case of aggregate structures. Each structural unit is 

identifiable from the analysis of the spatial distribution of MAC 

computed between modal displacements associated to selected 

alignments of nodes.  

The illustrated procedure appears effective in its simplicity.  
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Chapter 5 

FIELD VALIDATION ON AN 

ITALIAN MASONRY BUILDING  

5.1 INTRODUCTION 

This Chapter present the experimental identification carried out in the 

context of the Agreement for an experimental project with the 

University of Molise and the Regional Command of the Guardia di 

Finanza (Italian Finance Police) in the framework of novel procedures 

for the seismic assessment of existing masonry buildings.  

The focus of this study is based on a well-established vector correlation 

index - Modal Assurance Criterion (MAC), frequently used in the field 

of experimental modal analysis.  

Results of application of the novel approach to explanatory case study 

are reported, pointing out how a rational methodology can guide 

towards the selection of the most appropriate analysis procedure. The 

operational modal analysis OMA using output-only technique has 
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been carried out to identify the modal characteristics through poly-

reference. 

5.2 KNOWLEDGE PATH OF THE STRUCTURE 

5.2.1 Knowledge path 

The knowledge path can be reconduct to manifold activities in order to 

make a final judgment on the safety and seismic knowledge, referring 

to the existing masonry buildings.  

These activities can be described as a knowledge path that show 

different evaluation levels. Starting point is the identification of the 

buildings, in relation of the areas seismic risk with the urban context. 

In this context a basic information of the structure is collected which 

may affect the risk level. Following stage is the definition of the assets 

within a defined class for the seismic performance assessment. Within 

this context, the knowledge of the state of art represent the early stage 

of the assessment, basically point to comply with both prevention and 

reparation objectives.  

Thus, the historical analysis and the in-situ investigation can represent 

a main tool for a qualitative approach sufficient to obtain a clear 

picture of the building safety. Last but not least, the monitoring plan, 

in order to follow the evolution of the degradation and damage 

phenomena over time and thus ensure the conservation of assets over 

the years. 
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5.2.2 Historical evolution 

The building built since 1950 (Figure 5.1), has undergone few changes 

during the nineteenth century. In fact, the Palace of domanial own 

from 1953, was built above the remains of an old artefact masonry of 

the 1920's.  

 “In 1925 the Corpo Reale of Genio Civile built on a wreck of the ex-National 

2th road stretch no. 49, on behalf and with funds from the Ministry of Public 

Works. For the purpose of the work already mentioned, a masonry shed of 

external dimensions 15.00x5.80 m destined as a shelter for the workers and as 

a materials storage for the Corpo Reale of Genio Civile was built - Office of 

Campobasso”. 

During the period (1938 - 1941) it was turned into a public office with 

annex garage to service by the Genio Civile. On March 1951 an 

evaluation was carried out for the extension and restructure of the 

building. This document contains important news for more 

understanding the structural evolution of the artefact. In fact, the 

valuation is presented as a preliminary project of the structure, where 

the geometrical and structural details are described:  

“Along the State road no. 87, at the entrance of the Campobasso city, it 

existed for about 25 years, a masonry shack, by the State owned. The time, the 

inadequate foundations, the lack of maintenance and some indirect and slight 

consequence of military causes, have caused a gradual deterioration of it, by 

profoundly changing its stability. […] the extension project, compatible with 

the total area and need to solve in the best way all the needs of the various 

offices not yet considered, has been attached. Thus, the building will have two 
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new upper floor, in addition to the ground floor with a total area equal to 162 

square feet. On the ground floor two distinct garages, separate by the stairwell 

has been obtained. The first floor has been organized with two small housing 

and the necessary services for the civil residences. On the last floor some 

spaces have been defined in accordance to the needs of the public offices.” 

 

Figure 5.1. The artefact printing 

Moreover, in that document are collected information relating the 

project of the structural scheme (Figure 5.2), in terms of: foundation 

typology, kind of material used, horizontal structures, texture and 

quality of masonry, thickness and profile, as reported below:  

“The plan will quite regular and compact, with overall dimensions 18.32 by 

9.12 meters and it is 12.81 meters high.  

The structural system, of the new building, will by ashlar masonry with a list 

recourse of clay brick masonry for every 60 cm of height, with hydraulics 

limestone mortar. Only the transversals walls of the stair, those of spine 
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walls, as well as the masonry walls of the second floor will be made by clay 

brick masonry.  

Given the characteristic of the soil, are expected deep foundations especially in 

the Nord-West zone. However, to avoid the excessive depth (in terms of cost 

and time), the widen of the foundation plan has been considered.  

The dimension has been evaluated so that the transmitted unitary load not 

exceeding the 2 kg/cmq. The foundation plans will be made by a proper 

continuous concrete block with a plinth section. 

 

Figure 5.2. Plans and section of the building 1951 

 Mixed horizontal structures, kind S.A.P floor, with reinforced steel under the 

concentrated loads of the upper partition walls will be made. These are going 

to connect with a perimetric reinforced concrete curb from 20 cm of thickness 

for the first two floors and 15 cm under the cover plan. The roof of the 
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building will be realized by struts, purlins, and wooden beam with a roof tiles 

cover. […]”  

The building was completed in June 1952, and from that date the 

inspection which was carried out only in June '53, as evidenced by the 

test certificate.  

5.2.3 Structural assessment  

In the path of knowledge, the phases of survey of mechanical and 

structural characterization of materials are aimed at defining the level 

of knowledge necessary for interpretation the seismic behaviour. An 

accurate historical analysis can be enables to limits the extensive 

investigations campaigns to obtain a clear information of the building 

safety. Moreover, a combined use of the qualitative approaches 

(historical and in-situ diagnosis), allow the execution only of non-

destructive testing or weakly destructive, for obtained an adequate 

knowledge of the structural performance, and information on the 

quality of the materials and structural details.  

In order to achieve a clear picture of the structure examined, it was 

necessary to lead a survey phase. Some parts of the structures were 

objected study, through non-destructive and weakly destructive 

surveys. The non-destructive evaluation (NDE) was used to validate 

the information derived from the historical stage and, for a 

preliminary assessment, sufficient to define the critical situations that 

needed a more accurate evaluation. Unfortunately, most of the 

procedures can give only qualitative results; therefore the results are 
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used as an comparative values between different ND analysis of the 

same masonry wall.(L. Binda, Saisi, & Tiraboschi, 2000)  

Main goal of the weakly destructive tests (WDT) it was to characterize 

the typology of the masonry for the different levels, the quality of the 

connection between the walls, presence of adequate structural details 

between walls and the horizontal structures ( curbs, typology of floor).  

The investigation activates has been organized in this way:  

− Thermography: An important survey tool to obtain 

structural information. This investigation tool was used as to 

support the further qualitative data (historical, geometrical) 

and to found semi-quantitative information through by 

further ND tests, in order to complete the knowledge stage. 

The choice of the points to be investigated has been made in 

operation of the information retrieved around the origin and 

the historical evolution of the building 

− Endoscopic tests: direct visual inspection of cavities or 

further inaccessible parts inside the walls and the horizontal 

structures; 

− Slightly destructive testing : To understand the morphology 

of a masonry wall, direct inspection in order to qualify the 

state of preservation of stone or brick masonry walls , the 

presence of multiple leaves and their type of connection (L 

Binda & Saisi, 1996). 
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Figure 5.3. Plan of the building in which the relevant investigations are 
marked  

In order to have a clearly knowledge of this stage, a detailed of the in-

situ inspection of the building was produced. Figure 5.3 illustrates the 

building plan, in which the relevant parts investigated with the 

different technique it has been subjected to, are marked.  

The investigation techniques applied are been according to the 

following code: 

− Tp: passive thermography in red; 

− End: Endoscopic tests, in blue; 

− Sa: slightly destructive testing, in orange. 
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5.2.4 Description of the structural systems 

The information derived by the geometry relief is associated to the 

accuracy with which the geometry of the building is represented in the 

actual spatial configuration, that is enriched by reading and restitution 

of the cracks described in the salient characteristics that qualify their 

position, size, and extension.  

Results of the geometry relief shows a quite regular and compact plan 

(Figure 5.4), with overall dimensions 18.32 by 9.12 meters and it is 

12.81 meters high. The perimeter wall thickness varies between 0.40 m 

and 0.75 m at the ground floor, while it is thinner at the upper levels. 

During the survey activities conducted on the structural parts of the 

building, have been identified the weaving of masonry walls for the 

different levels.  
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Figure 5.4. Geometry relief: a) view of the plan; b) drawing of main prospectus 
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Infrared thermography proved itself to be an effective, convenient and 

economical method used in the conservation field to detect hidden 

characteristics of building (structural changes, presence of cavities, 

pre-existing forms, texture of walls, frame of floor, structural 

abnormalities). The image acquisition module is an instrument that 

allows to distinguish the temperature distribution on the objects 

surface (R. Plescu, et al. 2012).  

The result is a thermal image in colour scales associating differences in 

tones at intervals of temperatures of the order of the fraction of a 

centigrade degree. The fast and accurate diagnostics for the façades 

and the large monitoring capacity, represented the main advantages of 

using the thermography for this case study.  

 

Figure 5.5. Result of thermographic testing of walls: a) ground floor; b) first 
floor 

An infrared thermos camera type FLIR E60bx was used for the relief 

structures. The camera has the following technical specifications: IR 

resolution - 320x240 pixels; Spectral range 7.5-13 mM; FOV - 25 °×19 °; 

Spatial resolution - 1.36 mrad; Thermal sensitivity <0.045 ° C; Frame rate 60 

Hz; Manual focusing; Focal Plane Array (FPA) - Uncooled microbolometer. 
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The passive thermography was used to identify the weaving of 

masonry (Figure 5.5) and the eventual presence of openings that have 

been closed respect during the 1953’s interventions. 

A further confirmation about the type of construction was obtained 

from the information acquired during the endoscopic and semi-

destructive investigations carried out on the walls.  

 

Figure 5.6. a) infrared thermos camera type FLIR E60bx; b) endoscopy 

The endoscopy has been allowed a direct inspection of cavities or other 

inaccessible parts inside the walls. Through this instrumentation, it has 

been possible the understanding of all wall thickness (single or 

multiple-leaf walls, internal voids and flaws), with a view to identify 

the composite material as well as the characteristics of wall section. 

The system used has the following features a 3.5” full colour LCD 

Screen (Figure 5.6), a slim 8.2mm diameter probe with 6 adjustable 

LED lights, a high performance camera module with crystal clear 

output. and an integrated 1W CREE flash light for dark area working 

assistance. 
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Given the presence of different cross-sections and the great influence 

of the construction technique on masonry behaviour, a direct 

investigation for understand the morphology and building techniques 

has been used. The masonry texture, presence of horizontal courses, 

dimension of the elements and type of connection for the cross walls 

section, are some of parameters defined.  

 

Figure 5.7. Direct investigation: a) front of Masonry Class A3 - Group Ib ; b) 
cross sections  

The analysis allowed to identify two different masonry classes. First 

and the second level are characterized by Masonry Class A3 - Group I b : 

masonry in compact limestone and mortar of lime and aggregates in 

limestone; with a homogeneous and undifferentiated texture (Figure 

5.7). This class of masonry is characterized by the adjustment of set 

blocks horizontality at intervals more or less regular in height, and 

realized through the introduction of elements of particular size "Ricorsi 

e listatura".  
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The Brickwork characterize the second floor and the attic, by the 

presence of solid bricks in shape and regular texture (Figure 5.8). The 

various layers of bricks are connected to each other by layers of 

mortar.  

 

Figure 5.8. Direct investigation: a) front of Brickwork; b) cross section 

As regards the horizontal structures, the investigations have been 

conducted to acquire some parameters like: floor typologies, structural 

details, geometric aspects, connection quality with walls.  

The passive thermography provided an important support to identify 

the weaving of the floors (Figure 5.9. a). At the same time, the 

endoscopy test confirmed the assumptions made on the basis of 

existing literature.  
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Figure 5.9. a) IR image of weaving floor; b) detail of concrete curb 

The building is characterized by S.A.P floor (Figure 5.10) for the first 

three levels. Introduced in Italy around 1930, and largely employed up 

to the years '60, today represent a rather common typology for the 

building heritage.  

In that specific case, it is made up beams assembled through 

installation of reinforcing bars (smooth and from the reduced 

diameter) in special holes predisposed in the hollow clay block and 

seals through mortar. The beams among them are approached for the 

realization of concreate casting completion. 

The horizontal structures are effectively connected to perimetric walls 

with a reinforced concrete curb ( thickness 20 cm) for all levels.  
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Figure 5.10. a) detail between S.A.P and concrete curb; b) cross section of 
S.A.P. (www.leca.it)  

While the roof is made by two wooden trusses (Figure 5.11) with 8 m 

wheelbase and a poor connection to the perimeter walls . The wood 

beams ( square section 15-20 cm) with the wooden floor define the 

cover package. 

 

Figure 5.11. View of the wooden trusses 

  

http://www.leca.it/
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5.3 DESCRIPTION OF THE NUMERICAL MODEL 

5.3.1 Introduction 

Numerical analyses are often very complex due to significant 

uncertainties in the characterization of material properties and 

structural behaviour. Besides, the reliability of seismic analyses is often 

jeopardized by the need of defining an appropriate structural and 

dynamic model.  

The unique structural configurations, the old construction techniques 

and the presence of stratified structural modifications occurred over 

the centuries make the definition of an appropriate and reliable 

numerical model very challenging.  

The aim of investigation process is the acquisition of clearly 

knowledge of the artefact for defining a suitable and accurate 

numerical model. Modern instruments and software packages for the 

architectural and structural representation are effective options for the 

analyst, so that detailed modal analyses can be carried out.  

Several models, with different theoretical approaches have been 

available (Lagomarsino & Cattari, 2015). For this case studied the 

structural model was carried out through the SAP2000® V.15, a 

software set widely used by practitioners, for seismic assessment of 

masonry buildings. In the next paragraph , the global modelling used 

for the preliminary numerical dynamic analysis is described. 
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5.3.2 Equivalent Frame Model 

One of the most widespread structural model used by practicing 

engineer , and suggested also by main national and international is the 

Equivalent Frame models (EF). In such method masonry wall is 

discretized by a set of non-linear macroelements (reproducing 

masonry piers and spandrels), connected by rigid links. The structural 

macroelements are identified a priori. 

 

Figure 5.12. Identification of the main structural system  

The construction of the undamaged EF model was fundamental to 

simulate the dynamic and seismic behaviour of the building. For the 

realization of the model have been adopted a previously phase with a 

CAD software. Particularly, the available geometric survey of the 
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building has been simplified (Figure 5.12). In this way the geometry is 

brought back to indication of walls and openings. 

Once defined the middle lines to the various levels, they have been 

overlapped with the purpose to determine an only valid line for 

everybody levels. Following this, the panels was positioned, in plant 

and in prospectus, on the line axle of global reference. In this way an 

alignment of the walls along the vertical one has been obtained. The 

last step was the definition of the equivalent frame for every wall, 

getting a simplified 3D geometric model of the building (Figure 5.13). 

 

Figure 5.13. Analysed building: drawing of the equivalent frame 

The 3D model CAD has been imported directly in SAP2000 for the 

structural assessment. Every line is recognized in the software as an 

element frame in the space with six degrees of freedom (three 

translations and three rotations around the axes ) according to the 

directions of reference system. Each pier and spandrel beam were 

defined by frame elements with the equivalent cross section dimension 
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and height. To take the coupling effect between piers and spandrels in 

account, rigid offsets was assigned at the ends of the frame elements. 

The rigid length offset of the piers was determined based on an 

empirical approach proposed by Dolce 1989 Whereas the rigid length 

of the spandrel beams was defined in according to the method 

proposed by (Calderoni et al. 2015). Due to the irregularity of the 

openings, additional rigid elements were introduced to make 

the connection between the elements that are not aligned. 

 

Figure 5.14. SAP modelling: equivalent frame 

These elements of the EF model are characterized at the base by perfect 

constraints and additional rigid elements were introduced to make the 

connection between the cross section walls for optimize the load 

distribution. The result of 3D equivalent frame model is presented in 

Figure 5.15. The model was used to predict the numerical estimation of 

modal parameters.   
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Figure 5.15. Equivalent Frame Model of the building  

The model was used to predict the numerical estimation of modal 

parameters. Moreover, the numerical simulation has been used to 

predict the location for the reference transducers and the number of 

points to measure, in order to have enough resolution in the mode 

shape, as Operational Modal Analysis was chosen for evaluation of 

dynamic parameters. A modal dynamic analysis has been carried out 

to estimate all the modes, including the out of-plane and torsion 

modes. 
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Table 5.1 and Table 5.2 summarises the parameters adopted for the 

model. The mechanical properties are derived from the information 

acquired during the knowledge path. The mechanical properties of the 

walls have been defined with reference values present in the Italian 

Code (NTC2018) and to consider the correction coefficients to be 

applied in the presence of good quality of mortar and presence of 

courses. The compression strength is considered as fm/1.35 FC. While, 

the tensile strength was developed from a ratio of 5% of the 

compressive strength. 

Masonry 
typology 

fm  τ0 E G W 

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

min-max min-max min-max min-max min-max 

Cut stone 
masonry, 

good bond 

2.60 0.056 1500 500 
21 

3.80 0.074 1980 660 

Full brick 
masonry 
with lime 

mortar 

2.40 0.06 1200 400 

18 
4.00 0.092 1800 600 

Table 5.1. Reference value for the masonry mechanical parameters  

While for the concrete and steel elements has been considered the 

mechanical properties derived from the norm code of the construction 

period referred. For the steel bars has been used STIL v1.0 software 

(Verderame et al. 2011), which allows to perform the search inside a 

database for the principal mechanical characteristics of the steels. The 

search is based on the time range, the typology, from the certificates of 

the steel bars tested. In the time range selected the software show the 
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yield point stress distribution, strain hardening, as well as the 

percentage values of use for the different steel categories. 

CLS Rck 300 STEEL FeB22k 

Rck 300 [kg/cm2] σs,amm 120000 [kN/m2] 

σc,amm 9750 [kN/m2] τc0 600 [kN/m2] 

E 31475806,2 [kN/m2] τc1 1829 [kN/m2] 

   E 206000000 [kN/m2] 

Table 5.2. Reference value for the concrete and steel mechanical parameters  

The assumed constitutive model was heterogeneous, anisotropic 

and largely influenced by the constitutive materials and 

constructive system. The masonry behaviour is idealized as a 

homogenous and isotropic material, characterized by the 

Young’s modulus and the Poisson ratio. The masonry piers and 

spandrel beams are defined with elastic behaviour, while the 

nonlinear behaviour is assigned with concentrated plasticity 

(Simões, et al. 2012). Figure 5.16 shown an example of the 

distribution of the plastic hinges location in the equivalent frame 

model of the wall facade.  

The horizontal structures is effectively connected to perimetric walls 

with a reinforced concrete curb ( thickness 20 cm) for all levels, for this 

reasons a rigid diaphragms was considered in the model. 
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Figure 5.16. Modelling building: plastic higes’ location in the equivalent frame 
model of the wall façade. 

The preliminary model analysis allowed to characterize the seismic 

behaviour , for the purpose to optimize the design of the experimental 

dynamic structural monitoring. Global structural systems have been 

subjected to elastic numerical analysis. 

The main significant EF analysis’s outcomes are the frequencies and 

the real modal mass to detect the principal modal shapes. 

In this case, the dynamic response is influenced by the modelling 

condition of the bearing walls and also by the connection degree of the 

walls and the floor behaviour ( rigid or deformable). The first two 

modal shapes are characterized by flexural modes (Figure 5.17. a, b) 

and the third by a torsional one ( Figure 5.17 c). 

The results of the modal dynamic analysis show a homogeneous 

structural behaviour, as a matter of fact, there is a high participating 
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mass calculated for the main first modes, equal to 85% in the X 

direction, 78% in the Y direction and 79% for the torsional mode shape.  

 

Figure 5.17. Principal mode shapes  
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5.4 DYNAMIC IDENTIFICATION SYSTEM 

This paragraph presents the experimental identification carried out in 

the context of the Agreement for an experimental project with the 

University of Molise and the Regional Command of the Guardia di 

Finanza (Italian Finance Police), in the framework of novel procedures 

for the seismic assessment of existing masonry buildings. 

The operational modal analysis OMA using output-only technique has 

been carried out to identify the modal characteristics through the 

stochastic subspace identification techniques were chosen based on the 

discussion given in Chapter 2. The choice configuration of the sensors 

depends on the type of monitoring, accuracy, budget compliance, 

computational burden, durability and ease of use (Gargaro 2018). It's 

possible considered three different types of monitoring systems: short-

term monitoring, periodic monitoring and in-continuous monitoring. 

The short-term monitoring aims at the identification of the dynamic 

parameters for the structural characterization, while the period and in-

continuous monitoring guarantees in addition the estimation of 

structural degradation and damage. 

5.4.1 System identification test 

The dynamic response of the case study has been analysed by means 

accelerometer sensors, and the monitoring of them was carry out 

through three different layouts. The dynamic sensors, produced by 

PCB Piezotronics, are piezoelectric axial accelerometers, with nominal 

sensitivity of 10 V/g, range interval 0.5 g pk.  
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Different PCB Piezotronics accelerometer (Figure 5.18) models has been 

used for these tests: 

− a) Model 393B05: sensitivity 10 V/g, , range interval 0.5 g pk; 

− b) Model 393B12: sensitivity 10 V/g, , range interval 0.5 g pk; 

− c) Model 393B31: sensitivity 10 V/g, , range interval 0.5 g pk 

The sensors have been connected to data acquisition system (DAQ) 

through coaxial cables to low impedance. 

For these sensors coaxial cables of the type RG-58 has been used with 

BNC connectors for the DAQ connection and MIL-C-5015 for 

connection to the sensor (Figure 5.19).  

 

 

Figure 5.18. PCB models: capacitive accelerometer 
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Figure 5.19. Coaxial cable for the piezoelectric accelerometers with MIL-C-5015 
BNC connection (www.pcb.com  

Being the cables very sensitive to the noise, these has been fixed to the 

structure until to the acquisition system (Figure 5.20), so that to avoid 

interferences with the other installations present. 

 

Figure 5.20. The cables system 
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 The hardware present four channels installed on a modular controller. 

The module is ideal for the acquisition of the dynamic signal and is 

proper for measures of frequency. The four channels in input perform 

the simultaneous digitization of the signals to maximum frequency of 

51.2 kHz for channel and they include filter aliasing. As shown in 

Figure 5.21, the chassis contain a maximum of 8 modules with the 

possibility to acquire 32 acceleration measurement. 

 

Figure 5.21. Modular chassis and modules for the acquisition system. 

5.4.2 Dynamic identification campaign  

In order to check the dynamic investigation procedure showed above, 

an experimental campaign has been conducted by output-only 

techniques. The number of sensors is limited to improve the stability of 

signal and to speed up the installation activities.  

The accelerometers have been fixed to the structure through 

interposition of rigid plates (Figure 5.22), so that the frequency range 
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on interest is not biased. Normally the minimum number of sensors 

for each level is 4, in the mirror position of the corners, so that to be 

able to also identify the torsional component. 

Having available a maximum number of 29 accelerometers (budget 

compliance) these they have been installed on nine vertical alignments 

with six sensors per alignments have been positioned for the all 

building. In addition, 4 sensors (ch1, ch2, ch3, ch4) positioned on the 

floor has been used for the reference. Therefore, have been carried out 

three different acquisition , in the first run was used 29 sensors to 

monitor the global horizontal response and the first three verticals. In 

the second and third layout respectively was used 16 and 28 sensors.  

 

Figure 5.22. a) View of the installed sensors; b) detail of the sensor with the 
plate 

The acquisitions were of type multirun reconnected by means of 

process scaling, being focused on the following points of reference 
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measurement. The Figure 5.23 summarize the positions and 

correspondence channel sensor of the accelerometers used. 

 

Figure 5.23. Experimental monitoring: a) plan view of the localization of the 
sensors; b) global view of the verticals 
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Data acquisition is carried out by a measurement device with 16 bit 

resolution and on-board anti-aliasing filter. The data acquisition 

hardware is managed by software developed in LabView 

environment.  

5.4.3 Identification of modal parameters 

The collected raw data are stored into a local MySQL database. A 

sampling frequency of 100 Hz is adopted. The acquired data are 

continuously processed by an innovative fully automated OMA 

procedure. Data processing was performed using ARTeMIS Modal 

software (SVS, 2018), in the framework of the research activities 

carried out by the first author at the University of Minho. After data 

pre-treatment, the modal parameters of the building has been 

identified through the Frequency Domain Decomposition (FDD) and 

Stochastic Subspace Identification (SSI) methods (Brincker et al. 2001) 

as defined in the Chapter 3. 

In all measured degrees of freedom are presented (Figure 5.24) on the 

test geometry used by the operational modal analysis software 

ARTeMIS Extractor.  

The measurements were conducted using 3 different layout 

measurement system for 3600 seconds. Most of the relevant natural 

frequencies of the building are below 10 Hz. Therefore, a decimation of 

order 50 was applied before the operational modal analysis, reducing 

the sampling frequency from 100 Hz to 25 Hz. 
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Figure 5.24. The Assign DOF Information Task displaying all sensors of the 
three test setups. The purple arrows are the reference sensors.  

The modal frequencies, and mode shapes were determined by 

applying both methods, while the damping ratios it was obtained 

using only the SSI procedure.  

The data were later correlated using the Modal Assurance Criterion 

(MAC) between both sets of results, in order to assess the accuracy of 

the obtained mode shapes. 

In the experimental result shown that only the first five modes can be 

adequately estimated. Below the one and only Stabilization Diagram is 

shown.  

It displays the Singular Values Decomposition (SVD) of the Spectral 

Densities of all the Test Setups with an indication of all the global 

modes based on all Test Setups. 
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Figure 5.25.  Stabilization diagram for SSI techniques from ARTeMIS 

 

Figure 5.26. Mode shapes of experimental data 

The first mode was found at a frequency of 5.59 Hz with a damping of 

8.67%, the second mode to 5.63 Hz with a damping of 6.39% and the 

third mode to 7.92 Hz with a damping of 8.38. It is possible to see in 
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Figure 5.26 that first three modes present, in accord with the predict 

numerical model, a flexural mode shapes and torsional mode. 

The main outcomes of the experimental analyses are summarized in 

the following table. 

FDD  SSI - UPC MAC 

Mode Type f [Hz]  f [Hz] ξ [%] 
Complexity 

[%] 
[-] 

1 Tran. X  5.52  5.59 8.67 2.52 0.96 

2 Tran. Y 5.61  5.63 6.39 0.76 0.99 

3 Rot. in Z 7.52  7.92 8.38 1.46 0.97 

Table 5.3. Results OMA: natural frequencies (f), damping (ξ) and MAC 

 

Figure 5.27. The complexity plots for the corresponding mode shapes 

The results of the modal frequencies and mode shapes was have been  

assessed and validated extensively, as shown in Figure 5.27 by the 

complexity plots. The latter can effectively represent in a graphic way 

the nature of the modes. In this case, all the modes are real, since the 

imaginary component is actually low. Conversely, the values of 

damping, whose calculated value are about 5-6%, are affected by a 
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certain bias. Validation of the above-mentioned values  estimated by 

the ARTEMIS software has been made by making the same calculation 

by means of the ARES® software (acronym for Automated modal 

paRameter Extraction System, Rainieri & Fabbrocino 2015) and 

obtaining the same estimate. This circumstance stance lead recognize 

that operational conditions and related recorded levels of vibration 

where not fully satisfactory, leading to basically miss the correct 

estimation one of the modal reference parameters, like the damping 

ratio is. 

With the aim of updating the numerical model and better define the 

most relevant mechanical parameters of the structure, in the following 

the results of a modal analysis of the model are compared with the 

experimental ones.  

The first three eigenfrequencies and mode shapes are used to check the 

FE model. The horizontal displacement components ux and uy along 

the floor measurement points are used for the tuning. 

The comparisons show good agreement for the translation mode shape 

but with more difference for the very sensitive and low signal in 

torsional mode shape.  

This can be related to the presence of a floor with a rigidity lower than 

the one adopted in the numerical model and eventually a different 

degree of connection between the cross walls. 

Table 5.4 shows x, y translational and torsional mode shapes obtained 

from the ambient vibration measurements compared with those from 

the EF model analyses.  
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Mode 
SAP2000 SSI-UPC error FDD error 

[Hz ] [Hz ] [%] [Hz ] [%] 

1 5.43 5.59 2.86 5.52 1.61 

2 5.81 5.63 3.20 5.61 3.55 

3 7.19 7.92 9.22 7.52 4.17 

Table 5.4. Comparison between numerical and experimental values of the 
natural frequency of the fundamental modes of the building 

5.4.4 Assessment of the modal shapes by means the MAC based 

procedure 

According to the procedure illustrated in the Chapter 4 the MAC index 

has been carried out for each deformed shape evaluated as related to 

the selected verticals.  

The matrix graph shows the MAC results, computed in according to 

the equation between all couples of vertical alignments of virtual 

sensors. MAC matrices assume for the evaluated modes as reference 

the selected threshold value of 0.9. In the case of the first experimental 

mode, the histogram, highlight as much values always exceed the 

threshold specified.  

In the case of the flexural global mode, the histogram, highlight as 

much values always exceed the threshold specified (Figure 5.28). In 

this case the final shape modes were obtained from the merger of the 

individual measurement previously in the three runs. 

Thus, all nine sensors alignments have been considered in the MAC 

analysis as shown in the histogram (Figure 5.28c). These configurations 
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can be associated to the so-called "box behaviour" with a typical global 

behaviour of the structure. 

 

Figure 5.28. Results: a) The shape mode; b) MAC matrix associated with 
torsional mode; c) Location of the verticals 

This means that the building tends to behave as a global unit and the 

potential collapse can be derives from the in-plane damage of several 

masonry structural elements. 
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Figure 5.29. Results: a) The shape mode; b) MAC matrix associated with 
torsional mode; c) Location of the verticals 

Also, the torsional mode (Figure 5.29) from the calculation of the cross-

power spectra of all sensors has identified, but with the, but reducing 

the sampling frequency at 25 Hz in order to investigate only a narrow 

bend frequencies.  

In the case of torsion mode and isolated building, as well as shown in 

the numerical simulation, the largest MAC values are located along the 
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main diagonal and the main anti-diagonal, point out a box behaviour 

of the building. However, the histogram results of the spatial 

distribution vertices that produce large MAC values (greater than 0.9) 

it's also located between the adjacent verticals (e.g. Vert.0 and Vert.2 or 

Vert.5 and Vert.8). Such condition underlines the influence of the 

horizontal structures in the knowledge of the structural behaviour, as 

well as seen in the numerical simulation.  

5.5 CLOSING FINAL REMARKS 

The present Chapter shown the potential of the dynamic identification 

as non-destructive tool in the knowledge path of the existing masonry 

buildings. The use of ambient vibrations as bases of excitation is then 

mainly effective in the assessment of the dynamic behaviour of the 

heritage structures, because this procedure suggests a preservation 

care unlikely nearby with other methods. Attention has been focused 

on the potentialities of the MAC index to distinguish a global or local 

response from the analysis of the spatial distribution of MAC 

computed between modal displacements associated to selected 

alignments. The procedure it is easy to manage, and it can offer some 

advantages in the classification of the dynamic behaviour. The case-

study of an isolated masonry building is presented to evaluate the 

method capability. The natural frequencies identification has been 

performed by using established methods for dynamic identification.  
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Given the global behaviour of the building analysed, classified as 

structure which tend to an isolated building behaviour,  no appreciable 

local modes have been identified as expected. Encouraging results 

have been obtained. However, further analyses and other validation of 

the proposed methodology are needed in view of its extended use as 

survey tool in the knowledge path. 
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Chapter 6 

DAMAGE ASSESSMENT: AN 

OLD ARCH REPLICA 

6.1 INTRODUCTION 

The evaluation of the structural conditions is needed to plan cost-

effective remedial measures, before the extension of damage leads the 

systems to stop operation, requiring expensive in depth interventions. 

Nowadays, the availability of inverse approaches contributes to 

overcome this problem allowing to characterize the ‘unknown’ 

parameters of a structure by the identification of its dynamic 

properties. Moreover, the direct interdependence between dynamic 

and physical properties makes modal-based methods suitable tools for 

detecting the structural damage. 

For the purpose of this work, damage can be considered as an adverse 

condition that compromises the structural integrity of a system and 

affects its performance in terms of load-bearing capacity of the 

structural elements, materials strength and, stiffness.  
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The alterations induced into the system by the damage and the 

reversibility of the process depend on the severity and size of the 

damage and last, but not the least, on the number and type of elements 

involved. The stiffness degradation due to the loss of structural 

integrity will be reflected in changes of the properties of the system in 

terms of modal parameters (frequencies, mode shapes and damping 

ratios). The possibility to easily measure these quantities has been 

fostering their use as damage indicators in all engineering fields 

(Abdel Wahab & De Roeck, 1999).  

The main scope of this study is the evaluation of a robust spectral-

based algorithm able to detect, locate and assess the structural 

damage, suitable for both output-only and input-output dynamic 

identification techniques, independently of the excitation sources, and 

applicable to any type of structure (Masciotta et al. 2016) 

To pursue this goal, the procedure will be tackled according to an 

analytical approach that combines both numerical and experimental 

activities. 

The present Chapter describes the experimental campaign carried out 

on the masonry arch replica built at UMinho Lab in 2018. The arch 

model was built in the laboratory where a controlled damage not 

recoverable (support movement) was applied. The dynamic response 

of the system was processed based on the spectral output. 
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6.2 ARCH MODEL DESCRIPTION 

6.2.1 Arch construction description 

Two scaled replicas of an ancient masonry arch were built in a semi-

circular shape (0.95 m radius, 1.90 m span, 0.44 m. width and 0.05 m 

thickness, Figure 6.2).  

 

Figure 6.1. a) Mortar Cylinder compression test for Elastic modulus; b) flexural 
strength test of prism specimen; c) compressive test of prism specimen 

They were built by using low compressive strength clay bricks ( from 

the Northern area of Portugal) with 100 x 75 x 50 mm3 and were 

bounded using REABILITA mortar (approximately 5 mm thickness) 

with low mechanical properties (Elastic modulus Emed=3375 MPa; 

compressive strength fc,med=2.02 MPa; flexural strength 1.1 MPa), to 

make the construction compatible with the materials used in historical 

constructions. All the arches were constructed with 39 brick courses, 

Figure 6.2 shows a geometrical plan of the model.  
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The abutments, initially, were made of concrete over rectangular steel 

plates fixed to the laboratory floor. The arches were built, over a 

wooden mould keeping a constant intrados mortar joint thickness of 

10 mm. 

 

Figure 6.2. Arch geometry 

The masonry arch structure was built in two consecutive phases, the 

first layer of bricks was laid over the formwork starting from the right 

abutment up to crown perimeter of the arch, as shown in Figure 6.3a. 

After that, following the same technique starting from the left 

abutment, in the end the key brick was laid such that the joint 

thickness could be tuned as shown in Figure 6.3b. 
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Figure 6.3. Arch model phases in the construction of masonry arches 

The demoulding process has been made after one week ( minimum 

time required)as shown in Figure 6.3d 

6.2.2 Numerical Model description 

The structural modelling and the analysis have been performed with 

the FE software DIANA Ver. 10.2. This analysis assisted in the design 

of experimental dynamic tests. The FE modal's outcomes were chosen 

for the parameter estimation as: the reference and moving sensors 

definition, the acquisition time and the sampling frequency. All those 
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parameters are important in order to have enough resolution in the 

mode shapes. 

The arch is composed by masonry units and mortar. The main material 

characteristics for the masonry components of the building were 

adopted from the Italian Code (NTC2018) and compared with the 

value given by Basilio (2007). Table 6.1 summarises the model 

parameters adopted. 

Masonry 
typology 

fm  τ0 E G W 

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

min-max min-max min-max min-max min-max 

Full brick 
masonry with 
lime mortar 

2.40 0.06 1200 400 
18 

4.00 0.092 1800 600 

Table 6.1. Mechanical properties of the masonry arch model 

The assumed constitutive model was linear softening in tension and 

parabolic softening in compression. This behaviour is represented in 

Figure 6.4a, where Gf represents the tensile fracture energy of the 

material and ft equals the tensile strength. The parabolic curve (Figure 

6.4b) is a formulation based on fracture energy, according to Feenstra 

(1993) and it is described by three characteristic values Gc which 

defines the compressive fracture energy, fc equals the compressive 

strength. 
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Figure 6.4. Arch 3D model : Tensile (a) and compressive behaviour (b) 

On the basis of the numerical modelling approach, the level of 

accuracy and the complexity of the analysis must be thoroughly 

considered.  

It is possible to choose a micro-modelling strategy if the goal is 

understanding the local behaviour, however, several approaches exist 

to perform micro-modelling as well. Furthermore, if the attention is 

given for the global behaviour, the macro-modelling is preferred 

(Lourenço, 2009). 

In this case study a Macro-modelling approach has been used, in 

which bricks, mortar and brick–mortar interface is smeared out in a 

homogeneous continuum. The constitutive model based on total strain 

rotating crack is implemented for the FE model, this approach is 

improved along the bases of the Modified Compression Field Theory, 

originally proposed by Bentz et al. (2006) 
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Table 6.1 summarises the parameters adopted for the model, in 

particular, Young's modulus of 1800 MPa,  Poisson coefficient equal to 

0.2, mass density equal to 18 kN/m3,  tensile strength equal to 0.4 MPa,  

tensile fracture energy id defined by the following formulation: 

 𝐺𝑓 = 𝑓𝑡  𝑑𝑢,𝑡 
(6.1) 

Here, the ductility index (du,t) equal 0.029 mm has been assumed; as 

suggested by Lourenço (2009), the Gf value equal to 0.015 N/mm is 

adopted. The compressive strength ft equal to 4 MPa with the 

corresponding Gc equal to 9.6 N/mm (with du,c equal 2.4 mm) was 

adopted for analysis. The concrete abutments were assumed linear 

elastic with a Young’s modulus equal to 30000 MPa, the Poisson 

coefficient equal to 0.2,  mass density equal to 25 kN/m3 were 

assumed for the analysis.  

Solid elements CHX60 (Figure 6.5) were adopted for this numerical 

model. This is a twenty-node isoparametric solid brick element and is 

based on Gauss integration and quadratic interpolation. Typically, a 

rectangular brick element approximates the following strain and stress 

distribution over the element volume. The strain εxx and stress σxx vary 

linearly in x directions and quadratically in y and z direction. The 

strain εyy and stress σyy vary linearly in y direction and quadratically in 

x and z direction. The strain εzz and stress σzz vary linearly in z 

direction and quadratically in x and y direction. The stresses and 

strains are defined on the base evaluation of the form and stiffness of 



Chapter 6 - Damage assessment: an old arch replica 

Vibration based methods for the structural assessment of historical structures 169 

 

the structural components, the degrees of freedom specified to each 

node, the applied actions, boundary conditions and the stress and 

strain history of the analysis. 

 

Figure 6.5. The CHX60 solid element 

 

Figure 6.6. Arch 3D: view of the mesh type and the boundary conditions 

The Finite Element Model (FEM) of the arch (Figure 6.6) , is based on 

the detailed geometric model. For the realization of the model, firstly 

the abutments were defined. These elements, for the reference 

scenario, are characterized at the base by perfect constraints. In 

continuity with the surface of the abutments, the arch solid part has 
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been made. In the optimized mesh of all the surface, an average size 

QUAD element (Figure 6.5) of 25 mm was considered. 

In the beginning of the modal analysis, the 3D undamaged model was 

considered as the initial condition for the next non-linear static 

analysis. 

6.2.3 Modal Dynamic Analysis 

A modal dynamic analysis was carried out to assess the models. 

Through this analysis, performing a free vibration eigenvalue analysis 

with DIANA solver. A modal dynamic analysis was carried out on the 

arch model. Through this analysis, free vibration eigenvalue analysis 

with DIANA solver was performed(Figure 6.8a,b). As shown before, 

this analysis was performed to better define the experimental dynamic 

tests. The range modes of vibration start from 35.34 up to 221.62 Hz 

and also there is no close frequencies either. 
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Figure 6.7. a) Numerical modal results - mode shape and frequency values 
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Figure 6.8. b) Numerical modal results - mode shape and frequency values 
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Therefore, for the experimental test, the sampling frequency of 400 Hz 

was defined. Consequently, it was expected to define experimentally, 

at least, ten distinct frequencies. 

6.2.4 Numerical prediction of damage locations 

The FE model, previously used to perform the modal dynamic 

analysis, is subsequently subjected to an increasing displacement load 

to predict the possible location of damage. To simulate the non-linear 

behaviour of masonry, a standard smeared cracking model was used 

as described before. The displacement force was applied on the right 

abutment base (Figure 6.9). This is characterized to have only 

translation in the load displacement direction, so as to reproduce the 

same test conditions, while the right abutment is completely fixed. 

 

Figure 6.9. Edit boundary conditions 
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The simulation tries to represent a displacement increasing load (0.1 

mm by step) applied until the collapse. It should be stressed that the 

results are qualitative and they were useful only to predict the possible 

crack location and the corresponding displacement.  

For the static response the analyses show three cracks (hinges) at 

ultimate load step. For the prediction model, the crack sequence shows 

the first two cracks appear simultaneously in the extrados in a 

symmetrical position close to the supports with a displacement of the 

support equal to 1.6 mm. The third and last crack appears in the 

intrados close to the crown position on the right side for a 

displacement equal to 8 mm.  
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Figure 6.10. Numerical crack sequence prediction  

The total displacement associated with the incremental load step has 

been plotted. Assuming that the interface between the support and the 

arch is not completely brokered, the results (Figure 6.11b), shows a 

higher similar displacement for the control points (Figure 6.11a) near 

the support that for the control point in key. 
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Figure 6.11. Prediction model analysis: (a)View of the control points; (b) 
displacement control of the arch 

6.3 ARCH DAMAGE TEST IN DISPLACEMENT CONTROL 

As per the information disseminated by the numerical model, a series 

of static tests were carried out with the aim of inducing progressive 

damage.  



Chapter 6 - Damage assessment: an old arch replica 

Vibration based methods for the structural assessment of historical structures 177 

 

The tests were made with displacement-control by means of a 

hydraulic jack (Figure 6.12) . The load was applied with a slow linear 

velocity and without the recovery of the initial condition (support 

movement) for all seven Damage Scenarios (DSs).  

 

Figure 6.12. a) View of the actuator pre-test; b) rolls system design 

In order to apply only a horizontal displacement a roll system was 

made and tested with the hydraulic actuator. As shown in Figure 6.12 

the rolls were fixed on the floor close to the transverse surface of the 

free support were designed to limited eventually lateral and rotational 

movements. 

Through Two Linear Variable Displacement Transducers (LVDT), 

placed as in Figure 6.13a, the support's displacement was evaluated. 
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The result shown in Figure 6.13b has confirmed the restraint system all 

the constraints necessary to resist the rotation movement. 

 

Figure 6.13. Actuator test: a) View of LVDT controller; b) result of 
displacement test 

6.3.1 System identification tests 

In order to control the damage process, a series of static and dynamic 

test apparatus were used (Figure 6.14). The static instruments 

consisted five LVDTs as shown in Figure 6.15a. 
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These instruments were placed in such a way that one remained close 

to the fixed support and two near the support in movement, to 

evaluated respectively the horizontal arch's displacement and the 

absolute displacement for the all series.  

The fourth LVDT was placed close to the hydraulic system, to compare 

the input displacement with the other horizontal values and the last 

LVDT was positioned on the key of the arch (Figure 6.14b) to check the 

vertical movements. 

 

Figure 6.14. Arch test: a) view of the test apparatus; b) vertical LVDT  

The resulting displacement in the arch for a single damage step is 

presented in Figure 6.15b. It is worthy to note that the vertical LVDT 

(5) and the LVDTs (2-3) on the right side presented the same 

displacement. While the result for the LVDT (4) close to the fixed 

support highlights comparatively less displacement similar to the 

numerical model result before. 
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Figure 6.15. a) View of the LVDTs location during the static tests; b) results for 
the arch displacement control 

In order to replicate the damage irreversibility, such as structural 

failures, cracks after earthquake, the displacement was incremented 

after each damage scenario.  
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Figure 6.16. Arch damage: a) view of crack location; (b) crack C1; c) crack C2; 
d) crack C3  
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As in the numerical model prediction, three cracks progressively 

appeared during the static tests.  

All cracks became visible from the third DS with a total displacement 

equal 1.6 mm, with the first two cracks (close to the right support and 

in key) that was visually detected during the displacement branch of 

DSII. The resulting crack pattern in the arch is shown in  

Figure 6.16. The first crack (C1) was located in the extrados on the 

contact surface between the fixed support and the first brick courses, 

as expected, but without the opposite crack near the left abutment and 

with a displacement equal to 1 mm.  

Crack C2 was detected at the crown, in the left side, between positions 

P7 and P8. The crack crossed all width at the last damage scenario 

DSVII, with the displacement equal to 3.7 mm.  

The crack C3 appeared at the right support of the arch, in the extrados, 

corresponding to position P13.  

6.3.2 Test setup 

The system identification tests were carried out according to the 

description below. The main equipment for the dynamic tests were 

strain gauges and accelerometers. The experimental dynamic tests 

consisted in the acquisition of the structural response of the arch along 

the testing to check its stiffness degradation with increasing damage.  

As starting point, one qualitatively analysis was performed on the 

Reference Scenario (RS), used to compare it with the damage sequence. 
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The dynamic sensors are piezoelectric (Model 393B12) mono-

directional accelerometers, with nominal sensitivity of 1000 mV/g, 

frequency interval (±5%) from 0.15 to 1000 Hz (5%), 8 μg of resolution 

and 210 g of weight, connected by coaxial cables to a data acquisition 

system (DAQ).  

This type of accelerometers was selected because they have good 

accuracy for the dynamic response. From the numerical modal 

analysis, it was possible to define that all modes have significant 

modal displacements in the arch plan. While only the second and fifth 

modes show a significant mode shape.  

That is why, it was decided to investigate only the response in the in-

plan direction, by placing the sensors in the normal and tangential 

directions.  

It was also decided to measure front and back edges of the arch 

(Figure 6.19b) to estimate the torsion modes and to detect any 

asymmetric behaviour.  

In addition, two wireless vibrations sensor based on Micro-Electro-

Mechanical Systems (MEMS) technology has been tested.  

The BeanDevice® AX-3D XRange (Figure 6.17) is a tri-axial 

accelerometer sensor with built-in data logger, which is characterized 

by a waterproof (IP67/Nema 6) and a lightweight aluminium casing 

(100x60x31mm), an ultra-low power, a very low noise (45 µg/√Hz for 

±2g version), an integrated data logger that can store up to 8 million 

data logs. 
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Figure 6.17. BeanDevice® AX-3D XRange wireless vibrations sensor 

 

Figure 6.18. Sensors location: a) top view of the strain gauge systems; b) view 
from below of the strain gauge systems; c) strain gauges surface base across 3 

bricks; d) disposition of the accelerometers 
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According to the configuration of the most significant numerical mode 

shapes, 13 measurement points (Figure 6.19), evenly spaced for the 

both edges of the arch were selected (front and back).  

The accelerometers were fixed to aluminum plates that were directly 

glued in the arch edges to perform the normal and tangential 

measurements (Figure 6.18d).  

Fourteen strain gauges in the extrados and intrados along the two 

sides of the arch middle line, as an attempt to study the possibility to 

measure strains for dynamic modal analysis has been used. The 

following figure shows the location of the measurement points. 

 

Figure 6.19. Location of the measuring points for the dynamic tests: (a) front 
view; (b) top view. Ai indicates accelerometers and Si indicates strain gauges.  
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For the purpose to have a fine resolution in the modal estimation, 

altogether 56 accelerations (26 in normal direction and 26 in tangential 

direction - Figure 6.19) were measured. For this reason, 12 setups with 

four reference sensors in positions A09 and A18 and four moving 

sensors were placed in the front and back edges.  For the measurement 

purpose, polyester strain gauge series were used (PL-120-11) . They are 

wire strain gauges utilizing a transparent plastic backing impregnated 

with polyester resin. The gauge length is 120mm with 120 resistances. 

Since the backing is transparent, the bonding position has been easily 

being checked in the installation works. The strain gauges were 

connected to the data acquisition system with lower resolution that the 

accelerometers but has the advantage to allow separate connections as 

well. Table 6.2 and Figure 6.20 summarize the sequential process. This 

resolution is enough to have the complete definition of the estimated 

modes and it is clear from the practical point of view that, too many 

points are unpractical and expensive for experimental tests in real 

structures. 
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Ch.1 Ch.2 Ch.3 Ch.4 Ch.5 Ch.6 Ch.7 Ch.8 

Setup  Ref.1 Ref.2 Ref.3 Ref.4 Mov.1 Mov.2 Mov.3 Mov.4 

1 A09t A09n A18t A18n A01t A01n A14t  A14tn 

2 A09t A09n A18t A18n A02t A02n A15t A15n 

3 A09t A09n A18t A18n A03t A03n A16t  A16n 

4 A09t A09n A18t A18n A04t A04n A17t  A17n 

5 A09t A09n A18t A18n A05t A05n A19t A19n 

6 A09t A09n A18t A18n A06t A06n A20t A20n 

7 A09t A09n A18t A18n A07t A07n A21t A21n 

8 A09t A09n A18t A18n A08t A08n A22t A22n 

9 A09t A09n A18t A18n A10t A10n A23t A23n 

10 A09t A09n A18t A18n A11t A11n A24t A24n 

11 A09t A09n A18t A18n A12t A12n A25t A25n 

12 A09t A09n A18t A18n A13t A13n A26t  A26n 

Table 6.2. Test setups for accelerometers, n indicate normal direction and t 
tangential direction 
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Chapter 6 - Damage assessment: an old arch replica 

Vibration based methods for the structural assessment of historical structures 189 

 

 

 

Figure 6.20. Dynamic test sequence, with the different setups 
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Data acquisition, from the accelerometer was carried out by a 

measurement device with 16 bit resolution and on-board anti-aliasing 

filter. The data acquisition hardware is managed by software 

developed in LabView environment by StreGa Lab of University of 

Molise.  

6.3.3 Types of Input data acquisition 

Additional issue to address is the excitation type during the 

experimental tests. The intention was to validate if damage could be 

identified with ambient excitations or require stronger excitation.  

 

Figure 6.21. Data collection: a) ambient excitation; b) random impact excitation 
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As shown in the elaboration data below (Figure 6.23 and Figure 6.25), 

the ambient vibrations in the laboratory were not strong enough to 

excite the structure sufficiently to identify modal strains and also the 

ambient noise spectrum was presented in the frequency range of 

interest, due to the use of any sort of electrical equipment inside the 

laboratory that was not possible disconnected during the dynamic 

tests.  

The signals from the accelerometric sensors were sampled at a 

frequency of 400 Hz per channel and a minimum measuring time of 60 

s for the random impact and 180 s for the ambient excitations were 

fixed, with 24.000 data and 72.000 points per channel. 

6.3.4 Modal identification: Result for the damage evolution 

For both excitations the mode shapes and other dynamic parameters 

were defined. The acquired data were analysed with two different 

methods: the FDD and the SSI-Principal Component available in 

ARTeMIS software. Five mode shapes were clearly estimated with 

ambient and random excitations tests. Figure 6.23 and Figure 6.25 

show the diagrams of the both input data acquired. It is evident that 

the random impact excitation test has better definition of the peaks 

and thus better modal estimation is possible. 
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Figure 6.22. a) Reference scenario: diagram of estimated state space model 
with ambient excitation input ( FDD method) 
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Figure 6.23. b) Reference scenario: diagram of estimated state space model 
with ambient excitation input (SSI-PC method) 
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Figure 6.24. a) Reference scenario: diagram of estimated state space model 
with random excitation input (FDD method) 
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Figure 6.25. b) Reference scenario: diagram of estimated state space model 
with random excitation input (SSI-PC method) 

 Global results values are presented in Table 6.3 and Table 6.4 for the 

ambient excitation tests using the FDD and SSI-PC methods. 
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FDD Frequency ω [Hz] 

Damage  Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 

Rs 36.60 55.67 99.26 133.98 160.95 

Ds01 33.49 49.41 87.70 127.92 147.70 

Ds02 33.02 49.22 83.20 129.85 141.70 

Ds03 30.42 49.02 80.59 124.23 137.31 

Ds04 29.84 48.78 78.19 122.76 132.19 

Ds05 29.07 48.24 77.70 122.26 133.40 

Ds06 28.94 46.66 76.04 120.46 132.02 

Ds07 28.97 46.38 76.11 120.05 133.19 

Table 6.3. Global scenario: FDD results from the ambient excitation test. 

SSI-PC Frequency ω [Hz] 

Damage Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 

Rs 36.77 49.68 97.66 133.05  - 

Ds01 32.57 49.64 87.42 129.10  - 

Ds02 32.79 49.23 84.29 127.24 141.06 

Ds03 30.19 48.91 79.63 122.88  - 

Ds04 29.87 48.79 77.86 124.18 133.70 

Ds05 29.35 48.76 80.78 122.97  - 

Ds06 29.01 48.88 76.36 120.82  - 

Ds07 29.01 47.02 74.73 120.36 133.12 

Table 6.4. Global scenario: FDD results from the ambient excitation test. 
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SSI-PC Damping [%] 

Damage  Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 

Rs 1.77 4.15 0.82 1.43 - 

Ds01 3.04 1.18 1.38 1.48 - 

Ds02 1.85 0.62 3.68 1.75 2.02 

Ds03 3.19 4.89 7.96 1.23 - 

Ds04 0.98 1.14 2.62 1.55 2.23 

Ds05 0.52 1.31 3.60 1.85 - 

Ds06 0.66 1.83 3.76 1.81 - 

Ds07 1.08 3.01 4.01 1.73 1.79 

Table 6.5. Global scenario: dumping results for the ambient excitation test 

The MAC value results, for the ambient excitation as, shown in Table 

6.6 are not accurate for frequencies and modal displacements, as few 

values of the MAC are greater than 0.9 except for mode 1. 

MAC FDD -SSI 

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 

1.00 0.59 0.85 0.70 - 

0.99 0.95 0.87 0.88 - 

1.00 0.99 0.88 0.68 0.64 

1.00 0.99 0.93 0.62 - 

1.00 0.99 0.97 0.86 - 

1.00 0.99 0.84 0.51 - 

1.00 0.94 0.95 0.59 - 

1.00 0.71 0.47 0.95 0.46 

Table 6.6. MAC values results  
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Table 6.7, Table 6.8 and Table 6.9 summarize the results concerning the 

frequency and damping values for the random impact excitation with 

the FDD and SSI-PC methods. 

FDD Frequency ω [Hz] 

Damage 
Scenario 

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 

Rs 36.35 54.99 94.40 131.64 160.22 

Ds01 33.25 51.29 85.40 127.79 148.57 

Ds02 32.06 50.04 83.07 126.78 143.69 

Ds03 30.46 48.53 80.71 124.95 137.71 

Ds04 29.67 47.89 79.66 123.66 133.79 

Ds05 29.21 47.58 79.33 123.43 133.53 

Ds06 28.74 47.10 78.81 121.98 132.10 

Ds07 28.61 46.54 77.94 121.99 130.83 

Table 6.7. Global scenario: FDD results from the random impact test  

SSI-PC Frequency ω [Hz] 

Damage 
Scenario 

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 

Rs 36.33 54.90 94.48 131.77 152.91 

Ds01 33.16 51.26 84.05 128.47 149.41 

Ds02 31.97 50.09 82.52 118.09 144.39 

Ds03 30.39 48.44 80.32 125.07 138.48 

Ds04 29.61 47.78 79.08 123.73 134.97 

Ds05 29.17 47.42 78.89 123.48 134.00 

Ds06 28.70 46.96 78.03 122.05 132.65 

Ds07 28.59 46.46 77.36 122.02 132.62 

Table 6.8. Global scenario: SSI-PC results from the random impact test  
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SSI-PC Damping [%] 

Damage 
Scenario 

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 

Rs 1.382 3.399 2.051 2.392 2.806 

Ds01 1.698 3.069 4.521 2.619 3.07 

Ds02 1.791 2.61 4.128 1.877 2.916 

Ds03 1.667 2.522 4.092 1.69 3.062 

Ds04 1.576 2.586 4.589 1.59 2.673 

Ds05 1.217 2.312 4.02 1.428 2.838 

Ds06 1.39 2.466 6.096 1.825 1.854 

Ds07 1.297 2.328 4.659 1.467 2.671 

Table 6.9. Global scenario: dumping results for the random excitation test 

MAC EFDD -SSI 

Mode 1 Mode 2 Mode 3 
Mode 

4 
Mode 

5 

1.00 1.00 0.99 0.99 0.67 

1.00 1.00 0.91 0.97 0.55 

1.00 1.00 0.98 0.92 0.92 

1.00 1.00 0.99 1.00 0.93 

1.00 1.00 0.98 1.00 0.85 

1.00 1.00 0.98 1.00 0.92 

1.00 1.00 0.74 1.00 0.93 

1.00 1.00 0.95 0.99 0.94 

Table 6.10. MAC values results 

The result from index MAC of random impact excitation, shows an 

higher accuracy in the modal displacements than before. The MAC 

values are greater than 0.9, except for mode 3 (in the DSVI) and in the 
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Mode 5. The main mode shapes configurations for the undamaged 

condition are shown in Figure 6.26. 

 

Figure 6.26. Mode shapes configuration for the reference scenario 

6.3.5 Application of the spectral damage analysis 

The damage analysis over the experimentally induced seven DSs was 

performed by studying the direct changes in the modal parameters of 

the arch as well as the changes in the derivatives of these modal 

parameters (Maria Giovanna Masciotta et al. 2016). This approach is 

discussed in Chapter 3 as well.  

From the random impact test data, three square Power Spectral 

Density (PSD) matrices for each scenario were built in MATLAB 

(2010). Furthermore, two [26×26] matrices from acceleration responses 

in both normal (z) and tangential (x) direction were also constructed. 
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In order to define the modal parameters and proceed with the damage 

analysis, each matrix is then decomposed in eigenvalues and 

eigenvectors. The eigenvalues decomposition (Figure 6.27), first 

performed with regard to the RS and then applied to the seven DSs, 

allowed to identify the eigenfrequencies to use as qualitative indicators 

in the damage analysis with global parameters. This type of analysis is 

essentially based on the observation of shifts in the resonant frequency 

values. If accurately estimated, direct changes in these modal 

parameters are proved to be a sensitive indicator of global structural 

damage. 

 

Figure 6.27. Spectral value decomposition for the random impact excitation  

With the progress in displacement, the increase of the damage 

conjectures to the progressive degradation of the structural stiffness of 

the arch. Figure 6.28 shows the progressive frequency decrease with 
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increasing damage. The first significant frequency drop is observed 

from the beginning of the DS.  

The results for the seven consecutive scenarios using the PSD 

technique are discussed below.  

 

Figure 6.28. Relative frequency values for the identified modes obtained from 
the dynamic test 
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6.3.6 Results 

For the spectral damage analysis, only the spectral output signal in 

normal direction have been used for the index computation because 

the contribution of the spectral output signals in tangential direction 

could be neglected due to low physical magnitude. 

The results are shown in Figure 6.29 and comparison between RS and 

DSI and Rs with DSVII presented in Figure 6.30. In order to evaluate the 

sensitivity of the algorithm to the considered frequency bandwidth, 

two types of damage indices are computed and compared: A Broad-

Band (BB) index and a Narrow-Band (NB) index. Detailed information 

can be found in  Masciotta (2015). 
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Figure 6.29. Damage analysis results (RS -DSI) for acceleration responses by BB 
index (light grey bars) and NB index (dark grey bars) 
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Figure 6.30. Damage analysis results (RS -DSVII) for acceleration responses by 
BB index (light grey bars) and NB index (dark grey bars) 

Regarding the results of the comparison between RS and DSI and 

DSVII, it can be seen univocally the occurrence of cracks at positions 

A01 corresponding the right support, A07 corresponding the key of 

the arch and the last in the A09. The results in the absolute comparison 

show already the crack location before that it became visible (DSI). The 
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last crack was not correctly detected, probably because the input data 

is affected by the noise of the lab. Finally, the NB damage index 

proved to be more accurate and reliable than the BB index in most of 

the cases, with regard to the crack sequence. Finally, in most of the 

cases, NB damage index results to be more accurate and safer than the 

BB index. 
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Chapter 7  

CONCLUSIONS AND FUTURE 

DEVELOPMENTS 

The present work reviewed some aspects of the dynamic response 

existing architectural complexes aiming at improving the approach to 

the seismic performance assessment of this peculiar class of structures. 

Their numerical analyses are often very complex due to widespread 

uncertainties in the characterization of material properties and 

structural behaviour. Besides, the reliability of seismic analyses is often 

jeopardized by the need of defining an appropriate structural and 

dynamic model. The unique structural configurations, the old 

construction techniques and the presence of stratified structural 

modifications occurred over the centuries make the definition of an 

appropriate and reliable numerical model very challenging. The 

available analysis approaches distinguish the local response of selected 

macro elements from the global response of the structure However, 

these approaches are often univocally associated to a selected level of 
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vulnerability assessment and based on assumptions derived from com-

mon masonry constructions.  

In this work, in the field of local and global behaviour, some remarks 

on the vibration based methods for the structural assessment of the 

historical structures are proposed. 

The research consisted of three phases: Background of the structural 

assessment of masonry structures in aggregates based on their 

dynamic response; review of basic dynamics and experimental testing 

and review of damage identification methods by means of vibration 

measurements; The review and careful consideration of a well-

established vector correlation index, (MAC), made possible a novel 

field of application. A number of explanatory case studies were 

reported, pointing out how the proposed rational methodology can 

guide towards the selection of the most appropriate analysis 

procedure; the application of the identification tools for a real case to 

distinguish the global and local behaviour and the laboratory test for 

the damage assessment. The proposed techniques are attractive tool 

for historical masonry structures, as it is can be included in the non-

destructive techniques.  

The dynamic identification techniques and structural monitoring 

provide accurate global structural information and above all the 

evaluation of the actual behaviour of a structure. The illustrated 

procedures appear effective, especially due to  their low level of 

complexity.  
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In a short-term perspective, for the index-based MAC, additional 

analyses on more complex structures are required for its exhaustive 

validation and to and to define a rational methodology can guide 

towards the selection of the most appropriate analysis procedure. 

In the case of spectral-based algorithm be able to detect, locate and 

asses the structural damage the number of measuring points is 

extremely important for the quality and accuracy of the structural 

information. In this regard the reduction/optimization of the 

accelerometric sensors represent a long-term perspective and hence 

deserve further attention. 
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