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Título: Uma Contribuição para a Localização de Dano em Placas de Compósitos 

Laminados baseada em Análise Modal 

Nome:  Diogo Coelho de Carvalho Montalvão e Silva 

Doutoramento em:  Engenharia Mecânica 

Orientador:  Doutor António Manuel Relógio Ribeiro 

Resumo 

A necessidade de detectar dano em estruturas complexas levou ao desenvolvimento de 

técnicas que analisam parâmetros de vibração, dado que a resposta dinâmica de uma 

estrutura depende das suas características particulares. A maioria dos métodos tradicionais de 

detecção de dano com base no comportamento dinâmico assenta no pressuposto de que o 

dano conduz a uma redução local da rigidez. 

Contudo, nenhuma abordagem se mostra eficaz para todas as situações de dano. Os materiais 

compósitos, que têm recebido uma crescente atenção por parte da indústria aeronáutica e 

não só, nomeadamente no que respeita a compósitos de matriz polimérica reforçados por 

fibras de carbono, são muito sensíveis a impactos de média e baixa energia. Tipicamente, 

ocorre Dano por Impacto Praticamente Invisível (Barely Visible Impact Damage - BVID), o que 

constitui uma falha que pode por em causa a integridade estrutural e é de difícil identificação. 

Identificar (detectar, localizar e quantificar) dano neste tipo de materiais ainda é um desafio, 

especialmente quando não se dispõe de uma grande quantidade de sensores ou de 

equipamento de custo elevado. 

Neste trabalho é desenvolvida uma metodologia que faz uso de um número reduzido de 

sensores convencionais com o objectivo de localizar dano com um baixo custo, em compósitos 

laminados que estão sujeitos a impactos durante a sua utilização. Esta metodologia pode 

constituir um benefício considerável, em particular no caso da identificação de dano em 

componentes aeronáuticos, quando comparada com a maioria dos métodos usados 

actualmente. 

Este trabalho também constitui um contributo para a comunidade científica uma vez que 

abordagens pouco comuns serão usadas para modelar o dano em materiais compósitos, 

nomeadamente no que respeita à utilização do amortecimento modal como parâmetro para a 

localização do dano. 
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Abstract 

The need for damage detection on complex structures at an early stage, has led to the 

development of techniques that evaluate changes on vibration parameters, since the dynamic 

response of a structure is dependent on its particular characteristics. The generality of the 

vibration based damage detection techniques are based on the fact that damage will induce a 

local reduction on the component stiffness. 

However, no single approach has proven appropriate for all situations. Composite materials, 

which are receiving an increasing attention in the aeronautical and other industries, namely 

Carbon Fibre Reinforced Polymers (CFRPs), are very sensitive to impacts of medium and low 

energy. Typically, Barely Visible Impact Damage (BVID) will occur, constituting an unsafe failure 

of difficult assessment. To assess (detect, locate and quantify) damage in this kind of material 

is still a challenge, especially if a huge amount of sensors or expensive equipments are not 

available. 

In this work, a methodology that makes use of a reduced amount of conventional sensors is 

explored, with the aim of locating damage on laminated components that are subjected to 

impacts during service for a low cost. This represents a considerable benefit, namely for the 

assessment of damage in aeronautical components, when compared to most methods used 

today. 

This work can also give a major contribution to the research community since uncommon 

approaches will be used to model damage in composite materials, namely the modal damping 

factor as feature for damage location. 
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Chapter 1 

1. Introduction 

1.1 Background 

The use of Fibre Reinforced Polymers (FRPs) as an alternative to conventional materials such as 

metallic alloys, is receiving an increasing attention, namely in the aeronautical, naval and 

automotive industries, because of their excellent mechanical properties in conjunction with 

their low weight and easy shaping. 

In July 2009, the Swiss America’s Cup Defender, Alinghi 5, set sail for the first time on lake 

Geneva. The 90 feet long catamaran will be used in a duel against the trimaran BMW Oracle 

Racing 90 in February 2010, in the 33rd edition of the America’s Cup. Both these catamarans 

were totally built in carbon fibres. The goal is to have the lightest sailboat for travelling as fast 

as possible, yet being resistant to wind and sea adverse conditions. 
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Figure 1.1: BMW Oracle Racing 90 trimaran (from http://bmworacleracing.com). 

Composite materials are being used more commonly in aircraft construction to reduce weight. 

According to Patterson (2009) “the Airbus A380 will be 25% by weight composites including 

23% carbon fibre reinforced polymer and 3% GLARE fibreglass reinforced aluminium. Airbus has 

plans to expand the use of composites on future aircraft. (...) The Boeing 787 Dreamliner is 

pushing the envelope with a total composite of 50% by weight, including the integration of an 

all composite fuselage, wings and tail.” 

 

Figure 1.2: Boeing 787 Dreamliner composite profile (Patterson (2009)). 

Nevertheless, composite materials are very different from metals with respect to their 

micromechanical interactions and their particular failure modes, which may be in the form of 

matrix cracking, fibre breakage, interlaminar delamination or voids (Sanders et al. (1992), 

Jacob et al. (1997), Matthews, F.L. (1999)). 

Composite materials possess resistance and tenacity to density relationships many times 

greater than those of the most common metallic materials, such as steel, aluminium or 
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titanium. However, the extreme sensitivity of composite materials to impact loads constitutes 

a hindrance to its utilisation. In fact, in aeronautical structures, the components have to 

undergo (i) low energy impacts caused by dropped tools or mishandling during assembly and 

maintenance, (ii) medium energy impacts caused in-service by foreign objects such as stones 

or birds and (iii) high energy impacts caused by weaponry projectiles in military planes 

(Matthews, F.L. (1999), Silva, A. J. P. F. (2001) and Carvalho (2003)). 

Typical failure modes in laminated composite materials caused by impacts may be found, for 

instance, in Carvalho (2003). In a high energy impact, penetration is total and the damaged 

area is generally small (order of magnitude of the projectile’s cross-section). In a medium 

energy impact, it is usually possible to visually detect the damage location, which is 

characterized by a local indentation. In a low energy impact (but high enough to produce 

damage), only a very slight indentation will be seen on the impact surface. This level of 

damage is often referred to as Barely Visible Impact Damage (BVID). Generally, Carbon Fibre 

Reinforced Polymers (CFRPs) are very sensitive to medium and low energy impacts. Matrix 

cracks will appear and interact, leading to a delamination process. This matter has received 

some attention for damage analysis; for example, Morais et al. (2005) present a study on the 

influence of laminate thickness on the resistance to repeated low energy impacts on glass, 

carbon and aramid fabrics reinforced composites, for different levels of impact energy. 

Interlaminar delamination highly reduces the part stiffness and buckling load, which, in turn, 

influences the structural stability. The influence on the resonant frequencies of the contact 

forces between delaminated layers, delamination extension and delamination location are 

studied by Zak et al. (1999). 

Matthews, F.L. (1999) presents an overview which addresses the nature, consequences and 

detection of defects in FRPs. He distinguishes two groups in the nature of damage: the 

manufacturing defects and the handling, assembly and in-service damages. The consequences 

of damage and defects are also addressed, with respect to the composite performance when 

subjected to compression, tensile, flexural and shear loadings. Finally, some damage detection 

techniques applied to composite materials are summarized, embracing all the manufacturing 

and quality control processes. 

Although composite materials are receiving a special attention from vibration-based damage 

detection techniques, other non-destructive techniques are also being developed, such as the 

HNDT (Holographic Non-Destructive Testing), the ESPI (Electronic Speckle Pattern 

Interferometry) or the SQUID (Superconducting Quantum Interference Device) (Hiroshi et al. 

(2005), Ambu et al. (2006)). 
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Currently, a number of techniques exist for the identification and location of damage. Because 

all the techniques have their own advantages and disadvantages, there is not a general 

algorithm that allows the resolution of all kinds of problems in all kinds of structures. Every 

technique tends to have damage related sensitivities, i.e., a very sensitive technique may lead 

to the arising of false-positives2, while a less sensitive technique may lead to false-negatives3, 

the latter case being more problematic. 

Generally, damage can only be detected with a reasonable dimension. The quantification of 

damage and the remaining lifetime prediction are beyond any doubt the most difficult issues, 

the latter deserving a particular attention. 

During the last years, a considerable investment in the development of instrumentation 

techniques has been observed, namely in the ones that recur to smart technologies for 

monitoring as well as in the use of high frequency waves, such as Lamb waves, for the 

detection of localized damage, i.e., with “small dimension”. 

Most of the traditional methods are based on the fact that damage leads to appreciable 

reduction in the rigidity of a structural element. However, it must not be forgotten that a 

reduction in stiffness does not necessarily mean that there is a decrease in strength of the 

structural materials. This also represents one of the difficulties that Prognosis has to deal with 

in the future. Also, some authors argue that in some specific applications, combining static and 

dynamic experimental procedures is generally a good idea, since static and dynamic stiffness 

are different measurands. In structures made of composite materials there seems to be a 

tendency for the use of damping as a damage feature, once damping variations – associated to 

the dissipated energy – seems to be more sensitive to damage than the rigidity variations, 

mainly in what delamination is concerned (Keye et al. (2001), Kyriazoglou et al. (2004), Yam et 

al. (2004)). However, considering the more simple case of a crack in homogeneous materials, 

Testa (2005) observed there is a sharp transition in effects from closed to open crack 

conditions and that damping effects are greatly amplified at the transition state. Also the 

evaluation of nonlinearity seems to be a promising technique in damage detection in 

composite materials, since the delamination may cause nonlinear effects, again due to friction. 

The use of statistic parameters has also deserved a considerable attention, given the 

experimental errors and incompleteness, as well as the environmental and operational 

conditions, which may disguise the damage effects. Nevertheless, the emergence of statistical 

                                                           

2
 In statistics, the failure to reject a false hypothesis is also called a Type II error. 

3
 In statistics, the rejection of a hypothesis that is true is also called a Type I error. 
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pattern recognition techniques, that allow the reduction of the number of used sensors, is not 

totally implemented so far. 

 

1.2 Objectives 

From the framework described above, this study will focus on some pending issues in the fields 

of damage detection and Structural Health Monitoring (SHM). However, no single approach 

has proven appropriate for all situations and, in many cases, the use of expensive equipment 

and a huge amount of sensors is required. 

Also, recalling that composite materials are considerably used in the aeronautical industry, 

namely CFRPs, and that they are very sensitive to impacts of medium and low energy, BVID or 

damage not apparent on the surface may constitute an unsafe failure of difficult assessment. 

The main purpose of the work presented in this thesis is to build a methodology that can be 

used by the industry to assess BVID on FRPs. To accomplish this, Frequency Response 

Functions (FRFs) will be measured to extract damage sensitivity features, such as frequency, 

modal damping and vibration modes. 

In summary, this study aims at contributing for: 

 understanding in which way the random variables inherent to experimental testing 

have an influence in the dynamic response measurements on laminated light 

structures; 

 understanding in which way a real damage comprising multiple delaminations and 

fibre breakage,  affects the laminate dynamic behaviour, namely with respect to: 

o the damping values; 

o frequency shifts; 

o nonlinear effects; 

 the development of damage location techniques of existing damage in CFRPs’ shell 

panels, by means of classical experimental procedures. 

The importance of these goals, both for the industrial and academic communities, should be 

stressed out. First, assessing damage in this kind of components is still a challenge, especially if 

self-instrumented components, a huge amount of sensors or expensive equipments are 

unavailable. In this work, a methodology that makes use of a reduced amount of conventional 

sensors is explored, with the aim of giving a reliable prediction of damage location, for a low 

cost, on real components that are subjected to impacts during service. Secondly, this work can 
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give a major contribution to the research community since new approaches will be followed, 

including the experimentally measured hysteretic damping as indicator for damage 

assessment. 

 

1.3 Outline of the dissertation 

1.3.1 General view 

Taking into account the main objectives mentioned above, the substructure of this thesis 

follows the development of the research performed in the vibration-based damage detection 

area. While it does not obey a chronological timeline of the events, its structure is meant to 

guide the reader into a certain line of thought. This work is structured in six chapters, including 

this one, and several annexes. 

 

1.3.2 Second chapter: state-of-the-art 

The second chapter consists of a thorough state-of-the-art review in SHM with special 

emphasis on composite materials. It should be noted, however, that this review is not 

intended to be a general, all-encompassing review; it was planned as the starting point for this 

study focusing on damage detection, location and assessment on a certain kind of structures. 

The major part of this review was earlier presented by the author, Montalvão et al. (2006a). 

The bibliographic references are presented at the end of the main body, by alphabetic order, 

and its relatively large size is due to the extensive state-of-the-art presented in chapter two. 

 

1.3.3 Third chapter: theoretical development 

In the third chapter, what may be seen as an introduction to composite materials and modal 

analysis, including the aspects (and only those) that are relevant for the development of the 

proposed methodology, is presented. Some of the issues covered seem to be beyond the 

scope of the work itself, but their inclusion is appropriate for justifying some of the ideas 

approached as suggestions for future work. This chapter is divided into six sections. 

The first section is a foreword note to the reader, to explain why some aspects received some 

attention while others, elsewhere considered more important, were deliberately left outside. 
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In the second section, some aspects concerning textile composites, namely weaves, are 

mentioned, starting from the definition of a textile to some of the particularities encountered 

when comparing to more conventional composite materials such as those built from layers of 

unidirectional fibres. The purpose is to justify some of the options made throughout the work, 

especially to what concerns modelling, as the experimental structures under test were all satin 

weaves. 

In the third section, theoretical background in the domain of the mechanics of composite 

materials is summarized with the aim of introducing important equations that allow the 

determination of the elastic properties of the laminate from the properties of the layer. The 

relationships between the engineering constants are also established for both orthotropic and 

isotropic materials, which are typical approximations for most of the composite structures 

used in practice. Furthermore, the principles governing the damage location method proposed 

afterwards are partially based on some of the concepts addressed here. 

Since this method is vibration-based, it is important to place the reader into the fundamentals 

of modal analysis, which is done in the fourth section of this chapter. Roughly speaking, the 

dynamic behaviour of a system can be described by means of three properties: the mass, the 

stiffness and the damping. Seeing that damage can be defined as a change in at least one of 

these properties, it is important to understand how this is related to composite structures and 

how these properties can be assessed from experimentally measured data. 

In the fifth section, a brief description about the impact effects on composite materials is 

presented. It is important to know the morphology of damage in a composite laminate to 

understand why some assumptions are made and why this work can be relevant for the 

scientific community. 

It is in the final section of this third chapter that an index for damage location in composite 

laminates is proposed. A first version of the index was already proposed by Montalvão et al. 

(2009). In real damage scenarios both delamination and fibre breakage can be expected, 

especially for thin laminates (Abrate (1998), Carvalho (2003)). In such a case, it seems to be 

reasonable to consider both frequency shifts and damping changes as features for locating 

damage. How significant is the contribution of either one of these features in the location 

index is determined by some sort of metric based on the standard deviation of the modal 

results. This section reflects this sequential process for a convenient understanding of the 

assumptions made throughout. 
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1.3.4 Fourth chapter: modelling and testing 

Modelling of the specimens used to evaluate the proposed technique is explained in the fourth 

chapter. This chapter is divided into four major sections. 

In the first section, the composite specimens are fully described. Composite materials, when in 

the form of laminates, can be seen as macroscopic structures that depend not only on the 

properties of an elementary block of material (the layer) but in the form it is manufactured as 

well. With the same elementary blocks it is possible to build laminates with completely 

different behaviours: from anisotropy to isotropy, everything seems possible. Thus, despite the 

fact the specimens used are simple structures (rectangular plates), it is important to have a 

deep knowledge of the material’s constitution and arrangement, especially for modelling. 

In the second section the mechanical properties of the specimens’ constituting materials are 

determined, namely the Young’s and shear’s moduli, Poisson’s ratios and damping factors. 

Several different approaches, from theoretical to experimental, are considered. As far as 

damping is concerned, the peculiarities of its measurement in composite materials was already 

addressed in an international conference by Montalvão et al. (2006b). 

It is in the third section that the experimental apparatus used for the damage location is 

introduced. The reason for its inclusion at this point is that some of the test options will be 

required when building the Finite Element (FE) models: for instance, the numerical models 

used to simulate damage situations were built under similar conditions. 

In the fourth and final section, FE modelling is addressed, where the assumptions and 

approximations made during modelling are clarified. Many of the issues that a FE modeller is 

concerned about, from the point of view of the user, are covered here: the choice of the 

software, element types, approximate value of the optimal number of elements, material 

behaviour, influence of added mass, etc. Validation and choices are accomplished by 

comparing the FE models with experimental results obtained using a Scanning LASER Doppler 

Vibrometer (Scanning LDV). This is necessary for computing a function, called Plane Shape 

Function (PSF), based on the mode shape of the entire structure which, in the studied cases, is 

composed by the specimen plus the force transducer. This PSF function was obtained with a 

commercial FE modelling software. 

1.3.5 Fifth chapter: validation of the index 

It is in chapter five that the numerical and experimental validation of the proposed index is 

accomplished. In other words, the results are presented and discussed. This chapter is divided 
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into three sections, starting with some notes on the procedural guidelines, which in fact is a 

summary with some of the steps to be performed during the entire application of the method. 

In section two, numerical examples are introduced, tested and discussed. A total of eleven 

damage scenarios are considered. Damage was characterized by a local variation of either the 

damping factor or the Young’s modulus. Multi-damage scenarios were also tested by 

increasing damping at two regions at the same time. 

The third and last section of this chapter includes several experimental examples: a quasi-

isotropic beam, a quasi-isotropic plate (five damage scenarios, plus four cases of increasing 

damage) and an orthotropic plate (three damage scenarios, plus two cases of changing force). 

A thorough discussion on the results is done in this chapter. 

 

1.3.6 Sixth chapter: conclusions 

The sixth chapter points out the conclusions, the level reached and the limitations of this work. 

It makes references to the original ideas developed in this work, highlighting the importance of 

this research and mentioning future work to be developed. 

 

1.3.7 Annexes 

The first annex, annex A, contains a brief description about the elements chosen, the analysis 

type and other options for FE modelling with ANSYS®. 

In annex B, a table listing the equipment used during dynamic tests is presented. 

The following annex, annex C, is concerned with the experimental apparatus, in the sense of 

minimizing systematic errors. Tests took place to identify some of the external variables in 

Experimental Modal Analysis (EMA) that affect the repeatability of the results. The effects of 

transducers’ electric cables or changing push-rods showed to be of concern. 

The next three annexes are user manuals/tutorials for the operation of custom software that 

were fully developed by the author: HARMONICA© (annex D), BETAlab© (annex E) and MuDI© 

(annex F). The first software is a stepped-sine spectrum analyzer which allows evaluating 

nonlinearities, and was presented at an international conference by Montalvão and Fontul 

(2006). The second software, BETAlab©, is a modal identification program for finding the 

dynamic properties of structures from the FRFs. The third software, MuDI©, is the program 

that allows implementing the damage location algorithm to its full extent. All this manuals are 

concluded with a section where developments that are foreseen to be useful in future versions 

are suggested. 





 

C
ha

pt
er

 2
 –

 S
ta

te
-o

f-
th

e-
ar

t i
n 

S
H

M
 w

ith
 

sp
ec

ia
l e

m
ph

as
is

 o
n 

co
m

po
si

te
 m

at
er

ia
ls

 

11 

 

 

A
 M

o
d

al
-b

as
ed

 C
o

n
tr

ib
u

ti
o

n
 t

o
 D

am
ag

e 
L

o
ca

ti
o

n
 in

 L
am

in
at

ed
 C

o
m

p
o

si
te

 P
la

te
s

 

D
io

go
 C

. C
. M

on
ta

lv
ão

 e
 S

ilv
a

 
P

h.
D

. T
he

si
s 
– 

F
eb

ru
ar

y 
20

10
 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 2 

2. State-of-the-art in SHM 

with special emphasis on 

composite materials 

2.1 Introduction 

Vibration-based SHM and damage detection is a field of study of great interest to many 

people. Important advances in this field were described by Doebling et al. (1996), Doebling et 

al. (1998) and Sohn et al. (2003), which present very comprehensive surveys covering the 

period until early 2002. Many of the works cited in these surveys still represent the state of the 

art, motivating their inclusion in this work. 

Other reviews may bring insight in more specific branches of damage detection and SHM. For 

example, a state-of-the-art overview on rotating machinery monitoring was given by Randall 

(2002). Carden and Fanning (2004) presented a review covering structural engineering related 
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aspects. Uhl and Mendrok (2004) discussed the applicability of modal model-based methods in 

structural diagnosis. Farrar et al. (2004) presented a brief, yet comprehensive overview of 

nonlinear system identification techniques used for damage-sensitive feature extraction from 

measured data. More recently, Su et al. (2006) provided a comprehensive review on the state 

of the art of Lamb wave-based damage identification approaches for composite structures, in 

which half of the review is focused on advances given between 2001 and 2004. 

In the present chapter, mainly based on a review presented earlier by the author of this thesis 

(Montalvão et al. (2006a)), special attention will be given to methods in which composite 

materials and structures are used as case studies. Complementary reviews may bring further 

insight on vibration-based model-dependent damage detection in composite materials 

combined with modal analysis, such as the one from Zou et al. (2000). Nevertheless, given the 

huge range of methods described in the literature, many damage detection and SHM 

techniques will not be explored in detail in this review, even where they are touched on 

briefly. These include such examples as rotating machinery, online SHM and monitoring 

systems, updating, sensitivity-based methods (which are widespread in model updating), non-

linear systems, wireless sensing, civil infrastructures, joints and couplings, conditioning, chaotic 

time series excitation. A positive decision was made, however, to include methods based on 

natural frequencies, FRFs, mode shapes, mode shape and FRF curvatures, Auto-Regressive 

Moving Average (ARMA) family models, dynamic flexibility, modal strain energy, 

transmissibility, damping, impedance, Lamb waves, time-frequency analysis, Hilbert 

transforms, Principal Component Analysis (PCA) and Singular Value Decomposition (SVD), 

neural networks, instrumentation and others. 

A general definition of damage is given by Sohn et al. (2003) as “…changes introduced into a 

system that adversely affect its current or future performance. Implicit in this definition is the 

concept that damage is not meaningful without a comparison between two different states of 

the system, one of which is assumed to represent the initial, and often undamaged, state.” For 

example, one may have a structural crack (stiffness change), bridge pillar silting (boundary 

condition change), counterweight balancing loss (mass change) or looseness in a bolted joint 

(connectivity change) (Maia (2001)). 

The need to be able to detect damage in complex structures has motivated the development 

of techniques based upon variations in the structure’s dynamic behaviour. For instance, the 

method used to monitor the condition of train wheels is much the same today as it was 100 

years ago: a “modal specialist” walks along the train cars hitting the wheels with a hammer 

and listening to their response (Maia (2001)). In conditioning maintenance, vibration is without 

any doubt more straightforward as an indicator of the machine state than most other 
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indicators, such as temperature, pressure, flow or tribology features (Wowk (1991)). In 

another field of application, Vescovo and Fregolent (2005) use an acoustic, non-invasive 

experimental technique to assess the partial detachment of plaster portions in artistic 

frescoes. It is even argued by Bonfiglioli et al. (2005) that monitoring and assessing the health 

state of infrastructures is one of the largest industries in the world. 

The main idea behind damage detection techniques based on structural dynamic changes is 

the fact that the modal parameters (natural frequencies, mode shapes and modal damping) 

are functions of the physical parameters (mass, stiffness and damping) and thus it is 

reasonable to assume that the existence of damage leads to changes in the modal properties 

of the structure. 

According to Doebling et al. (1996), an ideal robust damage detection scheme should be able 

to identify damage at a very early stage, locate the damage within the sensor resolution being 

used, provide some estimate of the extent or severity of the damage and predict the 

remaining useful life of the structural component in which damage was identified. The method 

should also be well suited to automation, and should be independent of human judgment and 

ability. 

Betti (2005) points out that no single approach is appropriate for all situations, making the 

following basic distinctions between approaches: linear vs. non-linear, output only vs. 

input/output, on-line vs. off-line, time domain vs. frequency domain, parametric vs. non-

parametric and time varying vs. time-invariant. 

Operational and environmental conditions, such as temperature, humidity, loads and 

boundary conditions, should also be addressed, since in many cases the changes they cause 

can “hide” those resulting from damage. For example, Farrar et al. (1994), having done several 

measurements on the I-40 bridge over the Rio Grande in Albuquerque in the state of New 

Mexico in the USA, observed that temperature plays a major role in the dynamic properties of 

the bridge. They introduced four different levels of damage by gradually cutting one of the 

bridge girders, corresponding to a loss of stiffness. However, instead of the expected result, 

they observed an increase in the fundamental frequency for the first two damage cases, and 

concluded that such results were mainly due to temperature changes and temperature 

gradients in the bridge. Many other researchers, such as Woon and Mitchell (1996a)(1996b), 

Andersen et al. (1997), Alampalli (2000), Peeters and De Roeck (2000), Kullaa (2002), De Roeck 

and Degrauwe (2005), Steenackers and Guillaume (2005) or Yan et al. (2005a)(2005b) address 

the effects of the environmental or operational conditions in SHM. Woon and Mitchell (1996a) 

studied the sensitivity of natural frequencies to the relative humidity, but concluded that this 

had little significance when compared to the effects of temperature. Cawley (1997) used an 
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analytical model of a cantilevered beam to compare the effect of crack formation to the effect 

of beam length in the natural frequencies, observing that thermal expansion (simulated by 

changes in the beam length) has more significant effects on the natural frequencies than 

cracks. Kullaa (2002) tried to eliminate the environmental influences in modal parameters, 

using an approach based on factor analysis, in which it is assumed that there exist a set of 

common factors with effects on the modal features that can be subtracted from the 

observations. 

 

2.1.1 Damage detection philosophy 

Rytter (1993) introduced a damage state classification system which has been widely accepted 

by the community dealing with damage detection and SHM. Following these lines, the damage 

state is described by answering the following questions (Sohn et al. (2003)): 

1. Is there damage in the system? (existence) 

2. Where is the damage in the structure? (location) 

3. What kind of damage is present? (type) 

4. How severe is the damage? (extension) 

5. How much useful life remains? (prognosis) 

Generally, identification of the damage type and extent require prior knowledge of the 

structural behaviour in the presence of each of the possible expected failure modes for future 

correlation with experimental data, which is normally achieved by resorting to analytical 

models. For example, in operational monitoring, the modal parameters of the damaged 

structure must be compared to the parameters of the structure in its undamaged state, in 

what is called global diagnosis. Once damage existence is detected, the use of a model of the 

structure in a damaged state may be used to determine the damage location, in what is called 

local diagnosis (Uhl and Mendrok (2004)). 

Some difficulties may be encountered in the practical application of modal models, such as the 

knowledge of excitations and loads during machine operation, with several sources and with 

unknown distribution along the system. However, several output-only modal identification 

techniques can be found in the literature: for example Guillaume et al. (1999), Parloo et al. 

(2002a), Brincker and Andersen (2003), Rodrigues et al. (2004), Galvin and Dominguez (2005), 

and Devriendt et al. (2009) 
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Prognosis, which is traditionally related to fracture mechanics and fatigue, is starting to be 

brought up by the modal analysis community as a field of interest, as seen in Farrar et al. 

(2003) and Inman et al. (2005). 

 

2.1.2 The monitoring process 

The monitoring process involves the observation of a system over long periods of time, using 

samples of experimental data acquired periodically with adequate sensors. It also involves 

sensitivity feature extraction and statistical correlations to determine the actual “health” of 

the system. Farrar et al. (2001) and Sohn et al. (2003) acknowledge the problem of damage 

detection in the context of a statistical pattern recognition paradigm. Along these lines, this 

paradigm can be described as a four-step process: 

1. Operational evaluation; 

2. Data acquisition, fusion, and cleansing; 

3. Feature extraction and information condensation; 

4. Statistical model development for feature discrimination. 

Sections 2.1.2.1 to 2.1.2.4 are mainly based on the very comprehensive survey of Sohn et al. 

(2003). 

 

2.1.2.1 Operational evaluation 

Operational evaluation answers questions related to the damage detection system 

implementation, such as economic issues, possible failure modes, operational and 

environmental conditions and data acquisition related limitations. For example, Aktan et al. 

(2000) present and discuss the prerequisite issues in creating a successful monitoring program.  

Ruotolo and Surace (1997) were among the first to explicitly address the possibility of having 

multiple baseline configurations, proposing a technique to distinguish between changes 

caused by working conditions and resulting from damage, based on the SVD. Vanlanduit et al. 

(2005) also used a SVD based system to detect damage in structures subjected to different 

operational conditions, including different working excitation levels, geometrical uncertainties 

and surface treatments. 

Kook and Sohn (2009) recently introduced a nonlinear PCA technique, where an auto-

regressive and auto-regressive with exogenous inputs (AR-ARX) model is first constructed to 
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extract the damage-sensitive features from measured time signals. Then, nonlinear PCA is 

applied to characterize the hidden relationship between unmeasured environmental and 

operational parameters and extracted damage-sensitive features. 

 

2.1.2.2 Data acquisition, fusion and cleansing 

Data acquisition is concerned with the quantities to be measured, the type and quantity of 

sensors to be used, the locations where these sensors are to be placed, sensor resolution, 

bandwidth, and hardware. This part of the process is application specific and heavily 

dependent on economic factors. Another consideration is the periodicity for data acquisition. 

For instance, if the growth of a fatigue crack is to be monitored, then the data must be 

measured in an almost continuous way. On the other hand, if measurements are to be made 

under varying operational and environmental conditions, data normalization helps distinguish 

signal changes caused by operational and environmental conditions from those caused by 

damage. Sohn et al. (2001) observed that the natural frequency of a bridge over the Alamosa 

canyon in the state of New Mexico in the USA suffered 5% deviations over a 24 hour period 

due to temperature variations. 

Sohn et al. (2003) acknowledged that, according to Klein (1999), data fusion first appeared as a 

result of defence organisations attempting to formalize procedures for integrating information 

from diverse sources, with the purpose of determining battlefield situations and preventing 

threats. Data fusion, as a discipline of SHM, is the ability to integrate data acquired from the 

various sensors in the measurement chain. 

Data cleansing is the process of selecting significant data from the multitude of information, 

i.e., the determination of which data is necessary (or useful) in the feature selection process. 

 

2.1.2.3 Feature extraction and information condensation 

Within the paradigm defined by Farrar et al. (2001) and Sohn et al. (2003), the field of damage 

detection which has received the highest attention is feature extraction. Feature extraction is 

the process of identifying damage sensitive properties, which allow distinguishing between the 

damaged and undamaged structural states. 

Information condensation becomes increasingly advantageous and necessary as the quantity 

of data increases, particularly if comparisons are to be made between sets of data obtained 

over the life cycle of a system. Condensation may be seen as a form of data fusion. 
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The evolution of the philosophy of damage detection and SHM over the last years can be best 

understood by comparing the surveys of Doebling et al. (1996) and Sohn et al. (2003). In the 

first one, the statistical pattern recognition paradigm, around which the second one was 

written, is not even mentioned; the concepts of operational evaluation, data acquisition, 

fusion and cleansing and statistical model development for features discrimination were 

matters whose relevance was not deemed to be noteworthy of exclusive and directed 

research, and were addressed only as parts of the feature extraction process. 

 

2.1.2.4 Statistical model development for feature discrimination 

This is the part of the SHM process that had received the least attention prior to the end of the 

last century. When data are available from both the undamaged and damaged structure, the 

statistical pattern-recognition algorithms fall into the general class referred to as supervised 

learning. Unsupervised learning refers to the class of algorithms that are applied to data not 

containing examples from the damaged structure (obtained, for instance, from models) (Sohn 

et al. (2003)). 

An important issue in the development of statistical models is to establish the model features 

sensitivity to damage and to predict false damage identification. In this context, one may have 

either false-positives, in which damage is identified though it did not happen, or false-

negatives, in which damage is not identified though it is present. Despite the fact that both 

these situations are undesirable, the second one can obviously lead to more severe 

consequences. 

 

2.1.3 Composite materials: damage effects and modelling 

Maheri and Adams (2003) used Classical Laminate Theory (CLT) in conjunction with a 

numerical Rayleigh-Ritz method for estimation of the modal damping of anisotropic laminates 

in free vibration, concluding that a good correlation between the theoretical and experimental 

results was achieved. Though not explicitly related to damage detection techniques, studies 

such as these can help researchers in the field of damage detection, since damping may 

represent a useful feature for damage evaluation in composite materials. 

Kisa (2004) investigates the effects of multiple cracks on the dynamic properties of a cantilever 

Carbon Fibre Reinforced Polymer (CFRP) beam. The theoretical model integrates fracture 

mechanics and substructure coupling, where cracks are modelled as rotational springs. The 
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effects of the location and depth of the cracks, and the volume fraction and orientation of the 

fibres, on the natural frequencies and mode shapes of a beam with transverse cracks are 

explored. Kisa (2004) affirms that the approach followed can be used for the analysis of non-

linear effects, such as the interface contact that occurs when the crack closes. 

Shu and Della (2004) studied the free vibration of beams with multiple enveloping 

delaminations using an analytical model based on Bernoulli-Euler beam theory. The influence 

of the delamination size and its location on the first two natural frequencies and mode shapes 

is also discussed. 

Ostachowicz and Zak (2004) presented some results on damped vibration of a laminated 

cantilever beam with a single closing delamination. The vibration of the beam is studied in the 

time domain using a dynamic contact algorithm developed by those authors, based on the 

Newmark method and incorporating a procedure based on the Newton-Raphson method for 

solving the equation of motion. They analyze the vibration in the frequency domain. The 

vibration responses of the beam due to various harmonic and impulse excitations are also 

considered, with different delamination locations and for different delamination lengths, as 

well as changes in the damping dissipation energy due to delamination. 

Le Page et al. (2004) developed bi-dimensional (plane strain) FE models to analyze matrix 

cracking development in woven fabric laminates, as a function of the number of reinforcing 

layers. It was shown that stiffness is relatively insensitive to these geometric variations, 

although the strain energy release rate related to the crack formation is significantly 

influenced by its location. Notably, where the crack formation is associated with local bending, 

the energy release rate increases with deformation. The inclusion of geometric non-linearities 

showed to affect the results for models which exhibit higher bending deformation. Also, FE 

models of cross-ply laminates were used both to serve as a comparison and to evaluate 

whether the behaviour of woven fabric laminates can or cannot be described in terms of cross-

ply laminates. 

Tippetts and Hemez (2005) developed FE models to predict impact damage in composite 

plates. The failure modes addressed are ply splits (a special combination of matrix cracking and 

debonding with fibre breakage) and delamination. The plate structural model uses a finite 

element formulation with a cohesive zone model to simulate the possible fracture surfaces 

characteristic of impact damage. This model was validated with experimental tests. 

Using a basis of linear fracture mechanics, the Castigliano theorem and CLT, Wang, K. et al. 

(2005) investigated the coupled bending and torsional vibration of a fibre-reinforced 

composite cantilever beam with an edge surface crack. Some important conclusions were 
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drawn: the natural frequency shifts, along with observations on the mode shape changes, may 

be used to detect both the crack location and its depth for on-line SHM. Also, the model and 

results presented may be useful for predicting flutter speed reduction in aircraft with 

composite wings due to fatigue cracking. 

Mishnaevsky Jr. and Brøndsted (2008) present a review of mathematical methods for 

modelling deformation, damage and fracture in FRPs. The models were classified into five 

main groups (the first three belonging to the broader group of phenomenological approaches): 

shear lag-based; fibre bundle models and their generalisations; fracture mechanics and 

continuum damage mechanics based models; analytical models; and numerical continuum 

mechanical models. As conclusions, among many other challenges, they point out that when 

analyzing the strength, damage and fracture of FRPs, the points of interest lie in the area of the 

mesomechanics (rather than micromechanics): the interactions between many microstructural 

elements, and many microcracks/cracks play leading roles for the strength of the FRPs. 

Hochard et al. (2001) and Thollon and Hochard (2009) developed ply-scale damage models 

(fibre-matrix debonding and cracks on the scale of the yarns) for predicting the mechanical 

behaviour of woven fabric composites based on continuum damage mechanics. The model 

describes the loss of stiffness and inelastic strain occurring in the warp, weft and shear 

directions and is obtained by replacing the woven ply by two stacked unidirectional plies, for 

which a classical model can be used. 

 

2.2 Some damage detection techniques 

2.2.1 Natural frequencies and FRFs 

The development of modal analysis techniques for damage detection and SHM arose from the 

observation that changes in the structural properties have consequences on the natural 

frequencies. Nevertheless, the relatively low sensitivity of natural frequency to damage 

requires high levels of damage and measurements made with high accuracy in order to 

achieve reliable results. Moreover, the capacity to locate damage is somewhat limited, as 

natural frequencies are global parameters and modes can only be associated with local 

responses at high frequencies. 

Methods based on natural frequency shifts often fall into one of two categories: the forward 

and the inverse problem. The forward problem consists in determining what the natural 

frequency changes due to a known damage case (which may include its location, extension and 
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type) will be. Typically, damage is modelled numerically and the natural frequencies are 

measured experimentally and compared to those related to each of the damage cases initially 

predicted. The inverse problem consists of determining damage parameters, such as crack 

length or location, from changes in the natural frequencies. 

According to Doebling et al. (1996), Lifshitz and Rotem (1969) present what may be the first 

journal article to propose the use of vibration measurements for damage detection. They 

search for changes in the dynamic moduli, which can be related to shifts in the natural 

frequencies, to detect damage in elastomers. 

Cawley and Adams (1979) give a formula for damage detection, location and quantification, 

based on the ratio between frequency shifts for modes  and , . Location is 

determined by minimizing the error between the measured frequency shifts of a pair of modes 

and those predicted by a local stiffness reduction model. In this formulation, neither multiple 

damage sites nor damping changes are considered, though the authors agreed that damping 

might suffer an increase with damage. The results are based on FE models of aluminium and 

CFRP plates.  

Tracy and Pardoen (1989) presented the experimental results of a study into the effects of the 

length of a midplane delamination in the frequency shifts of the first four modes of orthotropic 

graphite-epoxy laminate beams. The analytical model divides the beam into a total of four 

sections: above, below and on the left and right sides of the delamination. For midplane 

centred delamination, it was observed that its presence degraded the even numbered 

vibration modes more rapidly than the odd numbered vibration modes. Unless the 

delamination was in a region of the mode shape where the shear forces were high, the natural 

frequency would not be significantly modified. Thus, in the presence of delamination in areas 

where the mode shape exhibits high curvatures (second derivative of deflection), only minor 

frequency shifts take place; natural frequency variations will be most obvious close to an area 

of higher shear force (related to the third derivative of deflection).  

Stubbs and Osegueda (1990a)(1990b) developed damage detection methods based on modal 

changes of specific structural components such as beams, plates and shells. The method 

relates frequency shifts to changes in member stiffness using a sensitivity relationship. 

Stiffness reductions can be located solving an inverse problem, since damage is defined as a 

stiffness reduction of one of the elements forming the structure. They concluded that it is 

possible to locate multiple damage sites, at least in a beam. False positives occurred, however, 

although generally at a far smaller number of sites than those where damage was actually 
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present. Moreover, this method has difficulties when the number of modes is lower than the 

number of the damage parameters. 

Sanders et al. (1992) use the frequency sensitivity method developed by Stubbs and Osegueda 

(1990a), combined with an internal-state-variable theory, to detect, locate and quantify 

damage in CFRP beams. This method includes parameters which indicate two types of damage: 

matrix micro-cracking (identified by changes in the extensional stiffness), and transverse cracks 

in the 90-degree plies (by changes in the bending stiffness). Despite the sensitivity equations 

used only being valid for viscous damping, they argued that the damping had little influence in 

the application of the methodology. Due to the fact that damage was distributed uniformly 

along the beam length, it was not possible to evaluate the ability of the method to locate 

damage. 

Silva, J. M. M. and Gomes (1990) performed an extensive experimental dynamic analysis of 

free-free beams, with slots ranging in depths from 1/8 to 1/2 of the beam thickness, 

introduced in both dimensions (  and ) of the cross section and in different locations. Later, 

Silva, J. M. M. and Gomes (1991) compared the experimental and theoretical methods, based 

on the premise that the development of a crack, at a certain location, corresponds to a sudden 

reduction of the bending stiffness of the beam at the same location. The crack was modelled 

as a torsional spring representing the bending stiffness at the crack location. 

Following on from this, Silva, J. M. M. and Gomes (1994) suggested a technique for damage 

detection in beams, based on the estimation of frequency shifts as a function of the crack 

length and position. An optimization algorithm, developed by Gomes and Silva (1992) and 

designated CRACAR©, was used to search through combinations of crack lengths and locations. 

To overcome the differences between the experimental and analytical models, they suggested 

a simple correction quotient, based on the natural frequencies, which they showed to be a 

reliable tool. 

Hearn and Testa (1991) developed a damage detection method which evaluates the ratio of 

frequency shifts for various vibration modes. Assuming that the mass does not change as a 

result of damage, and neglecting second-order terms in the formulation, they showed that the 

change in the  natural frequency that results from damage can be related to the matrix of 

change in element  stiffness  and to the element deformation vector  

evaluated from the mode shape vectors: 

  (2.1) 
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where  is the mass matrix and  is the  mass-normalized mode shape vector. They 

noted this equation, which resembles Rayleigh’s quotient, seems to support the idea that if an 

element must develop a high level of potential energy because of the deformations imposed 

by a vibration mode, then damage in that member will have a strong influence on the natural 

frequency of the mode shape. The converse is also true, and because the natural mode shapes 

are distinct, the contribution to potential energy made by any one member will be different for 

each mode. In the case where damage is limited to a stiffness component of the element and if 

the ratio between the frequency shifts for modes  and  is taken, it is possible to show that 

the effects of the damage will be reduced simply to a function of damage location, , 

illustrating the characteristic influence of each member on the natural frequencies of the 

structure. The characteristic influence can be determined from pre-damaged modal 

properties. Damage is located by selecting the member for which the characteristic influence is 

closest to the ratio . 

Penny et al. (1993) applied a statistical method to identify the most likely damage location, 

using a generalized least squares theory. The method uses the ratio of natural frequencies 

from both the measured and analytical data. The damage case is indicated by the minimal 

error in this fit. 

Messina et al. (1992) proposed the Damage Location Assurance Criterion (DLAC) in location , 

which is a correlation similar to the Modal Assurance Criterion (MAC) of Allemang and Brown 

(1982), and is given by:  

  (2.2) 

where  is the experimental frequency shift vector and  is the analytical 

frequency shift vector obtained from an analytical model for a given damage location. A zero 

value indicates no correlation and a unity value indicates perfect correlation between the 

vectors involved in the DLAC relationship. Damage location and dimension is identified by 

maximizing this objective function.  

Messina et al. (1996) showed that it is possible to locate damage more accurately if the 

frequency shifts are normalized relative to the undamaged structural frequencies, so that the 

contribution of each vibration mode can be weighed, since higher frequencies tend to suffer 

more pronounced shifts. 

The Multiple DLAC (MDLAC), proposed by Messina et al. (1998), is an extension of the DLAC to 

detection of multiple damage sites. Using the same principles, the damage state is indicated by 
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search of a damage vector  which maximizes the MDLAC. This formulation allows for 

relative quantification of the damage in each location, but not for absolute quantification. 

However, since the experimental frequency shift vector  can be calculated, it is 

possible to estimate a scalar severity coefficient , in such a way that  gives the actual 

damage prevailing. This scaling constant  can be estimated by either a first or second order 

approach, but these authors note that, although the second order approximation provides 

better results, for routine monitoring purposes where precise knowledge of the defect size is 

less important than its location, the first order approximation is likely to be an adequate choice 

due to its relative simplicity. 

Boltezar et al. (1998) devised a method for locating transverse cracks in flexural vibrations of 

free-free beams by following an inverse problem. The method is based on the assumption that 

the crack stiffness does not depend on the frequency of vibration (i.e., the values of the crack 

stiffness, which is modelled as a linear torsional spring, must be the same at the crack position 

for all of the measured natural frequencies). As a result, by plotting the relative stiffness along 

the length of the beam for at least two distinct natural frequencies, the crack location can be 

identified by the intersection of these curves. These authors mentioned that this idea had 

already been proposed by Adams et al. (1978) for axial vibrations, and was extended in their 

article to include flexural vibrations in one-dimensional beams, allowing better results to be 

obtained. Since this model is based on the Bernoulli-Euler beam theory, the authors pay 

special attention to the problem of accurately knowing the values of the material properties, in 

particular the Young’s modulus, which can be overcome by calculating its “effective” value as 

suggested by Adams et al. (1978). 

Sampaio et al. (2003) and Sampaio and Maia (2004) propose the Detection and Relative 

damage Quantification indicator (DRQ), based on the use of the Frequency Domain Assurance 

Criterion (FDAC), as an effective damage indicator, capable of distinguishing a positive 

occurrence from a false alarm. The column vector  of the receptance matrix  is the 

Operational Deflection Shape (ODS) which describes the shape (in space) exhibited by the 

structure at each excitation frequency, , given by the responses normalized by the applied 

forces. When a structure is damaged, its stiffness and damping change and, in consequence, so 

does the receptance matrix . Thus, it is reasonable to assume that the smaller the 

degree of correlation between the column vectors (ODSs) of  and , where the 

superscript  stands for damaged, the larger is the damage. To measure the degree of 

correlation between the ODSs, Pascual et al. (1997) proposed the FDAC. A simplified form is 

referred to as the Response Vector Assurance Criterion (RVAC) (Heylen et al. (1998)), with only 
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one applied force (so that the receptance matrix becomes a single vector) and pairs of ODSs at 

the same frequency : 

  (2.3) 

where  is the total number of coordinates or measurement points and * stands for complex 

conjugate. From this definition, Sampaio et al. (2003) and Sampaio and Maia (2004) formulate 

the DRQ, which is nothing more than an arithmetic average of the RVACs along the frequency. 

They also proposed a normalization algorithm for the DRQ, based on various damage cases, 

which is referred to as normalization of the maximum occurrences, DRQi. Finally, and because 

some of the best known damage location methods, such as the damage index and Mode Shape 

Curvature (MSC) (Sampaio et al. (1999) e Maia et al. (2003)), use the second spatial derivative 

of the ODSs to locate damage, the DRQ” can instead be calculated based on these derivatives 

and using, for the ODSs, a central difference approximation. It was found that the DRQ 

indicator is able to detect damage, distinguish a true damage state from a false one and 

distinguish adequately between damage cases of different severity. It was also found that the 

versions of the DRQ indicator using the second spatial derivatives of the ODSs did not perform 

much better than the versions using only the ODSs. 

Zang et al. (2003a) presented two criteria to correlate measured FRFs from multiple sensors 

and proposed using them as indicators for structural damage detection. The first criterion is 

the Global Shape Correlation (GSC) function, which is sensitive to mode shape differences but 

not to relative scales; and the second criterion, based on actual response amplitudes, is the 

Global Amplitude Correlation (GAC). Each of the correlation criteria is a function of frequency 

and uniquely maps a set of complex responses to a real scalar between zero and unity. These 

authors argue that a simultaneous use of both correlation criteria should be able to quantify 

the closeness of two sets of vibration data. The averaged integrations of the GSC and GAC 

functions along the frequency points over the measurement range are also proposed, referred 

to as averaged integration GSC and averaged integration GAC, as damage indicators for SHM. 

An experimental test on a bookshelf structure was conducted, but it was concluded that 

further studies would be needed to develop approaches that could accurately assess structural 

states and damage. An intelligent decision making method based on the Radial Basis Function 

(RBF) neural network is suggested by Zang et al. (2003b). 
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2.2.2 Mode shape changes 

According to Doebling et al. (1996), West (1984) presents what is possibly the first systematic 

use of mode shape information for the location of structural damage without the use of a prior 

FE model. West (1984) uses the MAC to determine the level of correlation between modes 

from the test of an undamaged Space Shuttle Orbiter body flap and the modes from the test of 

the flap after it was exposed to acoustic loading. 

Kim, J. H. et al. (1992) investigated the use of the MAC and some of its forms for locating 

structural damage. The MAC, which is probably the most common way of establishing a 

correlation between experimental and analytical models, is defined by Allemang and Brown 

(1982) as: 

  (2.4) 

where the  and  subscripts refer to, respectively, experimental and analytical vibration 

modes. This correlation results in a single scalar number with a value ranging from zero to 

unity. A unity value means that the mode shapes are identical, whereas a zero value indicates 

orthogonality between the vectors, i.e., the mode shapes are “totally different”. Although the 

MAC can provide a good indication of the disparity between two sets of data, it does not show 

explicitly where in the structure is the source of discrepancy. The Coordinate MAC (COMAC) 

was developed from the original MAC. It is the reverse of the MAC in that it measures the 

correlation at each Degree-of-Freedom (DOF) averaged over the set of correlated mode pairs. 

The COMAC identifies the co-ordinates at which two sets of mode shapes do not agree, and is 

defined as (Lieven and Ewins (1988)): 

  (2.5) 

where  is the number of correlated mode shapes. Although the COMAC can be useful as a 

tool to locate a discrepancy, it does not have a physical basis. It is advisable to use this method 

in cases where the structure is tested and modelled in a free-free configuration, because 

grounding of the structure will amplify the effect of anti-nodes away from the region of 

constraint and dominate the error prediction (Maia and Silva (1997)). On the other hand, 

although the COMAC is a useful algorithm to detect errors in spatial models, it does not 

provide a unique solution to localize the source of error in the structure. Another form of the 

MAC is the Partial MAC (PMAC), which correlates parts of modal vectors and allows easy 
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comparison of the selected parts. Kim, J. H. et al. (1992) propose the combined use of the 

COMAC and the PMAC concepts, referred to as the total MAC, so that the structural area 

where damage occurred can be isolated. 

Parloo et al. (2002b)(2004) compared input-output and output-only damage identification 

setups for an aluminium beam structure suffering from fatigue induced crack formation. As 

shown in the literature, there are several methods available for the calculation of sensitivity 

(derivatives) of eigenvalues and eigenvectors. Expressions for the sensitivity of mode shapes to 

local changes on mass and stiffness can be found, for instance, in Vanhonacker (1980), Maia 

and Silva (1997) or Parloo et al. (2003). These expressions are exact if all mode shapes of the 

test structure are taken into account, though a good approximation can be obtained in 

practice, where only a limited number of modes are available. In practice, the stochastic errors 

due to the presence of measurement noise reveal that calculating mass sensitivities can be 

numerically more stable than the calculation of the sensitivity to stiffness. If the reference 

condition of a structure is altered by either a local change in mass or in stiffness, first-order 

approximations with respect to the damage parameter can be written. However, it is noted 

that these approximations are only valid for relatively small damage; this poses no problem, 

since early damage is meant to be detected. In the case where frequency sensitivities to a 

change in a structural parameter are considered, Parloo et al. (2004) use an iterative weighted 

pseudo-inverse algorithm technique which allows to better locate damage (Guillaume et al. 

(2002)). 

In order to reduce the calculated sensitivity errors, the estimated modal parameters from 

output-only data should be as accurate as possible. For this purpose, Guillaume et al. (1998) 

and Guillaume et al. (1999) propose the use of a Maximum Likelihood Estimator (MLE), which 

is an unbiased estimator taking into account the noise information in the data. Instead of using 

FRFs, the MLE uses spectral density functions. 

Vecchio et al. (2002) present an experimental validation of a modal model based approach to 

structural damage detection, where output-only vibration data is used. However, operational 

working conditions are not necessarily stationary, and if small deviations are observed in the 

modal parameters, it is very difficult to decide whether damage is present or not. The 

approach requires continuous monitoring of the system. The damage detection algorithms 

reduce time data to covariance data and perform a statistical -test that assesses whether 

the recent data fit the reference model. In a previous work, Vecchio and Van der Auweraer 

(2001) identified the modal parameters based on the stochastic subspace method, but, in 

order to improve pole extraction (making it faster and easier) and with the aim of achieving 

more automation in the damage detection process, Vecchio et al. (2002) introduced a new 
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approach based on the MLE. This approach is applied to a reticular structure that was built for 

several dynamic tests in the context of the EC Brite-Euram SAM project. 

Park, N. G. and Park (2003) introduced a damage detection and location technique based on 

incomplete experimental models, since it is not possible in practice either to measure the 

responses in all DOFs or to have a reference FE model that can represent the real structure in a 

precise manner, unless simple structures are being studied. However, this method has the 

disadvantage of requiring heavy experimentation, because one needs to measure all the FRFs 

of the reference structure for each considered DOF. Furthermore, this technique is not 

effective over the whole frequency range, and solutions are presented for the frequency range 

choices by error analysis. 

Lazarov and Trendafilova (2004) investigated the influence of damage on the dynamic 

characteristics of linear elastic plates. This study was based on the plate theory of Kirchoff, and 

tests were carried out on a square plate. Damage is introduced as thickness changes and as 

saw cuts perpendicular to the boundary contour of the plate, and its influence on the mode 

shapes and the modal frequencies of the structure are then derived and analyzed. They first 

concluded, from both the numerical and experimental models, that the natural frequencies of 

thin plates are not influenced noticeably by damage, but that the mode shapes undergo 

considerable changes as a result of the presence of damage. Despite the fact that these 

conclusions may not seem remarkable, they confirm some hypotheses that were discussed 

during this work. These authors also propose a mode shape based damage location index. 

Kim, B. S. et al. (2005) used several damage detection criteria, including COMAC, ECOMAC 

(Enhanced COMAC, which is based on the average difference between the analytical and 

experimental modal vector components, and first introduced by Hunt (1992)), ADSM (Absolute 

Difference of Strain Mode shapes, which is based on the absolute difference of strain mode 

shapes, proposed by Qin and Zhang (1998)) and a new method based on the absolute 

difference of the absolute value strain mode shapes, with a focus on finding differences of 

these damage detection criteria caused by different geometry and boundary conditions of 

gusset plates with cracks. Considering crack location, these authors concluded that the new 

method generally performed better than the other methods for the studied example, though it 

is hard to find its physical meaning. 

 

2.2.3 Mode shape and FRFs curvatures 

Mode shape and FRFs curvatures are widely used as an alternative to damage identification 

from mode shape changes. 
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Salawu and Williams (1994) evaluated the performance of some procedures for locating 

damage using MSC and mode shape changes. The first method estimates the mode shape 

curvatures using a central difference approximation as proposed by Pandey et al. (1991): 

  (2.6) 

Here,  is the distance between the measurement coordinates and  are the modal 

displacements for mode shape  at the measurement coordinate . Since a local reduction in 

stiffness results in a local increase in the curvature , it is reasonable to suppose that these 

can be used to detect, locate and quantify damage. The second method studied by Salawu and 

Williams (1994) is based on the mode shape relative differences proposed by Fox (1992), in 

which a graphical comparison of displacement mode shapes is used to indicate damage 

position. Those authors also use the MAC and COMAC to correlate mode shapes, but although 

these criteria proved to be sensitive to damage, they did not provide a clear location of the 

damage position in a cantilevered beam. The performance of both the MSC and mode shape 

relative differences methods was not as good as desired, since it is necessary to decide which 

are the most adequate mode shapes to use. Only the MSC method was able to give an 

indication of simulated multiple damage locations. 

In a paper where the applicability of the MSC changes to damage detection in a prestressed 

concrete bridge is investigated, Wahab and De Roeck (1999) introduce the Curvature Damage 

Factor (CDF), where the difference in the MSC for all modes can be summarized in one number 

for each measurement point. This technique was then applied to a real structure: the Z24 

bridge which lies between the villages of Koppigen and Utzenstorf and crosses the highway A1 

between Bern and Zurich in Switzerland. The CDF is based on the MSC central difference 

approximation (equation 2.6), and is given by: 

  (2.7) 

where  stands for the total number of modes to be considered,  is the curvature of the 

 mode shape of the intact structure and  is the curvature of the  mode shape of the 

damaged structure. These authors note that a relatively dense measurement grid is required in 

order to get a good estimation of the curvatures of higher modes. When more than one fault 

exists, it is not possible to detect the various damage locations from a single vibration mode, 

i.e., all modes should be carefully examined in order to locate all the existing flaws. 
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Ho and Ewins (2000) attempted to evaluate whether the presumption that damage is located 

at the point where the mode shape change is the greatest is valid using both simulated and 

experimental data, since the differentiation process enhances the experimental variations 

inherent to mode shapes. They addressed five methods based on mode shapes and their 

derivatives: Flexibility Index (FI), Mode Shape Curvature (MSC), Mode Shape Curvature Square 

(MSCS), Mode Shape Slope (MSS) and Mode Shape Amplitude Comparison (MSAC). If more 

than one mode is defined, it follows that: 

  (2.8) 

  (2.9) 

  (2.10) 

  (2.11) 

  (2.12) 

The last two methods, corresponding to expressions (2.11) and (2.12), are presented by Ho 

and Ewins (2000). The first (2.11) corresponds to an attempt to introduce the mode shape 

deflection as a feature sensitive to damage but relatively insensitive to experimental variation. 

The second equation (2.12) has the advantage of not requiring the mode shape differentiation. 

In calculating the derivatives of mode shapes, instead of using finite difference approximation, 

polynomial functions are used: a local polynomial is fitted through every set of four 

consecutive measurement points and the resulting polynomial is differentiated. These authors 

conclude that the experimental results show that higher derivatives are more promising for 

damage identification, but that false damage indications may be observed at mode shape 

nodal points or where the quality of the measurements is relatively poor. It was also observed 

that this may also occur at the boundaries. 

Battipede et al. (2001) extend the gapped-smoothing technique to bi-dimensional models or 

plate-like structures, showing that the method is able to locate single and multiple damage 

sites of medium and great extent. This technique, which had already been applied to one-
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dimensional models by Ratcliffe and Bagaria (1998) and Ratcliffe (2000), takes advantage of 

the presence of an irregularity in the curvature shape in order to detect damage. The 

displacement shape is converted into curvatures by applying a second order finite 

differentiation procedure, like the one proposed by Pandey et al. (1991) (equation (2.6)) but 

distinguishing the curvatures in the  and  directions, i.e., writing them in terms of 

 and ,  In the absence of damage and other irregularities, the 

curvature has a smooth shape and can thus be represented as a polynomial function. If the 

smooth function and the measured curvature are different when evaluated at the same 

location, , this can be an indicator of damage at that location. Furthermore, the fact 

that one is dealing with a bi-dimensional model allows the cross curvature, , to be 

taken into account so that a damage index can be formulated as:  

 

 

(2.13) 

where the superscript  stands for experimental (or measured). The  coefficients can be set 

to 0 or 1, to either consider or neglect the corresponding curvature. However, Battipede et al. 

(2001) considered  since it is difficult to estimate  from experimental data. 

For an undamaged structure, the difference between measured and fitted data is mainly due 

to measurement noise, so that in an experimental case the damage index  is irregular 

without any sharp peak. If the structure is faulty, however, some clear peaks will appear, 

corresponding to the sensors located around the damaged region of the model under 

consideration. The major advantages of this technique, when applied to a plane rectangular 

homogeneous plate, are: the possibility of locating multiple damage sites without knowledge 

of a reference model of the structure; and only a single test is needed to determine the 

current state of the structure, without knowledge of its history. In practice, however, 

measured data tend to be polluted by noise, detrimentally affecting the effectiveness of the 

technique. 

Yoon et al. (2005) proposed the generalization of the one-dimensional gapped smoothing 

technique to bi-dimensional models. As before, it is shown that it is possible to locate damage 

using only data from the damaged structure, i.e., without resorting to a reference model. 

Provided that it is known that the structure, in its undamaged state, is homogeneous with 

respect to stiffness, the procedure will detect the non-homogeneous areas that are caused by 
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damage. Variability indices are generated for each test point on the structure, after which 

statistical treatment and outlier detection enables discrimination of areas with significant 

variation in stiffness. It was shown that this method allows for the determination of the size 

and location of relatively small localized stiffness reductions in homogeneous plate-like 

structures. Analytical models or reference experimental models of the structure in the 

undamaged state are not needed. The results generated using the broadband ODS data 

showed superior performances to those produced using the mode shapes. However, in the 

case of large areas or uniform damage (when compared to the spacing and number of 

measurement points), the algorithm identifies only the edges of the damage, which can make 

the interpretation of results more difficult. It was concluded that further research is required 

in order to establish a quantitative relationship between the local stiffness reductions and the 

irregularity indices. 

Maia et al. (2003) presented a series of numerical simulations as well as an experimental 

example using a simple beam in order to compare various damage detection methods based 

on mode shape changes. They also proposed a generalization of these methods to the whole 

frequency ranges of measurement, i.e., methods based on mode shapes become based on 

ODSs. This way, modal identification, which can be a time consuming process and can filter 

relevant information, may be avoided. The studied methods fall into two major groups: mode 

shape damage detection methods and FRF-based damage detection methods. In the first 

group, they included all the methods overviewed by Ho and Ewins (2000), except the FI 

method. They also included the damage index method developed by Stubbs et al. (1995), 

which is based on the modal strain energy decrease between two structural DOFs for linear-

elastic Bernoulli-Euler beams, and given by. 

  (2.14) 

where  and  are the limits of a segment  of the beam where damage is being evaluated and 

 is the total length of the beam. For the purpose of the article presented by Maia et al. 

(2003), the discrete formulation of equation (2.14) was used. For more than one mode, the 

damage index can be defined as:  

  (2.15) 



Diogo C. C. Montalvão e Silva 

 

C
ha

pt
er

 2
 –

 S
ta

te
-o

f-
th

e-
ar

t i
n 

S
H

M
 w

ith
 

sp
ec

ia
l e

m
ph

as
is

 o
n 

co
m

po
si

te
 m

at
er

ia
ls

 

32 

 

Cornwell et al. (1997) generalized the damage index method to plate-like structures 

characterized by a two dimensional curvature. One of the advantages of this strain energy 

based method is that it does not require a well correlated FE model and/or mass normalized 

mode shapes. The mode shape detection methods group is based on the assumption that 

damage is located between the DOFs where the change of a mode shape function is greatest. 

The second group distinguished by Maia et al. (2003), the FRF-based damage detection 

methods, includes the FRF-based MS, the FRF-based MSS, the FRF-based MSC (also presented 

by Sampaio et al. (1999)), the FRF-based MSCS and the FRF-based damage index; these 

methods are equivalent to the mode shape detection methods, but using FRFs instead of 

mode shapes. In Maia et al. (1997) it is noted that when calculating the damage indexes for the 

FRF-based methods, as progress is made along the frequency range, compiling information, 

the results eventually begin to degenerate instead of improving. To overcome this, the location 

where the difference of damage and undamaged case is a maximum is looked up for each 

frequency and an occurrence is counted at that location. The occurrences are summed up 

along the frequency range for each location, and the location where the greatest number of 

occurrences was counted is proposed as the damage site. Maia et al. (2003) found that the 

methods based on the curvatures performed better, although false damage indications remain 

a problem requiring close attention. Maia et al. (2003) suggested that some improvements 

could be made in the interpolation process, in defining a noise level under which the results 

are not considered, in the method to calculate the maximum occurrences, in applying statistics 

to the results, and, finally, in the set-up and skill of the experimentalist. 

Sampaio et al. (1999) compared the FRF curvature method, which encompasses the first three 

levels of the damage identification process (existence, location and extent), with two of the 

most cited methods in literature: the MSC method and the damage index method. The FRF 

curvature method is based only on the measured data without need for any modal 

identification, and is an extension of the method of Pandey et al. (1991) to include all 

frequencies in the measurement range and not just the modal frequencies, i.e., it uses FRF 

data rather than just mode shape data. In fact, the method uses something like an ODS 

defined, for each frequency, by the frequency response at different locations along the 

structure. The absolute difference between the FRF curvatures of the damaged and 

undamaged structure at location , along the chosen frequency range , is calculated, for an 

applied force at point , by: 

  (2.16) 
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Finally, the results from several force location cases can be summed up. This technique was 

tested using experimental data gathered from the I-40 bridge over the Rio Grande in 

Albuquerque, New Mexico, USA, following previous work done by Jauregui and Farrar 

(1986a)(1986b) of the Los Alamos National Laboratory (LANL) in the USA. From work on the 

FRF curvature method, Sampaio et al. (1999) point out the following: point out the following: 

(i) the method works better for a range before the first anti-resonance or resonance frequency 

(whichever comes first), since for wider frequency ranges (including several modes) the 

difference between the curvatures of the damaged and undamaged models becomes less 

significant when compared with the amplitude difference arising from the resonances’ 

frequency shift, because of the loss of stiffness; (ii) the position of the exciting force seemed 

not to be an important influence, according to the numerical model; (iii) the method is 

considerably insensitive to noise; (iv) it can be used to detect, locate and quantify damage, 

though this last aspect deserves further developments; (v) the method has the great 

advantage of being simple and not requiring prior modal identification. With respect to the 

comparison established between the three methods, Sampaio et al. (1999) argue that the FRF 

curvature method had the best overall performance, although the MSC method produces 

better results for higher order modes. 

Pirner and Urushadze (2004) compared the CAMOSUC (Change of Mode Surface Curvature) 

with earlier methods for detection of the magnitude and location of damage; specifically MAC, 

COMAC, and the error-matrix. The CAMOSUC is defined as the difference of the mode shape 

curvatures between the undamaged and damaged states. Thus, each term in the CDF equation 

(2.7) is the CAMOSUC itself. These authors present detailed applications of some of these 

methods to real cases, such as a square Plexiglas plate, a Plexiglas model of a railroad bridge 

section, a three-span prestressed concrete bridge, floor slabs of a department store and a 

hyperbolic cooling tower. 

Hamey et al. (2004) approached the experimental aspects of methods which make use of 

mode shape curvatures, comparing four methods: the absolute difference of curvature mode 

shape method, the CDF method, the damage index method and the FRF curvature method. 

However, instead of obtaining approximations to the second derivatives of the displacements, 

as usual, they proposed the use of direct measurements of the curvatures of the mode shapes 

obtained from piezoelectric materials. They used piezoceramic patches for sweep-sine 

continuous excitation and a hammer for impulse excitation. Sixteen polymeric PVDF 

(polyvinylidene fluoride) sensors were distributed along the length of one face of the beam. 

They tested several cases of damage: a transverse crack, three scenarios of controlled non-

symmetric delamination and impact damage, and observed that, in general, the impulse 
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excitation produced slightly better results than the continuous excitation. With respect to the 

identification methods, they observed that the damage index method performed better than 

the others both on damage detection and location. According to these authors, the FRF 

curvature method turned out to be the one which produced the worst results. Also, they 

observed that when the sensors are placed on the opposite side of the beam to the 

delamination, it was possible to obtain better results for the cases where the delamination had 

greater dimensions, although sensor position seemed not to affect the results for the other 

damage cases. 

Kim, B. H. et al. (2005) attempted to extend the MSC and damage index methods by resolving 

some deficiencies of these methods. They solved a set of linear algebraic equations referred to 

as Flexural Damage Index Equations (FDIE), which avoid the singularity problem near the 

inflexion points and the mode selection problem of the MSC and damage index methods. The 

FDIE shows that there is a strong relationship between the damage and the curvature of 

flexibility. This method is also able to detect, locate and determine the size of structural 

damage in a plate-like structure using the measured modal parameters. However, a very small 

interval between sensors is required if an accurate estimate of the severity of damage is 

wanted. 

Zhu and Xu (2005) presented a sensitivity-based method for location and assessment of 

damage in mono-coupled periodic structures, in which slopes and curvatures of mode shapes 

are used to localize damage, and natural frequencies are then used to quantify its extent. The 

equations of sensitivity coefficients of mode shapes, slopes and curvatures of a mono-coupled 

periodic system are first derived in terms of receptances of a periodic element. The numerical 

and experimental examples show that curvatures of modal shapes are the most sensitive to 

damage, but slopes of mode shapes seem to provide a better indication of the damage 

location. Also, the larger changes in the natural frequencies imply higher sensitivity of these 

modes to damage, which is useful for choosing a few of the lower frequency modes to localize 

damage. The method allows for detection and location of multiple damage sites, with different 

simultaneous extents, using a few of the slopes and curvatures of the lower order mode 

shapes, though the accuracy with which the damage size can be quantified depends on the 

number of frequencies used. 

Santos et al. (2006) presented and discussed three methods for the damage location of impact 

damage in laminated composite plates. The authors refer to these methods as Translation 

Differences (TD), Slope Differences (SD) and Curvature Differences (CD) methods, that 

correspond closely to the formulations of the above mentioned MSAC, MSS and MSCS 

respectively. Tests were conducted using free-free suspended rectangular quasi-isotropic CFRP 
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specimens with dimensions 277x199x1.8mm. Double pulse TV holography with acoustic 

excitation was used for the acquisition of the mode shapes. For computation of the rotations 

and curvatures, the mode shapes’ translations were processed using a 

differentiation/smoothing technique. The MAC and a MAC-based Normalized Mode Difference 

(NMD) were used as tools for choosing amongst the modes most sensitive to damage to be 

used in the indexes. It was observed that the best results were obtained with the CD method 

for the single damage case study; in this case, the location was correct, even for light damage 

difficult to detect with an X-ray or a C-SCAN. 

Guan and Karbhari (2008) proposed the Element Modal Strain Damage Index (EMSDI), which 

attempts to address some of the weaknesses of the modal curvatures based methods. The use 

of numerical differentiation procedures is identified as the main cause for the poor 

performance of the modal curvature method under sparse and noisy measurements. The 

proposed damage index can be calculated directly from the measured modal displacements, 

since estimates of derivatives are obtained through the use of spline interpolation and 

numerical optimization. It is demonstrated through the use of numerical simulation examples 

that the proposed method is able to correctly locate a damage region using only noisy sparse 

measurement even in cases when the modal curvature method fails. Experimental tests were 

carried out using cantilevered aluminium beams with transverse saw cuts. 

Seeing both the benefits and the difficulties associated to the use of FRF shapes as proposed 

by Maia et al. (1997), Liu, X. et al. (2009) recently introduced a scheme of using FRF shapes for 

structural damage location. They point out that, so far, no solid foundation has been given in 

the literature about the use of FRF shapes for damage location. In addition, they observe that 

this method only works for a low-frequency range. To improve the performance of the 

method, they include some modifications like using the imaginary parts of FRF shapes and 

normalising FRF shapes before comparison. Using the gapped smoothing technique proposed 

by Ratcliffe (2000), for a structure with a smooth shape (e.g., a straight beam or a bridge), the 

unavailability of measurement data from a healthy or baseline system is surpassed: local 

damage on the structure, if sufficiently large, will cause an abnormality of the FRF shapes at 

the damage location. As expected because of the nature of such method, the major drawback 

found is that the damage-induced small abnormalities in the FRF shapes must be included in 

the measured data to successfully locate damage, which in turn requires measuring a lot of 

points over the structure. 
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2.2.4 ARMA family models 

Brincker et al. (1995a) used a statistical analysis based on shifts in the natural frequencies to 

detect damage in two concrete beams with different reinforcement ratios. The modal 

parameters (natural frequencies and modal damping factors) are estimated from the response 

time series (accelerations) using the so called Auto-Regressive Moving Average (ARMA), 

identical to the one used by Brincker et al. (1995b) in an offshore platform. Referring to Davies 

and Hammond (1984), Pandit and Metha (1985) and Safak (1991), Brincker et al. (1995a) 

mention that the ARMA models have been developed mainly for application in economics and 

electrical engineering, but since they are considered to be a more effective way of estimating 

modal parameter than Fast Fourier Transform (FFT) based techniques, their use on structural 

systems has been increasing during recent years. A more complete version is the ARMA with 

exogenous input (ARMAX). The  order ARMAX model that describes the time response 

 as a linear combination of the last  responses as well as the last  unknown inputs and 

 known inputs is given by: 

 

 

(2.17) 

where  is the auto-regressive parameter describing the response  as a linear 

regression of the last  values and  and  are the moving average parameters which 

describe the response  as a linear regression of the last values of, respectively, an 

unknown input time series, , which may be assumed as white noise, and a known time 

series, . The  (AR),  (MA) and  (X) parameters are determined by minimizing 

the variance of the noise time series , i.e., based on the measured response and on the 

predicted response given by (2.17). When the AR parameters are estimated, the roots of the 

characteristic polynomial equation that contains these parameters can be related to the 

natural frequencies and modal damping factors. Hence, the ARMAX can be utilized to examine 

these parameters’ variations with time. Brincker et al. (1995a) also defined a statistical 

significance indicator which takes account of the changes in the natural frequencies, so that 

they can give a quantifiable estimate of the structural changes. It was shown that the 

significance indicators are sensitive to structural damage, but they are not able to provide an 

accurate estimate of damage location. Finally, it was observed that, for the studied beams, the 
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differences between the ARMA and ARMAX were quite small. Thus, it was concluded that 

knowing the input signal is not essential for the detection of damage in the studied beams. 

Wei et al. (2005) used Nonlinear ARMA with exogenous input (NARMAX) models to assess 

internal delamination in multi-layer composite plates. These authors state that the relationship 

between input and output is nonlinear for multilayer composite panels. According to them, the 

NARMAX model was proposed by Leontaritis and Billings (1985a)(1985b) NARMAX models 

describe the nonlinear systems in terms of difference equations relating the current output to 

combinations of inputs and past outputs. The structure of the proposed model is used to 

estimate model parameters for damaged vibration systems, and internal delamination is 

detected by comparing the model parameters of the intact and damaged systems. The results 

show that, for the case studied, NARMAX models allow investigation of the behaviour of 

composite models as well as assessment of damage (especially delamination) in composites. 

Lu and Gao (2005) proposed an approach formulated as a predictive Auto-Regressive model 

with exogenous input (ARX), based on the linear dynamic system theory. After some 

simplifications, the model is expressed in such a way that only response signals are involved, 

with a response at one location chosen as the input of the model. The residual error of the 

established model, when applied to actual measured signals, reflects the structural change, 

and the standard deviation of the residual error is found to be a damage sensitive feature. It 

was observed that the proposed ARX model can behave undesirably when the location of the 

chosen input response is near the location of the damage. For this reason, they recommend 

that in a diagnosis situation two separate runs of the procedure are carried out using two 

different input locations. It was also noted that the standard deviation of the residual error of 

the ARX model, although sensitive to the presence of damage, does not give a precise 

indication of the degree of damage, and further research is therefore required. 

In an earlier work, Sohn and Farrar (2001) had presented a two iteration AR-ARX model in 

order to predict the time series and subsequently use the standard deviation ratio of the 

residual errors as the damage sensitivity feature. The residual error is the difference between 

the actual measurements and the predicted responses from the combination of the AR and 

ARX models. 

 

2.2.5 Dynamic flexibility 

Another class of damage detection methods is based on the use of the dynamic flexibility 

matrix to estimate changes in the static behaviour of the structure. The dynamic flexibility 

matrix is a transfer function, defined as the inverse of the static stiffness matrix. Thus, each 
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column of the flexibility matrix represents the displacement pattern of the structure 

associated with a unit force applied at the associated DOF. Damage is then identified by 

comparison of the flexibility matrices of the structure in the undamaged (which may be 

obtained using a FE model) and damaged states. Due to the inverse relation to the square of 

the modal frequencies, the dynamic flexibility matrix is very sensitive to changes in the lower 

order modes, whereas the stiffness matrix is more sensitive to higher order modes. Based on 

this, Doebling et al. (1996) distinguished five different approaches: comparison of flexibility 

changes, unity check method, stiffness error matrix method, effects of residual flexibility and 

changes in measured stiffness matrix. 

Park, Y. S. et al. (1988) suggested the use of the weighted error-matrix method, comparing it to 

the error-matrix method (Sidhu and Ewins (1984) and He and Ewins (1985)). The stiffness error 

matrix can provide valuable information on the position of the damaged area, being defined 

as:  

  (2.18) 

where  and  are the stiffness matrices of the evaluated members in the damaged and 

undamaged states, respectively. Although  can be estimated from a FE model, it is 

possible to determine  using only experimental data. When the stiffness error matrix  is 

plotted, the highest peak will indicate the most probable damage location. Due to 

measurement noise, this method is only reliable when the measured natural frequency shifts 

and modal vector changes exceed the magnitude of the measurement errors. This lead Park, Y. 

S. et al. (1988) to propose the weighted error-matrix method, which magnifies the amount of 

stiffness error only at certain nodal points related to the damaged element. Although it was 

shown that the weighted error-matrix method is more sensitive to damage, since it was 

possible to accurately detect the damaged structural member at lower levels of damage, its 

complexity does not make it an attractive method. In order to reduce the time required for 

computation and experiments, an iterative method, in which the number of elements used is 

refined at each step, was proposed. 

 

2.2.6 Modal strain energy 

Choi and Stubbs (2004) developed a method to locate and determine the size of damage in a 

structure measuring time domain responses in a set of measurement points. The mean strain 

energy for a specified time interval is obtained for each element of the structure, and used in 
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turn to build a damage index that represents the ratio of the stiffness parameters of the 

pre-damaged and post-damaged structures. Possible locations of damage in a structure can be 

identified by utilizing a classification algorithm and a statistical decision technique of 

hypothesis testing, in which the damage indexes are normalized, assuming that the damage 

index is a random variable and the collection of the damage indices are distributed normally. 

Once the possible locations of damage are isolated, corresponding damage severities can be 

obtained (i.e., the fractional loss in stiffness). These authors present, as major conclusions, the 

fact that the time domain response may be used directly to localize and determine the size of 

damage in a structure, and that it is possible to reduce false-negatives by lowering the 

significance level for damage location, at the expense of increasing the number of false-

positives. Thus, the balance between them represents a measure of the sensitivity of the 

method as well as of the quality of the results and the effectiveness of the algorithm for 

damage location. 

Patil and Maiti (2005) provided an experimental verification of an energetic method for 

prediction of the location and size of multiple cracks based on the measurement of natural 

frequencies for slender cantilevered beams with two or three normal edge cracks. In the 

theoretical model the beam was divided into a number of segments and each segment was 

considered to be associated with a damage index. The cracks are represented as torsional 

springs. The damage index behaves as an indicator of the amount of strain energy stored in the 

crack (or torsional spring). The method is based on the concept that the strain energy  of a 

beam containing a crack is reduced because the beam can deform more easily to the same 

extent than an uncracked beam. This reduction is equal to the amount of energy stored in the 

fictious torsional spring (or crack), which, for the case where m cracks are present is: 

  (2.19) 

where  is the stored energy in the corresponding uncracked beam for vibration mode  and 

 and  are the bending moment at the crack location  and stiffness associated to the 

crack, respectively. Based on these principles, and after performing several simplifications and 

some mathematical manipulation, an expression for the location of a crack in a segment of the 

beam is suggested. It is concluded that, on the whole, the accuracy of the method is good for 

the prediction of the crack location, but lower for the prediction of the crack size. Accuracy 

decreases as the number of cracks increases. One of the major drawbacks of this method is 

revealed when it is observed that it is necessary to measure a number of frequencies equal to 
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twice the number of cracks in order to predict the location and size of all cracks, which number 

it may not, in practice, be possible to determine in advance. 

Hu and Wang (2009) explored the use of a modal strain energy method for the detection of 

surface cracks on woven fabric composite laminates. The specimen used was a 10 layer plain 

weave carbon fibre orthotropic laminate rectangular plate with dimensions 310x220x2.2mm. A 

surface crack, that may include matrix cracks and fibre fracture but does not significantly affect 

the global stiffness of the woven laminate, is introduced with a knife (16mm long by 1 mm 

depth). EMA is conducted on the woven laminate to obtain the modal displacements before 

and after damage. The modal displacements are used to compute the modal strain energies 

and a damage index is defined by employing the fractional modal strain energy of the woven 

laminate before and after damage, and then used to identify the location of the surface crack. 

These authors claim that only a few measured mode shapes are required ant that the method 

has a relatively low cost and can be used for real-time detection in woven laminates. The 

damage indices properly identified the surface crack location, but the authors agree that 

limitations and applicability to different types and different levels of damage in woven fabric 

composites are still to be validated in future work. Only one experimental case is presented to 

illustrate the efficiency of the technique. 

 

2.2.7 Transmissibility 

Sampaio et al. (2000) showed that a minor stiffness change can result in a significant change of 

transmissibility relating responses at points around damage. Considering a general structure 

with  measuring coordinates and  excitation coordinates, it is possible to compute the 

transmissibility matrix for both the reference (undamaged) and damaged states. The 

transmissibility matrices are square, with  elements and a zero diagonal. With this 

arrangement, it is possible to write: 

  (2.20) 

This is a special case of the transmissibility matrix, which relates the set of  responses with 

itself. The sum of all the transmissibility matrices in the frequency range of interest produces a 

unique matrix for each case,  for the damaged and for the undamaged case. The 

difference  between them will show the location of damage, since its 

values should display a significant increase near the damaged region. To further clarify the 
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location, the different values in each line  of the  matrix are summed and the second 

derivative  is calculated by a central difference approximation. Matrices  and  

can be represented in a contour plot, where the rows are the  axis and the columns are the  

axis. Any noticeable change of these plots may indicate the presence of damage, which will be 

located between the coordinates of  that show major differences. Sampaio et al. (2000) 

demonstrated another way of applying the transmissibility concept to damage detection, 

referred as the pseudo-transmissibility matrix method, which uses FRFs instead of responses. 

Despite the fact that this version performed better, these authors note that the former (using 

the transmissibility matrix) is more consistent because the pattern change is correlated among 

the various plots. These authors also developed the frequency of maximum differences 

algorithm, to improve the accuracy of the transmissibility method and others, such as the FRF 

curvature method, that use raw data directly from the FRFs. The transmissibility matrix, 

pseudo-transmissibility matrix and FRF curvature methods were applied to a 10-DOF numerical 

model. It was concluded that using the frequency of maximum differences algorithm greatly 

improves the methods which use FRFs in damage detection and location. However, the version 

which uses the transmissibility matrix for several simultaneous forces did not work in the 

examples tried. 

Mares et al. (1999) applied genetic algorithms to damage assessment where the objective 

function is based on the measured transmissibilities. The method was tested on a numerical 

model of a four story steel frame structure. The model was developed with the intention of 

having a high in-plane rigidity (of the floors) with respect to the out-of-plane rigidity (of the 

columns). Four damage scenarios were considered, using combinations of Young modulus 

reductions and removal of columns and braces. These authors observe that not all the 

transmissibilities are sensitive to damage in the same way. Therefore, they performed a two-

step procedure to select the “best” transmissibility functions before running the genetic 

search, in order to enhance the optimization process and hence the damage assessment 

procedure. The procedure used enabled transmissibility functions to be ranked in terms of 

their sensitivity to damage. The transmissibilities found to be the most sensitive to damage 

were used in the formulation of the cost function. The optimization process follows two 

iterations to obtain the global minimum of cost function. First, a genetic search is applied to 

the cost function, and then a classical gradient-based algorithm is run to refine the solution, so 

that global minima are correctly distinguished from local minima. Mares et al. (1999) observed 

that, according to the numerical simulations they performed, the use of transmissibility 

functions provide estimates of the state of damage that are sufficiently accurate. However, for 
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the steel frame structure model used, damage in braces was easier to identify than damage in 

columns. 

Johnson, T. J. et al. (2004) presented work on smart sensor arrays with the goal of 

implementing local vibration-based diagnostic algorithms inside a smart black box to 

demonstrate the feasibility of distributed health monitoring for damage detection, location 

and quantification. It was shown that the transmissibility is a good indicator feature of 

structural damage in spite of environmental fluctuations and boundary condition non-

linearities. For this reason, the transmissibility-based damage identification technique is 

referred to as the structural Diagnostics using Non-linear Analysis (sDNA) approach. They 

demonstrated that this approach reduces the number of false diagnoses due to non-linearities. 

Experiments were carried out on two large distributed structures; a building and a rotorcraft 

fuselage. 

Maia et al. (2007) acknowledged that the use of ODSs, such as in the DRQ earlier presented by 

Sampaio and Maia (2004), implies that the loads applied to the structure with and without 

damage are either known or, at least, the same. When a structure is subjected to ambient 

excitation, those conditions can hardly be assured. The loads may vary quite significantly and 

the ODS changes may be due to the difference of loads instead of the presence of damage. To 

avoid this handicap, Maia et al. (2007) explore instead the use of Transmissibility functions in 

the DRQ, since the response Transmissibility is load invariant. Multiple Input Multiple Output 

(MIMO) tests were carried out on a free-free steel beam with two shakers attached to each of 

the beam’s tips. However, even using the transmissibility, the amount of the DRQ deviation 

happened to be load dependent. The authors point the non-linear behaviour as a plausible 

cause, although further study is still needed. 

 

2.2.8 Damping 

Based on the observation that modal damping is a parameter with higher sensitivity to internal 

delamination of CFRPs than the natural frequencies, Keye et al. (2001) developed a method 

which is capable of relating modal damping deviations caused by structural damage to the 

damage location on the structure. They call attention to two important aspects of the 

experiments. First, when only a single sensor (or a small number) is available, the experimental 

data provides no spatial information on the dynamic response, i.e., on the mode shapes, and 

the process of localizing structural damage has to cope with eigenfrequencies and modal 

damping values, which can be extracted from the measured FRFs. In such a case, a FE model 
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should be used to locate the damage. Second, since in practice the damage location is 

unknown, a range of damage locations must be simulated in the numerical model and the 

modal data must be computed for each damage case. After testing the method on a plate-like 

CFRP structure, they proposed some improvements: (i) to enhance the correlation between 

numerical and experimental data, updating techniques should be used; (ii) implementation of 

a systematic mode selection strategy and the weighting of individual modes based on their 

sensitivity to damage location; (iii) optimization of actuator/sensor placement and evaluation 

of their influence on the damage identification capability; (iv) evaluation of other aspects, such 

as temperature effects and influence of the excitation method. 

Kyriazoglou et al. (2004) explore the use of the Specific Damping Capacity (SDC) for damage 

detection and location in composite laminates. One important observation is that the resonant 

frequency allows detection of cracks in glass fibre-reinforced laminates, while for carbon fibre-

reinforced laminates no detectable changes in the resonant frequencies could be found. 

However, large changes were found in the SDC. The method consists of measurements and 

analysis of the SDC of composite beams vibrated in free-free flexure in their first mode. The 

SDC is defined as: 

  (2.21) 

where  is the energy dissipated in one cycle and  is the total energy stored in that cycle. 

The energy stored by the beam in bending, , is calculated from the mode shape maximum 

deflection at the centre of the beam. The energy dissipated in one cycle is equated to the 

energy input. Tests were carried out both in air and in vacuum, and it was found that air 

damping significantly affected the measurements, particularly when the beam possessed off-

axis reinforcement. 

Yam et al. (2004) proposed to develop a practical method for the location and prediction of 

damage in CFRP plates by means of a combination of the measured modal damping and the 

computed strain energy distribution. First, a FE model is established to estimate the modal 

parameters, such as natural frequencies, mode shapes and modal strain energy. Based on the 

numerical model and on the fact that delaminations in different regions produce characteristic 

increases in the modal damping, they were able to experimentally locate damage. These 

authors note that the numerical simulations provide a good explanation for damping increase 

due to delamination, i.e., the energy dissipation is mostly induced by interfacial slip across the 

delamination and the tendency for penetration between the upper and lower surfaces in the 

delamination region. 
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Various authors have tried to study the damping mechanisms in composite materials. For 

example, Nayfeh (2004) developed a model for vibration parallel to the plane of lamination of 

a symmetric five-layer elasto-viscoelastic sandwich beam, since it is known that a sandwich 

beam consisting of alternating elastic and viscoelastic layers can be designed to exhibit large 

damping on flexural vibration in the direction normal to the plane of lamination. Berthelot and 

Sefrani (2004) experimentally analyzed damping of unidirectional glass fibre and Kevlar 

composites, comparing them to the models of Adams-Bacon, Ni-Adams and complex stiffness. 

The purpose was to develop an analysis of the effect of the fibre-reinforcement orientation in 

the case of unidirectional layers, since it is known that, at the constituent level, the energy 

dissipation in fibre-reinforced composites is induced by different mechanisms such as the 

viscoelastic nature of the matrix and fibre materials, damping at the fibre-matrix interface, 

damping due to damage, etc. 

Curadelli et al. (2008) presented a method to monitor the structural integrity on civil 

infrastructures by means of the instantaneous damping coefficient identification. Laboratory 

tests as well as numerical simulations showed that in many commonly used structural systems 

damage causes important changes in damping. Thus, parameters that characterize structural 

damping can be used as damage-sensitive system properties. According to Feldman (1997), the 

instantaneous (viscous) damping coefficient may be calculated as: 

  (2.22) 

where  and  are the instantaneous amplitude and the instantaneous damped angular 

frequency of the vibratory system with their time derivatives. The instantaneous amplitude 

 can be extracted from the free vibration time signals employing a continuous wavelet 

transform. 

 

2.2.9 Impedance based methods 

Park, G. et al. (2003) present an overview of piezoelectric impedance-based health monitoring 

where the hardware and software issues are summarized, including a discussion of future 

research areas and the path forward. 

Park, G. et al. (1999) introduced an impedance-based method which uses a Piezoelectric 

Transducer (PZT) as both actuator and sensor. It can be shown that the electrical impedance of 

the PZT is directly related to the structure’s mechanical impedance (Liang et al. (1994)). Thus, a 
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relationship can be found to allow determination of the structural properties; specifically, the 

mass, stiffness and damping. Any change in the mechanical impedance, which could be caused 

by the presence of damage, will show up in the electrical impedance of the PZT. The damage 

state is identified when a defined metric, given by the sum of the squared differences of the 

impedance between the current and reference states, increases above a predefined threshold. 

These authors point out that this technique possesses the twin advantages of not requiring 

numerical models and the fact that its high-frequency excitation nature makes it very sensitive 

to local structural modifications. 

Grisso et al. (2004) used an impedance-based SHM system to detect the onset of transverse 

matrix cracking in cross-ply graphite/epoxy composite. Ceramic PZT patches are attached to 

the composite samples (in this case, beams) to simultaneously excite the structure with high-

frequency excitations (two frequency ranges, from 10 to 20 kHz and from 40 to 60 kHz) and 

monitor any changes in structural mechanical impedance. In order to detect damage severity, 

these authors use the Root Mean Square Deviation (RMSD), using the squared differences of 

the impedance between the undamaged and actual states. These authors conclude that 

acoustic emissions testing showed a good correlation only for thicker specimens, while the 

impedance-based method gave better correlation for thinner specimens. 

Moura Jr. and Steffen Jr. (2004) tried to identify the best frequency bands for impedance-

based structural damage identification in flexible structures. Damage was simulated in a 

cantilevered aluminium beam by adding a mass to the free end of the beam. By observing the 

results, these authors agreed that, at least for the conditions used, the best low frequency 

value is 15 kHz, while the best bandwidth value is the intermediate one (4 kHz). 

Peairs et al. (2005) developed a modelling technique for impedance-based SHM, combining 

the Spectral Element Method (SEM) with electric circuit analysis. These authors argue that 

SEM has several advantages over other conventional FE techniques, for example because SEM 

more accurately models higher frequency vibrations because the mass is modelled “exactly” 

and incorporates higher order models more easily. Sensor multiplexing for transfer impedance 

and high frequency modelling were also investigated. However, modelling at higher 

frequencies is more complex because of the presence of the PZT resonances. 

Simmers Jr. et al. (2005) applied an impedance-based method to detect and quantify the onset 

and growth of pre-crack surface corrosion. Three metrics were used: one similar to the one 

used by Park, G. et al. (1999), the RMSD and a crosscorrelation. The experimental results on an 

aluminium beam indicate that the impedance-based method is effective for corrosion 

detection and tracking, and that there is a relationship between the metrics and corrosion 

location, surface coverage and pit depth. 
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Park, G. et al. (2005) proposed the use of statistical pattern recognition methods to address 

damage classification and data mining issues associated with large numbers of impedance 

signals for health monitoring applications. In order to diagnose damage with statistical 

confidence, the impedance based monitoring is cast in the context of an outlier detection 

framework. The statistical process control developed consists of a two-stage prediction model 

that is a combination of AR and ARX models, the AR-ARX. The damage-sensitive feature is then 

computed by differentiating the measured impedance and the output of the ARX model. 

Because of the non-Gaussian nature of the extracted features, Extreme Value Statistics (EVS) is 

employed to develop a robust damage classifier. The proposed technique was tested in a 

numerical example using a 5-DOF system and an experimental investigation on a multi-story 

building model, and it was found that the algorithm could assess the condition of a structure in 

a more quantifiable manner than the traditional impedance approaches. Some issues that 

need close attention were identified: (i) the robustness of the proposed algorithm against 

environmental condition changes should be improved; (ii) different damage sensitive features 

could be used, such as relative and/or absolute changes in exogenous or auto-regressive ARX 

coefficients; (iii) a prior curve fitting on the impedance data should be performed before 

constructing the ARX model in order to minimize the effect of leakage in the frequency 

response measurements; (iv) the differentiating process involved in feature extraction often 

led to amplifications of existing noise in data; (v) the selection of proper EVS distribution for 

each data set and the evaluation of associated distribution parameters are still strongly based 

on an initial guess and on a trial-and-error method. 

 

2.2.10 Lamb waves 

One approach that has received much attention in the last few years is the use of Lamb waves. 

Lamb waves are a type of elastic perturbation that can propagate across large areas of a free-

free solid plate with low dispersion of energy, even in materials with a high attenuation ratio. 

This type of wave was first described in theory by Lamb (1917), although he never tried to 

produce them. Alleyne and Cawley (1992) were among the first to discuss interaction of Lamb 

waves with defects for non-destructive testing. Saravanos et al. (1994) presented a procedure 

for delamination detection in composite materials using Lamb Waves and embedded 

piezoelectric sensors. 

Kessler et al. (2002) maintain that techniques using Lamb waves have proven to provide more 

information about damage type, severity and location than previously tested methods using 

FRFs, since Lamb waves are more sensitive to local structural defects. Piezoceramic patches 
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were used to excite the first anti-symmetric Lamb wave (  mode). The PZT actuators were 

chosen because of their high force output at relatively low voltages and also due to their good 

response qualities at low frequencies. Kessler et al. (2002) explored the optimization of Lamb 

wave methods for damage detection in composite materials, covering the problems of 

choosing the appropriate actuating frequency, pulse shape and sensor geometry for Lamb 

wave application. The results were compared by performing a wavelet decomposition using 

the Morlet wavelet, and plotting the magnitude of the coefficients at the driving frequency. 

Although Lamb waves display great capabilities in damage detection and location, these 

authors point out, as the major disadvantage of this method, that it has to be active; i.e., it 

requires a voltage supply and function generating signal. Another awkward requirement is the 

high data acquisition rate needed to gain useful signal resolution. Finally, the Lamb wave 

method should most likely be placed into a SHM system in conjunction with another passive 

detection method, such as an FRF method, in order to conserve power and data storage space 

and because the Lamb wave data can be more difficult to interpret. 

Su et al. (2002) state that noteworthy efforts have been made since the 1980s in the field of 

wave propagation based identification methods. Nevertheless, it is known that the 

propagation characteristics of Lamb waves are relatively complicated because of the 

dispersion phenomenon. These authors studied the interaction between the fundamental 

Lamb wave modes and delamination in carbon fibre-reinforced laminates. Models (FE and 

experimental) of a plate with a delamination were tested, using PZT wafers as 

sensors/actuators. The calculated and measured dynamic responses were processed using 

wavelet transform-based analysis in the time-frequency domain for the purpose of damage 

evaluation, which proved to be very effective in diminishing the influence of broadband noises 

and structural vibration patterns and also showed that the response in the time-frequency 

space is noticeably sensitive to the delamination location. 

Lee and Staszewski (2002) discussed acoustic-ultrasonic wave propagation modelling 

techniques, focusing on two dimensional wave interactions with defects in metallic structures. 

Ricci et al. (2004) presented a methodology for automatic damage identification and location 

in composite structural components. The damage is inflicted in the form of an impact, and 

identification is based on the calculation of a set of damage correlation indices obtained from 

the frequency analysis of the signals, obtained from PZT sensors, from the reference and 

damaged state of the structure. The main idea behind this approach is that elastic waves, 

propagating from the site where they are generated to the location where the signals are 

sensed, carry information about the portion of the structure through which they travelled. 



Diogo C. C. Montalvão e Silva 

 

C
ha

pt
er

 2
 –

 S
ta

te
-o

f-
th

e-
ar

t i
n 

S
H

M
 w

ith
 

sp
ec

ia
l e

m
ph

as
is

 o
n 

co
m

po
si

te
 m

at
er

ia
ls

 

48 

 

Elastic waves can be very sensitive to small local defects. An indicator of any change in the 

propagation characteristics of the wave can be given by:  

  (2.23) 

where  is the damage index evaluated at the sensor location  and  is the frequency 

response vector at location . These authors argued that this damage index approach can be 

used for detection and, under certain conditions, characterization of degradation in aircraft, 

aerospace and civil structures and that the analysis of the waveform signals would provide 

information on the location and nature of small defects. 

Sohn et al. (2004a) proceeded with the work developed by Sohn et al. (2004b) and proposed a 

multi-scale structural health monitoring approach for detecting defects in composite 

structures by combining Lamb wave propagation, impedance-based methods and time 

reversal acoustics using a common active sensing system for local non-destructive evaluation. 

These authors mention that the ultrasonic research community has studied Lamb waves for 

the non-destructive evaluation of plates since the 1960s. They also define Lamb waves as 

mechanical waves corresponding to vibration modes of plates with a thickness of the same 

order of magnitude as the wavelength. In the study presented, the wave attenuation feature, 

identified using a wavelet based damage index, is used to locate the region of damage (Sohn et 

al. (2004b)). Damage was introduced by firing a small projectile at different locations on a 

graphite fibre/epoxy matrix square plate with varying velocities. It was found that the three 

methods studied can be complementary because they can use the same sensors/actuators, 

which in this case were commercially available thin films with embedded PZT sensors. For 

instance, while it was observed that the Lamb wave propagation method is effective for thin 

plates, the impedance method is more suitable for detecting damage near structural joints or 

connections. 

Toyama and Okabe (2004) studied the effects of tensile strain and transverse cracks in the 

propagation velocity of Lamb waves in cross-ply FRP laminates, since the waves’ propagation 

velocity is sensitive to changes in the in-plane stiffness of the laminates. It is noted that some 

composite materials, such as CFRP, exhibit non-linear stress-strain responses, which makes 

Lamb wave velocity based damage detection methods more complex under external loading. 

The Lamb wave propagation velocity was measured in Glass Fibre Reinforced Polymer (GFRP) 

and CFRP laminates during tensile tests and the elastic behaviour was studied. These authors 

make two interesting observations: First, that it seems that measuring the first symmetric 
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Lamb wave (  mode) velocity is a more accurate means of evaluating the elasticity of 

laminates than the tensile test. Secondly, they noted that the wave velocity depends on both 

damage and the laminate elasticity. Finally, they state that the laminate stiffness as a function 

of strain must be known when under external loadings for damage detection purposes. 

Sundararaman et al. (2005) use sparse phased sensor/actuator arrays for online damage 

detection and location on heterogeneous and homogeneous plates and discuss the theory of 

narrowband and broadband beamforming of propagating plate waves in damaged elastic 

media. According to these authors, a beamformer is a spatial-temporal filter that can be used 

to “look” in the direction of transmitted signal while eliminating interference that cannot be 

removed through temporal filtering or carrier demodulation alone. Beamformers consist of 

sensor arrays that are used to extract directional damage signatures. The principle on which 

this method is based is equivalent to an acoustic impedance discontinuity in the solid medium, 

so that damage, in the form of debonding, delamination, fibre breakage, matrix cracking, or 

voids, can be detected, localized and quantified. Experimental evaluation of this procedure 

was carried out on glass/epoxy woven composite, steel and aluminium plates. 

Kim, Y. H. et al. (2007) acknowledged that the processing of simultaneous symmetric and 

antisymmetric Lamb wave modes, generated by the use of piezoceramic transducers of the 

surface mounted type, brings difficulties in the signal processing for extracting damage 

information. In order to overcome these difficulties, the modes were separated by using two 

sensors bonded on the opposite surfaces of the specimen at the same point. By combining the 

use of spectral analysis, they claim to present a real time damage assessment technique that 

extracts damage information from complicated PZT signals that could not be interpreted in the 

time domain. Experiments were carried out in an aluminium plate and in a composite beam 

laminate with Teflon-induced delamination. 

Harri et al. (2008) proposed an interesting on-line method to control the critical length of 

existing surface cracks on wing-like structures during in-service fatigue loading. The method is 

based on the variation in transmission of a multisine ultrasonic Lamb wave: when a crack 

occurs, the variability of the received signal begins to grow due to the opening and the closing 

of the crack. Thus, the load must contain both tension and compression components and be 

large enough for the crack to open and close. The sensors can be placed at a certain distance in 

front of the critical length crack in order to monitor the health of the structure at that location. 

The major drawback of the method, as pointed out by the authors, is that the location where 

the crack is must be previously known for the correct placement of the transmitting and 

receiving transducers. 
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2.2.11 Neural networks 

The use of neural networks in damage detection procedures and SHM was motivated by the 

possibility of the existence of different types of damage at several different locations within 

the same structure, making damage detection a complicated process. 

Hanagud and Luo (1997) used three layer feed-forward neural networks to identify two 

different types of damage in GFRPs: delamination and stiffness reduction (due to transverse 

cracks or impact damage). It was assumed that only one of these defects existed, and 

analytical models were built to predict the dynamic behaviour of the structure considering 

various scenarios of damage. The main neural-network identifies the type of existing damage 

using a non-linear dynamic response criterion, which directs the problem to one of two sub-

networks. Both these sub-networks use FRFs as inputs. Using the same beam as “case study”, 

Luo and Hanagud (1997) proposed the Dynamic learning rate Steepest Descent (DSD) for 

training neural networks, with the aim of increasing the learning convergence speed relative to 

the simple steepest descent method. 

Krawczuk et al. (2000) presented the results of the application of a genetic algorithm and a 

neural network to the detection and location of delamination in a numerical model of a multi-

layered GFRP beam. Two different procedures were followed to identify the damage location 

and size: the first is based on FE model updating and error location, while the second considers 

a set of possible damage scenarios (including damage type, location and size). These authors 

used an objective function, based on changes in the first four natural frequencies and on the 

DLAC proposed by Messina et al. (1992). The genetic algorithm converges after a reasonable 

number of generations, although these authors considered that this procedure deserved 

future development by including more processes that are observed in nature, for example 

elitism. The neural network’s performance in detecting the delaminated layer location across 

the thickness was poor, possibly because the authors considered a relatively small population 

of delaminated cases for training. 

Hatem et al. (2004) also applied genetic algorithms and neural networks to damage detection 

in CFRP composites. Four types of damage were considered in the model of a cantilevered 

beam: circular holes (with different diameters and locations), delaminations (with different 

areas and locations), linear surface cracks (with different lengths, orientations and locations), 

and linear through cracks (with different lengths, orientations and locations). Damage type is 

identified by the generalized regression network. A special sub-network is used for each 

damage type, in an ensemble of five: a generalized regression network, a linear network, two 

back-propagation networks (with and without regularization) and a radial basis network. These 
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authors state that the generalized regression networks successfully classified damage type, 

with a success rate ranging from 85% to 98%. After damage is classified, an appropriate neural 

network or genetic algorithm is run to detect the remaining damage parameters, namely 

location, size and, in the case of a crack, orientation. Damage size was predicted with good 

accuracy, but the results on damage position and orientation were not particularly accurate. 

Zheng, S. et al. (2004) combined computational mechanics and neural networks, in this case 

the back-propagation method, for prediction of delamination in CFRP beams. The neural 

network was trained with FE models, which were designed assuming various delamination 

sizes and locations. As inputs, it used the first five natural frequencies. According to these 

researchers, the neural network correctly predicted delamination size and location within a 

small error margin. 

 

2.2.12 Time-frequency analysis 

Zabel (2004)(2005a)(2005b) applied a wavelet-based damage indicator to damage detection 

on reinforced concrete structures, using several case-studies, including the Z24-bridge in 

Switzerland already mentioned in this work. The indicator is based on the analysis of signal 

energy components in discrete time-scale domain. Normally, the wavelet coefficients of the 

Impulse Response Function (IRF) make different contributions to the considered system 

response. Thus, if the excitation force is known, it is easy to normalize the response relative to 

the excitation force. Another normalization possibility is to relate each response to the 

response in a reference location, thus leading to the transmissibility function. According to this 

author, it is possible (and adequate) to consider the transmissibility functions and their 

wavelet decompositions in a context of SHM when the ambient excitation is unknown. 

However the analysis so far is based on the assumption of similar excitations for all the 

observations, which means that further research is needed to evaluate how this restriction can 

be surpassed without the need for a known excitation. 

Savov and Wenzel (2005) used a wavelet approach in order to locate damage in civil 

structures, based on the system’s acceleration time history responses. A FE model of a three 

story shear-resisting frame excited by white noise ground acceleration and a prestressed 

reinforced concrete test beam under impact loading conditions were used as test structures. 

The first level fast wavelet decomposition of the measurements for both the undamaged and 

damaged structures was applied using the Haar mother wavelet, and the approximation and 

detail coefficients were obtained. Reconstruction of the actual system response was 

accomplished by a cross combination of the approximation coefficients of the undamaged 



Diogo C. C. Montalvão e Silva 

 

C
ha

pt
er

 2
 –

 S
ta

te
-o

f-
th

e-
ar

t i
n 

S
H

M
 w

ith
 

sp
ec

ia
l e

m
ph

as
is

 o
n 

co
m

po
si

te
 m

at
er

ia
ls

 

52 

 

structure with the detail coefficients of the actual measurement. The sensitive feature is 

defined as the standard deviation of the error between this reconstructed signal and the actual 

measured signal. This method is based on the premise that the detail coefficients carry 

information about the local structural integrity in the time history response at the damaged 

sites. The advantage of this method is that the excitation mechanism is not needed to be 

known, since the method is entirely based on the measured responses. However, damage 

location is compromised by the sensor mesh refinement. Extension of this approach to 

quantification of damage, to prediction of remaining structural life and to evaluation of more 

complex structures, varying operational and environmental conditions and non-linear damage 

phenomena are issues to which these authors will give further attention. 

Li, B. et al. (2005) present a methodology for determining crack location and size in a beam, 

taking advantage of Wavelet Finite Element Methods (WFEM). The idea of the WFEM is to 

discretize a body into wavelet finite elements which are interconnected at nodal points on the 

element boundaries. Some of the advantages of WFEM over traditional FE methods for modal 

analysis of crack problems are pointed out. The natural frequencies of the beam with various 

crack locations and sizes are obtained, through the use of a WFEM, and used as features in the 

damage detection process. The accuracy of the method was tested on the experimental data 

of a beam studied by Silva, J. M. M. and Gomes (1990). Finally, these authors suggest that this 

procedure could be easily extended to complex structures with multiple cracks. 

 

2.2.13 Hilbert transform 

Testa (2005) argues that the Hilbert-Huang transform (HHT) is very useful for non-stationary, 

non-zero mean and non-linear real signals. The HHT makes an Empirical Mode Decomposition 

(EMD) of the time signal into narrow band components with zero mean, in which each 

component is called an Intrinsic Mode Function (IMF). Unlike their equivalents in the FFT, 

these components do not have a specific analytical representation, but each component can 

be associated with a physical meaning, i.e., the components are related to the mode shapes 

and existence of damage. 

Lin, S. et al. (2005) use the HHT technique on the phase I IASC-ASCE benchmark problem for 

SHM. This benchmark was developed to simplify the side-by-side comparison of various 

analysis techniques for damage identification in structures on a common basis. The scale-

model structure is a 3.6 m high four-story steel frame with 2.5 × 2.5 m cross sectional area. 

Johnson, E. A. et al. (2004) present two analytical models of the structure, both finite element 

based: one is a 12-DOF shear-building model, the other a 120-DOF model. Based on the noisy 
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acceleration data (due to ambient excitation), Lin, S. et al. (2005) confirm that HHT is capable 

of identifying the natural frequencies, damping ratios, mode-shapes, stiffness matrix and 

damping matrix of a structure with a reasonable accuracy. Damage was identified by 

comparing the stiffness of each floor before and after introducing damage. Simulation results 

show that the HHT technique can detect, locate and quantify damage with good accuracy. 

Finally, these authors acknowledge that, despite the fact that normal modes are assumed to 

exist in the current benchmark model, the technique can also be used on linear structures with 

complex eigenproperties, as demonstrated by Yang et al. (2003). 

Zhang et al. (2005) presented the implementation of a method for nonlinear, non-stationary 

data processing, namely HHT in traditional vibration-based approaches to characterize 

structural damage. Also, the HHT is compared to the Fourier transfer function technique in 

detecting local damage with a computer model and experiments in two pile foundations of the 

Trinity River Relief bridge in Texas, USA. The HHT analysis showed a more significant frequency 

downshift than Fourier-based approaches for measurements made near the damage location. 

These authors observed one point which, although only applicable to very specific structures 

such as bridges, remains of interest: by selecting two or more similar structural members (e.g., 

two of four columns with the same size, cross section, and construction in a bridge), the need 

for data from a reference state may be avoided if only one of these members experienced 

damage. 

Shi and Law (2005a)(2005b) presented a HHT-based technique for parameter (stiffness and 

damping) identification in damage detection for, respectively, linear time-varying discrete 

dynamic systems and nonlinear systems. Both procedures are tested using analytical models in 

free vibration. Shi and Law (2005a) identify the non-linear system using a so-called Skeleton 

Linear Model (SLM), which has similar dynamic behaviour to the corresponding nonlinear 

system. 

 

2.2.14 Principal component analysis and singular value decomposition 

Santos et al. (1999)(2000) presented a technique for the identification of damage in laminated 

composite structures using, as case study, a numerical simulation of a rectangular plate. The 

algorithm was formulated by considering the sensitivities of the orthogonality conditions of 

the mode shapes, which allow for the calculation of a damage parameter in each finite 

element. This damage parameter is directly related to the stiffness reduction in the damaged 

finite element. They argue that the proposed method allows for detection and location of 

multiple damage sites. These authors formulate a set of  linear independent 
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equations with  unknowns, where  is the number of vibration modes and  is the number 

of elements, based on the orthogonality condition sensitivities of the damaged structure. In 

the cases where , the solution can be efficiently found by a Gauss-Jordan elimination 

method, whereas if the system is underdetermined, i.e., , it is possible to find the –  

family of solutions using the SVD (Golub and Van Loan (1983)). These authors argue that the 

proposed technique allows for an efficient quantification of damage over either small or larger 

areas and that this methodology is a promising tool for the research community working on 

experimental damage identification. 

More recently, Santos et al. (2004)(2005) presented a damage identification technique based 

on FRFs sensitivities. Considering that a single-input unit force is applied to the  DOF of both 

the undamaged and damaged structure, they show that: 

  (2.24) 

where  is the difference between the dynamic stiffness 

matrices of the damaged and undamaged structures and  is the  column of the 

mobility matrix. After some mathematical manipulation, including a first-order Taylor 

expansion, the above equation can be rewritten in a compact form, where the solution is 

found using a least-squares method. In that formulation, it is implicit that all DOFs of the 

damaged structure are known, which is not feasible in practice because rotational DOFs are 

very difficult to obtain experimentally, as can be seen, for example, in Montalvão et al. 

(2004a)(2004b). Consequently, the unknown DOFs of the damaged structure should be 

determined using an expansion of the measured DOFs. For example, Santos et al. 

(2003a)(2003b) propose the use of either static or dynamic expansions for this purpose. Santos 

et al. (2004)(2005) observed that the mobility matrices should be computed using at least 

three times the number of natural frequencies and mode shapes contained in the frequency 

range of interest. On the other hand, they observed that the best identification results are 

obtained at lower frequency ranges. Also, for damage of small extent, the errors are the main 

influence in the identification quality, whereas for large damage incompleteness becomes the 

most important factor. These authors also used a procedure for the weighting and elimination 

of equations, based on Ren and Beards (1995), once the solution depends not only on the 

quality of the FRF measurements but also on the frequencies and co-ordinates in which the 

vibration amplitude is largest. Finally, it is argued that this technique presents better results 

than those obtained when using a technique based on modal data sensitivities. 
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Bernal (2002b) used the Damage Locating Vector (DLV) approach to locate damage, using as 

case study the 4-story steel frame building of the phase II IASC-ASCE benchmark problem. The 

proposed damage characterization strategy is grounded in a cascade methodology that 

contains the following modules: (i) compression of the measured data and identification 

(stochastic state-space realization); (ii) extraction of flexibility proportional matrices; (iii) 

location of damage using the DLV approach and (iv) quantification of damage. The DLV is a 

theoretically based technique for mapping changes in flexibility to the spatial distribution of 

damage. According to Bernal (2000)(2002a), the DLVs are a set of vectors that have the 

property of inducing stress fields whose magnitude is zero in the damaged elements. Consider 

a system that can be treated as linear in both the undamaged and damaged states, with 

flexibility matrices  and  (respectively) at  sensor locations, and assume there are a 

number of load vectors, defined in the sensor coordinates, which produce identical 

deformations at the sensor locations in both the undamaged and damaged states. If the 

linearly independent vectors that satisfy this requirement are collected in a matrix , and 

according to the compatibility of displacements, one may write: 

  (2.25) 

where  is computed from an SVD of the change in the flexibility matrix of the system. This 

equation can be satisfied either if  is zero or rank deficient, and  is a basis for the null 

space of . Bernal (2002a) shows that the first possibility implies that either there is no 

damage (though in practice no one ever computes  equal to zero) or that damage is 

confined to a region of the structure where the stresses are zero for any loading sensor 

coordinates. On other words, the null space of the change in flexibility contains vectors that 

lead to identical displacements at the sensors locations in both the undamaged and damaged 

states. More developments of this issue for practice purposes are shown in Bernal 

(2000)(2002a), such as selecting thresholds for the definition of the null space and the “zero 

stress region”, since in fact the stress level will never be exactly zero in any element. As a 

result, two drawbacks of this method can be pointed out: it is not sensitive to damage which 

does not introduce changes in the flexibility at the measurement points, and identification may 

be poor if the damage region is too large when compared to the number of sensors. However, 

it is worth mentioning that the authors claim that (i) it has the ability to detect both single and 

multiple damage scenarios, (ii) it can operate with an arbitrary number of sensors without 

reference to DOF expansion or reduction strategies and (iii) the DLV vectors are computed 

strictly from the measured data without reference to a mathematical model of the system. 
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Also, this method is equally applicable to static measurements. Finally, since in Bernal (2002b) 

the inputs could not be measured, he used flexibility proportional matrices obtained following 

the procedure introduced by Bernal and Gunes (2002). This latter is an extension of the DLV 

damage location technique to the output-only case. 

Yan et al. (2005a) proposed a damage detection method for SHM under varying operational 

and environmental conditions based on PCA, also known as Karhunen-Loève transform or 

proper orthogonal decomposition. One advantage of the use of PCA is that it is not necessary 

to measure the environmental parameters because they are taken into account as embedded 

variables. This method relies on the principle that the measured feature changes due to 

environmental causes are different from those arising from structural damage. Novelty 

analysis on the residual errors provides a statistical indication of damage. The environmental 

conditions are assumed to have a linear effect on the vibration features. The application of this 

method to numerical and experimental data of a wooden bridge shows that different levels of 

damage can be correctly assessed independently from the environmental effects. This method 

was extended to the non-linear case by Yan et al. (2005b), in which a two step procedure is 

conceived, consisting of clustering the data space into several regions and then applying the 

PCA in each local region. The local PCA-based damage detection method is applied, using 

vibration data measured in-situ over a one-year period, in the SHM of the Z24-bridge 

mentioned previously. During the monitoring period measurements of the environmental 

parameters (temperature, wind, humidity, etc.) were recorded, and it was observed that the 

asphalt layer on the bridge surface plays a different role during warm and cold periods, thus 

causing non-linearity. For example, in an earlier work, Peeters and De Roeck (2000) established 

ARX models for the first four modes, in order to obtain a good correlation between 

temperatures at selected locations and the natural frequencies of each mode, with the aim of 

analyzing different damage scenarios. A comparison was made by Yan et al. (2004) between 

the work of Peeters and De Roeck (2000) and that by Yan et al. (2005b), leading to the 

argument that by using the PCA-based damage detection method the problem is simplified, as 

only vibration features are needed to determine whether the structure is damaged. 

Vanlanduit et al. (2005) introduced the Robust SVD (RSVD) for damage detection from 

measurements taken under different operational conditions, i.e., different excitation levels, 

geometrical uncertainties and surface treatments. This method is based on the SVD of a matrix 

, where  are observation features taken from  experimental 

conditions. These features can be FRFs, response spectra or estimated modal parameters. The 

RSVD computes the SVD of the intact structure from a set of observations of both intact and 

damaged structural states, possibly obtained under different conditions. The RSVD 
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performance is then compared to the classical least-squares SVD and to the Iterative SVD 

(ISVD). The experimental results show that the classical least-squares SVD is not able to 

correctly classify damage because it gives an incorrect decomposition when both damaged and 

undamaged measurements are used to compute the subspace. This occurs because it is 

assumed that it is not known which observations are the healthy ones. If a set of observations 

belonging to the undamaged case is previously known, the authors agree that the SVD 

performance will be comparable to that of the RSVD. It was also shown that the ISVD slightly 

improved the classification results, though it was not capable of identifying the smallest 

damage case considered. Finally, these researchers claim that the RSVD provided the most 

reliable results. 

 

2.2.15 Instrumentation 

Lin, M. (1999) developed a printed circuit film layer of piezoceramic materials which can be 

embedded into composite structures during the production process. This film can support 

temperatures above the curing temperature for most composites, and Lin, M. (1999) argues 

that it has little or no effect on the mechanical properties of composite structures. 

Sundaresan et al. (2001) discuss the use of a Scanning LDV and piezoceramic materials for 

distributed sensing, with the purpose of evaluating the application of widely distributed 

sensors for wide area health monitoring of composite materials. The Scanning LDV is used for 

field tests as a rapid non-contact detector for larger hidden damage, and the highly distributed 

embedded smart sensors are investigated for in situ real-time monitoring of composite 

structures. Two methods of damage detection using the laser vibrometer were presented. The 

first, called Boundary Effect Detection (BED), performs post processing of the ODSs, and, 

according to the authors, is somewhat akin to the wavelet method, thus allowing for small 

damage detection in the low frequency range. The second method, called Operational 

Deflection Pattern Recognition (ODPR), is able to identify faults by evaluating irregularities in 

the vibration response patterns, avoiding the need for reference pre-damage data. 

Fritzen et al. (2002) designed an intelligent self-diagnosis system to detect the existence of 

delaminations in plate-like CFRP structures. The plate is instrumented with an array of four 

piezoceramic sensors and is excited with a random signal by means of a piezoceramic actuator. 

Different delamination severities were introduced by impacts at different velocities. As a 

damage indicator, they used the subspace-based fault detection algorithm, based on the work 

presented by Basseville et al. (2000). To determine the eigenfrequencies, damping and mode 

shape changes, the stochastic subspace identification method was used, following the 
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approach proposed by Peeters and De Roeck (1999). They also performed a statistical -test 

to assess whether the recent data fit the baseline data. 

Deraemaeker and Preumont (2004a)(2004b) presented an approach to vibration based 

damage detection based on the use of a large number of sensors to which a programmable 

linear combiner is attached, using a simply supported beam as a test case. The linear combiner 

is programmed to work as a modal filter, i.e., the converted time-domain to frequency output 

content of the modal filter is used as the damage detection feature. First, these authors show 

that if local damage exists, then peaks will appear in the FRF of the modal filter. If temperature 

changes are registered instead, the modal filter is shifted but its shape remains unchanged. 

Thus, the proposed approach allows the user to distinguish between local damage and global 

changes (due to the surrounding environment, for example). For the case where the excitation 

forces are unknown, it is suggested that the square root of the Power Spectral Densities (PSDs) 

be used instead of the FRFs, because the square root of the PSD has, in principle, the 

magnitude of the transfer function if the excitation force is white noise. It was demonstrated 

that this method allows the detection of low levels of damage, as well as being able to 

distinguish damage from temperature effects. 

Lynch et al. (2004) developed an active wireless sensing unit to command a PZT sensor surface 

mounted on an aluminium plate. Low energy Lamb waves are introduced in the plate and the 

unit collects the signals measured by a second PZT sensor placed elsewhere on the plate 

surface. The potential of this unit to locally perform system identification analysis is illustrated 

by calculating ARX models. 

Sundaresan et al. (2004) studied a structural health monitoring system that employs an 

embedded Acoustic Emission (AE) sensor, developed by Sundaresan et al. (2001). One of the 

advantages of this continuous sensor is that it avoids separate cabling and individual support 

electronics. They monitored fatigue crack growth in a GFRP laminate specimen with two 

circular notches. They stated that the performance of the continuous sensor was superior to 

the traditional single node sensors, and also used wavelet maps to classify the AE signals. 

Nichols et al. (2005) reported recent advances in the fields of sensing and signal processing, 

with the aim of damage detection. A nine fibre Bragg grating strain sensor network was used 

to measure the vibrational responses of a thin steel plate subjected to successive growing saw-

cut damage levels. The relationship between a reference (or undamaged) state and the actual 

(or damaged) state can be mathematically established when the structure is interrogated with 

a deterministic chaotic signal. This method relies on the principle that this function loses 

differentiability when damage exists. Thus, the use of the local Holder exponent is proposed as 



A Modal-based Contribution to Damage Location in Laminated Composite Plates 

C
ha

pt
er

 2
 –

 S
ta

te
-o

f-
th

e-
ar

t i
n 

S
H

M
 w

ith
 

sp
ec

ia
l e

m
ph

as
is

 o
n 

co
m

po
si

te
 m

at
er

ia
ls

 

59 

 

 

a means of quantifying the differentiability of this function relating the undamaged to the 

damaged state responses. An algorithm to determine these quantities from time series data is 

also described. 

Park, J. M. et al. (2005) evaluated the performance of different sensors for damage detection 

in glass fibre/epoxy composites through acoustic emission measurements. The sensors 

analyzed were: PZT, PVDF and P(VDF-TrFE) (poly(vinylidene fluoride-trifluoroethylene)). The 

PVDF sensors were tested both surface mounted and embedded on the composite structure, 

whereas the PZT unit was only surface mounted. It was observed that the embedded sensors 

are more sensitive to damage. 

Motivated by the recent research advances, technological changes and commercial activities in 

sensors and acquisition systems for monitoring, Bonfiglioli et al. (2005) studied the 

measurement errors of electric strain gauges on FRP. They extended a theoretical 

deterministic approach developed in previous works to a probabilistic approach, with the aim 

of performing a sensitivity analysis of the variables that may result in errors on strain 

measurements. The experimental tests on several specimens made of different composite 

materials allowed some conclusions to be drawn with respect to the thickness of the resin, the 

strain gauges length, deviation angle and the sensors bonding glue. It was observed that the 

strain gauges length is the most important factor and that short strain gauges are to be 

avoided when the surface of the FRP material is very rough. One interesting conclusion stated 

by these authors is that the proposed model allows evaluation of the Young’s modulus of the 

adhesive, which is very difficult to determine experimentally. 

Qing et al. (2005) developed a hybrid piezoelectric/fibre optic diagnostic system for quick non-

destructive evaluation and long term health monitoring of aerospace vehicles and structures. 

Piezoelectrics are used as actuators and fibre gratings as sensors. One of the major advantages 

mentioned is the excellent actuator/sensor decoupling, since the transducers use different 

mechanisms for signal transmission (one is electrical and the other optical). Another advantage 

is that these transducers can be used for a range of measurements; the fibre-optic sensors can 

be used for temperature sensing, while the piezoelectric system can be used for hydrogen 

sensing, and both can be used for acoustic emission measurements. 

Wu et al. (2005) studied the correlation between the mechanical and electrical properties of 

concrete beams strengthened with hybrid CFRP sheets. These have the simultaneous aims of 

reinforcement and providing built-in self-structural health monitoring through the electrical 

conductivity and piezoresistivity of the carbon fibres. The hybrid CFRPs have self-diagnosis 

capabilities due to the relationship between strain/load and electrical resistance. These 

authors observed that different damage stages, failure processes and ultimate failure modes 
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of the hybrid CFRP reinforced concrete structures can be identified through the electrical 

resistance changes. 

Castellini et al. (2005) produced software for data acquisition, control of a Scanning LDV and 

automatic measurement for the purpose of detecting delamination in composite plates, using 

as case study a delaminated composite panel made from 10 layers of aluminium sheets and 

Glass Laminated Aluminium Reinforced Epoxy (GLARE) for Airbus Deutschland aeronautical 

applications. These authors point out that the Scanning LDV has several advantages: it does 

not interfere with the structure, it has a high spatial resolution and sensitivity, it is adequate 

for high frequency analysis and it is suitable for use in operational conditions. The software 

uses a multivariate projection method, PCA, to extract and display the systematic variation in a 

data matrix. Also, statistical processing aids are used to pre-process the measured data, 

reducing the amount of information. Consequently, multivariate analysis methods, such as 

PCA, offer the possibility of eliminating systematic effects like noise. These researchers are 

continuing to search for optimal settings for the measurements, so that the number of 

measurement points is reduced. Research is also continuing in the field of composite materials 

excitation, because it is important that the excitation energy is constant and high for the entire 

frequency band. 

In a survey of current smart sensor technologies for monitoring, Spencer Jr. et al. (2004) show 

that many efforts have been made to use remotely operated wireless systems, especially for 

damage detection in civil structures. Since traditional impedance-based methods require the 

use of bulky and expensive analyzers, Grisso et al. (2005) present the initial steps in the 

development of an automatic wireless system for impedance-based damage detection, which 

they claim is cheaper, more eco-efficient and has smaller dimensions. The final purpose is to 

develop a sensor that can be permanently attached to the structure and provide meaningful 

data concerning structural integrity. Other features include utilizing energy from the ambient 

environment, exciting the host structure with a high-frequency excitation, analyzing the results 

and wirelessly providing the status of the structure to an end user. The hardware development 

of a prototype version of this sensor is described in detail. This sensor was built and developed 

within the scope of the MEMS (Micro Electro-Mechanical Systems) augmented structural 

sensor (MASSpatch) joint-venture. 

Angelidis and Irving (2007) manufactured 2mm thick quasi-isotropic CFRPs with in-built arrays 

of electrodes which were used to introduce an electric DC current and to measure the 

resultant potential distribution on the top and bottom surfaces of the laminate. Contrary to 

the technologies that involve the use of embedded or surface mounted optic fibres or PZTs, in 

the electrical potential technique the electrical conductivity of carbon fibre as a damage 
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sensing element is exploited. The electrical potential technique detects the presence of 

damage by measuring changes in the potential field on the surface of a current carrying 

composite laminate. The presence of cracks and delaminations causes modification of the 

current path along and between the carbon fibres. Changes in the potential field can be 

measured and characterized in terms of size and location and thus related to damage. 

 

2.2.16 Other methods 

Afolabi (1987) observed that anti-resonance shifts could be used to detect and locate damage, 

and showed the dependence of anti-resonance frequencies on the measurement points. 

Consequently, he observed that as the point of measurement gets closer to the location of the 

defect, fewer anti-resonances are shifted from their original values, until one reaches the 

location of the defect, when all the anti-resonances are as they were in the undamaged state. 

Although this is an interesting observation for the beam model and for the simulation used, it 

should not be forgotten that the stiffness relates to at least two co-ordinates, which means 

that the interpretation of the results obtained in real structures may be more complicated. 

Also, he only formulated relationships for direct FRF measurements, since this method may 

not work for transfer functions. The transfer FRF relationships, which are very simple to derive 

following the same lines as Afolabi (1987), can be found, for instance, in Montalvão (2003). 

More recently Wahl et al. (1999) presented a work in which they discuss the significance of 

antiresonances in experimental structural analysis for lightly damped linear systems. 

d'Ambrogio and Fregolent (2000) observed that the distribution of antiresonances may be 

significantly altered by small changes in the structural model. They use an updating technique 

that includes antiresonances in the definition of the output residual, showing that the use of 

antiresonances extracted from point FRFs allows for robust model updating procedures, 

mainly because antiresonances can be identified from experimental FRFs with much less error 

than mode shapes. Bamnios et al. (2002) monitored the change of the first antiresonance as a 

function of the measuring location along the beam and proposed a prediction procedure for 

transverse open crack location in beams under bending vibrations. Dilena and Morassi (2004) 

used antiresonances to avoid the non-uniqueness of the damage location problem, which may 

occur in symmetrical beams with a single open crack when only frequency data is employed. 

Zimmerman et al. (1995a) discuss the implementation of the Minimum Rank Perturbation 

Theory (MRPT) based techniques to identify both the location and extent of damage, using 

data from the NASA 8-bay dynamic scale model truss test-bed. The evaluation of damage 

location was included in this study, as well as the selection of the number of vibration modes 
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to measure, eigenvector and damage vector filtering to minimize the effects of measurement 

noise, filtering of dynamic residual decomposition among various property matrices (mass, 

damping and/or stiffness) when multiple property matrices are being updated and rank-

estimation algorithms. Zimmerman et al. (1995b) extended the MRPT theory to determine 

matrix perturbations directly from FRF data, discussing the benefits of this formulation. They 

concluded that the MRPT algorithm implementation using FRFs simplifies the analysis by 

avoiding the need to perform modal parameter identification. Another interesting conclusion 

is that, contrary to what would be intuitively expected, the regions away from resonances and 

anti-resonances are those containing the richest data. More recently, Zimmerman (2005) 

investigated the effect of measurement noise on damage detection performance and 

sensitivity of the MRPT and resulting stiffness perturbation matrices. It was concluded (by 

performing a Monte-Carlo simulation) that the use of linear sensitivity theory for estimation of 

the variance and standard deviation of each element in the damage vector and stiffness 

perturbation matrix is accurate. These standard deviations were used to establish a threshold 

for damage existence and, after that, for damage location and extent assessment. 

Worden et al. (2000) presented a study of a statistical method for damage detection using 

outlier analysis. These authors claim that the method not only allows for novelty detection 

(deviation from normal condition), but also suggests the optimal reduction of the dimension of 

the data set without compromising the diagnosis. A discordant outlier in a data set is an 

observation that appears inconsistent with the rest of the data. The discordance test is based 

on the Mahalanobis squared distance for multivariate data sets, where the threshold value to 

classify whether an observation is an outlier or not is determined using a Monte Carlo method. 

The method was tested in four different situations: transmissibility data in a simulated 3 DOF 

system, gearbox experimental data, composite plate Lamb wave experimental data, and ball-

bearing experimental data. In conclusion, they point out that for the 3-DOF numerical model 

the method was unable to detect any of the 1% stiffness reduction cases as outliers, though 

for higher reduction cases the method correctly identified the outliers. However, it should be 

noted that some simplifications were made. Firstly, it was considered that only a single outlier 

is present, which considerably simplifies the problem. Also, when choosing the Mahalanobis 

squared distance, it is implicit that the normal condition set has Gaussian statistics. In the case 

of, for example, multi-modal distribution, these authors suggest other techniques such as the 

Kernel density estimation. 

Gutschmidt and Cornwell (2001) presented a False Positive Damage Indication Method 

(FPDIM) and applied it to experimental data for a plate that was progressively damaged. The 

purpose was to establish statistical bounds in order to distinguish damage from the natural 
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variability associated with any measurement. The statistical bounds are defined using several 

sets of data from the baseline structure. The FPDIM was applied to two damage identification 

techniques that do not require a prior numerical model: the flexibility and the strain-energy 

methods. Using both of these methods, standard deviations  of the damage indices  in 

each element  for the undamaged structure were determined. A prediction interval is then 

calculated, within which it is expected that the next data point will fall. Any point outside that 

interval represents a certain probability of failure. Eight damage cases were considered, and 

tests were carried out under the same experimental and environmental conditions. It was 

observed that application of the FPDIM to results from the strain-energy method eliminated 

false-positives. When it was applied to the flexibility method, however, false-positives still 

occurred; i.e., the flexibility method successfully determined damage, but was unsuccessful in 

locating it. 

Within the statistical pattern recognition paradigm established by Sohn et al. (2003), damage is 

in most cases identified by comparison between signals corresponding to two different 

structural states, one of them often corresponding to the undamaged state. Still, the 

operational and environmental variability, if not considered, may cause the unpredictable 

occurrence of either false-negatives or false-positives. In order to address this issue in the 

context of continuous online monitoring, Sohn et al. (2005) proposed a technique which does 

not rely on any past baseline signals for assessment of damage in composite panels. The test 

setup consists of a square CFRP plate with surface mounted PZT patches, to which 

delamination is introduced by impact damage with varying velocities. A Time Reversal Process 

(TRP) of modern acoustics is adapted to Lamb wave guided propagation. According to the TRP, 

an input signal can be reconstructed at an excitation point A if an output signal recorded at 

point B is reemitted to the original source point A after being reversed in a time domain. This 

process is referred to as the time reversibility of waves, and can be better understood with the 

aid of figure 2.1. 

 

Figure 2.1: Schematic concept of TRP based damage identification (in Sohn et al. (2005)). 
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Damage detection is based on the fact that if a non-linear defect exists in the wave 

propagation path, time reversibility will no longer hold. A damage index based on the 

comparison between the original input waveform and the reconstructed signal is used to 

classify damage. A zero value means that time reversibility of Lamb waves is preserved and 

thus no non-linear defects are present. Once the damage index value exceeds a threshold 

value, the state of the system is defined as damaged in a conventional sense. These authors 

employ the use of a consecutive outlier analysis (Barnett and Lewis (1994)) to establish the 

threshold value without requiring past reference data and to address the issue of multiple 

outliers. By using this approach, these authors successfully located and quantified damage in 

the test plate without relying on prior baseline signals. Further investigations on the TRP 

applied to Lamb waves were very recently presented by Park, H. W. et al. (2009). These 

authors addressed the fact that while the TRP has been widely used in modern acoustics, its 

use in Lamb waves has been limited due to the amplitude and velocity dispersion 

characteristics of Lamb waves: when the TRP is applied to Lamb waves in a homogeneous 

regular waveguide, the refocusing capability is limited due to permanent residual sidebands. 

According to Ibrahim et al. (1997) and to Li, H. C. H. et al. (2004) the introduction of the 

Random Decrement (RD) technique is attributed to Cole (1968)(1973). Ibrahim et al. (1997) 

proposed the Vector RD (VRD) technique. Later, Asmussen et al. (1999) showed that the VRD 

can be considered as a generalization of the RD. Rodrigues et al. (2004) explored the idea of 

estimating the spectral densities as the Fourier transform of the RD functions for the 

application of frequency domain output-only modal identification methods. Li, H. C. H. et al. 

(2004) investigated the potential of the RD technique for damage detection in composite 

beams by introducing different levels of delamination at the midplane of the beam at various 

locations. The initial formulation consists of obtaining the free-response signature of the beam 

by processing its random response based on the global average. This can be achieved by 

summing up many records of random responses in previously defined periods of time with 

appropriate criteria. This summation will result in a random decrement signature which 

minimizes the random component of the response. Each record can be seen as representing a 

linear system response composed of the overlapping of a step response, an impulse response, 

a random response and random noise. The step and impulse responses occur due to the initial 

displacement and initial velocity, respectively. When the various records are summed up, the 

random components, including noise, and impulse responses, average to zero, thus leaving 

only the step response of the system. It is shown that the RD signature is affected by both the 

delamination dimension and the sensor location. This may mean that damage detection can 

only be carried out successfully if a large database of RD signatures is created from predicted 
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defects or by the use of pattern recognition algorithms, such as neural networks. Li, H. C. H. et 

al. (2004) also note that the generation of such a database requires accurate modelling with 

appropriate treatment of structural damping, which they say plays an important role in the 

vibration of composite materials. 

Coppotelli et al. (2004) compared two different experimental techniques for damage 

identification in composite plates. One approach is based on measurements of the dynamic 

displacement of the plate surface, which are evaluated through the speckle fringe patterns 

resulting from ESPI, a high resolution holographic technique explored by Caponero et al. 

(2000) exploiting both interference and diffraction in optics. The other approach is based on 

EMA techniques for the extraction of eigenproperties following the complex exponent based 

method (Ewins (1984), Maia and Silva (1997)). The damage identification procedure used for 

the first procedure is based on the Image Correlation Function (ICF), which is the square root 

of the FDAC in the special case where the vectors involved are real and positive, whereas for 

the second case, they use the MAC. One of the two test-structures used to evaluate the 

techniques was a sandwich plate structure made from two carbon fibre skins and an 

aluminium honeycomb core. This plate belongs to the Gamma-ray Large Area Space Telescope 

(GLAST), an international space mission intended to collect gamma-ray data from the universe. 

The GLAST was launched in the 11th June 2008 from the Cape Canaveral air force station in 

Florida, USA. 

Peil et al. (2004) acknowledge that, in order to predict the remaining lifetime of a structure, 

the existing accumulated damage must be first assessed. To accomplish this task on civil 

engineering structures such as bridges, they use either a theoretical model of past actions, or 

an experimental method using acoustic emissions to assess damage. In the latter case, they 

take into account the entire transient signal, based on the assumption that different material 

damage processes lead to different transient signal forms, and the signals are assigned to 

certain damage state classes. 

Lenzen (2005) presents a procedure for damage detection and location using the deterministic 

and stochastic subspace method for black box identification, which was tested on a steel frame 

and two bridges. If it is not practical to set up physical equations for a system, black box 

modelling can be used to describe the input-output relations of the system, in accordance with 

the theory of systems and the principle of cause and effect, in which systems are generally 

formulated as transfer functions. The black box models of both the intact and damaged 

systems, which have to be identified first, are compared and used to detect and localize 

system variations. This comparison is made by determining the so-called dynamic influence 

coefficients, which are then used for the evaluation of the COMAC instead of normal modes. 
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The theoretical backgrounds of black box modelling and subspace identification are described, 

as well as some of their limitations. Also, it is stated that the advantage of subspace 

identification is the physical weighting of the vibration modes with respect to the excitations. 

Taylor and Zimmerman (2005) presented a non-model based method for detecting and 

locating structural damage (by evaluating linear stiffness changes) using load dependent Ritz 

vectors (Wilson et al. (1982)). They state that Ritz vectors are more sensitive to localized 

structural damage than mode shape vectors, which is an advantage when one cannot deal 

with a FE model of the structure (which can often occur in large civil structures) and because of 

the incompleteness problem. Also changes in mode shapes or shifts in the natural frequencies 

are often poor damage locators without the application of some model updating technique. 

Experiments were carried out on a steel bay welded frame structure and showed that Ritz 

vectors performed better than mode shape vectors in detecting low severity localized damage 

without the use of a FE model. 

Thien et al. (2005) presented some guidelines for the development of a low-cost active-sensing 

based diagnostic system for pipeline structures. Integration of impedance-based and Lamb 

wave propagation methods in a common SHM is investigated. The impedance-based methods 

are used to detect and locate damage at the pipeline connection joints, while Lamb wave 

propagation methods are used to identify cracks and corrosion along the surface and through 

the thickness of the piping. Both techniques make use of the electromechanical coupling 

effects of piezoelectric-based active sensors, which in this case are small and non-intrusive 

macro-fibre composite patches. The procedure requires measurements in a reference state 

prior to damage. Minor defects can be detected through operation at high frequencies. 

Polimeno and Meo (2009) studied nonlinear based approaches by monitoring the elastic 

material behaviour of damaged plates. Two methods were investigated: a Single-Mode 

Nonlinear Resonance Acoustic Spectroscopy (SIMONRAS) and a Nonlinear Wave Modulation 

Spectroscopy (NWMS). The methods were tested on different CFRP plates with BVID. The 

overall results showed a capability for providing an indication of the damage severity, but no 

results were presented concerning its location. 

 

2.3 Prognosis 

Prognosis – or the prediction of a system’s lifetime, which corresponds to the last level of the 

classification of damage detection methods introduced by Rytter (1993) – is a matter that is 

traditionally approached in terms of fracture mechanics and fatigue. However, considering the 
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benefits that such technology may bring to the security, economics and resource management 

fields, the scientific community that deals with vibration analysis is now beginning to take 

some interest in this area. 

Farrar et al. (2003) published a report whose purposes were to define the technology involved 

in prognosis. This work approaches (among other topics) the following: (i) a summary of the 

technologies and tools necessary to solve the problem of predicting a system’s lifetime; (ii) a 

summary of the state of the art in damage prognosis; (iii) a generic approach to the problem, 

considering, however, that until that time all the prognosis solutions were directed at specific 

cases; (iv) the limitations inherent in such technologies; (v) a brief description of several 

applications in damage prognosis. 

More recently, Inman et al. (2005) presented the first book to address this technology in a 

comprehensive way. The book is divided into four main parts including a total of twenty 

chapters: (i) damage models; (ii) monitoring algorithms; (iii) hardware and instrumentation; 

(iv) applications. 

 

2.4 Final remarks 

A survey of some of the representative advances in damage detection and SHM in the last 

years, with special emphasis on composite materials - given the growing interest in the use of 

this kind of materials in several engineering applications - was hereby made. 

It must be noted that the more than two hundred works referred to in this chapter only 

represent a very small fraction of the published works available on the topic. Other works are 

not mentioned for several different reasons, most often because they use approaches that 

were not considered as relevant for the present work, such as those in which the excitation is 

applied using mathematical models of chaotic time series (Chang et al. (2004), Fasel and Todd 

(2005) or Olson et al. (2005)), techniques dealing with model updating (Yu et al. (2005) and De 

Roeck et al. (2005)) or other diverse methods and applications (Cioara and Alampalli (2004), 

Liu, M. and Chelidze (2005), Moura Jr. (2005), Nejad et al. (2005) or Law and Lu (2005)). 
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Chapter 3 

3. Theoretical 

development 

3.1 Foreword 

This chapter is not intended to probe deeply into the theories that serve as the sustaining 

background for this work, namely science of composite materials and vibration and modal 

analysis. It starts from some of the basic concepts and leads the reader towards the 

introduction of an original approach in damage detection in composite materials. Many 

aspects that, albeit being related, do not play a very important role in the development of the 

proposed methodology, were deliberately left aside. It will be apparent that some of those 

developments are interrupted and that explanations are left unfinished. Yet, this 

incompleteness was intentional, as entering into further details and deeper into the subject 

would not bring any considerable benefit. Furthermore, most of the covered subjects do not 

constitute novelty and may be found in many wide spread textbooks. 
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The chapter’s organization was chosen in such a way that an interrelation between both 

science of composite materials and modal analysis could be established. First, the basics of the 

mechanics of composite materials are introduced, followed by the fundamentals of vibration 

and modal analysis. Next, a section about damage in composite materials is introduced where 

a bridge between the preceding sections is established. Finally, a new damage index is 

proposed, based on the understanding of the described concepts. 

More concerned readers may also be interested in reading, for instance, Cox and Flanagan 

(1997), Abrate (1998), Jones, R. M. (1999) and Moura et al. (2005) for a thorough and more 

extensive explanation of some of the covered issues, such as textiles, the micromechanics, 

constitutive laws or failure mechanisms of composite materials. For an overview about 

vibration and modal analysis, the books from Ewins (1984) or Maia and Silva (1997) are 

suggested. 

 

3.2 Introduction to textile composites 

Long fibre composites are used nowadays in structural applications of great responsibility due 

to their high resistance and other mechanical properties. In general, they appear in the form of 

laminates, i.e., they are built by superimposing plies (or layers) in which the fibres are oriented 

along well defined directions. Therefore, each layer acts as an elementary part which 

mechanical behaviour is fundamental to characterize. The mechanical properties of the fibre 

and matrix will determine the internal distribution of stresses and the mechanical properties of 

each layer. 

Textile composites are favoured for their superior damage tolerance (Cox and Flanagan 

(1997)). A textile composite has internal structure on several scales. At the molecular scale, 

both the polymer matrix and the fibres exhibit structural details that profoundly affect 

strength and stiffness. Matrix properties are determined by chain morphology and 

crosslinking, among other things. Carbon fibres, which are often the preferred choice in 

aerospace materials, owe their axial stiffness and strength to the arrangement of carbon 

atoms in oriented graphitic sheets. Fibres are bundled into yarns or tows which, within the 

finished composite, behave as highly anisotropic solid entities, with far greater stiffness and 

strength along its axis than in transverse directions. Finally, the textile forms part of an 

engineering structure, perhaps the stiffened skin of a wing or fuselage. To manufacture the 

textile composite is to build that structure. The first processing step is the formation of yams 

from fibres. In the second step, the yams are woven into plain woven cloth. The cloths are 
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then laid up in the shape of the skin and stiffener and stitched together to create an integral 

preform. Finally, the composite part is consolidated by the infiltration of resin and curing in a 

mould. 

A textile is said periodic when its geometry is conveniently described in terms of unit cells, 

following the example of crystallography. The unit cell is defined by the requirement that the 

entire textile can be constructed from spatially translated copies of it, without the use of 

rotations or reflections. 

Weaves may be classified by the pattern of interlacing (figure 3.1). The simplest pattern is the 

plain weave. Of particular interest are the satin weaves. The satin weave pattern is defined by 

the number of yarn widths between exchanges. For example, the five harness satin weave has 

a 4-over, 1-under pattern. In addition, the exchanges are arranged so as not to connect; or in 

the case of the crow's foot pattern, so as not to lie on continuous diagonals. Individual layers 

of satin weave fabric are asymmetric. One side of the fabric is predominantly warp yams; the 

other fill. The selection of a weave involves manufacturing considerations as well as final 

mechanical properties. The type of weave affects dimensional stability and the conformability 

(or drape) of the fabric over complex surfaces. Satin weaves, for example, exhibit good 

conformability. Unfortunately, good conformability and good resistance to shear are mutually 

exclusive. Thus, while woven fabrics are frequently the material of choice for complex 

geometries, the designer must be aware that specified material directions may be impossible 

to maintain: initially orthogonal yams may not remain orthogonal in the fabricated product. 

Most 2D weaves involve two orthogonal directions of yam, implying weak in-plane shear 

resistance within a single ply. 

Regardless of the above, when modelling their macroscopic properties, all 2D textile 

composites can be considered to function as laminates (being called, in this case, quasi-

laminar), with relatively minor allowance for their textile nature, even though the routes to 

their manufacture are very different from conventional tape4 layup. When large in-plane 

stiffness and strength are demanded, the majority of fibres must lay in-plane; relatively few 

can be dedicated to through-thickness reinforcement without unacceptable loss of in-plane 

properties. Compared to tape laminates, quasi-laminar textile composites with equal volume 

fractions of in-plane fibres will usually have slightly smaller in-plane stiffness because of tow 

waviness. In a 2D textile, such as a plain weave, waviness is topologically inevitable: tows must 

                                                           

4
 A tape is a prepreg consisting of resin impregnated unidirectional fibres. It is usually available in rolls, 

as its length is many times greater than its width. 



Diogo C. C. Montalvão e Silva 

 
C

ha
pt

er
 3

 –
 T

he
or

et
ic

al
 d

ev
el

op
m

en
t 

72 

 

be wavy to pass under and over one another. The waviness can be reduced by selecting a satin 

weave rather than a plain weave, or using tows with flat cross-sections; but not eliminated. 

 

Figure 3.1: Commonly used 2D weave patterns (Cox and Flanagan (1997)). 

 

3.3 Basics of the mechanics of composite materials 

3.3.1 Engineering constants for orthotropic materials 

Considering a material is linear elastic, the generalized Hooke’s law relating stresses to strains 

can be written in short notation as: 

  (3.1) 

where  are the stress components (shown on a three-dimensional elementary cube in figure 

3.2, in which ,  and  correspond, respectively, to ,  and ),  is the stiffness 

matrix and  are the strain components5. 

                                                           

5
 Note that the strain components ,  and  correspond, respectively, to the engineering shear 

strains ,  and  and not to the tensor shear strains ,  and . The engineering shear 

strains are related to the tensor shear strains by . 
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Figure 3.2: Stress on a cube element. 

In a similar manner, the compliance matrix  can be defined by the inverse of the stress-

strain relations, namely the strain-stress relations: 

  (3.2) 

with: 

  (3.3) 

Both the stiffness  and the compliance  matrixes can be proven symmetric (  and 

). By definition, the elastic potential or strain energy density function has incremental 

work per unit volume of: 

  (3.4) 

If Hooke’s generalized law (3.1) is now used, then, for linear elastic materials, it may be written 

that: 

  (3.5) 

whereupon: 

  (3.6) 
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Since the order of differentiation is immaterial, the symmetry of the stiffness matrix is proven. 

Furthermore, attending to relation (3.3), the symmetry of the compliance matrix is also 

proven. Hence the number of independent elastic constants is reduced to 21 (instead of 36). In 

the case that there are no null terms in neither of the matrixes, the relations in equations (3.1) 

and (3.2) are referred to as characterizing anisotropic materials, because there are no planes 

of symmetry for the material properties (an alternative name is triclinic material). This is the 

most general case in the world of linear elasticity. 

If there are two orthogonal planes of material symmetry for a material, symmetry will exist 

relative to a third mutually orthogonal plane. The stress-strain relations in coordinates aligned 

with principal material directions are: 

 

  (3.7) 

 

and are said to define an orthotropic material. Note that there is no interaction between 

normal stresses and shearing strains. Similarly, there is no interaction between shearing 

stresses and normal strains as well as none between shearing stresses and shearing strains in 

different planes. Finally, there are now only 9 constants in the stiffness matrix instead of 21. 

The strain-stress relations will have a similar aspect. 

Engineering constants (sometimes known as technical constants) are generalized Young’s 

moduli, Poisson’s ratios, shear moduli and some other behavioural constants. According to 

Jones, R. M. (1999) these constants are measured in simple tests such as uniaxial tension or 

pure shear tests. Most simple material characterization tests are performed with a known load 

or stress. The resulting displacement or strain is then measured. The engineering constants are 

generally the slope of a stress-strain curve (e.g., ) or the slope of a strain-strain curve 

(e.g.,  for  and all other stresses are zero). In fact, the components of the 

compliance matrix  are determined more directly than those of the stiffness matrix . For 

an orthotropic material, the compliance matrix components in terms of engineering constants 

are:  
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  (3.8) 

 

and, because  is symmetric: 

  (3.9) 

To define the material’s principal directions, the composite layer is first considered 

orthotropic. The intersection lines between each couple of planes allow defining the principal 

axes of orthotropy 1, 2 and 3 (figure 3.3), in such a way the axis 1 is oriented in the 

longitudinal direction (along the fibres), the axis 2 is oriented in the transverse direction 

(across the fibres) and the axis 3 is in the out-of-plane direction. These are the material 

principal directions, meaning that normal stresses induce only linear strains and that shear 

stresses induce only shear strains. 

 

Figure 3.3: Layer’s principal axis of a unidirectional reinforced lamina. 

The composite layer of unidirectional fibres is transversely isotropic: if at every point of a 

material there is one plane in which the mechanical properties are equal in all directions, then 

the material is called transversely isotropic and such plane is called plane of isotropy. If, for 
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example, the 2-3 plane is the plane of isotropy, as occurs in layers of composite materials with 

unidirectional fibres, then: 

  (3.10) 

Thus, the independent elastic constants necessary to characterize the stress-strain behaviour 

of transversely isotropic materials are reduced to five: , ,  and  or . 

If an infinite number of planes of material property symmetry exists, then the foregoing 

relations simplify to the isotropic material relations, as occurs with most of the common 

metallic alloys used in engineering applications, with  and  or  as the only two independent 

constants: 

  (3.11) 

 

3.3.2 Mechanics of materials approximation to stiffness 

As a first approach to determine the elasticity constants of the layer, the assumption that the 

strains in the fibre direction of a unidirectional fibre reinforced composite material are the 

same in the fibres as in the matrix is made, otherwise a fracture between the fibres and the 

matrix would be implied (Jones, R. M. (1999)). Because the strains in both the matrix and fibre 

are the same, it may be assumed that the sections normal to the 1 axis, which were plane 

before being stressed, remain plane after stressing. Thus, it is possible to state that the strain 

 applies for both the fibres and the matrix. Then, if both constituent materials behave 

elastically, the stresses  in the fibre direction are: 

  (3.12) 

where the subscripts f and m stand for fibre and matrix respectively. The average stress  acts 

on the cross-sectional area A of the representative volume element,  acts on the cross-

sectional area of the fibres Af, and  acts on the cross-sectional area of the matrix Am. Thus, 

the resultant force on a representative volume element of composite material is: 
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  (3.13) 

Combining equations (3.12) and (3.13), and recognition from macromechanics that: 

  (3.14) 

and defining the volume fractions of fibres and matrix as: 

  (3.15) 

it is possible to write: 

  (3.16) 

which is known as the rule of mixtures for the apparent Young’s modulus of the composite 

material in the direction of the fibres . Using analogous reasoning, it is possible to write the 

apparent Young’s modulus of the composite material in the direction transverse to the fibres 

 as: 

  (3.17) 

The so-called major Poisson’s ratio  is obtained by an approach similar to the analysis for 

: 

  (3.18) 

Finally, the in-plane shear modulus of a lamina, , is determined in the mechanics of 

materials approach by assuming that the shearing stresses in the fibre and in the matrix are 

the same (which is not true, since the shear deformations cannot be the same). Jones, R. M. 

(1999) shows that: 
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  (3.19) 

which is the same type of expression as was obtained for the transverse Young’s modulus . 

 

3.3.3 On estimating the properties of the laminate from the properties 

of the laminae 

A laminate is made of two or more layers of laminae bonded together to act as an integral 

structural element. The various plies are oriented with (local) principal material directions at 

different angles to the global laminate axes to produce a structural element capable of 

resisting loads in several directions. The stiffness and strength of such a composite material 

structural configuration are obtained from the properties of the constituent laminae. The 

reason why laminae are combined to create a laminate is to achieve the largest possible 

bending stiffness for the materials used. 

Using CLT it is possible to consistently proceed directly from the basic element, the lamina, to 

the end result, the structural laminate. First, it must be noticed that the laminates are 

generally used in the form of relatively thin plates. Thus, the approximation that the layers are 

in a state of plane stress is legitimate, i.e., the stresses are negligible with respect to the 

smaller dimension as they are not able to develop within the material and are small compared 

to the in-plane stresses ( ). Therefore, the face of the element is not acted by loads and 

the structural element can be analyzed as two-dimensional. In such a case, the stress-strain 

relations in principal material coordinates for a lamina k of an orthotropic material are: 

 

  (3.20) 

 

where  is the so-called reduced stiffness matrix for a state of plane stress6 in which: 

                                                           

6
 This matrix can be obtained from the stress-strain relations (3.7) by imposing  to obtain an 

expression for  and get the relation: . 
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  (3.21) 

or, using the inverse relationship: 

  (3.22) 

where  is the compliance matrix in state of plane stress in which: 

  (3.23) 

Now, considering the global coordinate system (xyz) is obtained from the rotation of an angle 

 around the axis 3 of the local coordinate system (123) as illustrated in figure 3.4, the 

following coordinate transformation matrixes may be written: 

  (3.24) 

  (3.25) 

 

 

Figure 3.4: Rotation of the local coordinate system (123) around axis 3 towards the global 

coordinate system (xyz). 
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Using these transformation matrixes it is possible to re-write both the stiffness and the 

compliance matrixes in the global coordinate system (xyz) for each layer k as: 

  (3.26) 

  (3.27) 

and (Moura et al. (2005)): 

  (3.28) 

in which the  and  are traction-shear coupling terms which, according to Jones, R. M. 

(1999), were called coefficients of mutual influence by Lekhnitskii (1963). 

 

From the CLT (Kirchhoff hypothesis), which establishes relations between the strains and 

curvatures and the forces and moments acting on a plate, it is possible to obtain (after a rather 

complex procedure) the matrix of extensional stiffness (Jones, R. M. (1999)): 

  (3.29) 

in which n is the total number of layers in the laminate and tk is each layer’s thickness. Finally, 

it is possible to determine the elasticity constants of the laminate in the global Cartesian 

coordinate system (xyz) using the relationship: 

  (3.30) 

in which h is the thickness of the laminate. 
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3.4 Fundamentals of vibration and modal analysis 

3.4.1 Generalities 

A mention to forward and inverse problems was previously done in section 2.2.1 when talking 

about natural frequencies and FRFs damage detection based methods. Utterly, forward and 

inverse problems are forms of the logic methods of reasoning of deduction and induction 

respectively. Deductive reasoning works its way from the more general (theory) to the more 

particular, being also commonly known as a top-down approach. On the contrary, induction 

reasoning is the inverse of deduction, working from particular observations towards a 

generalization or theory, being informally referred to as a bottom-up approach. 

Inverse problems in engineering can be compared in some way as inductive reasoning: an 

experimental description of the behaviour of the structure (data) is analyzed in order to 

extract more specific details (model parameters) governing the whole model. 

According to Maia and Silva (1997), in dynamics, the properties of a N DOF system can be 

described by means of either one of three models - spatial, modal or response model – that 

can be related between each other by either forward or inverse approaches. 

In the first case, the dynamic characteristics are contained in a spatial distribution of the mass, 

stiffness and damping properties described in terms of matrixes of mass , stiffness  and 

damping  (in the case of the hysteretically damped model) or  (in the case of the 

viscously damped model). Considering each DOF is described by a coordinate  with an 

associated applied force  in which i = 1, 2, ..., N DOFs, then this model can be described 

using Newton’s 2nd law of motion by: 

  (3.31) 

in the case of the hysteretically damped model, or by: 

  (3.32) 
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in the case of the viscously damped model. The viscously damped model described by (3.32), 

in the general case where damping is non-proportional7, is not so easy to deal with (Maia and 

Silva (1997)). Furthermore, the constant hysteretic damping model is often used to describe 

the dynamic behaviour of structures undergoing various loading conditions, such as the 

dissipation mechanism of CFRPs (Montalvão et al. (2006b)). Hence, from this point forward 

and without loss of generality, the formulations will be based on hysteretic proportional 

damping. So, assuming that a solution exists that is of the form: 

  (3.33) 

where  is a Nx1 vector of time-independent complex response amplitudes8, and 

substituting into the homogeneous form of (3.31), the spatial model described by these 

matrixes can be written as a generalized eigenvalue problem: 

  (3.34) 

which, when solved, leads to the modal model described by matrixes  and . The first 

matrix contains N complex eigenvalues with information on the natural frequencies of the 

system and the second is a mass normalized matrix containing N eigenvectors with 

information on the mode shapes. The quantity  is often referred to as a complex eigenvalue 

and can be written as: 

  (3.35) 

where  and  are the natural frequency and damping loss factor, respectively, for mode r. 

It is possible to show that the spatial model can be related with the modal model by the so 

called orthogonality conditions: 

                                                           

7
 Proportional damping – whether it is viscous or hysteretic - may be defined as a dissipative situation 

where the damping matrix is directly proportional to the stiffness matrix, to the mass matrix or to a 

linear combination of both:  where  and  are constants. This type of damping is often 

referred to as Rayleigh damping. 

8
 The response amplitude is a complex quantity also called phasor because it includes the phase angle  

between the response and the force: . 
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  (3.36) 

  (3.37) 

where  is the identity matrix. Another important conclusion is that this also means the 

modal matrix is a non-singular invertible matrix. So, it is possible, in principle, to obtain a 

spatial description of the model from the knowledge of the modal model and vice versa. 

Nevertheless, experimentally and generally speaking, a response model described by FRF data 

is obtained instead. When in steady-state and considering the frequency domain, the FRF 

 can simply be computed for each frequency : 

  (3.38) 

where  is the complex response and  the complex force. The FRF is also known as 

receptance, mobility or accelerance, depending on the response  being defined, 

respectively, as displacement, velocity or acceleration. These kinematic quantities can 

obviously be easily related between each other by simple mathematical operations of 

differentiation and integration. Therefore, the knowledge of the FRF in terms of a receptance, 

a mobility or an accelerance is irrelevant. So, if receptance is picked, it is possible to prove that 

the response model can be related to the modal model by (Maia and Silva (1997)): 

  (3.39) 

Starting with a spatial model it is possible to end up with a response model after going through 

an intermediate modal model. This sequence is commonly performed when the starting point 

is a theoretical analysis and is inside the line of thought of the forward approach. On the other 

hand, because systems are usually too complex and it is not feasible to model them 

analytically, the inverse approach is followed when the starting point is the response model 

with the measurement of the system’s FRFs. There are many techniques that allow derivation 

of the modal characteristics of a given system from the experimentally obtained response 

model. The procedure is called Modal Identification. 
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In figure 3.5 a scheme of the whole discussion above is presented showing the existing 

relationships between the three covered models: spatial, modal and response. 

 

 

Figure 3.5: Dynamic models interrelation (hysteretic damping case). 

 

Each term of the receptance matrix shown in equation (3.39) can be written as: 

  (3.40) 

where  is the complex response amplitude in coordinate j,  is the amplitude of the force in 

coordinate k and .is a complex quantity known as modal constant that can be written as: 

  (3.41) 

in which  and  are, respectively, elements j and k of the mass normalized modal vector 

 and  and  are, respectively, the modal constant amplitude and phase. 

In practical terms, it is impossible to acquire every terms of the receptance matrix shown in 

equation (3.40) for continuous systems since they have infinite DOFs. Out-of-range modes will 

always exist as a consequence of the limitations of the measurement equipment in terms of 

frequency range. 

When a FRF is regenerated starting from the modal parameters obtained after a process of 

modal identification, the receptance given by equation (3.40) shall be re-written as: 
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  (3.42) 

where the number of modes was limited between  and  to illustrate that, in general, the 

EMA procedure does not always start below the first mode ( ) and it seldom continue to 

the highest mode ( ). However, the fact that the frequency range is limited does not 

mean that the measured FRF data is unaffected by out-of-range modes which lie in the vicinity 

of the analysis. In fact, if the measured FRF data are compared with the corresponding 

identified FRFs if represented only by (3.42) differences will rise especially away from 

resonances and a total mismatch between anti-resonant frequencies is most likely to happen. 

One way of minimizing the consequences of using such a model is to introduce corrections on 

the identified FRFs, so that they approximate the measured data in the frequency range of 

interest by including extra terms in the response equation: 

 

 

(3.43) 

In this equation, the first term represents the low-frequency unmeasured modes, the second 

term represents the measured frequency range modes and the third term represents the high-

frequency unmeasured modes. This is illustrated with the help of figure 3.6, where it can be 

observed that within the frequency range of interest the contribution of the low-frequency 

modes tends to approximate to a mass-like behaviour, while the contribution of the high-

frequency modes tends to approximate to a stiffness effect (already shown before, for 

instance, by Ewins (1984)). Thus, the rather long expression (3.43) can be re-written in a more 

convenient (yet approximated) form as: 

  (3.44) 

where the quantity  is a frequency dependent complex residual accounting for the 

effects of the out-of-range modes. It must be noted that the residual is only valid for that FRF 

in particular and for that specific frequency range. In such a case, the complex residual  

can assume the approximate form of: 
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  (3.45) 

where the complex quantities  and  are, respectively, the mass and stiffness residuals. 

 

 

Figure 3.6: Numerical simulation to show how low-frequency and high-frequency modes affect 

the receptance in the measured frequency range. 

 

3.4.2 The Characteristic Response Function (CRF) 

The receptance as earlier described by equation (3.44) shows that every mode is dominant in 

the vicinity of its own natural frequency9. A mode is said dominant in a certain frequency range 

when the summed up contribution of all the other modes is small and its variation is negligible 

for the FRF at that range. Thus, it is reasonable to assume that the summed up contribution of 

all the other modes in the vicinity of mode r can be approximated by a constant. Therefore, 

and if the indexes are dropped for a matter of simplicity, the receptance as given by equation 

(3.44) can be written in the vicinity of mode r as: 

                                                           

9
 This is often true for well isolated modes and considering that the modal constants are within the same 

order of magnitude. 
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  (3.46) 

This is the starting point for Maia et al. (1994) and Ribeiro (1999) to present the Characteristic 

Response Function (CRF). First, three short distanced frequencies ,  and  are picked 

showing that the quocient  is independent of the local properties (residual terms 

contributions and modal constants) in the vicinity of mode r. From this point forward and after 

some mathematical manipulation in which an intermediate function  is defined based on the 

previous result, he presents what he calls the Characteristic Response Function (CRF): 

  (3.47) 

which is observed to be similar to a modal term of the receptance, but with unit modal 

constant, or, in other words, the CRF presents the form of the receptance for a Single DOF 

(SDOF) system. It is worth to mention that this means the CRF only accounts for the global 

properties of the system (characteristics of the structure) and is independent of its local 

properties (measurement coordinates). Therefore, because the numerator is unitary, it is easy 

to apply the inverse method: 

  (3.48) 

It is easy to observe that the real part is a straight line with respect to  with negative unitary 

slope and that the imaginary part is a constant: 

  (3.49) 

then, in the vicinity of each mode, this graphical representation must allow determining the 

resonant frequency and the hysteretic damping for that particular mode. Another advantage 

of this method is that both this straight lines highlights the existence of modes, since, far from 

the vicinity of the resonant frequencies, the CRF is meaningless (the initial assumptions do not 

apply anymore) and therefore these straight lines will not exist. 

It is possible to obtain the CRF from experimental results by taking groups of three succeeding 

points from the receptance curves, using the following expression: 
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(3.50) 

The determination of the modal constants requires a more complex mathematical approach, 

but it also uses equation (3.46) as a starting point: 

  (3.51) 

As the global properties are already determined, for each pair of points  and , 

a complex value for the modal constant of mode r is determined. In the vicinity of the mode all 

the pairs of points should give the same value, so averaging is performed. 

Equation (3.51) does not guarantee the modal consistency is respected. Being aware of that 

fact, Silva, J. M. M. et al. (1996) and Ribeiro (1999) also provide an algorithm to correct this 

issue. However, this is only an issue if the modal identification is performed over results which 

make use of different excitation coordinate points. In the presented case this is not a problem, 

as the mass of the force transducer is quite reasonable when compared to the mass of the 

whole structure. This way, the force transducer is considered as part of the system and no 

coupling techniques (for mass cancelation) have to be followed, avoiding any chance of 

relating results obtained for different excitation points. 

Finally, to determine the residuals, two points from the receptance curve must be chosen. It is 

suggested that these points are situated near anti-resonant frequencies and close to the 

frequency range limits, since these are locations that are less likely to be dominated by short 

distanced modes. Then, the following system of equations is solved, where the complex 

quantities  and , the mass and stiffness residuals respectively, are determined: 

 

  (3.52) 
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3.5 Damage in composite materials 

3.5.1 Impact effects on composite materials 

According to Cox and Flanagan (1997) the great weakness of laminates is their vulnerability to 

delamination. They have poor impact damage resistance and low post-impact mechanical 

properties (Tong et al. (2002)). Delamination, that is, the debonding between adjacent 

laminae, is of great concern since they significantly reduce the strength of the laminate. 

Delamination failure can be caused in undamaged laminates by excessive through-thickness 

loads. Once a laminate is damaged by impact and contains a small delamination crack, the 

critical through-thickness stress for failure drops dramatically, since the composite relies on 

the matrix toughness alone to resist delamination crack growth10.  

For impacts that do not result in complete penetration of the target, experiments indicate that 

damage consists of delaminations, matrix cracking, and fibre failures. These impacts are often 

referred in the literature as low-velocity impacts. According to Abrate (1998), it has been 

consistently shown with experimental testing that delaminations occur only at interfaces 

between plies with different fibre orientations. If two adjacent plies have the same fibre 

orientation, no delamination will be introduced at the interface between them. For a laminate 

impacted on its top surface, at interfaces between plies with different fibre orientation, the 

delaminated area has an oblong or peanut shape (often quite irregular) with its major axis 

oriented in the direction of the fibres in the lower ply at that interface (figure 3.7). 

 

 

Figure 3.7: Orientation of delaminations (Abrate (1998)). 

                                                           

10
 Through-thickness reinforcement in a quasi-laminar textile composite changes the picture entirely. 

Even if delamination flaws exist in advance, through-thickness reinforcement will arrest their growth as 

long as the critical stress for failure remains above some critical value. These structures are often called 

3D woven textile composites and are considered the second generation of composite materials 

(Miravete (1999)), the laminates being the first. They will not receive further treatment inside this work, 

as they are still not as common as tape laminates. Interested readers on this subject might want to read, 

for instance,  Miravete (1999) or Tong et al. (2002). 
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After impact, there are many matrix cracks arranged in a complicated pattern that would be 

very difficult to predict, but it is not necessary to do so since matrix cracks do not significantly 

contribute to the reduction of the residual properties of the laminate. However, the damage 

process is initiated by matrix cracks which then induce delaminations at ply interfaces (figure 

3.8). 

 

Figure 3.8: Delamination process in composite materials (Cantwell (2008)). 

With thick laminates, matrix cracks are first induced in the first layer impacted by the projectile 

because of the high, localized contact stresses. Damage progresses from top to bottom, 

resulting in a pine tree pattern. For thin laminates, bending stresses in the back side of the 

laminate introduce matrix cracks in the lowest layer, which again starts a pattern of matrix 

cracks and delaminations but leads to a reversed pine tree pattern starting from bottom to top 

(figure 3.9). 

 

Figure 3.9: Pine tree and reverse pine tree damage patterns (Abrate (1998)). 

The creation of matrix cracks does not require significant energy or cause a noticeable drop in 

stiffness. Also, according to several authors, delaminations generally do not affect much the 

natural frequencies, unless they are very large. 

In general, delaminations are introduced at several interfaces and their size increase linearly 

with the kinetic energy of the impactor, but only after a certain threshold level is reached for 

its appearance. This threshold value is hard to determine experimentally because of 

experimental scatter from one specimen to another, and several tests are needed in order to 

determine the threshold level of the initial kinetic energy required to initiate delamination. 
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Abrate (1998) mentions several studies that indicate that damage is introduced when the 

contact force reaches a critical value which is the same for static tests and low-velocity impact 

tests. The force threshold value usually corresponds to the first discontinuity in the contact 

force history. The force threshold is very consistent from sample to sample and can be 

determined from a single test. This also suggests that similarities may be found between 

damage induced by impact loading and that produced by static loading. For example, Rilo et al. 

(2006) compare the damage obtained by low-velocity impacts in glass/epoxy and 

carbon/epoxy laminated plates with those obtained through quasi-static tests, in order to 

verify if low-velocity impacts can be modelled in laminated composite with quasi-static tests. 

The impact tests and the quasi-static tests used the same impactor and the same boundary 

conditions for fixing the specimens. The term of comparison between both tests was a plot of 

the force vs. displacement (figure 3.10). Both tests were setup so that they would produce the 

same maximum load (and not necessarily the same energy). 

It was observed that the damage is more important in the opposite face to the force 

application, as the plate thickness rises. This happens in bending due to the longer distance 

from the specimen’s face to the neutral fibre, leading to an increase of the traction stresses on 

this face. On the other hand, the maximum load did not always produce an identical deflection 

in the quasi-static test and in the one corresponding to impact, as can be seen in figure 3.11 

(the most flexible the specimen, the most similar the deflection). 

 

 

Figure 3.10: Force vs. displacement curves for comparing an impact test with a quasi-static test 

during damage introduction in a composite material (Rilo et al. (2006)). 
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Figure 3.11: Damage extension seen in the direction of the fibres oriented to 0° at the centre plate 

cross section (Rilo et al. (2006)). 

Carvalho (2003) argues that for low to medium energy impacts the damage morphology might 

also include fibre breakage in the opposite side of the impact (which is subjected to traction 

loads). Figure 3.12 illustrates this situation, suggesting that the fibre breakage will most 

probably be invisible (as it is in the opposite side to the impact, generally hidden) and that a 

localized indentation will be, most likely, imperceptible. 

 

 

Figure 3.12: Failure modes of a laminate for a medium energy impact (Carvalho (2003)). 

 

3.5.2 Damage effects on the response behaviour of composite 

materials 

Impact damage is introduced only after the impact force reaches a certain threshold level. 

After the appearance of the first matrix crack, the crack will propagate and reach the 

interfaces between the current ply and adjacent plies. High transverse shear stresses will grow 

and delaminations appear. On the opposite side of the impact, due to the development of high 

tensile forces, fibre breakage may also occur (Abrate (1998), Carvalho (2003)). 

When a delamination or debonding failure mode is concerned, friction between the interacting 

surfaces may occur, even for small bending deformations. Thus, since friction is an energy 

dissipation mechanism, it is reasonable to assume that damping may be used as a parameter 

for SHM, when this type of damage is concerned. In such a case, the material is locally 

heterogeneous and damping may be expected to increase (Zou et al. (2000)), dependent on 
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the deformation shape. The method presented herein is based on the assumption that 

different mode shapes have different sensitivities at the locations where delamination damage 

is present.  This principle is somehow similar to the one used in many other methods such as 

the MSC or the MSS (Salawu and Williams (1994), Ho and Ewins (2000)). 

Until now, it has been considered that a delamination type of damage would lead to an 

increase in the damping as a consequence of the energy loss due to friction. Nevertheless, if 

fibre breakage is introduced in the opposite face of the impact and if no significant 

delamination occurred, is it possible that the damping will decrease instead? A hint may come 

from Hadi and Ashton (1996) who experimentally determined the material damping of several 

GFRP specimens showing that the damping factor is larger at low fibre volume fractions and 

that it increases with increasing fibre orientation up to 30˚. The damping factor decreases as 

the fibre orientation increases above 30˚. According to these authors, this happens because 

the total strain energy is dominated by the in-plane shear strain energy, and this has its 

maximum value at this fibre orientation. Berthelot et al. (2008) argue that damping in FRPs 

depends on the constitution of the materials. At the constituent level, the energy dissipation in 

FRPs is induced by different processes such as the viscoelastic behaviour of matrix, the 

damping at the fibre-matrix interface or the damping due to damage. At the laminate level, 

damping is depending on the constituent layer properties as well as layer orientations and 

stacking sequence. Thus, altogether, if a fibre breakage occurs in a specimen with no 

delamination, than it is reasonable to assume that, for some mode shapes, damping could in 

fact decrease. 

In fact, for thin laminates and in real situations, fibre breakage is likely to occur because of the 

bending stresses in the back side of the laminate. If one imagines that each fibre acts as a 

spring-damper and that the breakage corresponds to the interruption of the spring-damper 

connection, it is reasonable to assume that a local decrease in both stiffness and damping may 

happen. Furthermore, the debonding between two adjacent laminae will reduce the bending 

stiffness. 

 

3.6 Proposal of a new damage index 

3.6.1 Formulation of modal-based damage Indexes 

All real structures dissipate energy when they vibrate. Energy is dissipated by frictional effects, 

for example that occurring at the connection between elements, internal friction in deformed 

members, and windage. The term damping is broadly used to denote the dissipation of energy 
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in (and the consequent decay of) oscillations of all types. The most common types of damping 

models are viscous, dry friction and hysteretic. 

A delamination is a type of failure in composite laminates characterized by a debonding 

between one or more layers. Thus, it is reasonable to assume frictional forces will develop 

between these layers when bending motion is imposed as a consequence of shear stresses. 

Consider that a delamination leads to increased values in the modal damping factors, . The 

relative difference between the undamaged and damaged states of the modal damping values 

for mode  may be expressed by:  

  (3.53) 

where the superscript D stands for damage. The damping factors can be obtained by using, for 

example, EMA techniques, which fundamentals were exposed in section 3.4 and that will be 

covered later. 

The relative difference of the hysteretic damping factor when comparing the healthy and the 

damaged states is obtained independently of the coordinates under consideration, as it is 

based on global properties of the structure. However, in the case that a discrepancy exists due 

to localized damage, this means that some kind of function must be used to relate this global 

variation to the local coordinates of the structure. 

By resorting to FE analysis, it is possible to obtain, with a reasonable degree of accuracy, a 

spatial description of the mode shapes and other physical quantities along the structure (such 

as strains, stresses, etc.). A generalized Plane Shape Function (PSF) is defined for mode  at a 

discretization node with coordinates  as any function of the mode shape: 

  (3.54) 

where  is the mode shape for the element with geometrical coordinates , which 

may or may not be mass normalized. A proposal for a particular case of the PSF is done on the 

following sections. 

Finally, it is assumed that the mode shapes and the natural frequencies will not suffer a 

considerable change when comparing the undamaged and damaged states of the structure11. 

                                                           

11
 It is shown in section 5.3.2.1 that the damage only introduces slight variations in the mode shapes. 
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Consequently, the PSF will also remain essentially unchanged. Then, an index, called Damping 

Damage Indicator (DaDI), is proposed as:  

  (3.55) 

It can be seen that applying equation (3.55) requires only the damping factor values for both 

the damaged and undamaged structure in addition to the PSF that can be obtained at any 

stage with a FE model alone. As the modal damping factors are global properties of the 

structure, only one measurement coordinate is strictly required (i.e., response transducer), 

independently of the structure dimension and geometry. 

 

It must not be forgotten that, when conceiving the DaDI, it was assumed no appreciable 

changes in frequency would be observed. However, especially if fibre breakage occurs, 

frequency is expected to be, as well as damping, possible complementary modal features to 

assess damage location. In such cases the DaDI alone may perform as a poor indicator and 

something else must be introduced. So, consider that a fibre breakage leads to decreases in 

the natural frequencies . The relative difference between the undamaged and damaged 

state of the natural frequency of mode  is expressed by:  

  (3.56) 

As for the hysteretic damping, the relative difference of the natural frequencies between the 

healthy and damaged states is obtained independently of the coordinates, since it is based on 

a global property of the structure. Thus, some sort of function with arbitrary mode dependent 

physical quantities may also be used. Then, an index, called Frequency Damage Indicator 

(FreDI), is proposed as: 

  (3.57) 

Now it is time to combine the predictions from both the indexes DaDI and FreDI for the 

damage location. However, a question arises: which one is prominent over the other? The 

inclusion of weighting functions affecting both the indexes seems inevitable, leading to the 

final form of the index: 
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  (3.58) 

in which  is a weighting function affecting the frequency term and  is a weighting 

function affecting the damping term that will be treated next. This form of the index accounts 

for both the frequency and damping variations, as well as for the PSF mode shape based 

functions. Therefore, the index given by (3.58) will be hereafter called Multi-parameter 

Damage Indicator (MuDI). 

 

The weighting functions’ values are based on the dispersion of the variation of the modal 

frequencies and modal damping factors. The standard deviations  and  for the set of 

values  and  respectively are determined. Then, the frequency weighting function is 

defined as: 

  (3.59) 

It is easier to treat the weighting functions as if they are on the opposite sides of a scale. So, by 

imposing the following relationship to be respected: 

  (3.60) 

the damping weighting function  can also be calculated. 

In practice it is observed that  for most situations, because  and also 

possibly due to the magnitude of the uncertainties involved during the modal identification 

process12. Consequently, the direct application of equation (3.59) is useless because it would 

lead to  and , or . Equation (3.59) is therefore proposed to be 

re-written as: 

                                                           

12
 This can be observed, for instance, in figure E.9 (Annex E), while explaining the functioning of BETAlab. 

In the example shown, the relative standard deviation for the set of values used to determine the 

natural frequency is 0.060%, whereas it is 43.7% (700x greater!) when modal damping is at stake for the 

same mode. 
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  (3.61) 

in which  is a scale factor. While the identification of the natural frequencies is quite accurate, 

the same cannot be said for the damping factors. Both are determined by some sort of 

averaging over sets of data obtained during experimental testing. So, after the modal 

identification process is over, the obtained values for each of the natural frequencies  and 

modal damping factors  are in fact averaged values with correspondent relative standard 

deviations  and  for each mode. The damping factor is, in most of the structural 

applications in engineering, very small and hard to determine. When in the presence of a set of 

data, its value float around an intermediate value, in view of which averaging is an easy tool 

available to estimate an approximate value of the damping factor. However, the fluctuations 

are still much more evident than those found when estimating the natural frequencies. As a 

consequence, it is observed that  for any mode . The relation between the 

standard deviations of the numerator of expressions (3.53) and (3.56) was used as a metric for 

the scale factor : 

  (3.62) 

Despite the fact that the way this scale factor is determined has no mathematical or physical 

support, until another one is proposed, one shall rely upon this as it will prove reasonably 

effective. 

 

3.6.2 On choosing the plane shape functions 

It is often difficult to model damping exactly because many mechanisms may be operating in a 

structure. However, for the internal dissipation mechanism, there is general agreement that 

the so-called hysteretic model is quite suitable. The mathematical model used to describe such 

hysteretic damping includes the loss factor in the stiffness as an imaginary component. So, the 

elastic deformation will include the effect of the damping and its changes, and so will do the 

strain energy.  

In section 3.3.1 it was said that elastic materials, for which an elastic potential or strain energy 

density function exists, have an incremental work per unit volume given by: 
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  (3.63) 

Boresi et al. (1992) say that “for adiabatic conditions and static equilibrium, the first law of 

thermodynamics states that during the displacement variations (...), the variation in work of 

the external forces  is equal to the variation of internal energy  for each volume 

element”. Thus, in volume  one has: 

  (3.64) 

The internal energy  in a solid of volume  can be expressed in terms of the internal energy 

per unit volume, i.e., in terms of the strain energy density  (Boresi et al. (1992): 

  (3.65) 

Using a slightly different notation than the one used previously and considering: 

  (3.66) 

the strain energy in a solid can be defined as (Abrate (1998), Jones, R. M. (1999)): 

  (3.67) 

Now consider a thin plate, for which the assumption of a state of plane stress is valid, i.e., 

where the stresses are negligible with respect to the smaller dimension as they are not able to 

develop within the material and are small compared to the in-plane stresses. Therefore, the 

structural element can be analyzed as two-dimensional and the stress and strain tensors can 

be approximated by: 

  (3.68) 

where the non-zero  term arises from the Poisson's effect, as will be shown later. In this 

case, equation (3.66) reduces to: 
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  (3.69) 

Since the hysteretic damping assumes the loss by friction of a fraction of the strain energy, this 

might be a promising candidate for building a PSF to be used in the DaDI. However, before 

presenting the PSF, two simplifications are done: 

 The distortion in the  plane influence on the damping factor variation due to 

delamination damage was considered of no relevance. In fact, it tended to diminish 

the accuracy of the method. Therefore, only the part respecting extensional stresses 

and strains is considered; 

 MuDI, as presented in equation (3.58), normalizes the DaDI index (and the FreDI as 

well) before weighing it. So, the constant coefficient in equations (3.66) and (3.69) can 

be dropped. 

Definition of a PSF when damping changes are concerned in plane-like structures is proposed 

as: 

  (3.70) 

where the subscript r stands for the mode number. This way, the DaDI presented earlier in 

equation (3.55) will be a function of both the extensional modal stress and strain shapes and 

modal damping factors variation. It must be clear that there are other possible combinations 

to be included in the PSF, but that kind of analysis is intentionally left outside this text. 

With respect to the FreDI, it is worth remembering that the resonant frequencies are mainly 

considered as stiffness dependent. For a given load the strain is a measure of the flexibility of 

the structure, so it can be used as a PSF for the FreDI. Hence, when computing the FreDI the 

following form of the PSF is proposed: 

  (3.71) 

where the modulus is used to guarantee that each mode’s contribution is in the same 

direction, i.e., that the modal sensitiveness to damage is not cancelled by summing up a 

positive value of the PSF with a negative one when computing the FreDI. A simplified form of 

equation (3.71) for isotropic materials can be presented. For a state of plane stress and 
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considering the compliance matrix given earlier by (3.8), it can be shown that the strains-stress 

relationships for ,  and  are given by:  

  (3.72) 

Adding the two first equations, it is possible to obtain a relationship among the strains, such 

as: 

 

 

 

 

(3.73) 

Thus, apart from a constant coefficient, the form of the PSF to be used in the FreDI and 

previously given by (3.71), can be re-written in a simplified equivalent form, dropping again 

the constant, as: 

  (3.74) 
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Chapter 4 

4. Modelling and testing 

4.1 Specimens’ build-up and material description 

4.1.1 Material and layups 

For the numerical and experimental validation of the proposed index, three types of CFRP 

specimens were tested: quasi-isotropic beam, quasi-isotropic plate and orthotropic plate. All 

the specimens were cut from rectangular plates obtained from the layup of prepreg layers 

which were cured in autoclaves. 

The quasi-isotropic specimens are made from a [0/45/135/90]S layup. The designation quasi-

isotropic is in accordance to ASN A 4135:1997 standard and to Reis (1996). Each layer is a 

woven prepreg constituted by Hexcel® G803 3K 5H satin carbon fibre impregnated in HexPly® 

200 phenolique matrix (200/40%/G803). Both beam and plate specimens were made by the 

author as described in section 4.1.2 below. The prepreg was already available in the Escola 
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Superior de Tecnologia de Setúbal (ESTS) laboratorial facilities and originally belonged to the 

Portuguese Aeronautic Industry (OGMA). 

The orthotropic specimens are made from either [0/90]2S or [90/0]2S layups. Each layer is an 

epoxy resin impregnated carbon fibre satin weave Cytec® Cycom® 934-37-3KT300 8H (such as 

that used in some parts of the Lockheed Martin C-130 airplane  shown in figure 4.1). These 

specimens were produced at OGMA. 

Table 4.1 presents a summary of all the specimens considered in this study, as well as their 

nomenclature within the text. Among other reasons, the dimensions of specimens A1 to A6 

and B1 to B4 are chosen so that a rectangle whose side lengths ratio is not an integer is 

formed. This way, there are less chances for the occurrence of double-modes in vibration 

testing that could bring up some difficulties during the modal identification. 

 

Figure 4.1: Lockheed Martin C-130 airplane. 

Table 4.1: Specimens’ types and designations adopted throughout the dissertation. 

Qty. Designation Material Layup Behaviour Dimensions Side ratio 

3 Beam
13

 L1-L3 G803/200 [0/45/135/90]S Quasi-Isotropic 392x25x2mm 15.68 

6 Plate A1 - A6 G803/200 [0/45/135/90]S Quasi-Isotropic 392x242x2mm 1.620 

2 Plate B1 - B2 T300/934 [90/0]2S Orthotropic 360x262x3mm 1.374 

2 Plate B3 - B4 T300/934 [0/90]2S Orthotropic 360x262x3mm 1.374 

                                                           

13
 Contrary to the plates, which are all singular individual items, beams L1-L3 are in fact one unique 

cantilever beam of varying length. 
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4.1.2 Manufacturing 

Plates A1 to A6 and the beam (table 4.1) were manufactured by the author in an autoclave at 

Instituto Superior de Engenharia de Lisboa (ISEL) with Hexply® G803/200 prepreg (figure 4.2). 

These specimens were cut from raw plates with overall dimensions 450x300mm. Several 

reasons, as illustrated in figures 4.4 and 4.3, were taken into account to reach these 

dimensions: the autoclave’s measured usable area; the width of the prepreg roll and its 

optimal usability; the intended dimensions of the specimens A1 to A6 (as big as possible in 

order to obtain low frequency modes) and the aim of also obtaining tensile test specimens in 

both the plate’s longitudinal and transverse directions. 

 

 

Figure 4.2: ISEL’s autoclave with the bagging schedule inside (left) and raw plates obtained after 

the polymerization process (right). 

 

Figure 4.3: 1.2m width prepreg roll utilization for the production of 6 plates with 8 layers each. 
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Figure 4.4: Implantation of the raw plate into the autoclave and specimens’ cutting scheme. 

The polymerization cycle was carried out according to a job plan from OGMA. The pressure 

and temperature charts are shown in figure 4.5. According to this chart, it can be seen that the 

whole curing process takes around 4 hours inside the autoclave in normal conditions. 

 

Figure 4.5: Polymerization cycle for production of specimens A1 to A6 and L1 to L3 (from OGMA’s 

job plan no. 03/LAT/PRENSA - assembly no. F925.10902.200.00 A). 

Before entering the prepreg into the autoclave, it is first necessary to prepare the layup over a 

rectangular mould with at least the same surface dimensions of the laminate (450x300x10mm) 
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(figure 4.6). To help during the layup process, a ruler was used to stretch one layer over the 

other by pushing it transversely to the fibre’s direction, but one must be careful not to distort 

the layer being set up. Glass tempered moulds are used to keep flatness during the 

polymerization process because glass has a small thermal expansion coefficient when 

compared to common metallic alloys. 

 

 

Figure 4.6: Glass tempered mould (left) and composite laminate mounted on the mould (right). 

After this operation is concluded, it is necessary to proceed to vacuum bagging. There are 

three main purposes for vacuum bagging: application of compaction pressure to consolidate 

plies; extraction of moisture, solvents, and volatiles from curing composite; and to allow resin 

to flow and be absorbed without hydraulic lock. The sequence of materials used in the so 

called bagging schedule is shown in figure 4.7 and is mostly based in Travassos (1994). It can 

be seen that 2 laminates were produced simultaneously in each curing cycle. The glass 

moulding tool is wrapped up in a protective plastic film (the same material as the seal bag) and 

release film. 

 

 

Figure 4.7: Bagging schedule for production of laminates A1 to A6 and L1-L3. 
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There are a lot of issues concerning the whole manufacturing process which lie outside the 

scope of this work. In the present study, most of the problems encountered were related to air 

leakage due to very small faults in the vacuum seal bag or poor tape sealing close to the 

vacuum pump hose. In fact, a total of 11 plates were produced by the mentioned process, 5 of 

which had well visible faults. Nevertheless, these 5 plates were later useful for tipping tensile 

test specimens and for the production of beams L1-L3 from a plate with only a localized 

defective region. 

 

4.1.3 Overall dimensions and density 

Table 4.2: Summary of the specimens’ averaged values for the overall dimensions and density. 

Designation 
Length 

(mm) 

Width 

(mm) 

Thickness 

(mm) 

Density 

(kg/m
3
) 

Beam
14

 L1 - L3 - 25.19 2.13 1508 

Plate A1 – A6 391.0 241.3 2.019 1508 

Plate B1 – B2 359.4 261.7 2.875 1506 

Plate B3 – B4 359.6 261.9 2.911 1491 

 

4.2 Determination of mechanical properties 

4.2.1 Young’s modulus, shear modulus and Poisson’s ratio 

A tensile test, also known as tension test or force-displacement test, is a fundamental type of 

mechanical test that can be performed on a material. Tensile tests are simple, relatively 

inexpensive, and fully standardized, and allow for the determination of the Young’s modulus, 

Poisson’s ratio and, for isotropic materials, the shear modulus. 

250x50mm specimens are used in accordance to ISO 527-4:1997 standard. They have two 

50mm long grips attached to each of their tips (increasing the thickness in 3x). Two specimens 

                                                           

14
 Specimens L1, L2 and L3 are cantilevered beams with 342, 292 and 242 mm lengths respectively. The 

density was determined from plates A1 to A6 since the material is the same. 
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(figure 4.8), perpendicular to each other, are cut from the raw plates in order to measure 

properties in both in-plane directions (the cutting scheme was previously shown in figure 4.4). 

 

 

Figure 4.8: Example of the specimens used for the mechanical properties assessment in tensile 

testing. 

These specimens are equipped with two strain gauges in both the longitudinal and transversal 

directions, which measure the respective strains,  and . Experimental force-displacement 

tests were performed in a universal servo-hydraulic testing machine, INSTRON® 1342 under 

load control. The force was measured with a 250kN load cell. Keeping in mind Hooke’s law, the 

Young’s modulus  of the material may be determined in the longitudinal direction of the 

specimen: 

  (4.1) 

where  and  are the stress and strain15, respectively, in the longitudinal direction. The 

Poisson’s ratio is then determined by: 

                                                           

15
 In fact, these values are approximated values (called engineering or nominal values of stress and 

strain). 
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  (4.2) 

For determining  and  it is necessary to perform another test, this time with the 

transversal specimen (the one in the vertical direction in figure 4.8) 

Finally, from the symmetry of the compliance matrix (shown in section 3.3.1), one may try to 

assess the quality of the results using the relationship: 

  (4.3) 

If the material has a quasi-isotropic behaviour, the transverse specimen is likely to provide 

similar results so that  and . In this case, it is also possible to 

determine the shear modulus from the tensile test: 

  (4.4) 

As an example, figure 4.9 contains the plot of stress vs. strain for both specimens A2L and A2T 

in the elastic behaviour zone. 

 

Figure 4.9: Stress-strain charts in the elastic behaviour zone for specimens A2L and A2T in both 

the longitudinal and transversal directions. 

From all the structures built, only a few specimens were instrumented for the measurement of 

the Young’s moduli and Poisson’s ratios. The (averaged) results are shown on table 4.3. 
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Table 4.3: Summary of the specimens’ measured mechanical properties. 

Specimens Behaviour  (GPa)  (GPa)   

A2, A3 Quasi-Isotropic 44.64 44.64 
not 

measured
16

 
not measured 

B1, B2 Orthotropic 71.6 66.1 0.066 0.039 

 

First, it is easy to observe that equation (4.3) is far from being satisfied with these Young’s 

moduli and Poisson’s ratios. Thus, during modelling, it was decided to use the average value of 

 instead, which is in agreement with Tan et al. (1999) and is close to the 

theoretical value presented later in table 4.6. 

There is a difference between the Young’s moduli in the  and  directions for the type ‘B’ 

specimens, even though it is not much ( ). By the time these tests were executed, it was 

not known that plates B1 and B2 were slightly different from B3 and B4 with respect to their 

layups (see table 4.1 for further details). The differences are probably noticeable because the 

layers are textile satin-weaves: one side of the fabric is predominantly warp yams; the other 

fill. It was only when the mode shapes were measured with a Scanning LDV (see section 4.4.3) 

that important differences were noticed in some of the mode shapes when comparing the 

experimental results and the FE model. By switching  with  in the material properties, the 

solution became much closer to the true behaviour of plates B3 and B4. This made it clear that 

the material used for specimen plates type ‘B’ would have to be treated as orthotropic instead 

of quasi-isotropic. In this case the use of equation (4.4) would be a gross approximation to 

determine the shear modulus, even though  is not much different from . 

For the experimental determination of the shear modulus, other type of test methods would 

have to be used, such as a torsion test or a three point bending test, but they were not 

performed. Thus, it became necessary to predict the shear modulus using theoretical 

approaches. 

If the access to the impregnated laminae’s properties is possible, then the laminate’s 

properties, like the Young’s moduli, Poisson’s ratios and shear moduli, may be estimated, by 

using the procedure described earlier in section 3.3.3, from the CLT using equations (3.24), 

(3.26), (3.28), (3.29) and (3.30). This was the followed procedure for determining specimen 

                                                           

16
 The Poisson’s ratio was not measured with specimens A2 and A3, as only strain gauges in the 

longitudinal directions were used. 
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plates type ‘B’ theoretical properties, since the material properties of a single unidirectional 

tape layer of material T300/934 graphite/epoxy were available. The source was Zheng, D. 

(2007), whose values are very close to those presented for the same material by Morais et al. 

(2005) (table 4.5). 

However, if there is no information concerning the impregnated yarn, the laminate’s 

properties have to be predicted from the properties of the fibres and the matrix alone, as long 

as the volume fractions of either the fibres or the matrix are known. In this case and before 

using the CLT to determine the laminate’s properties, it is necessary to determine the 

laminae’s properties following the procedural steps in section 0 by using equations (3.16), 

(3.17), (3.18) and (3.19). Since no reliable source was found containing information about the 

Hexcel® G803/200 mechanical properties, the estimation was based in generic values 

presented by Silva, A. J. P. F. (2001), keeping in mind any result would be an approximated 

value (table 4.4).  

 

Table 4.4: Mechanical properties for generic carbon HR fibres and phenolique resin (Silva, A. J. P. 

F. (2001). 

Medium Material  (GPa)  (GPa)  17 

Fibre Carbon HR 230 50 0.3 57% 

Resin Phenolique 3 1.1 0.4 43% 

 

Table 4.5: Specimens’ type ‘A’ and ‘B’ material properties for a single (unidirectional-like) layer. 

Specimens Material  (GPa)  (GPa)   (GPa)  (GPa) 

Type ‘A’ G803/200 132.4 6.858 0.343 2.486 - 

Type ‘B’ T300/934 137 10.6 0.4 5.4 3.5 

 

                                                           

17
 The 57% fibres’ volume fraction was obtained from HexPly® 200 135°C curing phenolique matrix 

product data sheet. 
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Table 4.6: Specimens’ types ‘A’ and ‘B’ theoretical mechanical properties for the whole laminate. 

Specimens Material  (GPa)  (GPa)    (GPa) 

Type ‘A’ G803/200 48.38 48.38 0.33 0.33 18.16 

Type ‘B’ T300/934 74.48 74.48 0.057 0.057 5.4 

 

Analysing the results presented in table 4.6, it should not be a surprise that both Young’s 

moduli  and  are equal for the same laminate, once it is understood that the layups are 

symmetric with the same theoretical amount of fibres in any of the considered directions. 

Secondly, in agreement with the considerations presented in section 3.2 for textiles, the 

Young’s moduli in table 4.6 are a bit larger than the experimental values presented in table 

4.3. It is important to refer that, since only the properties of a unidirectional layer was 

available, the approximation that each satin weave layer is composed by two layers of 

orthogonal unidirectional layers with half the thickness each was thereby made. This means 

that instead of considering a stacking of 8 plies, 16 were considered instead, or 

[0/90/45/1352/45/90/0]S for the quasi-isotropic specimens type ‘A’ and *90/0/0/90+2S for the 

orthotropic specimens type ‘B’. This approach is equivalent to the one followed by other 

authors, for instance Akkerman (2006) when evaluating the bending stiffness of woven fabric 

laminates or Thollon and Hochard (2009) when modelling damage in woven composites. 

One important thing to be observed is that Poisson’s ratio for specimens type ‘B’ is one order 

of magnitude smaller than for specimens type ‘A’. While this is not a surprising result, it is 

useful to reinforce the idea that the Poisson’s ratio depends greatly on the layup directions 

combinations, as has already been observed by many authors, such as Carvalho (2003). It is 

also interesting to observe that the quasi-isotropic layup presents a Poisson’s ratio similar to 

the one that is observed in many metallic alloys ( ). 

Finally, when modelling, priority will be given to the results obtained experimentally, when 

available, over the theoretical ones. 

 

4.2.2 Hysteretic damping 

The constant hysteretic damping model is often used to describe the dynamic behaviour of 

structures undergoing various loading conditions. In order to introduce this model, textbooks 

usually start with the more conventional viscous damping model. When excited by a harmonic 

force at frequency ω, it can be easily proven (and all fundament texts on vibration theory show 
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it) that for each vibration cycle the system dissipates – through its viscous damper – a quantity 

of energy directly proportional to the excitation frequency. However, experimental evidence 

from tests performed on a large variety of materials show that damping due to internal friction 

(material hysteresis) is nearly independent of the forcing frequency (Lazan (1968)). 

The specimen used for the hysteretic damping assessment was obtained from raw plate A4 

(refer to table 4.1 for more details). This specimen has a rectangular cross section of 25x2mm 

and a length of 50mm between grips (figure 4.10). The length of the specimen is as short as 

possible, limited by the minimum space needed for the strain gauge and the testing machine 

clamps’ geometry, to avoid buckling when compressive forces are applied during the force-

displacement tests. 

 

Figure 4.10: Carbon fibre laminate specimen for the hysteretic damping assessment (obtained 

from specimen plate type ‘A’). 

 

4.2.2.1 Force-displacement testing 

The experimental measurement of the hysteretic damping factor can be carried out by means 

of cyclic force-displacement tests in the elastic domain, for instance as presented by Ribeiro et 

al. (2005). It is easy to show that the energy dissipated per cycle of oscillation is given by the 

ellipse area of the force-displacement plot during a complete cycle: 

  (4.5) 

where k is the stiffness of the sample, η is the hysteretic damping factor and X is the amplitude 

of the response. This area, the integral of the force along the displacement, corresponds to the 

non-conservative work done per cycle. In other words, in a plot with force vs. displacement 

145 mm

50 mm

2
5

 m
m

Specimen thickness: 2mm

Tips thickness: 6mm

Laser Reflector
(for free response decay)

Strain Gauge

Clamping marks



A Modal-based Contribution to Damage Location in Laminated Composite Plates 

C
ha

pt
er

 4
 –

 M
od

el
lin

g 
an

d 
te

st
in

g
 

113 

 

 

signals at a given frequency, damping can be seen as a mechanism that introduces a lag 

between the signals and shows up as an elongated ellipsis. In fact, from Meirovitch (1986) it 

can easily be shown that the dissipated energy can also be written as: 

  (4.6) 

where F is the amplitude of the force and θ is the phase angle between the force and 

displacement response. Thus, from equations (4.5) and (4.6) it can be seen that the hysteretic 

damping factor can be evaluated from a force-displacement test by using one of the following 

relationships: 

  (4.7) 

  (4.8) 

where, as already presented by Jones, D. I. G. (2001), α is the ratio between X and F. Now, 

using the linear relationship between force and displacement: 

  (4.9) 

equations (4.7) and (4.8) can either be rewritten as: 

  (4.10) 

or 

  (4.11) 

Equation (4.10) is a more than reasonable approximation for the most common materials used 

in engineering applications in which the damping factor is usually small ( ). 

Furthermore, formulation of both equations (4.10) and (4.11) consider a sharp ellipse on its 

tip-ends, which is not true. In fact, the point of maximum/minimum displacement X does not 

correspond to the point of maximum/minimum force F in the hysteresis cycle, as shown in 
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figure 4.11. Since in most applications the damping ratio is very small, for practical purposes 

these approximations can generally be used without loss of accuracy. 

For a matter of simplicity during this text, equation (4.10) will be referred to as the areas 

method and equation (4.11) as the phase method. 

 

Figure 4.11: Hysteresis cycle (partial view). 

Experimental force-displacement tests were performed in a universal servo-hydraulic testing 

machine, INSTRON® 1342 under load control. Figure 4.12 schematically represents the 

measurement chains of force and strain. In order to ensure that the load was properly applied 

to the specimen, the Proportional-Integral-Derivative (PID) values for feedback control of the 

testing machine were adjusted for each loading frequency. To measure the strain accurately, 

two strain-gages (HBM® LY11-350 ) were bonded on both faces of the specimen, figure 4.10. 

The value of strain18 was the average of both signals to eliminate any effects due to possible 

bending. 

Different force amplitudes and frequencies were used for the determination of the damping 

factor, 30 sinusoidal cycles being performed and recorded for each condition. The acquired 

data were force and strain at a sampling rate of 1000 points per cycle. The signals were not 

filtered, in order to avoid any phase disturbance between them (the time domain filters 

available would introduce phase shifts, which is not desirable when the phase between two 

                                                           

18
 Because the hysteretic damping factor η is dimensionless and recalling that the  and 

stiffness  depend on the displacement , the longitudinal strain can be used instead in the force-

displacement tests when one wants to obtain the damping factor only. This can be shown by resorting 

to dimensional analysis over equations (4.7) or (4.10). 
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signals is wanted to be accurately assessed). For the experimental data so obtained, a force-

strain plot was used to compute numerically the area of the ellipse for each cycle (figure 4.13, 

for a test performed at 0.1Hz, though the ellipse is too narrow to be visible) and the phase 

angle between the two signals was determined from a force and strain vs. time plot. Although 

the data naturally exhibited some level of noise, the integration process averaged it out and 

similar results were obtained for each cycle. 
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Figure 4.12: Force-displacement quasi-static test: testing hardware. 

 

Figure 4.13: Force-strain plot for a load magnitude of ±3kN and a frequency of 0.1Hz. 

Tests were performed at different frequencies; however, for a 10Hz testing frequency the 

ellipse shown in figure 4.13 turned out to be much wider, as can be seen in the left side of 

figure 4.14. Although the immediate conclusion is that damping is having a considerable 

variation with frequency (contrary to the constant hysteretic model assumption), it was 
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observed that the damping had a negative value, meaning that the force was suffering from a 

delay relatively to the displacement. That can be seen on the right side of the same figure 

where both functions, force and strain, are plotted in the time domain. Since that would 

violate the causality principle, a deeper analysis was required. Measurement chain bias was 

considered a possible cause for this abnormality. By making some simple calculations, a force 

delay of approximately 0.1ms due to hardware constraints not possible to control was 

estimated. 

 

 

Figure 4.14: Force and strain for a load magnitude of ±3kN and a frequency of 10 Hz. Left: force-

strain plot; Right: superimposed force-time and strain-time plots. 

In fact, different electronic equipments, with different processing times, are used to process 

the force and strain signals, introducing a phase shift; although small, it may be significant 

enough to pollute the results when it is added to the one (also small) originated by the 

damping in the cyclic force-displacement process. As the electronic induced phase shift is 

independent of the frequency load, it was decided to perform tests at 0.1, 1 and 10 Hz and to 

extrapolate (using a least-squares fit) the damping factor obtained to 0 Hz, eliminating the 

influence of the electronic equipment. 

Tests were also carried out with different loading cases: traction-compression (±2kN, ±3kN and 

±4kN), compression (-0.5kN to -3.5kN) and traction (+0.5kN to +6.5kN). 

Some extrapolations, for the estimation of the hysteretic damping by means of both the areas 

and phase methods (equations (4.10) and (4.11)) are shown in figure 4.15, where the 

intersection of the linear fit to the vertical axis corresponds to the hysteretic damping factor 

(represented by the independent term in the linear-fit equation). A summary of the results 

produced with both methods is shown in table 4.7. 
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Figure 4.15: Numerical extrapolations for the estimation of the hysteretic damping factor: Upper 

row: areas method; Lower row: phase method. 

Table 4.7: Hysteretic damping factor values obtained in the force-displacement tests. 

Cycles type Load (kN) Areas method Phase method 

Traction-Compression (1) -2 to +2 0.00300 0.00266 

Traction-Compression (2) -3 to +3 0.00255 0.00261 

Traction-Compression (3) -4 to +4 0.00267 0.00249 

Compression-Compression -0.5 to -3.5 0.00279 0.00264 

Traction-Traction +0.5 to +6.5 0.00300 0.00293 

 Average Damping 0.00280 0.00267 

 Max error (to avg) 9% 10% 

 

Observation of figure 4.15 and table 4.7 leads to the following comments: 

 Despite the fact that a sample of only 3 measurements at different frequencies was 

used to evaluate the linear fit, the correlation coefficients were very close to 1 in all 

cases; 

 The angular coefficients of the linear fits are similar (close to -0.007), which means that 

the lag introduced by the electronics is constant and independent of the measurement 

setup; 
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 The results showed a maximum error of 9% (relatively to the mean value) for the areas 

method, which means a reasonable agreement for this kind of identification. When 

the phase method was used (equation (4.11), using the FFT), an error of 10% was 

obtained; 

 The phase method seems to have a tendency to produce smaller values for the 

hysteretic damping factor than the areas method. However, the discrepancy of the 

hysteretic damping factor between the one obtained with the phase method (0.00267) 

and the one obtained with the areas method (0.00280) is smaller than 5%, which is 

believed to be an acceptable result, considering the magnitudes of the values. 

These results sustain the assumption that the measurement chain could be the source for the 

inconsistency of the raw results. So, the values for the damping factor can and will be used 

from here on. 

 

4.2.2.2 Free decay testing 

The viscous damping factor can be evaluated from a free vibration test. By definition, the 

logarithmic decrement is the natural logarithm of the decay rate (ratio between two 

amplitudes spaced by n cycles): 

  (4.12) 

In most applications the damping ratio is very small and the logarithmic decrement can be 

approximately given by: 

  (4.13) 

Since the model considered so far has been the hysteretic model, it may be interesting to 

explore the hypothesis from Ribeiro et al. (2005) that suggests the possibility of using the 

hysteretic model for the free vibration. If such suggestion is considered, the logarithmic 

decrement would be approximately given by: 

  (4.14) 
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Within this hypothesis, free-vibration tests were performed to obtain the experimental free 

decay behaviour of a cantilevered beam. A reflective tape was attached on the free tip of the 

cantilevered beam (as previously shown in figure 4.10) and the time response obtained in 

terms of the velocity (a LDV was used - Polytec® Controller OFV-2802i and Polytec® 

Interferometer OFV-508). In order to avoid as much as possible any changes introduced by the 

data processing, the velocity itself was used. The initial conditions were introduced so that a 

displacement on the free tip of the specimen was high enough to produce a measured signal of 

good quality (high signal-to-noise ratio) but still within the linear behaviour range. The beam 

was clamped to a much stiffer and heavier structure, using 45mm of its length. The logarithmic 

decrement was measured using 2 amplitudes spaced by 49 cycles, and repeated, for each 

block of 50 amplitudes, thus providing a total of 350 values for the hysteretic damping factor 

(amplitude 1 with amplitude 50, amplitude 2 with amplitude 51, amplitude 3 with amplitude 

52, and so on). The first 250ms of the time-signal used to compute the hysteretic damping 

factor for the free vibration decay is plotted in figure 4.16, showing that the influence of higher 

frequency modes already vanished. The results for the hysteretic damping factor obtained by 

the free-decay testing are shown in figure 4.17. 

 

 

Figure 4.16: Experimental free decay velocity (cantilevered CFRP laminate). 

 

Figure 4.17: Hysteretic damping along superimposed time blocks of 50 cycles. 
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It is clear that the damping factor is not constant with time, starting with a value of 0.0043 and 

having an asymptotic tendency to a value of 0.0027, very close to the one obtained with the 

force-displacement test. 

The same test was conducted, but this time the clamping force was increased (though it was 

not possible to quantify its value), leading to the results shown in figure 4.18. 

 

 

Figure 4.18: Hysteretic damping along superimposed time blocks of 50 cycles (larger clamping 

force). 

As expected, the clamping mechanism is performing an important role on the process of the 

free vibration of the cantilevered specimen (note that the specimen was not moved from its 

original position and only the clamping force was increased). This time, the changes on the 

hysteretic damping factor are not as large (0.0028 in the beginning to 0.0024 at the end of the 

time signal), but it still represents a considerable variation (of 17%). The damping factor seems 

once more to converge when it achieves smaller amplitude levels of vibration. 

In both cases, the hysteretic damping factor seems to oscillate, which may be a consequence 

of the influence of the clamping structure itself. 

 

4.2.2.3 Validation of the test methods for damping assessment 

To gain better insight about the method, it was decided to repeat the process, this time using 

an 800mm length steel beam with a 25x6mm2 rectangular cross section. The purpose was to 

confirm if the boundary conditions on the free-vibration tests were, in fact, responsible for the 

variation of the damping factor, or if it was the composite material itself the reason for such a 

behaviour. First, a force-displacement test, ranging from +1 to +10kN was performed (to avoid 

buckling, compressive loading was not used), at three different frequencies of 0.1Hz, 1Hz and 

10Hz, producing an estimation of the hysteretic damping factor of 0.00243 with the areas 
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method and 0.00218 with the phase method. After that, a free-vibration test was conducted, 

following the same procedure. A variable hysteretic damping, ranging from 0.0036 to 0.0023 

was obtained, with a slight convergence in the end of the time signal, thus leading to conclude 

that the clamping mechanism has a strong nonlinear influence on the results for any 

cantilevered beam. Since the non-linearity is with the amplitude of the vibration, the value to 

be considered is that obtained for the smaller amplitudes; this value (0.0023) is within the 

range obtained for the force-displacement tests, thus supporting the assumed hypothesis. 

To further increase the confidence in the results,  it was decided to perform similar tests on a 

material with larger damping: a high density poly-urethane beam with a 25x15mm2 

rectangular cross section. Final results for the composite specimen, steel beam and poly-

urethane beam are presented in table 4.8. 

Table 4.8: Hysteretic damping results summary. 

 Areas method Phase method Free-vibration 

CFRP 0.00280 0.00267 0.0024 

Steel 0.00243 0.00218 0.0023 

High density poly-urethane 0.0167 0.0180 0.0186 

 

These final results show that all the methods provide coherent results, given some of the 

previous considerations, for all the materials put under test. As a result, a confident value for 

the CFRP damping factor was obtained to be used later in this work. 

 

4.3 Test setups for damage assessment 

This section is intended to provide some guidelines and other information about the setups in 

the dynamic experimental testing for damage assessment (i.e., for obtaining FRFs to be 

subsequently parameterised by modal identification). For a detailed list of the equipment 

used, a table is presented in annex B19. 

                                                           

19
 There are many reasons behind the use of different equipments and setups, in many cases practical 

reasons that the author was not able to control. The important thing to keep in mind for improving the 
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4.3.1.1 Specimen type ‘L’ 

Specimen beam type ‘L’ was tested in a cantilevered configuration, as shown in figure 4.19. 

Three lengths for clamping the 437mm long specimen were considered: 50mm (case L3), 

100mm (case L2) and 150mm (case L1). 

 

Figure 4.19: Specimen beams type ‘L’ experimental setup. 

Experimental testing was carried out in the 40 to 1600 Hz frequency range with a stepped-sine 

excitation force applied by a stinger attached to an electromagnetic shaker (Brüel & Kjær® 

type 4809). Two response points, set 70 mm away from each other, were measured using a 

Dual-channel LDV from Polytec® (interferometer OFV-508 and controller OFV-2802i) and 

target reflective tape 3M Scotchlite™. The force was measured with a force transducer (Brüel 

& Kjær® type 8200) fastened to the free-end tip of the beam and connected to a charge 

amplifier (Brüel & Kjær® type 2706). 

Stepped-sine excitation was used in order to evaluate nonlinearities due to damage. Tests 

were made using beam L1. The input force was controlled using the HARMONICA© software20, 

which is the software that allows the use of a stepped-sine excitation. Three tests for different 

input forces were run: at 0.25N, at 0.5N and at 1.0N. 

                                                                                                                                                                          

reliability on the results is that when comparing two states of a structure (e.g., healthy to damaged 

state), testing should be done under the same conditions, as much as possible. 

20
 The HARMONICA

©
 software is a custom made spectrum analyser. It was fully developed by the author 

in LabVIEW™ 7.1 from National Instruments™. It is able to measure transfer functions using an 

excitation force of the stepped-sine type, making it possible to experimentally assess dynamic systems’ 

nonlinearities. The author felt the need to develop this software to accomplish the task of evaluating 

non-linearities in the presence of damage, as the commonly available tools do not allow for this kind of 

very specific testing. The program is freeware and available in the Internet for download at 

http://ltodi.est.ips.pt/dmontalvao/downloadsen.htm. Its manual and further information are available 

in the end of this thesis, in annex D. 
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4.3.1.2 Specimen type ‘A’ 

 

Figure 4.20: Specimen plates’ types ‘A’ and ‘B’ experimental setup. 

 

Figure 4.21: Specimen plate type ‘A’, with force excitation point and response measurement 

locations. 

Specimen plate type ‘A’ was tested in a free-free configuration, suspended by two nylon 

strings set 50 mm away from the top corners, as shown in figure 4.20. 
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A PULSE™ system from Brüel & Kjær®, including a signal acquisition module (Brüel & Kjær® 

type 3109) and LAN interface module (Brüel & Kjær® type 7533), was used for both the signal 

generation and acquisition. 

Experimental testing was carried out in the 0 to 800 Hz frequency range21 with multi-sine22 

excitation signals introduced by means of a stinger attached to an electromagnetic shaker 

(Brüel & Kjær® type 4809). Four points, with coordinates23 shown in figure 4.21, were used to 

measure the velocity response using a Dual-channel LDV from Polytec® (interferometer OFV-

508 and controller OFV-2802i) and target reflective tape 3M Scotchlite™. The force was 

measured with a force transducer (Brüel & Kjær® type 8200) connected to a charge amplifier 

(Brüel & Kjær® type 2706) and fastened to the top left corner of the plate. 

 

4.3.1.3 Specimen type ‘B’ 

 

Figure 4.22: Specimen plate type ‘B’ force excitation points. 

Specimen plate type ‘B’ was tested in a free-free configuration, suspended by two nylon 

strings positioned 50 mm away from the top corners, as shown in figure 4.20 above. 

                                                           

21
 Except for the healthy state of plate A1, later on referred to as A1H, where testing was carried out in 

the 0 to 400 Hz frequency range. Soon after, the frequency range was increased in order to get more 

modes. 

22
 Multi-sine signals result from the superimposition of several sinusoidal signals, one for each frequency 

line of the spectrum, with the same amplitude. The resulting data can be transformed to the frequency 

domain using the FFT and then used to estimate the FRF of the system under test. 

23
 Except for the direct FRF, all the other response measurement locations were chosen so that they 

would not be over a nodal line of the plate up to 400 Hz, as shown later in figure 5.12 of section 5.3.1. 
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A Polytec® Scanning LDV composed of a combination of head PSV-400, controller OFV-5000 

and junction Box PSV-400, was used for both the signal generation and data acquisition. 

Experimental testing was carried out in the 0 to 1600 Hz frequency range with sweep-sine24 

excitation signals introduced by means of a stinger attached to an electromagnetic shaker 

(Brüel & Kjær® type 4809). The force was applied at two positions: (i) at the top left corner, 

with coordinates (7, 7) mm; and at an inner point, with coordinates (240, 87) mm from the top 

left corner (figure 4.22). Force was measured using a force transducer (Brüel & Kjær® type 

8200) with charge amplifier (Brüel & Kjær® type 2706). Response was measured on a 13x11 

(143) nodes of a square-like element mesh with the Scanning LDV as better explained in 

section 4.4.3 below. 

 

4.4 Finite element modelling 

4.4.1 Relevance 

Since damage corresponds to a degrading change with respect to a healthy state, it is 

necessary to have knowledge about such a condition. That is why this method, as many others, 

requires a description of that situation. This reference state can be obtained either 

experimentally, analytically or numerically. Also, being an objective of this work to study the 

location of the damage in a given specimen, a geometric description of the specimen is 

needed. These considerations suggest the use of FE models for the description of the healthy 

state of the structure. Nevertheless, experimental verification of such models is performed, as 

recommended by other authors, for instance Maia and Silva (1997) and Sohn et al. (2003). 

In the present case-study, a force is measured by means of a force transducer that is treated as 

a structural element. In the event that a structural modification is included, such as the 

displacement of the force transducer, new well adjusted models are required, since this added 

mass has a significant value that cannot be neglected (the available force transducer has over 

5% of the overall weight of the structure in all of the studied cases). 

Numerical or FE models must be reliable and robust, and hence, experimental testing is 

anyway recommended for subsequent validation and/or updating. 

                                                           

24
 The sweep-sine (or swept-sine) method uses excitation signal of a sinusoidal shape whose frequency 

continuously varies (in the current case, increases) with the time. The resulting data can be transformed 

to the frequency domain using the FFT and then used to estimate FRF of the system under test. 
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The model can also be obtained experimentally, but expensive equipment, for instance a 

Scanning LDV, and somewhat time consuming testing, are required when such a model is 

sought to be obtained. Furthermore, to obtain an accurate experimental modal model of the 

structure, a lot of measurement points are needed, meaning that computational storage and 

performance are also a must. Numerical post-processing of the data with interpolation 

techniques is inevitable later on so that the modal displacement is converted into another 

physical quantity, for instance a strain. All summed up, it is much more time consuming to get 

a mesh description with the same refinement as when using FE modelling, which is a drawback 

when looking after localized damage. On the other hand, as with FE modelling, also here the 

properties of the material must be previously accurately known (such as the Young’s modulus 

and Poisson’s ratio). 

These reasons bring back to the choice of using a validated FE model instead; moreover there 

are also uncertainties associated to any model even if it is mostly based on experimental data. 

The method presented herein relies on such model to build the so called PSF defined earlier in 

section 3.6.1, a function of mode dependent physical quantities. 

 

4.4.2 Applying FE modelling to composite materials 

4.4.2.1 Introduction 

One of the concerns when building the FE model of a composite material is whether it should 

be made using layered elements or not. 

In section 3.3 it was shown that the behaviour of a laminate, from the macromechanical point 

of view and at least as long as it is orthotropic, can be described with the engineering 

constants of the laminate instead of those of the laminae. 

One of the advantages of modelling a composite material as a homogeneous non-layered 

material is that it is possible to determine the engineering constants through of simple tests 

such as uniaxial tension tests. Furthermore, it is much simpler to define the material properties 

and real constants25 in the FE modelling software for homogeneous rather than for layered 

materials, especially when woven prepregs are used. 

                                                           

25
 In the sense used by ANSYS®. 
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Nevertheless, in the event suitable equipment for experimental determination of the 

engineering constants of the laminate is not available, these can be determined from the 

laminae’s theoretical properties by using the method described in section 3.3.3. The 

engineering constants of the laminae can be obtained from manufacturer data sheets. To build 

the FE model with layered elements, the properties of a single ply can be determined first and 

the plate properties then built up using laminate theory. 

Unless the study is meant to have a broader (e.g., failure criteria calculation), the first 

approach seems to be reliable enough for the assessment of the mode shapes in a rectangular 

plate: and this is really what is needed for the present study. A comparison between two 

models is made later on (section 4.4.5.3) in order to evaluate which is the best approach for 

the case-studies presented here. 

 

4.4.2.2 Element types for modelling thin plates 

According to Matthews, F. L. et al. (2000), the layered nature of composite materials means 

that only certain element types can be used efficiently within the FE analysis of composites. In 

theory, it would be possible to stack three-dimensional brick elements with one layer of bricks 

representing one ply of composite material, but such approach can be computationally 

expensive and, for thin laminates, it leads to ill-conditioned sets of equations. 

In practice, it is much more usual to employ some type of shell element for thin components. 

Typically, the shell element is quadrilateral or triangular with nodes at the corners and some 

also have mid-side nodes. The shell is modelled in terms of its mid-surface plane rather than 

the complete volume. The standard bending theory is then used. This means that the 

deformation of the shell can then be defined by stretching (for the constant strain 

components) and rotation (for the linear strain components) of the shell’s mid-thickness 

surface. There are several theories to be used, such as the Kirchoff-Love, Reissner-Mindlin and 

“solid”. 

According to Nelson and Wang (2004) the most important difference between a typical 

Kirchoff-Love shell element, like SHELL63 in ANSYS®, and a typical Reissener-Mindlin shell 

element, like SHELL181, is that any shell element based on the first theory does not allow for 

the computing of the transverse shear stresses. Hence, the resulting deformations may be 

underestimated, especially in thick shell structures. "ANSYS® 11 Elements Reference Manual" 

(2007) recommends SHELL181 if convergence difficulties are encountered, large strain 

capability is needed and for nonlinear structures; for a thin shell capability and if plasticity or 

creep is not needed, SHELL63 may be used instead. 
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If the model of a thin layered material is needed, ANSYS® offers, for instance, SHELL99 element 

for linear analysis, although element SHELL181 also is suitable for modelling thin layered 

materials. Other possibilities are the SHELL93 and SHELL281, as they have mid-side nodes 

capability, meaning they are particularly well-suited to model curved shells as they have 8 

nodes (instead of 4 nodes) for quadrilateral elements. 

For layered thick shells, a more suitable element is the “solid” shell, like SOLID46 in ANSYS®, 

which, according to Matthews, F. L. et al. (2000), has the geometrical definition of a solid 

element but the behaviour of a shell26. 

In Annex A, some of the most important characteristics of the elements chosen in the final FE 

models built (also see section 4.4.3) are presented, including the elements used to model a 

point mass and a spring, using ANSYS®, for the work presented in this thesis. 

 

4.4.2.3 Modelling elastic constants of textile composites 

The great challenge in modelling the elastic properties of textile composites is dealing 

sufficiently well with the very large variations in stress and strain that can occur within a textile 

even under uniform applied loads. A textile composite is a highly heterogeneous structure. It 

may be viewed (and is often modelled) as a three-dimensional tessellation of fibres, each of 

which is an approximately unidirectional composite and therefore transversely isotropic, with 

the plane of isotropy lying normal to the local fibre direction. 

The macroscopic elastic constants of any continuous fibre polymer composite can be loosely 

divided into those that are fibre dominated and those that are matrix dominated (the division 

is clearest if most fibres are straight or almost straight.). The fibre dominated constants are 

those for which the associated material deformation involves axial straining, either in tension 

or compression, of some group of fibres. The matrix dominated constants are the rest. In a 

composite designed for any application requiring high stiffness, the critical elastic constants 

should all be fibre dominated. 

The most important geometrical consideration in predicting fibre dominated elastic constants 

is simply the number of fibres per unit volume that point in any given direction. Out-of-plane 

components of the fibre orientations, whether they are a necessary consequence of the 

                                                           

26
 The element has any number of nodes, depending upon the actual formulation, but only two nodes 

through its thickness. Each node has only translational DOFs so that no rotational freedoms are explicitly 

defined. 
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architecture or arise as accidental waviness, are secondary. They introduce relatively small 

modifications to predicted in-plane elastic constants. Unless fibre waviness is excessive, it 

leads to knockdowns in composite stiffness that are too modest to be clearly distinguished 

from other sources of variance. 

There are only a few elastic constants in most textile composites that could be regarded as 

matrix dominated. They include the through-thickness modulus in 2D and quasi-laminar 

textiles; and the in-plane shear modulus in a weave consisting of orthogonal fibres. Accurate 

prescription of fibre orientations and tow irregularities are not especially important in 

predicting the matrix dominated constants, as the stiffness of a unidirectional composite is 

very insensitive to the orientation of the load when the load is nearly transverse. 

Many of the methods for analyzing stiffness recognize that the textile composites they deal 

with are quasi-laminar, because the fibre architecture is either a 2D structure or a 3D structure 

dominated by in-plane fibres arranged in layers. The geometry will then be described in a way 

that bears out its quasi-laminar character; and the analysis of stresses and strains will usually 

include steps based on standard laminate theory. 

An approach to modelling the geometry of quasi-laminar textiles is to represent them just like 

conventional tape laminates. The geometry of the laminate is then completely described by 

the thicknesses, orientations, and stacking sequences of the layers (Cox and Flanagan (1997)). 

 

4.4.3 Tests for FE model validation  

FE model validation (for computing the PSF function correctly) was carried out with data 

obtained in the Vrije Universiteit Brussel (VUB) in Brussels using a Scanning LDV. A total of 

three missions were held to fulfil this task. 

Specimen plates A1H to A4H (mission 1), A1D, A2D and A5H (mission 2) and B1H, B1D, B4H, 

B4D, B4’H and B4’D (mission 3) were tested. For the signal generation and data acquisition, 

two Scanning LDVs were used. The plates were suspended in a free-free configuration using 

two nylon strings positioned at a distance of 50mm from each of the two top corners. 

In missions 1 and 2 the force was introduced at the top left corner of the plates, whereas in 

mission 3 the force was applied at two positions: the same as in figure 4.22 (section 4.3.1.3 

above). The excitation force was of the sweep-sine type and it was introduced using an 

electromagnetic shaker (Brüel & Kjær® type 4809) and a threaded Teflon stinger. The force 

was measured with a force transducer (Brüel & Kjær® type 8200) and charge amplifier (Brüel & 

Kjær® type 2706). 
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The frequency range was from 0 up to 400 Hz (mission 1), from 0 to 800 Hz (mission 2) and 

from 0 to 1600 Hz (mission 3). 

The responses were measured by the direct reflection of the LASER beam from the dark rough 

surface of the specimen (without using any kind of reflective tape), showing evidence of some 

noise in certain nodes. During missions 1 and 2, 13x9 (117) nodes of a square-like element 

mesh were used for the measurement of the velocity responses in specimen plates type ‘A’, 

whereas during mission 3 a total of 13x11 (143) nodes was used in specimen plates type ‘B’. 

Since the plates had different dimensions, a different amount of measurement nodes was used 

(to preserve each square mesh approximate dimensions). These meshes covered the whole 

plate’s surface as shown in the example figure 4.23 (for specimen plate type ‘B’). 

 

 

Figure 4.23: 13x11 Scanning LDV mesh of measurement responses over specimen plate type ‘B’. 

 

Mission 1 used a different Scanning LDV than missions 2 and 3. Some pictures from mission 1 

are presented in figure 4.24: the Polytec® controller OFV-3001 and junction box PSV-Z-040M 

(left); the LASER head OFC-056 (centre); and a screenshot of the software during a 

measurement where the square-like mesh can be seen. 

During missions 2 and 3 a Polytec® Scanning LDV, composed of a combination of head PSV-

400, controller OFV-5000 and junction Box PSV-400, was used for both the signal generation 

and data acquisition, as shown in figure 4.25. 
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Figure 4.24: Illustrating pictures of the experimental apparatus during missions 1 and 2. 

 

 

Figure 4.25: Mission 3 experimental apparatus. 

 

4.4.4 Some considerations on FE modelling 

Sohn et al. (2003)In a first stage, two programs were used for FE modelling: ABAQUS® 6.5.1 

and ANSYS® 11. In order to evaluate which simulation would better fit the experimental 

results, several models were developed in both of these Computer Aided Engineering (CAE) 

applications. Specimen plate type ‘A’27 was used and its material was considered as being 

homogeneous and isotropic due to the quasi-isotropic layup and other reasons previously 

presented. 

                                                           

27
 Plate A1H was used as case-study for this assessment of the CAE packages. 
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Once the CAE application was chosen, the influence of the relevant parameters on the present 

study was assessed. 

On the whole, a total of 48 simulations were run at this stage, during which the following 

parameters were changed: 

 Mesh size, from coarse (40 elements) to fine (10400 elements), keeping always a 

quadrangular geometry; 

 Element types inside the shell family: 

o ABAQUS®: S8R, S8R5, S4, S4R, S4R5, S3; 

o ANSYS®: SHELL63, SHELL93, SHELL181, SHELL281; 

 Analysis type, namely Lanczos, Sub-space and QR Damped; 

 Force transducer mass moments of inertia in the three directions, Ixx, Iyy and Izz; 

 Active mass mz and transverse masses mx and my of the force transducer; 

 Material’s mass density; 

 Material’s Young’s modulus; 

 Material’s Poisson’s ratio; 

 Plate thickness, length and width (within the measured values); 

 Plate bi-dimensional geometry – “rectangularness”, or shape variation (within the 

measured values including some distortion); 

 Push-rod stiffness. 

 

It was taken into account the correspondence between the experimental and the numerical 

natural frequencies28, but the main care was to guarantee that the numerical mode shapes 

would match the experimental results. 

With respect to the type and number of elements it was concluded that an “intermediate” – or 

optimal - number of elements would lead to more accurate results rather than just over-

refining the mesh. Also, shell elements with 4 nodes only and 6 DOFs per node proved to 

behave very satisfactorily. This conclusion stands even if "ABAQUS® 6.5 Theory Manual" (2007) 

states that element S8R5 (8 nodes, reduced integration) with 5 DOFs is adequate for thin 

plates while element S8R (8 nodes, reduced integration) with 6 DOFs per node is more 

adequate for thicker plates. This was not observed after both simulations were run. It must be 

mentioned, however, that the computational cost and memory usage was not a concern. 

                                                           

28
 From the 18 modes considered for validation, a maximum discrepancy of 5.7% and an average 

discrepancy of 2.7% were achieved with respect to the modal frequency values. 
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Another important conclusion that was obtained is that the mass moments of inertia Ixx and Iyy 

and active mass mz of the force transducer have a strong influence on the results. 

A change of the Young’s modulus represents a constant relative change for all modes in the 

frequency range, which is not surprising as in this study the material is considered isotropic 

and homogeneous (for instance, by lowering the value of the Young’s modulus 10% all the 

modes showed a 6% frequency decrease). On the other hand, a variation of the mass density 

of the plate did show up to have different effects for different modes, although those 

differences are not quite relevant (by lowering 10% the value of the mass density, the modal 

frequencies presented increase from 3% to 5%). A similar behaviour was observed when 

changing the plate’s thickness. 

Another property that showed up to have considerable influence on the FE model is the 

Poisson’s ratio, especially on each mode shape. 

With respect to the analysis type, no differences were found in any case when comparing 

Lanczos, Subspace and QR damped among each other. That should not be a surprise. First, the 

model is not complex, thus Block Lanczos and Subspace are expected to provide similar results. 

Secondly, QR damped makes use of the Block Lanczos itself. Considerations about the analysis 

type are made in annex A. 

Finally, contrary to what is generally assumed, that only the active mass of the force 

transducer (part of the force transducer that is on the same side of the structure) has an 

influence on the results, the push-rod, which is attached to the other side of the force 

transducer, showed to play a strong influence on the results (as already shown by Montalvão 

(2003) and also in annex C of this work). The first measured mode shape for plate A1H is at 

around 15 Hz, but this mode did not show up in the first FE models. It was suggested that this 

could be a consequence of the push-rod stiffness, which was proved, when a spring with a 

stiffness of around 500 N/m was included in the FE model. It must be noticed that this value 

does not necessarily correspond to the push-rod’s stiffness; it may rather represent the 

influence of the loading chain on the dynamic behaviour of the structure. 

For validation (and choice) of the model and software to be used in the succeeding tasks, test 

data was obtained with a Scanning LDV from Polytec® in the VUB in Brussels (see section 4.4.3) 

and compared to the numerical (FE model) results. The data was first observed with the 

Polytec Scan Viewer 1.31 software and later processed with BETAlab© software29 for 

                                                           

29
 BETAlab

©
 is a custom made modal identification program. It was fully developed by the author in 

LabVIEW™ 7.1 from National Instruments™. It is used to find the modal parameters from experimental 
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improvement of the results30. To illustrate the agreement between the FE and experimental 

models, part of the results are summarized in table 4.9. Only 5 from a total of 18 modes are 

shown (from the 11th till the 15th), but it must be stressed out that presentation of more modal 

shapes will not upraise further comments. From these results, it is possible to see that the 

model built with ANSYS® provides more consistent results for both frequency and mode shape 

than ABAQUS®, except for the 11th mode. 

 

In summary, the following may be pointed out as the core parameters when trying to build a 

mode shape model of an isotropic plate like structure with an attached point added mass (of 

much lesser dimensions):  

 Mesh size and FE element type; 

 Added mass moments of inertia in the x and y directions (Ixx and Iyy); 

 Added mass in the z direction (mz); 

 Material Poisson’s ratio. 

Other properties, such as the plate’s dimensions, mass density and Young’s modulus are of 

course important, but since these are easy to measure with a reasonable degree of accuracy, 

they do not constitute a hindrance for obtaining an accurate modal model of the structure. 

An adjusted model for the orthotropic cases (specimen plates type ‘B’) was also built. In fact, it 

is frequently recognized (Ibrahim and Seafan (1987), Friswell and Mottershead (1995)) that it is 

necessary to tune the FE models’ parameters – either those that are valid for static (or quasi-

static) situations or others difficult to accurately model, such as joints – in order to provide a 

reliable reproduction of the vibration test results. When performed systematically, this process 

is known as Updating. In the present case, the model parameters’ adjustments were 

                                                                                                                                                                          

FRFs. BETAlab
©

 7.05 is an up-to-date version of the now obsolete BETA
©

 presented by Ribeiro (1999). 

This justified the need to develop an up-to-date programme, starting from scratch. BETAlab
©

’s manual 

and further information are available in the end of this book, in annex E. 

30
 Because the post-processing accompanying software from Polytec® is not available in IST in Lisbon, 

freeware software Polytec Scan Viewer 1.31 was downloaded from the internet and used to take deeper 

look into the mode shape results. However, this later software only allows for on-screen visualization of 

the ODSs (either in the form of magnitude, phase, real or imaginary parts) that were identified by peak-

picking in the prior software. This was done during one of the short-term periods (just a couple of 

working days) that the author stayed in the VUB, so there was no way to improve the available results 

afterwards: for instance, it was later observed that some modes were erroneously identified twice 

whereas others were not identified at all. Hence, the raw experimental data was post-processed once 

more, but this time using the modal identification software BETAlab® along with an auxiliary program 

especially developed to accomplish this task (annex E). 
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sufficiently small for obtaining the desired correspondence through a manual tuning of some 

of the material properties, namely the shear modulus. 

Table 4.9: Comparison between experimental and numerical modes for specimen plate A1H 

(extract of the table comprising a total of 18 modes). 

 

 

4.4.5 Specimens’ modelling 

Bellow a description of the options taken when modelling the specimens in FE is presented. 

For further information about the elements chosen for each one of the specimens’ models, see 

Annex A. 

 

4.4.5.1 Beams type ‘L’ 

Specimens type ‘L’ were modelled in ANSYS® 11 with SHELL63 elements (6 DOF per each of the 

4 nodes) in a cantilever configuration, as shown in figure 4.26. The specimens, quasi-isotropic 
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CFRP G803/200 beams with rectangular cross sections, [0/45/135/90]S layups and approximate 

dimensions of 392x25x2mm, were modelled as isotropic homogeneous materials. 

 

Figure 4.26: FE model of the specimen beam type ‘L’ with highlighted force transducer, push-rod 

and boundary conditions. 

The length of the beam was changed with the help of the fixture in order to count on with 

three different sizes: beam L3 was modelled with a total of 42x4 (168) elements totalizing a 

length of 387 mm; beam L2 was modelled with a total of 36x4 (144) elements totalizing a 

length of 337 mm; and beam L1 was modelled with a total of 30x4 (120) elements totalizing a 

length of 287 mm. 

 

4.4.5.2 Plates type ‘A’ 

 

Figure 4.27: FE model of the specimen plate type ‘A’ with highlighted force transducer and 

damage locations. 

Plates type ‘A’ were modelled in ANSYS® 11 with a total of 56x35 (1960) SHELL63 elements (6 

DOF per each of the 4 nodes) in a free-free configuration, as shown in figure 4.27. The 

specimen, a quasi-isotropic CFRP G803/200 rectangular plate with a [0/45/135/90]S layup and 
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approximate dimensions of 392x242x2mm, was modelled as an isotropic homogeneous 

material. 

This is also the model from which some of the obtained results are shown in table 4.9 of 

section 4.4.4 above, showing good agreement with the experimental modal results. 

For the numerical simulations, damage was simulated at 6 different square regions. Further 

details about this subject can be found in section 5.2.1. 

 

4.4.5.3 Plates type ‘B’ 

 

Figure 4.28: FE model of the specimen plate type ‘B’ with highlighted force transducer locations. 

Plates type ‘B’ were modelled in ANSYS® 11 with a total of 60x44 (2640) SHELL63 elements (6 

DOF per each of the 4 nodes) in a free-free configuration, as shown in figure 4.28. 

The specimens, orthotropic CFRP T300/934 rectangular plates with [0/90]2S and [90/0]2S layups 

and approximate dimensions of 360x262x2.875mm, were modelled as orthotropic 

homogeneous materials. 

Two different possible locations for the force application were considered. 

Modelling these plates as composite cross-ply laminates (introducing the local properties of 

the lamina instead of the global properties of the laminate and using SHELL99 elements 

instead) was also performed, but this approach was dropped because it did not improve the 

orthotropic homogeneous model and, at the same time, it showed up to be more complex for 

these specimens. Similarly, Hu and Wang (2009) concluded that the mechanical behaviour of a 

10 ply plain weave carbon fabric laminate could be equivalently simulated by either a cross-ply 

model or an orthotropic homogeneous model. Some of the most illustrative results that 

helped to decide these choices are shown in table 4.10. Considering plate B2 (or B1, that is 
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similar) in which a lamina model was also used, the lamina model seems to be more suitable to 

describe mode no. 10 rather than the orthotropic homogeneous model. However, this does 

not seem to be the case for both modes no. 14 and 15, where the orthotropic homogeneous 

model is a better approach to the correspondent experimental mode shape. When comparing 

both layups (plate B2 vs. plate B4), some modes are similar (but not equal) to each other (in 

this case, modes no. 4 and mode no. 10). 

Table 4.10: Comparison between experimental and numerical modes for specimen plates B2H 

and B4H (selection from the table comprising a total of 22 modes). 
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4.4.5.4 Force transducer and push-rod modelling 

It is considered that the force transducer, with a theoretical active mass of 18g (out-of plane 

direction), total mass of 21g and estimated mass moments of inertia Ix=Iy=1.33x10-6 kgm2 and 

Iz=8x10-7 kgm2, is part of the structure. The force transducer is modelled as a zero-thickness 

distributed mass with concentrated mass moments of inertia occupying a closely squared area 

of 2x2 elements. In spite of the fact that its real geometry is circular, the square area side is 

approximately of the same dimension of the diameter of the threaded mount pad. 

The mass moments of inertia of the force transducer were modelled in a single node with a 

MASS21 element at the centroid of the 2x2 squared region. At this same point, a spring with 

500N/m stiffness, modelled with a COMBIN14 line element, is attached in order to simulate 

some of the constraint effects introduced by the push-rod. 

 





 

C
ha

pt
er

 5
 –

 N
um

er
ic

al
 a

nd
 e

xp
er

im
en

ta
l 

va
lid

at
io

n 
of

 th
e 

pr
op

os
ed

 in
de

x 

141 

 

 

A
 M

o
d

al
-b

as
ed

 C
o

n
tr

ib
u

ti
o

n
 t

o
 D

am
ag

e 
L

o
ca

ti
o

n
 in

 L
am

in
at

ed
 C

o
m

p
o

si
te

 P
la

te
s

 

D
io

go
 C

. C
. M

on
ta

lv
ão

 e
 S

ilv
a

 
P

h.
D

. T
he

si
s 
– 

F
eb

ru
ar

y 
20

10
 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 5 

5. Numerical and experimental 

validation of the proposed index 

5.1 Some notes on the procedural guidelines 

5.1.1 Structural components 

Composite structures are usually low in weight when compared to equivalent structures of 

metallic alloys. In the proposed technique, one force transducer and a minimum of one 

response transducer are used so that at least one FRF may be extracted. Unless a hammer is 

used to introduce the input excitation force and non-contact transducers are used to measure 

the output response (such as a LDV), the mass per unit area of a transducer may be relatively 

large when compared to the mass per unit area of a composite panel. Also, for lightweight 

structures, the connecting wires and cables may have an influence on the results that is 

difficult to predict. Hence, it is recommended that attached transducers are treated as part of 
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the structure, thus avoiding the use of mass cancelling techniques which may increase the 

uncertainty of the results. 

 

5.1.2 Extracting mode shapes and modal damping factors from the 

structure 

In order to obtain a spatial description of the mode shapes of the structure, one of the 

following approaches can be used: 

 A Scanning LDV, or similar device, is used to measure the responses in several nodes to 

a single-point excitation. Based on the out-of-plane displacements, the strains can be 

estimated using numerical methods; 

 A FE model of the structure – that can be obtained with ANSYS® 11 or similar software, 

using an analysis of the type Modal (annex A) – can be used alternatively. 

If a FE model is chosen, it is advisable to resort to experimental data, anyway, for validation, 

which means that both approaches can be used together. With the mode shapes, it is now 

possible to define the PSF in the forms presented earlier (or in any other way) since 

. 

In order to identify the dynamic properties (modal damping factors and natural frequencies) of 

both the undamaged and damaged states of the structure, a modal identification technique is 

performed. In the present case, the modal damping factors are identified using BETAlab©, a 

custom made software (annex E), that makes use of the CRF (section 3.4.2), but any other 

suitable tools could be used instead. 

 

5.1.3 Summary of the process 

In the end, the damage indicator, as developed in chapter 3.6, is obtained from different types 

of input data. The output is a probability31 map for the location of damage over the full set of 

coordinates  that geometrically describe the model. Rather than just a formula, the way 

the proposed damage index is determined can be better understood as an algorithm, a finite 

                                                           

31
 Sometimes the term “probability” will be used in the course of this text when referring to the damage 

location index. It would be more correct to use terms such as “likelihood” instead, as “probability” is not 

used in a strict mathematical sense. However, we thought the word “probability” would be quite 

suggestive. 
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sequence of instructions, an explicit step-by-step procedure for solving a problem. The whole 

sequential process is illustrated as a fluxogram-like scheme in figure 5.1, in which all the inputs 

for the damage index are represented. 

 

Figure 5.1: Schematic representation of the algorithm sequential stack (steps illustrated with 

broken lines are only required to validate the FE model). 

The implementation of the whole procedure requires a lot of information to be processed; so, 

a program called MuDI©32 (annex F) was developed with the aim of helping to perform the 

tasks shown in figure 5.1. 

 

5.2 Numerical simulations 

5.2.1 Damage characterization 

In order to assess MuDI’s performance, numerical examples were built for specimen type A 

(table 4.1): quasi-isotropic CFRP G803/200 rectangular plate with a [0/45/135/90]S layup and 

                                                           

32
 MuDI

©
 is a custom made program which allows implementing the damage location algorithm 

proposed in this work. It was fully developed by the author in LabVIEW™ 7.1 from National 

Instruments™. Its manual and further information are available in the end of this thesis, in annex F. 
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approximate dimensions of 392x242x2mm. The specimen was modelled as an isotropic 

material according to section 4.4.5.2. 

For the damage examples, 6 regions were considered, as already shown in figure 4.27 (section 

4.4.5.2). Each of the 6 damaged locations is a square region modelled with 4x4 (16) elements, 

each region corresponding to an area of less than 1% of the total area of the plate. 

Damage was characterized by a local variation of either the damping factor33 or the Young’s 

modulus by setting different values to each of the corresponding elements, providing a global 

variation in both the modal damping factors and natural frequencies. The following damage 

scenarios were considered: 

 100x damping factor increase34 in each of regions A1 to A6; 

 10x damping factor increase in region A1 only; 

 10x Young’s modulus reduction in region A1 only. 

Also, multi-damage scenarios were considered by increasing the damping factor in 2 

simultaneous regions by the same amount of 100x. 

The simulations were all modelled in ANSYS® 11. FRFs were obtained by resorting to an 

analysis of the type Harmonic (annex A), which were afterwards subject to modal identification 

with BETAlab© (annex E). 

 

5.2.2 Results35 

5.2.2.1 First results 

A total of 18 mode shapes was used in this study, in the range of 0 to 800 Hz. The probability 

for the location of damage is shown by the index values along the plate. Areas with a larger 

index value are more likely to be damage locations. A summary of the results are presented in 

figure 5.2, for localized single 100x damping increase. 

                                                           

33
 The type of damping used is referred by ANSYS® as Frequency Independent (annex A). 

34
 This increase was chosen in order to obtain modal damping factor variations of the same order of 

magnitude of the first experimental results (up to 200%). 

35
 All the predictions for the damaged locations were computed following the method described in 

section 3.6. 
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Figure 5.2: First numerical results – 100x localized damping increase. 

Generally speaking, these results are encouraging, giving accurate locations for 4 out of 6 

damage locations. Examples A3 and A4 seem to be the most problematic, as the index points 

to regions where its maximum values (whitish) are considerably farther away from the true 

damage region. 

 

5.2.2.2 Influence of the number of modes and modal order 

Although a thorough study was not carried out concerning the influence of the selected modes 

on the results, the index was tested using the first 8 modes (until 400Hz) and the last 10 modes 

(from 400Hz until 800Hz) separately. Evaluation of the damage location using the lower and 

higher order modes separately are presented in figures 5.3 and 5.4 respectively. 

Observation of these pictures shows that not only the amount of available modes is important, 

but also that the lower order modes are more sensitive to localized damage and seemingly 

unavoidable. While lower order modes seem to indicate a sparser damage region when used 

separately, higher order modes tend to produce several false-positives. In summary, when 

compared to figure 5.2, it can be said that lower order modes provide a blurred distribution of 

the damage location whereas higher order modes sharpen the damage location prediction. 

 

Lower Probability Higher Probability
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Figure 5.3: Influence of the number of modes and modal order: numerical results for the lower 

order modes 1 to 8 (up to 400Hz). 

 

 

 

Figure 5.4: Influence of the number of modes and modal order: numerical results for the higher 

order modes 9 to17 (from 400Hz up to 800Hz). 

It is interesting to notice that some combinations of modes may be equally sensitive to 

different damage locations. For instance, it is impossible to distinguish case A2 from case A3 in 

the upper frequency range (figure 5.4), maybe as a consequence of modal symmetry. This idea 

Lower Probability Higher Probability

Lower Probability Higher Probability
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is reinforced by the results obtained for case A6 in the lower part of the frequency range 

(figure 5.3), where MuDI, having a symmetric aspect, points out a likelihood for the presence 

of damage in location A4. 

Except for case A3 (A4 being a less clear case) in which the inclusion of higher order modes 

have worsen the results, the assertion that the use of as many modes as possible is desirable 

seems to be reasonable. This remark is suggested when figure 5.2 is compared to either one of 

figures 5.3 or 5.4. 

 

5.2.2.3 The weighting functions and damage type 

Equation (3.58) for computing the damage location is affected by weighting coefficients,  

and , which are metrics to quantify the contribution of both the frequency and damping 

variations when computing the index. These constants can be determined with equations 

(3.61) and (3.60) as explained in section 3.6.1 and can be seen as a first step to evaluate which 

type of damage prevails: whether it is mainly characterized by fibre breakage or delamination. 

A total of 18 mode shapes was considered in this study, in the range of 0 to 800 Hz. Damage 

was introduced in region A1 in three different ways: 100x local damping increase; 10x local 

damping increase; and 10x local Young’s modulus reduction. The results are shown in figures 

5.5 to 5.7. 

It can be seen that the weighting functions, which are based on the standard deviations of the 

frequency and damping variations, play an important role in the damage location procedure. 

In fact, they can provide hints on the type of damage more relevant for each case. In figure 5.6 

the correct location of damage is achieved using the DaDI whereas in figure 5.7 it is exactly the 

opposite what is happening, i.e., it is the FreDI the responsible for the adequate location of 

damage. Despite the fact these weighting functions are only metrics and have, as far as now, 

neither a physical nor a mathematical meaning, they are proving effective in the damage 

location procedure. 

The DaDI and the FreDI use, respectively, the relative differences of the damping factor and 

frequency between a system’s reference and damaged states to search for the damage 

location. The relative differences are determined with equations (3.53) and (3.56), in which the 

numerator is the absolute value of a difference between two numbers. In fact, what is being 

calculated is the relative error (more specifically, the percent error). However, as useful as this 

can be, these expressions omit in which directions the modal parameters are evolving with 

damage. 
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Figure 5.5: Numerical results and weighting coefficients for a damping increase of 100x in region 

A1. These weighting coefficients are those used in the first result illustrated in figure 5.2. 

 

 
Figure 5.6: Numerical results and weighting coefficients for a damping increase of 10x in region 

A1. 

 

 
Figure 5.7: Numerical results and weighting coefficients for a reduction in the Young’s modulus of 

10x in region A1. 

Lower Probability Higher Probability

Lower Probability Higher Probability

Lower Probability Higher Probability
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To have a perception about which is the direction the modal parameters are moving to, it is 

better to use the following expressions instead of (3.53) and (3.56):  

  (5.1) 

These equations are graphically represented in figure 5.8 for the three different damage 

scenarios under analysis. 

 

Figure 5.8: Relative differences of the damping factor and frequency for three different damage 

simulations in the same location. 

From the above, there are some aspects that can be pointed out: 

 The modal frequencies showed to be sensitive to any kind of damage, even when a 

local increase in the material’s damping factor is imposed. Nevertheless, either for a 

large increase (100x) or a smaller increase (10x) in the local damping factor, these 

frequency shifts are still four orders of magnitude less than the modal damping 

factors’ variations; 

 For a large increase in the local damping factor (100x), the aspect of the modal 

frequencies’ variations is very similar to the aspect of the modal damping factors’ 

variations. A deeper analysis would be required to understand this result, especially 

when observing that the same similarity is not evident for a 10x increase. As a 

hypothesis, the way that ANSYS® deals with the structural damping may have some 

influence; 

 For a 10x increase in the material’s damping factor, the frequency presented shifts in 

both directions. Still, this is possibly mostly due to the order of magnitude of the 

involved values, which, being very low, might be the same order of magnitude of the 

uncertainties. The fact is FreDI, as shown in figure 5.6, is not able to correctly predict 

the damage location; 

 Contrary to the previous point, for a 10x local reduction in the Young’s modulus, the 

modal damping factors suffered variations that cannot be neglected. An interesting 

thing to notice is that these are much more significant than the modal frequency 
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changes for a 10x increase in the material’s damping factor that suffered both from 

positive and negative fluctuations. 

 

5.2.2.4 Multi-damage scenarios 

The rationale behind this work was developed for scenarios with one damage location at each 

structural component. But, in order to understand if this could be something that could 

deserve further attention in the future, an attempt was made to apply the method to 

scenarios with two damaged areas. Three tests were conducted in which damping was 

increased 100x in two regions simultaneously: regions A1-A2, regions A1-A4 and regions A4-

A5. 

A total of 18 mode shapes was considered, in the range of 0 to 800 Hz. Results are presented 

in figure 5.9. 

 

 

 

Figure 5.9: Numerical results for the multi-damage scenarios. 

Except for case A4-A5 where a false-negative is unequivocal, the results suggest that, albeit 

further improvements are of course required, even for dual-damage scenario the proposed 

index might work for many cases as well. 

The damage prediction in location A4 (being it present) does not stand out as it happens for 

other locations. This was expected to happen, since it was observed in examples with single 

damage as well. Again, this difference of sensitivity from one region to another is a possible 

consequence of the type and amount of modes available for computing the PSFs. 

On the other hand, it is reasonable to assume that multi-damage scenarios, although probably 

giving some more false-positives, will have a tendency to increase more significantly the 

amount of false negatives, tending to highlight a location over another. 

Lower Probability Higher Probability
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5.2.3 Final remarks 

It may be observed that, in the studied examples, false-positives are more likely to occur 

rather than false-negatives, but in general the results are encouraging, since MuDI is a 

probability indicator (again, in the sense of likelihood) and generally shows a large value at the 

effective locations. 

However, it must not be forgotten that these are numerical results only and that experimental 

evidence is still needed for settling more consistent conclusions. 

 

5.3 Experimental examples 

5.3.1 Damaging the specimens 

     

Figure 5.10: IMATEK® impact test machine photos. 

Damage was introduced in several different ways, in order to reproduce real life unpredictable 

damage scenarios. Plates A1H and A2H were at first subjected to one impact in an IMATEK® 

impact testing machine from Escola Superior de Tecnologia de Abrantes (ESTA) (figure 5.10), 

turning the plates into damaged states A1D and A2D. 

It was the purpose of this work to introduce BVID into the specimens; in other words, the 

impacts should be “low” to “medium” energy impacts.  To qualify the impacts in such a way 

implies access to information that was not accessible at the time. A trial and error procedure 

was followed using defective plates that were manufactured using the same procedure and 

different indentator and drop heights. In the end, it was decided that a 15mm diameter 

hemispheric indentator with a total mass of 2.485kg dropped from a 275mm and a 225 mm 

height for, respectively, plates A1H and A2H, would produce the type of damage being looked 
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for. The plates were supported on a 50.8mm diameter aluminium cylinder with 12.1mm wall’s 

thickness. 

Considering that other authors (for instance, Abrate (1998) or Rilo et al. (2006)) assessed the 

similitude of impact results with those obtained from quasi-static loading, the damage was 

first introduced into plate A5H by quasi-static loading using a press machine, turning it into 

damaged state A5D. To obtain several degrees of damage for the same specimen, it was 

necessary to increase the severity of the damage already introduced for specimen plates type 

‘A’ and this was done using the same press machine. 

With respect to specimen plates’ type B, plate B1H was subjected to quasi-static loading in a 

bench screw with an aluminium cylinder as indentator and sellotape roll (figure 5.11). 

Differently, plate B4H was subjected to impacts around the same spot. 

 

Figure 5.11: Damage introduction into specimen plate B1H. 

To decide the locations for the damage that would provide good case studies, the mode 

shapes in the 0 to 400 Hz frequency range were superimposed and the coordinates for 

introduction of damage in plates A1H and A2H were chosen in such a way they would be close 

to the nodal lines of some modes and the anti-nodal lines of other modes. As a first approach, 

this seemed to be a reasonable choice for validation of the proposed technique since the 

algorithm is based on the premise that different modes have different sensitivities to damage. 

In all the other cases the introduction of damage did not have this in mind and can be seen as 

random choices. 

Figures 5.12 and 5.13 show the overlap of the modal nodal lines (up to 400 Hz), the locations 

of the damage and of the measurement transducers. Damage locations identified with a mark 

(A2’, A5’ and B4’) are obtained through a 180° rotation of the plate. 
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Figure 5.12: Experimental damage locations – specimen plates type ‘A’. 

 

Figure 5.13: Experimental damage locations – specimen plates type ‘B’. 

In the case of specimen plates type ‘A’, only 4 responses were measured, using a Dual-channel 

LDV, as it is also represented in figure 5.12. The response locations are marked with crosses. 

Exception made to the direct FRF, all the other responses are measured away from nodal lines 

(in the 0 to 400 Hz frequency range) to avoid missing some modes. In the case of specimen 

plates type ‘B’ this did not represent a concern, since a Scanning LDV was used, covering a 

total of 143 response locations (figure 5.13). 

A1

A2

A5

A2’

A5’
Location x (mm) y (mm)

A1 79 96

A2 197 184

A5 295 93

A2’ 195 58

A5’ 97 149

x

y

F
x

x

x

x

Nodal Line

Force
(Force Transducer)

x
Response
(Laser target)

Damage location

y

B1

B4

B4’

x

F

Location x (mm) y (mm)

B1 105 78

B4 99 163

B4’ 261 99

Nodal Line

Force
(Force Transducer)

x
Response
(Laser target)

Damage location
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Table 5.1: Snapshots of the final damage case in the loaded specimen plates (the images scales 

may not be exactly the same from case to case. All the photos were taken from around the same 

distance of 8 cm). 

Case Indentation side Opposite side 

A1DD 

  

A2DD 

  

A5DD 

  

B1D 

  

B4D 
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Snapshots of the final damage in the involved specimens are shown in table 5.1. Specimen 

plates type ‘A’ are thinner ( mm) laminates. This is what is believed to be the main reason 

for damage not being the typical BVID as it seems to be for specimen plates type ‘B’, where 

damage is imperceptible on the indented side although it can be clearly seen on the opposite 

side. 

In summary, it may be said that 2 experimental situations were studied: 

 “Light” damage: cases A1D, A2D, A5D, B1D and B4D; 

 “Heavy” damage: cases A1DD, A2DD and A5DD. 

 

Attempts were made to characterise damage with other non-destructive non-vibration based 

techniques, with the aim of visualising the delaminated area and affected layers. A C-SCAN36 

was used, consisting on the immersion of the specimens into water and the scanning of the 

entire area with an ultrasonic probe. Yet, several problems were encountered. Specimen 

plates type ‘A’ are quite thin, needing higher frequency probes that were not available. The 

ultrasonic resulting images for specimen plates type ‘A’ are shown in figure 5.14. Although the 

used probe was not the most adequate (thus giving poor results), these images show similar 

features to pictures from Vaidya (2008). 

 

 

Figure 5.14: From left to right: ultrasonic imaging of specimen plates’ cases A1DD, A2DD and 

A5DD. 

 

                                                           

36
 A C-SCAN is a through-thickness, ultrasonic, non-destructive inspection technique for composite 

materials. Among other faults, it is able to find voids, delaminations or the state of the resin cure. 



Diogo C. C. Montalvão e Silva 

 

C
ha

pt
er

 5
 –

 N
um

er
ic

al
 a

nd
 e

xp
er

im
en

ta
l 

va
lid

at
io

n 
of

 th
e 

pr
op

os
ed

 in
de

x 

156 

 

5.3.2 Results37 

5.3.2.1 Modal parameters interpretation 

The modal parameter interpretation, which will allow identifying if slight variations in the 

dynamic response are related or not to damage, is the core of this work. 

The author’s first approach was to compare results obtained for a “prototype” plate called A0 

before and after introducing damage. This plate was the very first to be manufactured for this 

research work as a way for practicing and finding problems related to the manufacturing 

process of the specimens. Visible damage was afterwards introduced successively with quasi-

static loading. The dynamic tests were done using 8 modes in the 0 to 400Hz frequency range. 

An earlier version of BETAlab© was used for the modal parameter identification. Results are 

shown in figure 5.15. 

The major conclusions to be drawn from appreciation of these pictures are the following: 

 The FRF functions for the same structure in different damage states are coherent; 

 The damage introduces slight shifts in the modal frequencies, for which the largest 

variation observed was up to 2% only – this is in the same order of magnitude of the 

frequency shift observed for the numerical example in which the Young’s modulus was 

locally decreased by 10 times (section 5.2.2.3, figure 5.8 ); 

 The modal damping factors suffered important changes, showing variations over 30% 

for some modes (3rd, 4th and 8th). 

 

  

Figure 5.15: Frequency and damping between cases A0H, A0D and A0DD. 

                                                           

37
 All the predictions for the damage locations were computed following the method described in 

section 3.6. 
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For the other plates type ‘A’, a comparison was established between the undamaged and 

damaged states of specimen in order to understand if the mode shapes would present 

significant changes as a consequence of damage. It was observed that damage only introduces 

very slight variations that can hardly be noticed. Some illustrating results are shown in table 

5.2, for the case A1H-A1D. 

 

Table 5.2: Comparison between experimental and numerical modes for specimen plates A1H and 

A1D (first 8 modes in the 0 to 400Hz frequency range). 

 

Mode 
no. 

A1H  A1D  Numerical (FE) 

Polytec BETAlab  Polytec BETAlab  Ansys S63 45x60 

1 

  

 

  

 

 
63.5 Hz 61.8 Hz  63.0 Hz 61.6 Hz  61.7 Hz 

2 

  

 

  

 

 
78.5 Hz 77.8 Hz  78.5 Hz 77.9 Hz  74.7 Hz 

3 

  

 

  

 

 
140.5 Hz 145.7 Hz  146.0 Hz 145.3 Hz  139.7 Hz 

4 

  

 

  

 

 
199.0 Hz 201.7 Hz  199.5 Hz 200.5 Hz  190.6 Hz 

5 

  

 

  

 

 
215.5 Hz 215.3 Hz  215.5 Hz 214.6 Hz  203.1 Hz 

6 

  

 

  

 

 
236.5 Hz 238.9 Hz  238.0 Hz 238.5 Hz  228.8 Hz 

7 

  

 

  

 

 
292.0 Hz 294.8 Hz  296.5 Hz 294.2 Hz  290.0 Hz 

8 

  

 

  

 

 

355.2 Hz 356.9 Hz  354.5 Hz 356.6 Hz  350.5 Hz 
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All these first results showed the suitability of the previously stipulated lines. One of the 

postulates that was confirmed is that it is reasonable to assume that damage is likely to locally 

reduce the stiffness of the component (and thus a shift on the natural frequencies may 

happen). Furthermore, when a delamination is present, changes in damping caused by 

interlaminar friction are even more evident. Another assumption, that changes introduced by 

damage into the PSF may be considered negligible, was corroborated as well. 

 

5.3.2.2 Specimen type ‘L’ (quasi-isotropic beam) damage location 

   

 

Figure 5.16: Experimental location results for specimen beam type ‘L’. 

Experimental testing was carried out in the 40 to 1600 Hz frequency range. Three lengths for 

clamping the 437mm long specimen were considered: 50mm (case L1), 100mm (case L2) and 

150mm (case L3). Damage was introduced by quasi-static loading. 

The probability for the location of damage is shown by the index values along the beam. Areas 

with a larger index value are more likely to be damage locations. A summary of the results are 

presented in figure 5.16 in which it can be seen that, in general, the index assumes large values 

close to the true damage region (pointed out with an arrow, about 123mm away from the 

right tip) and that false-positives are more likely to occur rather than false-negatives. However, 

these results cannot be considered acceptable, especially for cases L1 and L3. First, there was 

no information regarding a detailed experimental model with which the FE model could be 

validated, as it existed for the plate specimens. Despite the fact this is a very simple structure – 

a cantilever beam – it is not possible to guarantee that the clamp is efficiently constraining one 

of the beams’ tips. This also means it is not possible to guarantee the adequate reproducibility 

of the experimental setup and thus the results may be largely influenced by external variables 

that are not possible to control. Furthermore, the small amount of available modes may be 

reducing the performance of the method. 

However, the main reason behind the choice for using a beam at this stage is related to the 

suspicion that nonlinear effects may arise in the presence of damage. Tests were made using 

beams L1H and L1D. The input force was controlled using the HARMONICA© software, which 

makes use of a stepped-sine excitation. Three runs, in the 40-1600 Hz frequency range were 

Lower Probability Higher Probability
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done: input force at 0.25N, 0.5N and 1.0N. To have a quick idea of the nonlinear behaviour 

between each run, the slope of the accelerance with respect to the value of the excitation 

force was determined. If a constant zero slope is found, this means the 3 FRF’s are equal. The 

results are presented in figure 5.17. 

  

Figure 5.17: Attempt to evaluate nonlinear effects caused by damage. 

The slope is represented by the grey curve. There are some modes that present large values 

for the slope, whereas others present small values. This could be an indicator that the 

experimental evaluation of non-linearities is a plausible candidate to be used as feature in the 

damage location procedure. Nevertheless, the large values for the non-linearities are very 

localized around the resonant frequencies, both for the healthy and damaged states, possibly 

due to experimental uncertainties that are common nearby these frequencies. Thus, in this 

particular case, this analysis is not reliable. A more systematic analysis on the use of 

experimental non-linearities could be useful for future works. 

 

5.3.2.3 Specimen type ‘A’ (quasi-isotropic plate) damage location 

A total of 18 mode shapes was used in this study, obtained during experimental testing in the 0 

to 400 Hz and 0 to 800 Hz frequency ranges. Damage regions considered were A1, A2, A5 and 

their symmetric regions A2’ and A5’. In some of the cases, damage suffered an increase by 

means of quasi-static loading. The damage locations were already shown in section 5.3.1 

(figure 5.12). 

The probability for the location of damage is shown by the index values along the plate. Areas 

with a larger index value are more likely to be damage locations. A summary of the results are 

presented in figure 5.18 in which it can be seen that, generally, the index assumes larger 

values close to the true damage region and that it seems that false-positives are more likely to 

occur rather than false-negatives. 
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However, figure 5.18 does not show results for the case in which A1H is involved. This is due to 

the fact that case A1H only was measured in the 0 to 400 Hz frequency range. Thus, the index 

was tested using what it shall be called as the lower order modes, corresponding to the 0 to 

400 Hz frequency range with 8 modes only. Results for all cases are presented in figure 5.19. 

Observation of figure 5.19 shows that not only the amount of available modes is important, 

but also the lower order modes are necessary in damage location techniques. In fact, while 

using the same amount of modes, most of the related cases are not very different from each 

other with respect to the damage location, and the probability area does not seem to be much 

sparser. This raises the question of what is the contribution of higher order modes in the 

results. To answer this question, the index was again plotted in figure 5.20, but this time in the 

400 to 800 Hz frequency range. 

It seems that, when used separately, higher order modes tend to provide several false-

positives worsening the damage prediction than when lower order modes are used alone. This 

judgement is obviously dangerous and it should be stressed out that there is not enough data 

at this stage to formulate definitely such a conclusion, as no deeper analysis was made in order 

to understand how the choice of modes affect the results or to determine the optimal amount 

of modes to be used. As pointed out further ahead, another study would be required to assess 

the possibility of obtaining such a combination of modes (for a given specimen) that would 

allow for a uniform (or as close as possible to it) sensitivity across the entire specimen. 

In the illustrated experimental examples, the remark that “the use of as many modes as 

possible is desirable” is not as evident as it was during the analysis of the numerical results. 

However, as in the numeric simulations, the observation that some modes may be equally 

sensitive to different damage locations, possibly due to modal shape symmetry, is again 

pointed out. For instance, when considering the lower part of the frequency range (0 to 400Hz 

with modes 1 to 8 only), cases A2H-A2D, A2H-A2DD, A2’H-A2’D and A2’H-A2’DD are 

conducting to the prediction of the same damage location (A2), which is true for the first two 

cases but false for the other two. 

Another observation that rises is how is the damage severity affecting the results: In spite of 

the fact that the damage was not quantified, it is clear that – as expected – the middle column 

on the previous figures is the one where best predictions were obtained as it corresponds to 

the most discrepant situation available between two states of the structure (AnH-AnDD). 
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Figure 5.18: Experimental location results for specimen plate type ‘A’. 
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Figure 5.19: Experimental location results for specimen plate type ‘A’ – lower order modes. 

Lower Probability Higher Probability
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Figure 5.20: Experimental location results for specimen plate type ‘A’ – higher order modes. 

 

Lower Probability Higher Probability
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A very simple exercise was performed, that will also help to gain deeper insight about the 

effects of the amount and combination of modes used in the damage location index. Every 

single element of figures 5.18 to 5.20 is going to be given a score (“Sc”) regarding the damage 

location is correctly identified or not. If the damage location is correctly identified (“OK”), it 

receives one point. However, it loses one point for each false-positive (“FP”) and for a false-

negative (“FN”). If there is a false-negative, it is impossible to have a successful prediction (as 

only single damage is being considered in the studied examples), and so the final scoring for 

that case will always be negative (at least, -1). Nevertheless, false-positives may coexist with 

either false-negatives or correct predictions. The maximum scoring for a single case is +1, but 

there is no limit below. A score of +1 means the identification is successful. Scoring 0 (zero) 

means the correct location was identified, but there is at least another location that could be 

good as well; in such a case the location is said doubtful. Anything else (negative values) will be 

considered not satisfactory, and thus the prediction is called unsuccessful or considered a 

failure. When determining the percentage of success vs. the percentage of failure, doubtful 

locations will be distributed half and half between both. Despite the fact that subjectiveness 

was present when trying to follow this exercise rules, it could be a helpful indicator. The results 

are shown in table 5.3. 

After analysing this table, in particular the highlighted fields, one may state the following 

(some remarks may have already been mentioned before): 

 The most unsuccessful results were obtained when using the higher order modes 

(modes 9 to 18 in the 400 to 800Hz frequency range) with a percentage of success of 

19% only, mainly due to the excessive amount of false-positives; 

 The most successful results were obtained when using the lower order modes (modes 

1 to 8 in the 0 to 400Hz frequency range) with a percentage of success of 63%. Using 

all the modes (modes 1 to 18 in the 0 to 800 frequency range) the percentage of 

success got slightly smaller, reaching 50%; 

 Despite the fact the situation in which the lower order modes were used is the one 

that presented the most successful percentage (63%), for the particular case of 

damage H-DD (the most “aggressive”), that situation is no longer true if using all the 18 

modes available. In fact, that is the only damage situation in which, overall, the scoring 

is positive (+1); 

 The relative damage D-DD is the one producing the worst results, especially because it 

is the one presenting the least amount of successful predictions, with a total score of  

-9 against -6 for the two other relative damage scenarios. 
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Table 5.3: Scoring table of the experimental results with specimen plate type ‘A’. 

  
                        

    

  
H-D H-DD D-DD 

    

  
OK FP FN Sc OK FP FN Sc OK FP FN Sc 

    

 
  Modes 1 to 18 Sc 

   

 
A1  n.a.  n.a.  n.a.  n.a.  n.a.  n.a.  n.a.  n.a. 1 0 0 1 1 

 
Successful 5 

 
A2 1 0 0 1 0 -1 0 -1 1 0 0 1 1 

 
Doubtful 3 

 
A5 1 -2 0 -1 1 0 0 1 0 -2 -1 -3 -3 

 
Unsuccessful 5 

 
A2' 0 -1 -1 -2 1 -1 0 0 1 -1 0 0 -2 

 
% Success 50% 

 
A5' 1 -1 0 0 1 0 0 1 0 -1 0 -1 0 

 
% Failure 50% 

 
Sc 3 -4 -1 -2 3 -2 0 1 2 -4 -1 -3 -4 

   

 
  Modes 1 to 8 Sc 

   

 
A1 1 0 0 1 1 0 0 1 1 0 0 1 3 

 
Successful 8 

 
A2 1 0 0 1 1 -1 0 0 0 -1 0 -1 0 

 
Doubtful 3 

 
A5 1 0 0 1 1 0 0 1 1 0 0 1 3 

 
Unsuccessful 4 

 
A2' 0 -1 -1 -2 0 -1 -1 -2 1 0 0 1 -3 

 
% Success 63% 

 
A5' 1 -1 0 0 1 -1 0 0 0 -1 -1 -2 -2 

 
% Failure 37% 

 
Sc 4 -2 -1 0 4 -3 -1 -1 3 -2 -1 -1 -2 

   

 
  Modes 9 to 18 Sc 

   

 
A1  n.a.  n.a.  n.a.  n.a.  n.a.  n.a.  n.a.  n.a. 1 -1 0 0 0 

 
Successful 1 

 
A2 1 0 0 1 1 -1 0 0 0 -1 0 -1 0 

 
Doubtful 3 

 
A5 0 -1 -1 -2 1 -3 0 -2 0 -2 -1 -3 -7 

 
Unsuccessful 9 

 
A2' 0 -1 -1 -2 1 -2 0 -1 1 -1 0 0 -3   % Success 19% 

 
A5' 0 -1 0 -1 0 -3 0 -3 0 -1 0 -1 -5 

 
% Failure 81% 

 
Sc 1 -3 -2 -4 3 -9 0 -6 1 -5 -1 -5 -15 

   

  
8 -9 -4 -6 10 -14 -1 -6 6 -11 -3 -9   

   

                  

 

 

The previous results do not show how the damping and frequency weighting coefficients, 

and  respectively, are influencing (or being influenced by) the results. These coefficients 

translate the relative influence of the DaDI and FreDI on the MuDI as a measure of their 

relative relevance. Figures 5.21 to 5.25 exemplify how each of these indexes performs and how 

the FreDI and DaDI contribute to the damage location prediction from MuDI (these pictures 

are illustrative of any other observed cases). 
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Figure 5.21: Experimental location results (MuDI, FreDI and DaDI) and weighting coefficients for 

damage case A1D-A1DD in the whole measured frequency range (0 to 800 Hz, modes 1 to 18). 

 

 

Figure 5.22: Experimental location results (MuDI, FreDI and DaDI) and weighting coefficients for 

damage case A2D-A2DD in the whole measured frequency range (0 to 800 Hz, modes 1 to 18). 

 

 

Figure 5.23: Experimental location results (MuDI, FreDI and DaDI) and weighting coefficients for 

damage case A5H-A5DD in the whole measured frequency range (0 to 800 Hz, modes 1 to 18). 

Lower Probability Higher Probability

Lower Probability Higher Probability

Lower Probability Higher Probability
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Figure 5.24: Experimental location results (MuDI, FreDI and DaDI) and weighting coefficients for 

damage case A2’H-A2’DD in the whole measured frequency range (0 to 800 Hz, modes 1 to 18). 

 

 

 

Figure 5.25: Experimental location results (MuDI, FreDI and DaDI) and weighting coefficients for 

damage case A5’H-A5’DD in the whole measured frequency range (0 to 800 Hz, modes 1 to 18). 

 

As can be seen in these examples, the values of the weighting coefficients are a good measure 

of the relative quality of each index, as expected. Accordingly, a study about the performance 

of each index can be performed using the weighting coefficients. 

The values of the weighting coefficients for all the results previously presented are shown in 

Table 5.4. 

 

 

Lower Probability Higher Probability

Lower Probability Higher Probability
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Table 5.4: Specimen plate type ‘A’ experimental weighting coefficients. 

Damage Case 

Modes 1 to 18 Modes 1 to 8 Modes 9 to 18 

Wd Wf Wd Wf Wd Wf 

A1H-A1D   0.29 0.71   

A1H-A1DD   0.16 0.84   

A1D-A1DD 0.29 0.71 0.30 0.70 0.31 0.69 

A2H-A2D 0.15 0.85 0.22 0.78 0.14 0.86 

A2H-A2DD 0.14 0.86 0.19 0.81 0.09 0.91 

A2D-A2DD 0.27 0.73 0.42 0.58 0.18 0.82 

A5H-A5D 0.14 0.86 0.14 0.86 0.15 0.85 

A5H-A5DD 0.08 0.92 0.05 0.95 0.10 0.90 

A5D-A5DD 0.29 0.71 0.13 0.87 0.34 0.66 

A2’H-A2’D 0.12 0.88 0.20 0.80 0.10 0.90 

A2’H-A2’DD 0.15 0.85 0.12 0.88 0.16 0.84 

A2’D-A2’DD 0.16 0.84 0.15 0.85 0.18 0.82 

A5’H-A5’D 0.31 0.69 0.42 0.58 0.25 0.75 

A5’H-A5’DD 0.13 0.87 0.12 0.88 0.13 0.87 

A5’D-A5’DD 0.27 0.73 0.35 0.65 0.20 0.80 

 

Table 5.4 by itself is difficult to analyse and interpret. Hence, to have a better insight, one 

column only, highlighted in grey, will be the object of the following analysis (in fact, to analyse 

either the damping weighting coefficient or the frequency weighting coefficient  is 

irrelevant, since they are related to each other by the very simple relationship ; 

on the other hand, the evolution with increasing damage level is consistent whether all the 

modes or only some are used in the damage location). The highlighted grey column is plotted 

in figure 5.26 with respect to the damage case. 
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Figure 5.26: Specimen plate type ‘A’ experimental weighting coefficients – evolution with relative 

damage. 

Figure 5.26 provides a hint on the usefulness of the weighting coefficients, not only in the 

damage location identification, but also on the quantification of damage and, possibly, even on 

the qualification of damage. The growth of damage noticeably leads to smaller values of the 

damping weighting coefficient or, in other words, to larger values of the frequency weighting 

coefficient. 

15 damage scenarios allowed establishing 10 comparisons, and the previous observation is 

valid in all cases, showing coherence and consistency on the results. Damping has a more 

important influence on the index when the relative damage is smaller, which is to say that 

frequency has a more important influence on the index when the relative damage is larger. 

What might be happening is that by increasing damage fibres are breaking instead, having a 

more prominent effect rather than increasing the delamination region does. This, of course, 

needs further study and development in the sense that the micromechanics of the fracture 

should be detailed thoroughly to allow for further conclusions and eventual generalisation. 

Nevertheless, from table 5.4 (or figure 5.26), it is notorious that the damping weighting 

coefficients are much smaller than the frequency damping coefficients . In fact, for the 

15 damage scenarios oscillated between 5% and 42%. As a consequence, MuDI is mostly 

governed by FreDI instead of DaDI, at least for the experimental cases studied and the way the 

weighing metrics were defined. In fact, observation of figures 5.21 to 5.25 show that, for the 

experimental studied examples, MuDI is not that different from FreDI. Still, it shows that DaDI, 

despite not providing good damage location predictions in any case, is giving a favourable 
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contribution by slightly fading eventual false-positives that would be very marked if FreDI was 

used alone. 

Finally, it would be interesting to observe how the frequency and damping are changing with 

damage level. Plots of frequency and damping relative differences (equation 5.1) for specimen 

plates A1, A2 and A5 are presented in figure 5.27 to have a better insight about this subject. 

 

  

 

 

Figure 5.27: Frequency and damping relative differences for specimen plates A1, A2 and A5. 

Overall, the first thing to be pointed out is that the frequency relative difference is roughly 50 

times smaller than the damping relative difference (this is consistent for all the given 
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experimental examples)38. When observing figure 5.27, the maximum (modulus) registered 

relative difference value for the frequency is 1.81% (case A1H-A1DD, 4th mode), approximately 

100 times smaller than the maximum (modulus) registered value for the damping of 163% 

(case A1D-A1DD, 5th mode). 

Table 5.4 and figure 5.26 show that, in general, , which means FreDI is dominant over 

DaDI when computing the damage location index; in other words, the location of damage is 

mostly dominated by frequency, especially when the relative damage is larger. This is of course 

a consequence of the way the weighting coefficients are determined and adjustments could be 

made, as these are based on an empiric metric. The point is that the location of damage is, to a 

certain extent, accurately made with a strong contribution from the frequency shifts. This is, of 

course, consistent with the above remarks about the matter. 

Another interesting thing to notice is that neither the frequency nor the damping relative 

differences are always moving in the same direction. Sometimes they are positive, while other 

times they are negative. This is of course contrary to the common assumptions that when 

damage occurs frequency will decrease as a consequence of the local stiffness reduction and 

that damping will increase as a consequence of the local friction increase. Although 

interesting, this matter is beyond the objectives of this work, and thus further study is needed 

to provide a straight explanation. 

 

5.3.2.4 Specimen type ‘B’ (orthotropic plate) damage location 

Experimental testing was carried out in the 0 to 1600 frequency range. Damage regions 

considered were B1 and B4 and the symmetric region B4’. Also, two different positions for 

application of the force were considered: (i) top left corner, with coordinates (7, 7) mm; and 

(ii) inner point, with coordinates (240, 87) mm. The force transducer has an overall mass of 

21g: approximately 5% of the total mass of the structure. Thus, by changing the position of the 

force transducer, the modified structure will have a different dynamic behaviour, so it is 

reasonable to treat it as a new structure. As a consequence, 22 mode shapes were used for the 

case in which the force was applied at the corner, whereas only 20 modes were identified in 

the 0 to 1600 Hz frequency range for the case in which the force was applied at the inner 

point. 

                                                           

38
 The averaged value of the absolute discrepancies for the frequency was calculated in 0.374%, whereas 

the averaged value of the absolute discrepancies for the damping was calculated in 20.4%. 
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The probability for the location of damage is shown by the index values along the plate. Areas 

with a larger index value are more likely to be damage locations. A summary of the results are 

presented in figure 5.28 where, generally, the index assumes larger values close to the true 

damage region although a considerable amount of false-positives do appear. 

 

 

 

 

Figure 5.28: Experimental location results for specimen plate type ‘B’. 

It looks that the results are poorer for specimen plates type ‘B’ than for specimen plates type 

‘A’. One reason might be related to the severity of damage, which apparently is smaller for 

specimen plates type ‘B’ (table 5.1). 

On the other hand, in these cases, the modal parameter identification procedure used 

receptance FRF’s that were measured without target reflective tape. Consequently, the signal 

strength and the signal-to-noise ratio were lower than in the other cases, as illustrated by the 

sum of the 143 receptances from case B1H plotted in figure 5.29. 

From the plot in figure 5.29 it is clear that the data are noisy, a tendency that increases with 

the frequency39. This obviously did not happen for specimen plates type ‘A’ in which target 

                                                           

39
 It is noteworthy to remember that the CFRP plates are dark tarnished targets, not very suitable for the 

direct use of a LASER vibrometer in which reflectivity of the vibrating surface plays an important role in 

the quality of the results. Nevertheless, the results seem reliable enough to produce such estimations as 

those presented in figure 5.28. 

Lower Probability Higher Probability
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reflective tape 3M Scotchlite™ was used in each of the four measurement points in order to 

increase the signal strength during testing. 

 

 

Figure 5.29: Plot of the amplitude in dB of the sum of the 143 receptance FRFs obtained with the 

Scanning LDV for case B1H. 
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Chapter 6 

6.  Conclusions 

and future work 

6.1 Conclusions 

A novel method for the location of delamination type damage in composite materials was 

proposed, using conventional, “low-cost” and generally easy to obtain equipment. This 

method is based on the modal damping factor and natural frequency variations from a 

reference state to a damaged state. It also makes use of the modal shapes, described by what 

is called a Plane Shape Function (PSF), as a tool that spatially describes the local sensitivity to 

damage. The damage location is assessed by an index that provides a measure of the 

probability (in the sense of likelihood) geometrical distribution. 

 

It is possible to highlight the following advantages of this method: 

 In theory, only one response transducer is needed (more may be required to avoid 

modal nodes and to reduce the uncertainty); 
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 It is applicable at low-cost to structures that have not been previously instrumented; 

 So far, it was studied for rectangular plates and is expected to perform similarly for any 

bi-dimensional structure. 

 

As disadvantages, the following can be pointed out: 

 It either requires a reliable FE model or experimentally measured mode shapes; 

 As other related methods, its success is strongly dependent on the combination of the 

mode shapes used; 

 It is neither false-positive nor false-negative free, although false-positives seem more 

likely to occur. 

 

Other comments to note are the following: 

 It was confirmed that the frequency shifts are considerably small (less than ≈2%) and 

that the damping shifts can get considerably larger (up to ≈160%) when damage is 

present in CFRPs; 

 The previous point does not invalidate that the frequency can be a good candidate to 

be used as feature for the damage location; it was experimentally shown that the 

uncertainty involved when measuring the modal frequency is small enough to allow it 

to be used as damage feature even for very slight variations40;  

 The uncertainty involved while measuring the modal damping factor may still be a 

hindrance for its use in damage location techniques; 

 Both the previous points could be reasons behind the worse performance of DaDI 

when compared to FreDI; 

 It is the belief of the author that, experimental uncertainties aside, the choice between 

damping and frequency as features for the damage location is mainly dependent upon 

the type of existing damage; 

 Results show that the use of a greater amount of mode shapes to compute the 

damage index not always leads to better results; 

                                                           

40
 The environmental conditions were the same when measuring different damaged states, not 

introducing disturbing effects in the results. 
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 The modal sensitivity differences from a damage location to another are used in the 

method but also imply differences in its the performance for different damage 

locations. 

 

Further research is still required, however, in order to improve the sensitivity of the method 

and avoid both false-positives and false-negatives. It is the belief of the author that further 

developments of this technique will allow both to provide a measure of the severity of damage 

and to distinguish between delamination and fibre breakage in CFRPs. 

 

6.2 Future work 

In order to improve the research developed in this work, some questions must be answered 

and some unfulfilled goals still deserve further developments. For example, the uncertainty in 

measuring the modal damping is still a drawback that is required to be overcome before 

damping can be more effectively used as feature in vibration-based damage detection. 

 

From the questions that arose during this work, there are some suggestions for future work 

that could be stressed out: 

 First, the optimal combination of modes to be used for computing the damage index is 

still a challenge worthy of attention. An optimization algorithm could be developed in 

order to automatize the choice of the best combination of modes so that the damage 

location prediction can be improved; 

 A second objective is to make a methodical study in the pursuit of the PSF that better 

suit each of the location indexes (FreDI and DaDI) and how to customize it accordingly 

to particularities of each application, since many other PSF functions can be defined 

from the specimen’s deformation; 

 A third goal, related to the previous one, is to understand if the evolving direction of 

the modal parameters (damping factors and natural frequencies) can be treated the 

same way, i.e., if it is reasonable to consider the contribution of a damage increasing 

parameter the same way a as a decreasing one; 

 A fourth target is to quantify the severity of damage (or at least, to classify the type of 

damage) by improving the weighting metric. 
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To fulfil these major goals, there are of course experimental activities that must be performed 

over new test specimens, such as: 

 To introduce damage in a more controlled way, i.e., using quasi-static force-

displacement tests; 

 To introduce a wider and quantified range of damage levels at the same location of 

similar specimens; 

 To characterize delaminated damage through its thickness and area with a C-SCAN and 

relate it with the parameters involved; 

 To test the method in-service in a real larger structure using Operational Modal 

Analysis (OMA) techniques. 
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Annex A - About ANSYS® 

The information contained in this annex was mostly picked from "ANSYS® 11 Theory Reference 

Manual" (2007), "ANSYS® 11 Elements Reference Manual" (2007) and "ANSYS® 11 Structural 

Guide" (2007). 

 

A.1 Elements used in ANSYS® 

A.1.1 SHELL63 Elastic shell 

The elastic shell element (SHELL63) has both bending and membrane capabilities. Both in-

plane and normal loads are permitted. The element has 6 DOFs at each node: translations in 

the nodal x, y, and z directions and rotations about the nodal x, y, and z axes. Stress stiffening 

and large deflection capabilities are included. 

 

Figure A.1: SHELL63 geometry ("ANSYS® 11 Elements Reference Manual" (2007)). 

The geometry, node locations, and the coordinate system for this element are shown in figure 

A.1. The element is defined by four nodes, four thicknesses, elastic foundation stiffness, and 

the orthotropic material properties. Orthotropic material directions correspond to the element 

coordinate directions. 

The thickness is assumed to vary smoothly over the area of the element, with the thickness 

input at the four nodes. The element is, of course, allowed to have a constant thickness. 

Element loads are described in node and element Loads. Pressures may be input as surface 

loads (force per unit area) on the element faces as shown by the circled numbers on figure A.1. 



Diogo C. C. Montalvão e Silva 

 
A

nn
ex

 A
 –

 A
bo

ut
 A

ns
ys

®
 

200 

 

The equivalent element load produces more accurate stress results with flat elements 

representing a curved surface or elements supported on an elastic foundation since certain 

fictitious bending stresses are eliminated. 

For an isotropic material, important properties to be defined are: the Young’s modulus E; the 

Poisson’s ratio ; material’s density; and, when appropriate, the damping factor. For an 

orthotropic material, important properties to be defined are: the Young’s moduli ,  and 

; the major Poisson’s ratios ,  and  (or, alternatively, the minor Poisson’s ratios); 

the shear moduli ,  and ; material’s density; and, when appropriate, damping. 

 

A.1.2 SHELL99 linear layered structural shell 

The linear layered structural shell element (SHELL99) may be used for layered applications of a 

structural shell model. While SHELL99 does not have some of the nonlinear capabilities of 

SHELL91, it usually has a smaller element formulation time. SHELL99 allows up to 250 layers. 

The element has 6 DOFs at each node: translations in the nodal x, y, and z directions and 

rotations about the nodal x, y, and z axes. The geometry, node locations, and the coordinate 

system for this element are shown in figure A.2. The element is defined by eight nodes, 

average or corner layer thicknesses, layer material direction angles, and orthotropic material 

properties. Mid-side nodes may not be removed from this element. 

 

Figure A.2: SHELL99 geometry ("ANSYS® 11 Elements Reference Manual" (2007)). 

The total number of layers must be specified. The properties of all layers should be entered, 

unless the properties of the layers are symmetrical about the mid-thickness of the element (in 

this case, only half of the properties of the layers, up to and including the middle layer - if any - 

need to be entered). The material properties of each layer may be orthotropic in the plane of 
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the element. Element loads are described in Node and Element Loads. Pressures may be input 

as surface loads on the element faces. 

Important material properties to be defined are: the Young’s moduli ,  and ; the major 

Poisson’s ratios ,  and  (or, alternatively, the minor Poisson’s ratios); the shear 

moduli ,  and ; material’s density; and, when appropriate, damping. In this case, the 

coordinate system is local instead of global (it is in layer coordinates), meaning that coordinate 

x is in the fibres longitudinal L direction and that coordinate y is in the transverse T  direction. 

Concerning some assumptions or restrictions, interlaminar transverse shear stresses are based 

on the assumption that no shear is carried at the top and bottom surfaces of an element. 

Further, these interlaminar shear stresses are only computed at the centroid and are not valid 

along the element boundaries. If accurate edge interlaminar shear stresses are required, shell-

to-solid submodelling should be used. 

 

A.1.3 MASS21 Structural mass 

The structural mass element (MASS21) is a point element having up to 6 DOFs: translations in 

the nodal x, y, and z directions and rotations about the nodal x, y, and z axes. A different mass 

and rotary inertia may be assigned to each coordinate direction. The mass element is defined 

by a single node, concentrated mass components in the element coordinate directions ( , 

 and ), and rotary inertias (mass moment of inertias) about the element coordinate axes 

( ,  and ). 

 

A.1.4 COMBIN14 Spring-Damper 

The spring-damper element (COMBIN14) has longitudinal or torsion capability in 1D, 2D, or 3D 

applications. The longitudinal spring-damper option is a uniaxial tension-compression element 

with up to 3 DOFs at each node: translations in the nodal x, y, and z directions. No bending or 

torsion is considered. The torsion spring-damper option is a purely rotational element with 3 

DOFs at each node: rotations about the nodal x, y, and z axes. No bending or axial loads are 

considered. 

The spring-damper element has no mass. Masses can be added by using the appropriate mass 

element (such as the MASS21). The spring or the damping capability may be removed from the 

element. 
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The element is defined by two nodes, a spring constant k and damping coefficient c. The 

damping capability is not used for static or undamped modal analyses. 

 

A.2 Eigenvalue and eigenvector extraction methods 

Neglecting damping, the eigenvalue problem to be solved (previously given by (3.34)) reduces 

to: 

  (A.1) 

Its extraction procedures include the Reduced, Subspace, Block Lanczos, Powerdynamics, 

Unsymmetric, Damped and QR Damped ("ANSYS® 11 Theory Reference Manual" (2007)). 

According to Wang, E. and Nelson (2002), The Block Lanczos method is a very efficient 

algorithm to perform a modal analysis for large models. It is a fast and robust algorithm and 

used for most applications as the default solver. The Subspace method was popular in earlier 

years since very little computer resources were necessary to perform a modal analysis. 

However, compared with the Block Lanczos, the Subspace method is faster for small models 

but solution time increases as soon as larger models are considered. The Reduced method is 

an old eigensolver which works with reduced matrices in order to minimize the number of 

DOFs. Neither the Subspace nor the Reduced methods are popular today. The Powerdynamics 

method is a special algorithm based on the Subspace method, where the user is able to 

perform an undamped modal analysis of huge solid element models quite efficiently, 

especially when compared with the Block Lanczos method. The unsymmetric eigensolver is 

applicable whenever the system matrices are unsymmetric (e.g., an acoustic fluid-structure 

interaction problem results in unsymmetric matrices). 

If damping is included, the QR Damped method can be used for symmetric matrices. This 

method consists of two parts: first, the Block Lanczos method is used to compute the solution 

of the undamped system (equation A.1). Hence, all natural frequencies and mode shapes will 

be calculated for zero damping. In a second step, the equation of motion now including the 

damping matrix is transformed with the matrices of undamped mode shapes into the modal 

subspace. After some mathematical manipulations, an extended eigenvalue problem can be 

formulated. The resulting eigenvalues of this problem are complex, but the effects of damping 

are not considered for the computation of the resulting mode shapes, which means that only 

undamped mode shapes are obtained. 
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The damped method, in contrast to the QR damped method, accounts for the damping matrix 

for the formulation of the considered eigenvalue problem. From a mathematical point of view 

this results in a so called quadratic eigenvalue problem. The obtained eigenvalues are again 

complex, but the effect of damping is also considered for the computation of mode shapes 

which has the consequence that all mode shapes are obtained in a complex form. 

 

A.3 Modelling damping 

ANSYS® allows using proportional or non-proportional damping. However, at a first glance, 

ANSYS® is not very clear in this aspect since the terminology used in "ANSYS® 11 Elements 

Reference Manual" (2007) turns out to be quite confusing. The confusion starts when the 

parameter DAMP is defined as material dependent damping and the parameter DMPR is 

defined as constant material damping coefficient. However, when introducing the damping in 

the preprocessor, DAMP is referred to only as constant and DMPR is referred to only as 

frequency independent. 

Quoting Wang, E. and Nelson (2002), “if the user wants to apply non-proportional damping but 

also likes to take advantage of working in the modal subspace ANSYS® provides a special 

method to do this. The modal analysis has to be done by using the QR Damped Method as an 

eigensolver. Every kind of non-proportional damping can be considered further in a transient, 

harmonic or in a spectrum analysis when performed in the modal subspace.” This is said to be a 

consequence of “the modal superposition technique (used in the modal analysis) in its classical 

form cannot take into account the effects of non-proportional damping”. 

On the other hand, experimental evidence from tests performed on a large variety of materials 

show that damping due to internal friction (material hysteresis) is nearly independent of the 

forcing frequency (Lazan (1968)). Anyhow, the damping factor in most of the engineering 

materials is small to the point that both viscous and hysteretic damping models can be fair 

approximations for most of the real structures. 

For these reasons, and also for a matter of simplicity, to choose the constant DAMP model 

instead of the frequency independent DMPR damping model does not seem to bring any 

noticeable benefit. It should be mentioned that the QR Damped method, which can only be 

run with DMPR, reduces the required solution time for a damped modal analysis significantly 

when compared to the Damped method. 
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A.4 Structural analysis types 

According to "ANSYS® 11 Structural Guide" (2007), there are seven types of structural analyses 

available in the ANSYS® family of products. The primary unknowns (nodal DOFs) calculated in a 

structural analysis are displacements. Other quantities, such as strains, stresses, and reaction 

forces, are then derived from the nodal displacements. 

The following types of structural analyses can be performed: 

 Static analysis - used to determine displacements, stresses, etc. under static loading 

conditions; 

 Modal analysis - used to calculate the natural frequencies and mode shapes of a 

structure; 

 Harmonic analysis - used to determine the response of a structure undergoing 

harmonically time-varying loads, i.e., steady-state vibrations; 

 Transient dynamic analysis - used to determine the time-history dynamic response of a 

structure to arbitrarily time-varying loads; 

 Spectrum analysis - an extension of the modal analysis, used to calculate stresses and 

strains due to a response spectrum from the modal analysis. The spectrum analysis is 

often used instead of a transient dynamic analysis to determine the response of 

structures due to random or time-dependent (but ergodic) loading conditions such as 

earthquakes, wind loads, ocean wave loads, jet engine thrusts, rocket motor vibrations 

and so on (Wang, E. and Nelson (2002)); 

 Buckling analysis - used to calculate the buckling loads and determine the buckling 

mode shape. Both linear (eigenvalue) buckling and nonlinear buckling analyses are 

possible; 

 Explicit dynamic analysis - Used to calculate fast solutions for large deformation 

dynamics and complex contact problems. 

Thus, to compute the PSF a Modal analysis is run, whether it will be used in experimental or 

numerical examples. For the numerical examples, two Harmonic analysis have to be run with 

at least a change in one of the parameters (such as a set of elements’ damping factors). 



A Modal-based Contribution to Damage Location in Laminated Composite Plates 

A
nn

ex
 B

 –
 S

um
m

ar
y 

of
 th

e 
eq

ui
pm

en
t 

us
ed

 d
ur

in
g 

th
e 

dy
na

m
ic

 te
st

s 

205 

 

 

Annex B – Summary of the equipment 

used during the dynamic tests 

Table B.1: Summary of the equipment used for the dynamic tests. 

  
Dynamic 

Characterization 
of the Specimens 

Systematic Errors 
Evaluation 

Damage 
Assessment 

Equipment Type Brand and Model 

M
is

si
o

n
 1

 

M
is

si
o

n
 2
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is

si
o

n
 3

 

Tr
an
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u

ce
r 
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e 
‘L

’ 

Sp
ec

im
en

 P
la

te
 

ty
p

e 
‘A

’ 

Sp
ec

im
en

 P
la

te
 

ty
p

e 
‘B

’ 

Computer Various X X X X X X X X X 

Specialized Software 

B&K41 PULSE LabShop 
6.1.5.65 

   X X X  X X 

Harmonica 1.0       X   

BETAlab 7.05.5b2       X X X 

MuDI 9.04.1b0       X X X 

Polytec 
Scanning Vibrometer 

X X X       

Mihail-Primoz Convert X X X      X 

Signal Acquisition Module B&K 3109    X X X  X  

LAN Interface Module B&K 7533    X X X  X  

Data Acquisition Module NI DAQCard 6062-E       X   

Signal Conditioning Carrier NI SC-2345       X   

Accelerometer Input Module NI SCC-ACC01       X   

Analogue Output Module NI SCC-AO10       X   

LASER Interferometer Polytec OFV-508     X X X X  

LASER Controller 

Polytec OFV-2802i     X X X X  

Polytec OFV-3001 X         

Polytec OFV-5000  X X      X 

LASER Junction Box 
Polytec PSV-Z-040-M X         

Polytec PSV-400  X X      X 

LASER Head 
Polytec OFC-056 X         

Polytec PSV-400  X X      X 

Accelerometer 
B&K Deltatron 4507    X      

B&K Deltatron 4508    X      

Electromagnetic Shaker B&K 4809   X X X X X X X 

Power Amplifier B&K 2706    X X X X X X 

Force Transducer B&K 8200 X X X X X X X X X 

Charge Amplifier B&K 2635 X X X X X X X X X 

Reflective Tape 
3M Scotchlite 
Diamond Gr 983-10 

    X X X X  

Glue 
HBM Schnellklebstoff 
X60 

X X X X X X X X X 

Push-rod 
Teflon X X X X X X X X X 

Various     X     

           

Other generic equipment was used, such as: tripod for the LASER, glued mounting threads and 

glued clips for the transducers, 0.3~0.5mm nylon strings for the free-free simulated 

suspension, support structure (or ceiling), electrical coaxial connectors, etc. 

                                                           

41
 B&K is an abbreviation for Brüel & Kjær®. 
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Annex C – On the improvement of 

experimental repeatability 

C.1 Systematic and random errors 

When dealing with experimental testing and signal processing, uncertainties will always be 

present and, up to a certain degree, it could be said they will increase with the amount of 

variables that interfere with the whole process. Such errors will have effects on the 

identification of the modal parameters and may lead to a faulty assessment of the damage 

location. 

Errors can be categorized as systematic or random. Systematic errors can usually be avoided 

and are often due to a problem which persists throughout the entire experiment, for instance 

the incorrect calibration or inadequate utilization of the equipment. The structural material’s 

susceptibility to the environment conditions, namely to temperature and moisture, is also a 

source for systematic errors. The systematic errors are reproducible inaccuracies that 

consistently divert all the measurements in the same direction, resulting in the deviation of the 

measured average value. Random errors, by contrast, will always be present even though the 

systematic errors were adequately removed. Random errors are statistical fluctuations (in 

either direction) in the measured data due to the precision limitations of the measurement 

chain. They usually result from the experimenter's inability to take the same measurement in 

exactly the same way to get exactly the same value. Examples of this kind of errors are the lack 

of sensitivity of the transducers, digital sampling or noise (as external disturbances that are not 

taken into account as such). The appearance of random errors is inevitable and leads to a 

random deviation of the results, with equal probability in both directions, in such a way that 

results float around an average value. 

In summary, systematic errors are difficult to detect and cannot be analyzed statistically, 

because all of the data is off in the same direction (either too high or too low). Spotting and 

correcting for systematic error takes a lot of care. On the other hand, random errors can be 

evaluated through statistical analysis, but are something the experimentalist cannot eliminate 

completely and will always have to live with. The usual way for reducing them (providing he is 

doing the experiment under the same conditions) is by averaging the results over a large 

number of observations. 
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To avoid systematic errors and to ensure experimental repeatability, some testing was made. 

With these results, guidelines may be issued and a better understanding of the whole 

experimental process can be achieved. 

First, it was assumed that the apparently equal specimens would behave exactly the same 

way, despite the fact that differences could be found in minor details. During manufacturing, it 

was not possible to guarantee that the fibres were along the supposed direction (within a 

reasonable tolerance). Also, during the polymerization process in the autoclave, it was not 

possible to take direct control over the way the resin flows to the bleeder, meaning that small 

changes in the specimen thickness could appear. During the cutting process, the slightest 

misalignment of the guiding rules will turn the specimens into trapeziums instead of rectangles 

and imperfections appear on the specimen’s edges. 

 

C.2 Accelerometers’ cables effects 

The effect of the transducers’ cables on the results was appreciated by conducting tests on 

specimen plate A3H. Four Brüel & Kjær® miniature accelerometers were used for the 

responses measurement at the same time. Three different tests were done by changing the 

position of the accelerometers’ connectors as illustrated in figure C.1. For the first two 

positions, type 4507 accelerometers were used, whereas type 4508 accelerometers were used 

for the last configuration. The results for the direct FRF are shown on figure C.2. 

 

Figure C.1: Position of the accelerometers’ connectors and cables. 
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Figure C.2: Comparison between FRFs obtained using different configurations of the 

accelerometers’ cables. 

It can be observed that the cables have a noticeable influence on the experimental results that 

will most surely hide some of the smaller changes caused by damage. It is the belief of the 

author that this is mostly due to the lightness of the structure. The use of transducers attached 

to the structure results in undetermined added mass and stiffness effects. This was avoided by 

using a kind of non-contact equipment, a LDV, having the advantage of not physically 

interfering with the structure.  As a disadvantage, for lightweight structures, it is not easy to 

perform the measurement if rigid modes with large displacements have not vanished (because 

the LASER lens is not isolated from the ground whereas the accelerometers are). Rigid modes 

appear because the specimen plate is suspended by long strings in two separate points 

simulating free-free boundary conditions, which can easily lead to pendulum motion. 

 

C.3 Push-rod effects 

Push-rods (often also referred in the literature as stingers or drive rods) are used to apply the 

excitation force from the shaker on the structure. The objective is to transmit controlled 

excitation to the structure in a given direction and, at the same time, to impose as little 

constraint on the structure as possible in all the other directions. Despite the connecting 

devices being designed to reduce the attachment influence between the shaker and the 
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structure, there will always be undetermined constraining effects and mass loading of the 

structure (Maia and Silva (1997)). Figure C.3 shows a typical drive-rod assembly.  

 

Figure C.3: Drive-rod connection between exciter and force transducer. 

The locking ball joint fixture allows for simple alignment of the excitation direction, when the 

structure is not exactly perpendicular to the exciter’s axial direction, also minimizing push-rod 

bending. In the present case, the extension is not adjustable and acts only as a connection 

between the shaker and the locking ball joint fixture. However, this push-rod is threaded over 

its whole length, allowing for simple adjustment of the positioning of the shaker along the 

excitation direction. Locking nuts on the tips of this push-rod will prevent it from twisting 

during vibration. The whole setup is completely removable and replaceable, thereby avoiding 

damage to the shaker, structure or transducers, while repositioning is done.  

One consideration is that it is desirable that the push-rod is as stiff as possible in the 

longitudinal direction so that its first mode is above the frequency range of interest. However, 

in most cases, the structure responds to the excitation by both translating and rotating, and 

therefore, restraints are imposed and the force transducer will be affected by a reaction 

torque that will distort the force signal and introduce errors in the results. To avoid this, a 

flexible push-rod usually forms some part of the link between the shaker and the structure 

under test. The push-rod is designed so that it is relatively flexible to lateral and rotational 

motions between its ends, but very stiff axially. Polymers (such as in coating or Teflon® 

stingers) are used with the aim of increasing damping and attenuating the possible influence of 

push-rod modes. 
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Maia and Silva (1997) argue that, despite all the facts that are discussed about push-rods, 

“there is still no substitute for actually trying out several different push-rods during preliminary 

investigations to obtain one that is best suited.” Four different push-rods were tested, using 

the configuration shown in figure C.3, again using plate A3H: hardened steel wire, clothesline 

stranded steel cable, plastic coated clothesline stranded steel cable and threaded Teflon® 

stingers (figure C.4). The results for the direct FRF are shown in figure C.5. 

 

Figure C.4: Different types of push-rods and correspondent attachments to the shaker and to the 

structure (force transducer). 

 

Figure C.5: Comparison between FRFs obtained using different push-rods. 

Different push-rods largely affected the results, as already observed by Montalvão (2003) in 

another work. The best agreement was observed between the hardened steel wire and the 

threaded Teflon® stingers. 
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C.4 Repeatability 

After the entire setup was chosen, repeatability tests were performed. Two types of 

repeatability tests were tried. The first one is concerned with differences between the 

specimen plates (which, in theory, should be equal). The second one is concerned with random 

errors, namely with those arising from the setting up of the experimental apparatus. 

To evaluate possible differences in the dynamic behaviour of the specimens, the same test 

under the same conditions (as far as possible), was performed over specimen plates A1H, A2H, 

A3H and A4H. The results for the direct FRF are shown in figure C.6. 

 

 

Figure C.6: Comparison between FRFs from different specimen plates. 

 

Keeping in mind the whole manufacturing process, it was not hard to predict some variations 

might occur. As a consequence, although the same mode shapes were used, as discussed in 

the main body of this work, the slight differences in the natural frequencies were considered. 

In order to assess random errors, tests were made using specimen plate A4H. A total of 20 

tests including full assembly and disassembly of the experimental setup for each run was 

performed. The results for the direct FRF are shown in figure C.7. 
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Figure C.7: Amplitude of the averaged accelerance and accelerance standard deviation after 20 

measurements on plate A4H. 

The major conclusion to draw is that the largest standard deviation values occur at the 

resonance and anti-resonance regions (what is perfectly normal), whereas away from these 

regions the standard deviation does not generally go beyond the 3%. 

 

C.5 Final remarks 

Two of the measurement chain components that had a strong influence on the experimental 

results were the accelerometers’ cables and the push-rod. While the push-rod is inevitable42 

unless one chooses to follow an OMA approach instead of EMA (thus bringing up several other 

issues), the influence of the accelerometers’ cables can be minimized if non-contact devices 

are used, such as a LDV. 

Finally, emphasis should be given to the idea that a powerful experimental method would be 

one that minimizes the amount of variables affecting the whole process. To achieve such an 

objective, a faithful reproduction of similar conditions must be assured when performing tests 

on different occasions, keeping in mind the environment external influence, such as the effect 

of the temperature. 

                                                           

42
 Since hammer excitation would set up undesirable pendulum motion. 
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Annex D – HARMONICA© Software 

D.1 Introduction 

Many approaches are available to measure the dynamical behaviour of structures. According 

to Maia and Silva (1997), these approaches have been historically divided in Phase-Resonance 

methods (Normal Mode testing or Sine Dwell testing) and Phase-Separation Methods 

(Stepped-Sine and Broadband testing). The Phase-Separation Methods are the most 

generalized in the field of modal analysis, since they allow for the use of a single point force 

excitation, for example the one used with an impact hammer. Within these methods, one may 

find typical excitation techniques, like Random, Pseudo-Random, Sweep-Sine, Multi-Sine or 

Stepped-Sine. 

For the techniques that use the Stepped-Sine approach, a shaker is used to excite the structure 

at a single, precisely controlled, frequency. After settling into the steady-state, it is possible to 

measure the amplitude and phase of the input and output signals at that given frequency, 

which means one can compute any transfer function (FRF or Transmissibility) without resorting 

to the Fourier Transform.  

Since the signals are harmonic, the FRF  can simply be computed for each frequency  as 

earlier mentioned in chapter3.4.1: 

  (D.1) 

where  is the complex response and  the complex force. The Transmissibility 

function can be computed in a similar way. The frequency is subsequently incremented, and 

the measurement process repeated. 

From the above, it is easy to understand that it is possible, within the capabilities of the 

available equipment, to compute transfer functions for any frequency range with any spectral 

resolution. This is a versatility that commercial analyzers don’t usually have, since most of 

them use the FFT, limiting the number of lines to powers of 2. 

One of the major advantages of the Stepped-Sine technique is its large signal-to-noise ratio, 

since the energy is totally concentrated in a single spectral line of the frequency spectrum. The 

Broadband Testing techniques, require that an analogue-to-digital converter acquires the 

energy over the whole frequency spectrum. However, the energy distribution usually present 
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severe differences in amplitude along the frequency range. This is not an issue in the case of 

the Stepped-Sine, since all of the energy of the excitation/response is fully dedicated to a 

single spectral line and thus allowing for the proper settings for each frequency. 

Another advantage of this technique is the possibility of experimentally assessing the 

nonlinear dynamic behaviour of a structure, since it is possible to precisely control one 

input/output as a reference channel. Near the resonant frequencies, the structure will respond 

with high amplitudes which strongly depend on the applied excitation. If the force is not 

controlled, the structural nonlinear behaviour (when it exists) can lead to inconsistent 

measurements representing difficulties to the analysis. Conversely, when using the Stepped-

Sine technique, one can impose that the force has a constant value for each measurement 

frequency. Changing the value of the force for each measurement, allows for experimentally 

estimating the system nonlinearities. Nevertheless, because the force signal tends to have low 

values near the resonant frequencies, it may not be possible to maintain the same value for 

the force since the equipment (namely the signal generator) may become overloaded. One 

form of avoiding this situation consists on controlling a response instead of a force. However, 

in such case, a similar problem might occur near anti-resonant frequencies. These problems 

can be overcome if a lower limit level for the excitation/response to control is defined 

(whether it is the force or the response being controlled), although that might decrease the 

signal-to-noise ratio over the rest of the frequency spectrum. Hence, a compromise solution 

must be achieved in the beginning of each measurement, considering the purposes of the 

experimental test being carried out. 

The most evident disadvantage of this method is the time consumed to perform each 

measurement. By its own nature, the Stepped-Sine technique is very time consuming, when 

compared to the other common techniques. However, some authors remarked that this is not 

a major objection when it takes a couple of days for setting up a large test (Avitable (2005)). 

 

D.2 Program overview 

The HARMONICA© Stepped-Sine Spectrum Analyzer was fully developed by the author in 

LabVIEW™ 7.1 from National Instruments™. It has the following main features: 

 Single point Stepped-Sine excitation; 

 Up to 8-channel simultaneous measurement of forces and responses; 

 Optional constant control of a reference channel, which can be a force, acceleration, 

velocity or displacement, for nonlinear experimental assessment. The control is 
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independent of the type of transducer used (for instance, the control can be made in 

displacement using an accelerometer); 

 Allows estimating transfer functions as FRFs or Transmissibility Functions. 

This software is freeware and can be downloaded by any interested person at: 

http://ltodi.est.ips.pt/dmontalvao/downloadsen.htm. 

 

D.3 Assessment of the software performance and tips 

Testing the program was carried out using a NI-DAQCard™-6062E, a NI Signal Conditioning SC-

2345 Carrier, NI SCC-ACC01 Accelerometer Input Modules and a NI SCC-AO10 Isolated 

Analogue Output Module. Several different tests were carried out to test the HARMONICA© 

program. To establish a reliable comparison, the same tests were also performed using a 

commercial program (PULSE™ from Brüel & Kjær®) and using Random and Multisine excitation 

signals. The results, further discussion and other details can be found in Montalvão and Fontul 

(2006), showing a good agreement between HARMONICA© and PULSE™. 

In the remainder of this section, some tips are given on how to get the best results with 

HARMONICA©, based on the gained experience during the assessment of the software 

performance. 

There are two very important parameters that should be carefully introduced on 

HARMONICA©’s setup before any measurement: transient delay and number of cycles after 

transient. The transient delay is the time the programme waits for vibration to settle for each 

generated sine frequency. The correct setting of this parameter strongly depends on the 

experience of the user and on the structure under test. At least one measurement, with a 

coarse spectral resolution (for the measurement not to take too long), should first be 

performed in order to perceive the adequate value to be set for the transient delay (0.1~1.0s 

should be enough). The number of cycles after transient defines the length of the recorded 

data from which the program will extract the amplitude and phase of the responses. 

Before determining the Amplitude and Phase, the recorded data suffers some processing. 

First, eventual offsets of the signal are eliminated. Then, this same data suffers a narrow band 

filtering around the frequency of the signal, using a FFT based routine that returns the signals 

phase. Since the program will extract the RMS value of the sine to compute its amplitude at 

each frequency, the amplitude obtained can be seen as an average. 

When using control of force, it is possible that the constant established value for the force 

cannot be hold near the resonant frequencies. As it is known, the resonant frequency occurs 

http://ltodi.est.ips.pt/dmontalvao/downloadsen.htm
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for a minimum value of the force, and not for a maximum value of the response (the maximum 

value of the response occurs a little earlier). Since the force is achieving smaller values near 

the resonant frequencies, HARMONICA© will increase the amplifier gain in order for the force 

to hold constant around the specified value. It is clear that at a certain point it can happen that 

the maximum allowed amplifier gain is achieved, precluding the possibility of further 

increasing the value of the force. 

When using control of response, a similar discussion can be formulated. Near the anti-

resonant frequency it may not be possible to maintain the response specified level. Since the 

response is achieving smaller values near the anti-resonant frequencies, the HARMONICA© 

program will increase the amplifier gain in order to increase the exciting force and so to bring 

the response to the specified level. Again, this may not be possible if the amplifier gain 

achieves its maximum allowed value. 

Better results were obtained by Montalvão and Fontul (2006) for control of response rather 

than for control of force. Near anti-resonant frequencies the response is locally very small. It 

should be clear that near the anti-resonant frequencies the force achieves large values and the 

local response small values at (exactly) the same time. This indeed happens simultaneously, 

since the mass of the system has locally negligible effects. Hence, when using control of force, 

the required amplifier gain near the anti-resonant frequencies is considerably smaller when 

compared to the rest of the frequency range. In such a case, the signal-to-noise ratio of the 

signal acquired from the response transducer is most probably very low, thus leading to 

greater dispersion on the results. For control of response this will be less evident near the 

resonant frequency, because the maximum response occurs earlier than the resonant 

frequency and not simultaneously. 

In summary: 

 the transient delay and the number of cycles after transient are core parameters for 

the correct signal acquisition; 

 it seems that control in response is a promising way to obtain consistent results with 

HARMONICA© for the study of nonlinear effects. 

 

D.4 System requirements 

The HARMONICA was programmed in LabVIEW™ 7.1 from National Instruments™ for 

Microsoft® Windows®. Any requirements should be in accordance to those of this version from 

LabVIEW™ 7.1. It is strictly necessary that NI-DAQ™ Reference Drivers and Measurement & 
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Automation Explorer© are installed. These programs, which usually accompany any hardware 

from National Instruments™, are used to configure the measurement hardware and also 

provide important libraries for HARMONICA© to work. NI-DAQ™ is available for download at 

www.ni.com. HARMONICA© v1.0 was tested under NI-DAQ™ 7.4 (Legacy). 

The computer used was a Laptop with Intel® Pentium™ M 1.4 GHz processor and 512Mb of 

RAM. The program was tested under Microsoft® Windows® XP environment. 

This program is designed to be run with a resolution of (at least) 1024x768. 

 

D.5 Channel definition on Measurement & Automation 

Explorer© 

National Instruments™ Measurement & Automation Explorer©  is an application that usually 

accompanies the hardware and that allows to, amongst others: 

 To configure National Instruments™ hardware and software; 

 To create and edit the channels’ properties; 

 To view devices and instruments connected to the system. 

Before running HARMONICA©, the hardware, software and channels should be properly 

configured. Refer to Measurement & Automation Explorer© manual for details on how to 

configure them. 

However, some of the information, like the sensitivity of the transducers and their units are 

introduced in HARMONICA© itself, in such a way that the only information required on 

Measurement & Automation Explorer© (for each channel) is: 

 Channel name; 

 Range of the physical quantity to be measured (these values should be in Volts)43; 

 Sensor type (this should be a Voltage when using transducers such as accelerometers); 

 Hardware device; 

                                                           

43
 Since the HARMONICA program is designed to be used with conventional transducers, such as 

accelerometers, vibrometers or force transducers, it is assumed that the range of the physical quantities 

to be measured is symmetrical, in such a way that the only relevant field to be accurately introduced on 

MAX is the upper value of the physical quantity’s range (max value). The lower value (min) will be 

ignored by the program. If, for any reason, the range of the transducer is, for instance, between +5 and -

3 Volts, the lower absolute value (3 Volts) should be chosen for both the max and min values of the 

physical quantity’s range. Otherwise, if clipping occurs, the program may not be able to detect it. 

http://www.ni.com/
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 Hardware channel; 

 Hardware input mode. 

No other data, such as the physical quantity units or a sensor scaling formula need to be 

introduced. Figure D. shows an example of an input channel configuration on Measurement & 

Automation Explorer© for use with the HARMONICA© program. 

 

Figure D.1: Example of a channel configuration on Measurement & Automation Explorer
©

. 

 

D.6 Operation 

D.6.1 Home Panel 

The HARMONICA© is divided into 4 panels that should be played sequentially as follows: 

 Home; 

 Setup; 

 Measurement; 

 Results. 
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The Home panel is the panel that appears when the program is executed, and is solely used for 

presentation purposes. 

 

 

Figure D.2: Home Panel. 

Panels can be changed on the tabs on the upper left corner of the window. That should be 

done sequentially. 

On the bottom, there are 4 buttons and one indicator. These are present in any of the 4 

panels. From left to right, one has: 

 EXIT – Exits HARMONICA© closing LabVIEW™; 

 About – Information regarding the author (name, contacts, etc.); 

 Generator Status – Indicates if the program is generating a signal to the exciter; 

 Stop Generator – Stops the generator, interrupting a measurement; 

 Start Generator – Starts the generator, beginning a measurement. 

 

D.6.2 Setup Panel 

The Setup Panel is the most important one, since it is here that one fully defines the 

measurement setup. 
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Figure D.3: Setup Panel. 

The Setup Panel is divided into several smaller panels. Following this sequence, one has: 

 Load/Save Setup: 

o Load – Loads a previously saved setup. The program will ask for files with the 

extension “.hsf”; 

o Save – Saves the current setup into a file with the extension “.hsf”. 

 Measurement Setup Panel: 

o Upper Frequency (Hz) – Upper frequency of the frequency range; 

o Lower Frequency (Hz) – Lower frequency of the frequency range; 

o Spectral Resolution: 

 Linear44 – The frequency spacing is constant, i.e., the absolute 

frequency spacing is the same for the entire frequency range; 

                                                           

44
 For example, if the measurement is made from the 200 to the 800 Hz, a Linear Spectral Resolution of 

301 lines corresponds to a frequency spacing of 2 Hz (200Hz, 202Hz, 204Hz, 206Hz, …, 796Hz, 798Hz, 

800Hz). 
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 Log45 – The frequency spacing is logarithmic, i.e., the relative 

(percentage) frequency spacing is the same for the entire frequency 

range. As a result, for lower frequencies the frequency spacing is 

smaller in absolute terms than for larger frequencies. 

o Number of Lines – Number of lines used to divide the frequency range. This 

also corresponds to the amount of sines generated during a run-up; 

o Frequency Spacing – Indicator of the frequency spacing. This is presented in Hz 

in case the Spectral Resolution is Linear, or in the form of a percentage in case 

the Spectral Resolution is Logarithmic; 

o Transient Delay46 – Time waited for the system to settle for each generated 

sine. This parameter largely depends on the experience of the user and on the 

structure under test; 

o Cycles after Transient – Integer number of cycles used in the analysis after the 

system has settled. This can be seen as an average. The amplitude and phase 

of the signal will be extracted from this sine time wave. 

 Channels Setup Panel47: 

o Active Channels – Number of Input channels used in the experimental setup. 

The number of Input channels can vary from 1 to 8; 

o Output Channel Selection – Selection of the Output channel (generator); 

o Input Channels Selection – Selection of the Input channels to be used during 

measurement; 

o Max Voltage48 – Maximum voltage allowed for the specified transducer, 

according to their technical specifications. It is necessary to have this 

                                                           

45
 For example, if the measurement is made from the 200 to the 800Hz, a Log Spectral Resolution of 301 

lines corresponds to a frequency spacing of 0.46% (200Hz, 200.92Hz, 201.84Hz, 202.77Hz, …, 792.68Hz, 

796.33Hz, 800Hz). 

46
 It is recommended that several run-ups are first executed with a rough Spectral Resolution in order 

for the user to understand how much the Transient Delay’s adequate value is. In a free-free 

800x25x6mm3 steel beam, with point excitation in one of its tips, it was found that a Transient Delay of 

0.4s was the smallest adequate value. 

47
 Only channels first defined in MAX can be selected (either Input or Output channels). If no channels 

were previously defined in MAX, execution of the program may cause errors, and the program can be 

aborted. 

48
 When the program is executed, it will automatically retrieve the Max Voltage values from MAX for the 

first 8 Input channels defined. If a channel is changed in the Input Channels Selection, it is necessary to 

manually introduce a new value for the Max Voltage value relative to that channel. 
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parameter accurately defined, so that the clipping protection algorithm can be 

effective; 

o Ch Units – Channel units of the specified transducer. For instance, if the 

transducer is an accelerometer, the units should be defined as “acceleration”; 

o Out Units – Output units of the transducer. The kinematic units can be 

converted by integration or differentiation. For example, the output units of 

an accelerometer can be converted to a displacement. This is particular useful 

when one wants to have control of the dynamic behaviour of the structure for 

nonlinear analysis; 

o Sens – Sensibility of the channel transducer in Volts per Channel Unit (Ch Unit) 

of the transducer. 

 Generator Setup Panel: 

o Amplifier Gain49 – The generator output signal expressed in Volts. The 

maximum value is retrieved from Measurement & Automation Explorer© for 

the Output Channel selected; 

o Clipping Decrement50 – Clipping can be avoided based on the Max Voltage 

specified on Measurement & Automation Explorer© or in the Channels Setup 

Panel. If clipping occurs during a measurement, the program will decrease the 

Amplifier Gain by a percentage defined in this control; 

                                                           

49
 In the case the Use Constant Reference Channel of the Nonlinear Analysis is set to OFF, the gain 

output value will be constant for the whole frequency domain (unless clipping occurs). In the case the 

Use Constant Reference Channel of the Nonlinear Analysis is set to ON, the gain for the Output Channel 

value will vary between the value defined by the Amplifier Gain and zero. In this case, a large value for 

the Amplifier Gain should be defined, though caution should be made not to cause overload. 

50
 Example of the Clipping Decrement function: If clipping occurs for a gain of 7V, and if the Clipping 

Decrement is defined to 10%, the Amplifier Gain will be temporarily reduced to 6.3 and the 

measurement repeated for that specific frequency. If clipping still occurs, the measurement will be 

repeated decreasing the Amplifier Gain by another 10% lowering it to 5.7V. When no clipping is 

detected, the program will carry on the measurement for higher frequencies, with the original Amplifier 

Gain of 7V. 
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o Min Sine Resolution51 – Minimum resolution (number of points per cycle) for 

each generated sine wave. 

 Nonlinear Analysis Panel: 

o Use Constant Reference Channel – When this control is set to ON, the program 

will try to maintain a reference channel with a constant value (within a defined 

Tolerance value) for all the frequency range in the Output Units; 

o Reference Level52 – Value (in the Output Units) that should be measured by 

the reference channel in the whole frequency range; 

                                                           

51
 Each sine is digitally generated with an integer number of points per cycle.  The number of points per 

cycle is optimized between the Min Sine Resolution value and a Max Sine Resolution (which is based on 

the Board I/O Resolution, Upper Frequency, and number of Active Channels) so that the error between 

each generated frequency and the desired frequency is as small as possible. These errors occur due to 

the clock limitations of the board, and it is expectable to happen with any equipment. For better results, 

a low value should be defined for the Min Sine Resolution and a large value should be defined for the 

Board I/O Resolution. However, for very low Min Sine Resolution values, the generated sine wave can 

become excessively coarse. As an example, suppose the board has a clock frequency of 20MHz, the Min 

Sine Resolution is defined to 10 points/cycle, the Board I/O Resolution is 500kS/s, there are 4 Active 

Channels and the Upper Frequency is 1000Hz. For an asked frequency of, for instance, 798.00Hz, the 

optimized value for the number of points per cycle is 71, thus returning an output frequency of 

797.99Hz. Conversely, if only a fixed sine resolution is defined, for instance 300 points/cycle for all the 

stepped-sines, the closest frequency to 798.00Hz the board can produce as an Output is 803.21Hz.The 

reason for the dependency of the output resolution (points/cycle) with the number of channels is 

related to the fact that better accuracy is achieved in the algorithms when both the input and output 

resolutions are synchronized. The closer the values of the Min Sine Resolution and Board I/O Resolution 

are, the greatest can be the difference between the asked frequency and the generated frequency, as a 

consequence of hardware constraints. 

52
 The program will automatically adjust the Amplifier Gain in order to maintain the Reference Level of 

the Reference Channel within a defined Tolerance value in the Output Units. The Amplifier Gain is 

iteratively adjusted in order for the measured signal of the transducer to fall between the Reference 

Level ± Tolerance(%). It is recommended that several run-ups are first executed with a rough Spectral 

Resolution in order for the user to understand which are the adequate values for the Reference Level 

and Tolerance. After definition of the adequate Reference Level boundary, several measurements can 

now be carried out with the desired setup for different Reference Levels for nonlinear behaviour 

assessment. In the case one is using a Force as the Reference Channel, it may happens that it is not 

possible to hold the Reference Level constant around Resonance Frequencies, as a consequence of the 

Force achieving very low values. In the case one is using a Response as the Reference Channel, it may 

happens that it is not possible to hold the Reference Level constant around Anti-Resonance Frequencies, 

as a consequence of one or more Responses achieving very low values. In both situations the program 

will try to raise the output level of the Reference Channel by temporarily increasing the Amplifier Gain. 

This may lead to one of two situations: overload of one channel (detected by clipping) or the gain 

achieves its maximum value allowed (defined in the Amplifier Gain control). If any of these situations 

occur, the Reference Level control algorithm is interrupted for that specific frequency. 
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o Tolerance – Percentual tolerance accepted around the Reference Level. The 

lower this value is, the longer the measurement can take. 

 Advanced Setup Panel: 

o Define Low Level53 – This value, defined in Volts, is used as a protection for 

situations that occur during testing in which the board does not send the 

signal to the generator. Those situations can occur if other programs are 

running in background, such as an anti-virus. This is very effective if more than 

one channel is being measured simultaneously (especially if a force and at 

least a response are being measured), but can fail if only one channel is being 

measured. What the program does is to measure all the amplitudes of the 

time signals and verify if the amplitudes (in Volts) are below the defined level. 

In such a case, the measurement at that frequency will be repeated. To turn 

this protection off, a value of zero should be chosen; 

o Board I/O Resolution54 – Smallest value in kS/s (kilosamples per second) 

between the Input and Output resolutions of the Hardware Board being used. 

 Other controls and indicators: 

o Number of runs55 – Number of times the whole measurement defined in the 

setup will be repeated; 

o Estimated Time56 – Estimated time for the whole measurement to take. This 

value is a gross estimate. 

 

                                                           

53
 Inadequate definition of this setting may cause the measurement not to finish. A value of zero 

disables low level protection. It is recommended that one run-up is first executed with a rough Spectral 

Resolution in order for the user to understand which the adequate value is for the Low Level. 

54
 The program will try to automatically retrieve this value. In case that value is not correct, the user 

should introduce it manually. Also, if the user does not intend to work near the limits of the board, it is 

possible to define a lower resolution. If this value is higher than the minimum value between the Input 

or Output resolutions of the Board, it is possible that the measurement is interrupted and that the 

program is abruptly terminated. 

55
 Since the Stepped-Sine excitation technique is by nature a slow process, this can be a useful tool if 

one wants to, for instance, later estimate the standard deviation of the results or perform any kind of 

statistical processing. 

56
 When using a Constant Reference Channel, it is possible that the measurement time is many times 

greater than the value presented herein. 
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D.6.3 Measurement panel 

This is a merely indicative panel, which is active during the test run-ups. Once during a run-up 

it is not possible to change to other panel. This panel is constituted by the following: 

 Waveform Real-Time Non-Filtered Full Signal - In this graph the full waveforms are 

plotted as acquired directly by the transducers without any filtering or signal 

processing. The purpose is to give the user a perception whether the system has 

settled into steady-state vibration or not. A green vertical line is plotted marking the 

end of the Transient Delay time and the beginning of the measurement record; 

 

Figure D.4: Measurement Panel. 

 Waveform Real-Time Stationary Filtered Signal - In this graph only the recorded signal 

is plotted, after being filtered and processed. For each frequency, the data 

corresponding to the number of Cycles after Transient is presented; 

 Tanks - The dark green tanks are used to represent the level of the signals acquired by 

the transducers, represented in the Output Units, during each Stepped-Sine. These 

tanks use a logarithmic scale. If clipping occurs on any channel, the tank corresponding 

to that channel will turn to red temporarily. If using a Constant Reference Channel, the 

colour of the correspondent tank will be light green; 

 Input-Output Parameters - Indicators of the data given to the Board for generating and 

measuring a Stepped-Sine at each frequency: Cycles in Buffer (number of cycles), 
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Buffer Length (number of points or samples) and Update rate (points or samples per 

second). These parameters are calculated based on the data introduced in the Setup 

Panel and on the optimization algorithm used to define the best number of points per 

cycle for each frequency; 

 Clipping - Whenever a transducer reaches its Max Voltage level, this indicator turns 

red, and the measurement is repeated for that frequency with an Amplifier Gain 

lowered temporarily by a percentage defined in the Clipping Decrement control. 

Whenever this indicator is on, the measurement time will increase; 

 Low Level - Whenever all the amplitudes of the time signals (in Volts) are below the 

Low Level defined on the Setup, this indicator turns cyan, and the measurement is 

repeated using exactly the same parameters. This is used as a protection for situations 

that occur during testing in which the board does not send the signal to the generator. 

Those situations can occur if other programs are running in background, such as an 

anti-virus. Whenever this indicator is on, the measurement time will increase; 

 Tolerance57 - When using a Constant Reference Channel, the Amplifier Gain has to be 

iteratively adjusted in order for the measured signal of the transducer to fall within the 

Reference Level ± Tolerance (%). When the program is doing these iterations, this 

indicator turns yellow. Whenever this indicator is on, the measurement time will 

increase; 

 Actual Gain Scale - Value of the Amplifier Gain. This value can change if clipping occurs 

and if a Constant Reference Channel was defined; 

 Frequency - This indicator is used to indicate the desired Stepped-Sine frequency that 

the program is trying to generate; 

 Run no. - Indicator of the measurement run number; 

 Last Real Frequency Value - The frequency actually generated by the hardware 

equipment on the previous Stepped-Sine; 

 Estimated Time Left - Indicator of the estimated time left for the whole measurement 

to finish. This value is always changing according to the history of the measurement. 

On the beginning of the first run, it will present the same value as presented on the 

Setup Panel. If the Clipping, Low Level or Tolerance indicators are activated, the 

Estimated Time Left will be corrected. After finishing one run, and if other runs are to 

be performed, the Estimated Time Left will now be based on the time taken to finish 

the previous measurement run; 

                                                           

57
 Whenever the Clipping, Low Level or Tolerance indicators are on, the measurement time will increase. 
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 Start Time and Actual Time - Clock-time when the measurement started and actual 

clock-time. These values are based on the desktop clock. It is not advised to change 

clock settings during a measurement, since the total time taken to perform the whole 

measurement is estimated based on these values. 

D.6.4 Results panel 

In this panel the final results are presented. It is also here that the user defines the format of 

the data to be saved. 

 

 

Figure D.5: Results Panel. Plot of two FRFs’ amplitudes. 

This panel is constituted by the following: 

 Graph Results: 

o TF (Amplitude) – Plots the amplitude against frequency of a Transfer Function 

relating the Active Channels and the TF Reference Channel. The Transfer 

Function can either be in the form of a FRF or a Transmissibility Function. This 

control is used for graphical presentation purposes only; 

o TF (Phase) – Plots the phase (in degrees) against frequency of a Transfer 

Function relating the Active Channels and the TF Reference Channel. The 
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Transfer Function can either be in the form of a FRF or a Transmissibility 

Function. This control is used for graphical presentation purposes only; 

o Ch Response – Plots the amplitude of the Channel responses against 

frequency. It can be seen as the Amplitude of the Fourier Spectrum of the 

Channel responses. This control is used for graphical presentation purposes 

only. 

 Active Channels – Allows the user to decide which channels to be plotted. It is also 

here that the user defines which channel results will be saved; 

 TF Reference Channel – Reference channel for the Transfer Function. The TF Reference 

Channel can either be a force (and thus one obtains an FRF – response over force) or a 

channel response (and thus one obtains the FRF inverse – force over response - or a 

Transmissibility Function – response over response); 

 Ch Conversion – Conversion of the kinematic units of the measured responses (options 

include: no conversion, all to acceleration, all to velocity and all to displacement). This 

conversion does not affect channels defined as forces; 

 Save Data Format – Definition of the data format and type to be saved. The results can 

be saved either in the Complex format (real and imaginary parts) or Polar format 

(amplitude and phase in radians). The data type to be saved can either be in the form 

of a Transfer Function (Active Channel over TF Reference Channel) or in the form of a 

Channel Response. Only the Active Channels will be saved; 

 Save Results to File58, 59 – After setting the previous parameters, this button should be 

pressed in order to save the results. A Pop-Up Window will appear for each Active 

Channel. Each file will correspond to a single Active Channel having all the data 

concerning all run-ups (refer to chapter 5 for further information on the file formats); 

 Y Scale – Defines whether the Y scale is linear or expressed in dB. This control is used 

for graphical presentation purposes only; 

                                                           

58
 If for any reason saving a specific channel is cancelled by the user, that channel will not be saved and 

the program will continue to open Pop-Up windows for the rest of the channels. Also, only the Active 

Channels will be saved. 

59
 The results to be saved are independent from the Graph Results selection to be plotted - TF 

(Amplitude), TF (Phase) or Ch Response. For example, if the Graph Results is set to Ch Response but the 

Save Data Format is set to Transfer Function, the results to be saved are in the form of a transfer 

function and not in the form of a channel response spectrum. All the other settings previously 

explained, except for the Graph Results, will have effects on the saved data. 
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 Curve no. – Selection of the measurement curve corresponding to a run number. This 

control is used for graphical presentation purposes only; 

 Other buttons and fields – Other buttons can be found under the Graphical 

Representation of Final Results. These are standard LabVIEW™ controls for XY Graphs. 

 

D.7 File format 

The results are saved in a Tab Separated Values file (text file), with the default extension .txt. 

The first row of this file identifies the data type in each column, by means of the use of a 

numerical code, as can be seen in figure D.6. 

 

Figure D.6: Example of a results file generated by HARMONICA
©

 (some cells were conveniently 

hidden for presentation purposes). 

The first column corresponds to the generated frequency, and is identified in the first row with 

a “0”. 

The other columns have a X.Y code in which X identifies the run number and Y the type of data. 

There are eight types of data: 

1. Real Part of the Transfer Function; 

2. Imaginary Part of the Transfer Function; 

3. Real Part of the Channel Response; 

4. Imaginary Part of the Channel Response; 

5. Amplitude of the Transfer Function; 

6. Phase of the Transfer Function (in radians); 
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7. Amplitude of the Channel Response; 

8. Phase of the Channel Response (in radians). 

According to this, it is possible to see that figure D.6 is presenting data concerning to the 

Complex Transfer Function (real and imaginary parts) of a measurement carried out in 3 

successive runs. 

D.8 Future versions 

Like with any other software, there are of course some issues that were not taken into 

consideration when developing HARMONICA©. A future version of HARMONICA© could benefit 

from the following: 

 Inclusion of an option to record the time-signals; 

 An option to redo the measurement at single frequencies could exist (with different 

“transient delay” and “cycles after transient” settings, for instance); 

 Inclusion of a real-time FRF display in the measurement panel; 

 Inclusion of a well-suited filter, especially designed for this kind of signal. The author is 

already working out on this subject. 

.
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Annex E – BETAlab© Software 

E.1 Introduction 

The BETAlab© is a modal identification software application built under LabVIEW™ 7.1 

environment from National Instruments™. It makes use of the CRF function (see section 3.4.2) 

developed by Maia et al. (1994), Silva, J. M. M. et al. (1996) and Ribeiro (1999). The algorithm 

identifies the modal parameters from experimental FRF data considering the receptance 

(presented in section 3.4.1) as:  

  (E.1) 

in which: 

  (E.2) 

Thus this application allows regenerating the FRF curve analytically. In the case a reasonable 

amount of FRFs is obtainable, corresponding to different measurement points, it also allows 

representing graphically the mode shapes for bi-dimensional systems (in other words, the 

modal vectors become available). 

There are, of course, commercial applications available, such as Modent from ICATS or 

Test.Lab from LMS, which have a much wider range of engineering applications and are able to 

present as good results as BETAlab© when modal identification is concerned. However, the 

development of BETAlab© tool still presents several advantages, namely to the research 

groups, being the most obvious benefit the economical one. 

 

E.2 Program overview 

BETAlab© is a custom made modal identification program. It was fully developed by the author 

in LabVIEW™ 7.1 from National Instruments™. It is an up-to-date version of the now obsolete 

BETA© originally presented by Ribeiro (1999). 

BETAlab© uses the CRF (see section 3.4.2) to determine the global and local modal properties 

(natural frequencies, modal damping factors and complex modal constants). 
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It has the following main features: 

 Fully interactive platform; 

 Identification of the modal properties of MIMO60 systems; 

 Processing of an indefinite number of experimental FRFs; 

 Real-time presentation of the regenerated curve for quality judgement; 

 Possibility of choice of interactive (slow) or automatic (fast) identification; 

 Determination of residuals for regeneration of the experimental curve (interactive or 

automatic); 

 SDOF analysis, meaning each mode is treated independently of the others and usually 

the order of identification is (almost) irrelevant; 

 Semi-automatic improvement of the results (minimization of the influence of modes 

over each other); 

 Allows manually editing the results (not recommended, only experienced users should 

do it); 

 Allows saving the results in Tab Separated Values files (text files) for access with 

programs such as Sun® Microsystems OpenOffice.org Calc or Microsoft® Excel®; 

 Allows saving the current identification and proceeding with it later; 

 Accepts three different data files as inputs (designated as Harmonica, Pulse Single and 

Mihail-Primoz). 

 

E.3 System requirements 

BETAlab© was programmed in LabVIEW™ 7.1 from National Instruments™ for Microsoft® 

Windows®. Any requirements should be in accordance to those of this version from LabVIEW™ 

7.1. It was tested in a laptop computer with Intel® Pentium™ M 1.4 GHz processor and 512Mb 

of RAM. The program was tested under Microsoft® Windows® XP environment. 

This program is designed to be run with a resolution of (at least) 1024x768. 

It is strictly required that LabVIEW™ 7.1 runtime engine is installed on the computer, since it 

does not come with an install wizard. 

 

                                                           

60
 Version 7.05.5b2 does not include modal consistency, so in fact this version is more adequate to 

Single Input Multiple Output (SIMO) systems. 
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E.4 Operation (tutorial) 

The operation of BETAlab© is better understood if explained as a tutorial. This is directed to 

users and not to developers. We shall explore an example, in this case the modal identification 

of the data for specimen plate A1D from this thesis. 

 

After installing and running LabVIEW™, left-click once on “open” (figure E.1, left). A new 

window will appear where you have to search for the root directory called “BETAlab 

v7.05.5b2.vi” (figure E.1, right). Choose to open the file BETAlab.vi. 

 

 

Figure E.1: Opening BETAlab
©

 VI. 

Another window will open. This new window is BETAlab©’s front panel. Before doing anything 

else, you have to push the button “Run” (near the upper left corner of the window, as shown 

in figure E.2). 

 

 

Figure E.2: Starting BETAlab
©

 VI. 

At this moment, BETAlab© is running. The first thing to do is to load the experimental FRFs61. In 

the present example, the experimental data was obtained with PULSE™ LabShop™ from Brüel 

                                                           

61
 The file formats of the experimental FRFs is described in section E.5. 
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& Kjær®. So, move your cursor and left-click once on “Pulse (Single)” in “File Format”. Then, 

left-click on “ADD FRFs” and a popup window will appear. You must search and select one 

single file with the experimental data. After selecting the file, another popup will ask which 

kind of data is being added (figure E.3). In the present case, the experimental FRFs were 

measured with a Dual-channel LDV, and no data conversion was performed. So, the data is in 

the form of mobility62. 

 

 

Figure E.3: Converting FRF data to receptance. 

This operation must be repeated as many times as the number of files that are going to be 

processed at the same time. After adding all the FRFs (in our case, there are four), active 

curves will show as selected (grey background). These are also the curves that appear in the 

two graphics to the right. The first graphic (ALFA-FRF) represents the receptance FRFs, whereas 

the second graphic (BETA-CRF) represents the correspondent CRF’s. Notice that, at this time, 

the CRF seems to be a noisy meaningless random function. It is also possible to change the 

numbering and the colours of the plots to the right. We shall leave the colours as they are by 

default, but will change the numbering, according to that adopted in figure 4.21 (section 

4.3.1.2). The new numbering shall be 1, 2, 3 and 4. The program only allows sequential 

numbering. Thus, only the first number is defined. Left-click on “Numbers” and set the starting 

number as “1”. Left-click on “Ok” to close the popup window. The screen should now look as 

shown in figure E.4. 

 

                                                           

62
 BETAlab is designed to work with receptances, so a conversion must be done before starting the 

modal identification. 
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Figure E.4: BETAlab
©

 screen after introducing the FRF input data. 

 

It is now time to identify one single mode. First, we must zoom in closer to the region where 

we are going to make the modal identification, always looking into “ALFA-FRF” plot. The plot 

“BETA-CRF” will be used later. We shall start with the first mode (around the 60 Hz). To zoom, 

we must use the sliders “Left Boundary Point” and “Right Boundary Point”. These sliders are 

graduated in terms of data points. In the present case, there are 1600 points, which means 

there is a 0.5 Hz frequency resolution, since the frequency range is from the 0 to the 800 Hz. 

Left-click on the “Right Boundary Slider” and keep the mouse button pressed while moving the 

slider to the left. The plot will only refresh after you stop clicking. Do the equivalent with the 

“Left Boundary Slider” so that you are looking only towards the first mode around the 60 Hz. 

The sliders have some numbers inside a box to the right. In the end, you should be reading 

something like 96 in the “Left Boundary Slider” box and 145 in the “Right Boundary Slider” box. 

If you are having trouble doing so by dragging the sliders, you can use the keyboard to 

manually insert these values into the boxes. The “ALFA-FRF” and “BETA-CRF” plots should look 

similarly to Figure E.5. 
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Figure E.5: Zooming towards one single mode. 

 

If we look to the “BETA-CRF” plot to the right, it is still meaningless. However, according to 

equation (3.47) (section 3.4.2) the CRF should represent “the form of the receptance for a 

SDOF system.” An important concept that must now be introduced is the “STEP”, which is a 

natural number, positioned just below the “ALFA-FRF” plot. This number is the difference (or 

distance) between the points to be used while determining the CRF. For example, if we have 

the sequence of integer numbers from 1 to 10 and we say the step is 3, we are only looking 

into numbers 1, 4, 7 and 10 in our analysis. This was proven appropriate in order to reduce the 

effect of noise (Ribeiro (1999)). Also, values of the step up to 10 can be usually chosen without 

problems because the modes are generally well separated. Nevertheless, if there are, let’s say 

two nearby modes, the step may “blur” these modes into a single one. A rule could be that the 

step should be as small as possible, but enough for the CRF to look similar to a SDOF 

receptance. An example is shown in figure E.6 where the “BETA-CRF” graphic is represented 

for different values of the step. 

 

Having defined the step (in our case, a value of 5 will be used), the modal identification 

procedure starts. Now we must left-click over “FREQUENCY & DAMPING” on the tab in the 

upper part of the  window. Two plots, called “FREQUENCY” and “DAMPING”, will appear in the 

places where the plots “ALFA-FRF” and “BETA-CRF” previously were (figure E.7). 
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Figure E.6: Example of the influence of the “STEP” in the quality of the CRF. From top-left to right-

bottom the value of the step is 1, 3, 5 and 7 respectively. 

 

Figure E.7: Frequency and Damping screens for the modal identification. 

These plots are “stable” (practically constant) in the regions near the resonant frequency and 

very noisy in the rest of the domain. This happens as a consequence of the CRF being only valid 

in the vicinity of modes. Now we must narrow our region of analysis in order to only include 

the “stable” region in our analysis. First, left-click on both buttons “RESET FREQUENCY 

CURSORS”. Two horizontal yellow lines will appear in each plot. All the data that are in 

between these lines will be used in the modal identification, whereas all the data outside these 

lines will not be included. By left-clicking over one of these lines and dragging it, we can fix 

narrower limits for our analysis. We should move the upper lines downwards, whereas the 
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lower lines should be moved upwards (figure E.8). This operation must be done for both 

frequency and damping in this order. 

 

 

Figure E.8: Frequency and Damping screens for the modal identification: moving the band yellow 

horizontal lines. 

After fixing these new limits, we can continue narrowing our analysis by pushing the buttons 

“Y SCALE TO FREQ CURSORS” and “Y SCALE TO DAMPING CURSORS”. This will make a zoom to 

the data contained in between the horizontal yellow lines. 

The yellow lines can again be moved, and the buttons “Y SCALE TO FREQ CURSORS” and “Y 

SCALE TO DAMPING CURSORS” be pushed with the left mouse button as before. When to stop, 

is difficult to tell and depends on the user’s experience. A suggestion is to keep an eye on the 

red light “Negative values” in the lower corner of the damping graphic. Outside the natural 

frequencies, negative values for the damping are being determined, which obviously does not 

make sense. Thus, we will continue this process until the bright red light turns into dark green 

(figure E.9). 

The next step is to drag the “Left Boundary Point” and “Right Boundary Point” sliders so that 

the region is narrowed only to the stabilized area (in our case, we are going to fix the left and 

right sliders values into 112 and 135 respectively). Finally, we push the button “ADD MODE”, 

and the first mode is identified. The frequency and damping values that are going to be saved 

are presented just under the “DAMPING” plot, as it can be seen in either of figures E.7, E.8 or 

E.9. Seeing that the “FREQUENCY” and “DAMPING” plots are quite irregular, the standard 

deviations (STD) are also determined. 
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Figure E.9: Frequency and Damping screens for the modal identification: turning the “Negative 

values” red light off (into dark green). 

 

Figure E.10: Lower part of BETAlab
©

 screen after identifying the first mode. 

After left-clicking on the “ADD MODE” button, several things happened, which can be seen in 

the lower part of the screen (figure E.10). First, a blue plot appear in the graphic “CONTROL 

CURVES”, corresponding to the identified mode. Since only one mode is identified, equation 

(3.44) only contains one term, corresponding to a SDOF system. The identified modal 

parameters are just to the left. The frequency and damping are global properties of the 

system, but the modal constants are local properties. Thus, the former properties are singular 

for every receptance. We can switch between receptances shown in the graphic “CONTROL 

CURVES” in the “Display Curve” ring selector. This can be used to visually assess the quality of 

the identification. 

To ensure we will not lose any data, we can save our work by pushing the button “SAVE 

PROJECT” in the lower left part of the window. From this time forward, the filename will 

appear on the lower bar from the left. If we want, we can recover from this point later by 

pushing the button “LOAD PROJECT.” Saving the project is also very important because the 

application MuDI© (annex F) for the implementation of the damage location algorithm requires 

.bl4 files (BETAlab© project files) as input data. 
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To start identifying the second mode, we go back to the first screen by left-clicking on “ALFA & 

BETA” on the tab in the upper part of the window. Again, we drag the sliders to the right 

towards the next mode (figure E.11). 

 

Figure E.11: Going towards the identification of the second mode. 

It seems the CRF is quite irregular (specially the green one), even though a value of 5 is used 

for the step. This is possibly due to the first mode being dominant over this one, because they 

are not that far away from each other. It would be desirable to remove the influence of the 

identified modes from the experimental curve. BETAlab© offers that possibility with the button 

“Isolate Mode” on the left-middle part of the window (figure E.12). 

  

Figure E.12: Going towards the identification of the second mode, after isolating the first mode 

from the experimental results. 

After isolating the first mode from the experimental results, both the FRF and the CRF 

corresponding to the second mode are much more evident. The button “Isolate Mode” can, in 

fact, be turned on from the beginning to the end of the analysis. 
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Now the process is fully repeated until the end of the frequency range: selecting an adequate 

value for the step (can be the same), moving to the “FREQUENCY & DAMPING” tab, narrowing 

the band of analysis in both “FREQUENCY” and “DAMPING” graphics, and adding the mode 

with “ADD MODE”. Let us take a look into the results at this stage (figure E.13), after pushing 

the button “RESET” (resets the sliders to the lower and upper boundary of the frequency 

range). 

The “ALFA-FRF” plot looks very noisy. This is because “Isolate Mode” button is turned on, i.e., 

we are representing the difference between the experimental curve (black in the “CONTROL 

CURVES” graphic) and the regenerated one (red in the “CONTROL CURVES” graphic). 

Now, if we move to the “RESIDUALS” tab (figure E.14), and considering the ring selector 

“Display Curve” is showing “1”, we can observe that the regenerated curve (red plot) is not a 

perfect match to the experimental curve (black slashed plot). This is because the influence of 

modes outside the frequency domain is not being taken into account. In fact, the red plot 

corresponds to equation (3.44) but without the residual terms given by (3.45). 

To determine the residuals in BETAlab©, two points from the experimental curve must be 

chosen. It is suggested that these points are situated near anti-resonant frequencies and close 

to the frequency range limits, since these are locations that are less likely to be dominated by 

nearby modes. Anyhow, several combinations must be tried sometimes and in some occasions 

it is not easy to find a satisfying solution in the whole frequency range under analysis. 

To determine the residuals manually, we shall first ensure that the “Test” box is checked, 

showing a new curve in the graphics area that is the real-time regenerated FRF for the current 

position of the “Mass” and “Stiffness” cursors. The cursors are moved by drag-and-drop while 

clicking on the left mouse button and are (by default) over the experimental FRF. When the 

test curve matches the experimental curve, left-click on “UPDATE RESIDUAL”. An indicator 

named “Residual” will turn into bright red to indicate the regenerated curve is being affected 

by the mass and stiffness residuals (figure E.15). The residual may be deleted from the analysis 

by pushing the button “REMOVE RESIDUAL”. 

Because the residuals are local properties, we must do the same for the other curves. The 

selection of the curve to be shown in the “REGENERATED ALFA (FRF) CURVES” graphic is done 

in the “Display Curve” ring selector below. When many curves are to be identified, it can be 

useful to use the tool “UPDATE ALL”, but the results might not be as accurate63. 

                                                           

63
 Since a self-explanatory window will pop-up and because only expert users should resort to this 

feature, no further details will be given here. 
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Figure E.13: BETAlab

©
 screen after finishing one identification round. 

 
Figure E.14: Regenerated and experimental curve before determining the residuals. 

 
Figure E.15: Regenerated and experimental curve after determining the residuals for curve 

number 1 (direct FRF). 
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Finally, to improve the quality of the results, the modal identification process should proceed 

from the beginning. “Isolate Mode” button should remain. It is also offered the possibility of 

treating the residuals as modes exactly the same way by pushing the button “Include 

Residuals”. In theory, after assuring these two buttons are on, one should go to the ring 

selector “Selected Mode”, choose a new mode (say the first mode at around 62 Hz), remove it 

by left-clicking on “Remove Mode”, and re-identify it. This way, the influence of outside modes 

is minimized. However, this would make the process even more time consuming, not to say 

impracticable. As an alternative to this task that could get very laborious, the user is suggested 

to use the feature “Auto-Refine”. This is a very simple and quite efficient iterative algorithm 

that will make the re-identification of all modes by using the same parameters previously 

defined by the user. A tolerance must first be defined by the user (the default value is 0.001%). 

If the discrepancy between all the ith and ith-1 identified values is less than 0.001%, than the 

iterative algorithm stops and is said to be convergent. Otherwise, it will carry on making new 

calculations. In the event it is not converging, the user may interrupt the algorithm, albeit 

there is no undo option available and the results will be according to the last iteration. 

The BETAlab© screen after finishing the whole described procedure should look similar to the 

one presented in figure E.16. 

 

Figure E.16: BETAlab
©

 screen after finishing the whole identification process. 

Other several features that were not mentioned include LabVIEW™ internal commands (for 

instance, the way graphics are handled) and: 
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 HAND EDIT ON – By pushing this button, all the results (natural frequencies, modal 

damping factors, modal complex amplitudes, modal complex phases and real and 

imaginary parts of the inverse of the residuals) may be manually edited. It accepts any 

number and is only meant to be used by expert users. A popup warning window will be 

shown once; 

 FAST IDENT – Performs an automatic full identification of the experimental FRFs. A 

popup window prompting the user for data input shows up. The way the program, 

handles this information is explained. Poor results are always expected, especially for 

noisy data. This is meant to be used by expert users only and to give a quick overview 

on the dynamic properties of the structure; 

 CLEAR – Clears all the data. To be used when starting a fresh modal identification of 

another system; 

 Remove All – Clears all the data, except the input FRFs; 

 STOP – Stops running BETAlab©. 

E.5 File formats (input) 

The experimental data may be in one of three available input formats: Harmonica, Pulse 

(Single) or Mihail-Primoz. The first format is the one obtained with the software 

HARMONICA©, developed by the author and presented in annex D. When saving the data with 

HARMONICA©, data must be saved as “complex” instead of “polar”. This file format allows 

multiple FRFs to be included in the same file. This file format is schematically explained in 

figure E.17. 

 

Figure E.17: HARMONICA
©

’s input file format example (some cells were conveniently hidden for 

presentation purposes). 
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The second format is obtained with PULSE™ LabShop™ from Brüel & Kjær®. Each FRF data 

must be saved separately from the others as “Pulse File Ascii”. This format has several headers 

that are not used and must be discarded. Only three columns are effectively needed, by this 

order: frequency, FRF real part and FRF imaginary part. If the file is built in Sun® Microsystems 

OpenOffice.org Calc or Microsoft® Excel®, the first cell must be positioned in the 2nd column 

and 84th row. This file format is schematically explained in figure E.18. 

 

 

Figure E.18: PULSE™’s input file format example (some cells were conveniently hidden for 

presentation purposes). 

 

The third format, Mihail-Primoz, is obtained with a separate software, programmed in 

MatLab®, which makes use of a third party software. This application receives as input an 

Universal File Format (UFF) file from the Polytec® Scanning LDV and extracts all the FRF data 

(or other custom fields) into an ASCII file that BETAlab© is able to read. Basically, there is a 

routine named “UFFASCII.m”, developed by Mihail Fontul from Instituto Superior Técnico (IST), 

that calls “readuff.m”, developed by Primoz Cermelj from the University of Ljubljana in 

Slovenia. The format is named Mihail-Primoz after their authors. This file format allows 

multiple FRFs to be included in the same file. This file format is schematically explained in 

figure E.19. 
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Figure E.19: Mihail-Primoz’s input file format example (some cells were conveniently hidden for 

presentation purposes). 

 

E.6 File formats (output) 

After the modal identification is complete, the results may be saved in “Tab Separated Values” 

(.txt) format by using the button “SAVE RESULTS”, which structure is explained in figure E.20. 

Data can be accessed using any regular text editor, Sun® Microsystems OpenOffice.org Calc or 

Microsoft® Excel®. 

Nevertheless, this format is not suitable for being read by BETAlab© or other software, as it 

does not include all the information, such as the experimental FRFs. The results should also be 

saved using the “SAVE PROJECT” button. The format in which this file is saved is much more 

complex and has the extension “.bl4” (the number “4” is used to show its compatibility until 

BETAlab© version 7.04.x) and can be read by other softwares, such as MuDI©, as mentioned 

before. 

 

E.7 Auxiliary programs 

An auxiliary program was developed in order to represent the measured mode shapes, using a 

file with the geometrical Cartesian coordinates and a file with the corresponding modal 

properties obtained from BETAlab© (a file with extension .bl4). A screenshot is shown in figure 

E.21. 
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Figure E.20: BETAlab
©

 results file structure (some cells were conveniently hidden for presentation 

purposes). 

 

 

Figure E.21: BETAlab
©

 auxiliary application screenshot for representing the mode shapes. 
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E.8 Future versions 

BETAlab© is a software that the author foresees having commercial potential, due to its good 

performance and ease-of-use. However, version 7.05.5b2 still lacks offering the user some 

crucial features. 

On the one hand, the identification process is fully manual, time consuming and requires the 

user to be focused and careful. On the other hand, it offers a fully automatic, quick, yet non 

controllable way of processing the data, with the inevitable increasing loss of accuracy and in 

many times an incorrect choice of modes, especially for noisy data. Somewhere in the middle 

could be a more balanced offer. An intermediate option, combining the best features of the 

existing ones, would be quite useful, increasing the speed of the identification process while 

retaining a good level of reliability. 

Another interesting feature it could provide, that might boost the software to higher 

standards, would be to represent the mode shapes, based on the geometrical description of 

the response measurement points. There already exists an auxiliary application to do it, but it 

still constitutes a very crude version. 

Those are only some of the improvements that might be made in the near future. Other 

obvious improvements might include modal consistency enforcing, more efficient code and 

self explanatory callouts when putting the mouse pointer over buttons and indicators. In 

summary, the following features are proposed for inclusion in future versions: 

 Possibility of semi-automatic identification  (the user tells the program the 

neighbourhoods around the modes and the program identifies the modes based on 

these “hints”); 

 Representation of 3D mode shapes based on the Cartesian geometrical description of 

the response locations; 

 Modal consistency, so that it can adequately process FRFs from MIMO measurements; 

 More efficient and structured programming, so that it does not become slow while 

processing a lot of data (a problem it actually has); 

 Self-explanatory help callouts when leaving the mouse pointer over buttons and 

indicators. 
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Annex F – MuDI© Software 

F.1 Introduction 

The MuDI© is a software built for plotting a geometrical probability map for the location of 

damage over bi-dimensional surfaces. It computes the probability for the damage location by 

following the procedure explained in section 3.6. The fundamental equation is: 

  (F.1) 

where  is the frequency damage index in coordinate ,  is the damping 

damage index in coordinate  and  and  are weighting coefficients such that 

. 

 

F.2 Program overview 

MuDI© is a program that searches for the most likely to be damage locations in a composite 

laminate by following the whole procedure explained in section 3.6. The algorithm is based on 

the systems’ mode shapes and the shifting of both the natural frequencies and the modal 

damping factors. The software was fully developed by the author in LabVIEW™ 7.1 from 

National Instruments™. 

This software is still in a beta version and will probably be improved to be included, together 

with BETAlab©, in a future complete software suite. The actual version is not meant to be the 

best for more industrial applications. Therefore, many of the features will not be explained 

here as a more straightforward and user friendly application is yet to be developed. This 

means some efforts should be made in the field of automatization, avoiding the risk of 

subjective judgements and the need of experienced users. As it is, it offers a range of 

possibilities for data treatment, most of all with the aim of evaluating the performance of the 

proposed index. One of the most important features to be pointed out is the possibility that 

the software offers for the user to manually pick a set of modes he considers most reliable for 

computing the damage index. 
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F.3 System requirements 

The MuDI© version 9.04.1b0 was programmed in LabVIEW™ 7.1 from National Instruments™ 

for Microsoft® Windows®. Any requirements should be in accordance to those of this version 

from LabVIEW™ 7.1. It was tested in a laptop computer with Intel® Core™ Duo 2.4 GHz 

processor and 4Gb of RAM. The program was tested under Microsoft® Windows® XP 

environment. 

This program is designed to be run with a resolution of (at least) 1024x768. 

It is strictly required that LabVIEW™ 7.1 runtime engine is installed on the computer, since it 

does not come with an install wizard. 

 

F.4 Operation (tutorial) 

The operation of MuDI© is better understood if explained as a tutorial. This is directed to users 

and not to developers. We shall explore an example, in this case the location of the data for 

specimen plate B1 (case B1H-B1D) from this thesis. 

After installing and running LabVIEW™, left-click once on “open” (figure F.1, left). A new 

window will appear where you have to search for the root directory called “MuDI v9.04.1b0” 

(figure figure F.1, right). Choose to open the file MuDI.vi. 

 

Figure F.1: Opening MuDI
©

 VI. 

Another window will open. This new window is MuDI©’s front panel. Before doing anything 

else, the button “Run” must be pushed (near the upper left corner of the window, as shown in 

figure F.2). 
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Figure F.2: Starting MuDI
©

 VI. 

At this moment, MuDI© is running. The first thing to do is to load the input files, as follows: 

 One file containing the coordinate system of the bi-dimensional model. This is a text 

file with 3 tab delimited columns. The first column identifies the node number, the 

second column is the coordinate in the x direction and the third column is the 

coordinate in the y direction. To load the file containing the geometrical Cartesian 

coordinates, left-click on “Load Coordinates” (figure F.3); 

 One file containing the set of modes, which in fact are the PSF functions  (alternatively, 

a set of files containing individual modes can also be loaded, as we will see later). This 

is a text file with several tab delimited columns that can result in large file sizes. For 

each mode shape, there is an associated group of columns. For instance, when 

building the strain based PSF functions, the output files from ANSYS® have 6 columns: 

, , , ,  and . Then, the set of modes is assembled as a file with 

sequential groups of tab separated columns containing the PSF functions’ elements for 

each mode shape. This can be done using, for instance, Microsoft® Excel® or MuDI© 

application itself. Consequently, for a system where 20 modes are considered, a total 

amount of 6x20=120 columns will be used. Each row corresponds to the mode number 

and must be sorted exactly the same way the coordinate file is in order to have a 

match. To load the file containing the FE model mode shapes (in this case, strains), 

left-click on “Load Set of Modes” (figure F.4); 

 Two files containing the results from the modal identification for both the reference 

(healthy) and damaged structures. These files are in “bl4” format, which is the format 

BETAlab© uses when saving a project. To load the file containing the BETAlab©’s 

project for both the structural healthy and damaged states, left-click on “Load Beta 

Project H” and “Load Beta Project D” (figures F.5 and F.6 respectively). 



Diogo C. C. Montalvão e Silva 

 
A

nn
ex

 F
 –

 M
uD

I©
 S

of
tw

ar
e

 

254 

 

 

Figure F.3: Loading the file containing the geometrical Cartesian coordinates. 

 

Figure F.4: Loading the file containing the FE model mode shapes (strains). 

 

Figure F.5: Loading the file containing the BETAlab
©

’s project for the structural healthy state. 
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Figure F.6: Loading the file containing the BETAlab
©

’s project for the structural damaged state. 

The next steps include several tasks, which are very easy to perform, since most only require 

buttons to be pushed. Before we explain the subsequent operations, a presentation of what 

the screen should look like in the end is shown in figure F.7. 

 

Figure F.7: MuDI
©

’s final screen for case B1H-B1D considering only modes 8 and 12 to 14. 

In the above example, only modes 8 and 12 to 14 (the choice of the modes is taken for 

exemplification purposes only) are used for estimation of the damage location. To achieve this 

result, the following settings must be used: 

 Interleave Rows – This is needed to be active when there are two results per node 

referring to either face of the surface. This happens, for instance, when we ask the FE 
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program to give the solution in terms of strains or stresses. If the material is symmetric 

around the neutral plane, the results will also be symmetric; 

 Start on 2nd Row – This button selects in which of the first two lines of the file 

obtained from the FE software it starts reading the PSF. In other words, the face of the 

bi-dimensional model is selected. In many cases (mostly owe to the material 

properties), it is irrelevant whether this is turned on or off; 

 No. of columns –It is the number of columns of the file containing the PSF’s. For 

instance, when saving the strains in ANSYS®, 6 columns exist in the following order: , 

, , ,  and . Since the last two columns are zero in the present example, 

column 5 can be used, for instance, to include the strain energy based PSF as given by 

equation (3.70); 

 Active modes – The modes used for computing the damage location are selected here 

by left-clicking on them while maintaining the “Ctrl” keyboard button pressed. In the 

present example, only modes conducting to a cumulated error less than 20% are used. 

The cumulated error is shown in the bottom graphic to the right; 

 Slide f – If the PSF given by (3.71) is used, this should be set to 1. It defines the amount 

of terms to be included in ; 

 Slide e - If the PSF given by (3.70) is used, this should be set to 1. It defines the amount 

of terms to be included in ; 

 Column 1 f – If the PSF given by (3.71) is used, this should be set to 3, defining the 

column  of the PSF to be read as the first term of ; 

 Column 1 e – If the PSF given by (3.70) is used, this should be set to 5 defining the 

column  of the PSF to be read as the first term of ; 

 Area Threshold and Colorize– Area of the plate shown in the probability map. If this 

value is set, for instance to 10%, only the 10% most probable areas for damage to be 

located are shown. This only affects the results when the button “Colorize” is active; 

 50/50 – Sets ; 

 Auto Scale – Allows determining  (and ) based on equations (3.61) and (3.60). 

The determined values are shown in the “Frequency / Damping Ratio” red and green 

bar; 

 Scale Freq STDEV – Custom value of  (scale term given by equation (3.62)). Allows 

using a custom value for . When the Auto Scale button is left-clicked this assumes a 

value determined with equation (3.61). If can manually be edited: if  then 

 and if  then ; 
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 Clear Tables – Clears all memory to start a new analysis; 

 Stop – Stops running MuDI©. 

Figure F.7 shows only the final probability description without distinguishing the contributions 

of DaDI and FreDI. These indexes can be shown individually by rotating the mouse wheel in the 

up direction (figure F.8). 

 

Figure F.8: MuDI
©

’s upper part of the final screen for case B1H-B1D considering only modes 8 and 

12 to 14 in which the cumulated error is less than 20%. Top right plot is FreDI’s probability map 

alone and bottom right plot is DaDI’s probability map. 

 

F.5 File formats (input) 

An important thing that was not mentioned so far is how to build, using  MuDI©, the file 

containing full sets of modes. When saving mode shapes with ANSYS®, these are saved as files 

with extension “.lis”. These files have headers that must be removed. The mode shape files for 

a single mode r should look somewhat like figure F.9. The first column is the node number, 

whereas the other columns are the PSF’s – or the mode shape dependent functions – at the 

correspondent nodes. 
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Figure F.9: Mode shape file format example (some cells were conveniently hidden for presentation 

purposes). 

To build a file containing a full set of modes, one must first ensure no files were previously 

loaded. To do so, left-click on “Clear Tables” followed by “Add Mode Shape”. As many files as 

needed can be added, but care must be taken with the sequential order which is very 

important to be respected. An example of the process is shown in figure F.10, where it can be 

seen that files that are added appear on the “Active Modes” indicator. 

 

Figure F.10: Loading the files containing FE mode shapes individual modes (strains). 

After adding all the modes, the file containing the full set of modes can be created, by pushing 

the button “Save Set of Modes”. Basically, what it does is to create a file which groups all these 

individual files by inserting the data in sequential columns. Thus, in the present example in 

which each file has 6 columns (except the first, that corresponds to the node numbers), the 
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first mode will occupy columns 2 to 7, the second mode will occupy columns 8 to 13, the third 

mode will occupy columns 14 to 19, and so on. 

The file containing the nodes’ coordinates is made of 4 columns only, as shown in figure F.11. 

 

Figure F.11: Coordinates file format example (some cells were conveniently hidden for 

presentation purposes). 

Finally, the file formats used for computing the frequency and damping shifts is not editable in 

ASCII format. These files are BETAlab© projects, with extension “.bl4”, and should only be 

created with BETAlab©. 

 

F.6 Future versions 

MuDI©’s version 9.04.1b0 is still an approximation of what a more user-friendly and easy-to-

use version of this software should be. Thus, there are too many aspects that should be 

addressed. The most obvious are: it should be possible to save the results; the graphical 

display should be completely redesigned (as it is, it distorts the aspect ratio); it should have a 

more user-friendly interface. Other improvements might include automatization on the choice 

of the modes to be included in the analysis. 


