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ABSTRACT 
 

Abstract 

 This thesis aims to develop robust and reliable damage identification 
methods focused on experimental structural systems, in particular Reinforced 

Concrete (RC) structures externally strengthened with Fiber Reinforced 
Polymers (FRP) strips. The failure mode of this type of structural system is 

critical, since it is usually due to sudden and brittle debonding of the FRP 
reinforcement originating from intermediate flexural cracks. Detection of the 

debonding in its initial stage is essential thus to prevent future failure, which 
might be catastrophic. 

 Initially, a revision of the Electro-Mechanical Impedance (EMI) method is 

carried out, in order to expose its capabilities for local damage detection. Once 
the appropriate technology is selected, which includes impedance analyzer as 

well as novel PZT sensors for smart monitoring, an automated procedure has 
been design based on the impedance signatures of several lab-scale 

structures. On the basis that capturing impedance measurements is possible 
thanks to an adequately deployed PZT sensor network, the estimation of 

damage presence is done by analyzing the results of different damage indices 
obtained from the literature. In order to make this process automatic so that it 

is not necessary a priori knowledge of the EMI method to carry out an 
experimental test, a Graphical User Interface has been designed, turning the 

impedance measurements into an easy and intuitive procedure. Damage is 
then assessed through the analysis of the corresponding damage indices, 

trying to estimate not only the damage severity, but also its approximate 
location.  

 The development of these tests on any kind of structure generates large 

amounts of data to be processed, and sometimes the information provided by 
damage indices is not enough to achieve a complete analysis of the structural 

health condition. In most of the cases, some damage patterns can be found in 
the data, but none a priori knowledge of the health condition is given for any 
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structure. At this point, an important research on pattern recognition 
techniques has been carried out, particularly on unsupervised learning 

techniques, finding interesting applications in the medicine field. From this 
investigation, a creative and innovative idea arose: to detect and track the 

evolution of damage in different structures, as if it were a cancer propagating 
through a human body. In that sense, the impedance signatures are used to 

give intrinsic information of the health condition of the structure, so that the 
same clustering algorithms applied in the cancer research can be applied to 

the problem addressed in this dissertation. Hierarchical clustering is then 
applied since it also provides a graphical display of the clustered data, 

including quantitative and qualitative information about damage. The 
performance of this approach is firstly investigated using three lab-scale 
structures, such as a simple aluminium beam, a bolt-jointed aluminium beam 

and an FRP-strengthened concrete specimen. The first one shows the 
performance of the method on simple single and multiple damage scenarios, 

so that the first conclusions can be extracted and applied to the other two 
experimental tests, which are designed to simulate a debonding condition on 

different structures. Once the performance of the impedance-based 
hierarchical clustering method is proven to be successful, it is then applied to 

the structural system studied in this dissertation, the RC structures externally 
strengthened with FRP strips, where the debonding failure in the interface 

between the FRP and the concrete is successfully detected and classified, 
proving thus the feasibility of this method. 

 Finally, as an alternative to the previous approach, a continuous monitoring 

procedure of the FRP-Concrete interface is proposed, based on an FBG-
sensors Network permanently deployed within that interface. In this way, strain 

measurements can be obtained under controlled loading conditions, and then 
they are used in order to implement a multi-objective model updating method 

solved by a multi-objective expansion of the Particle Swarm Optimization 
(PSO) method. The feasibility of this last proposal is investigated and 
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successfully proven on both numerical and experimental RC beams 
strengthened with FRP.  

 

 Keywords: Structural Health Monitoring, Electro-Mechanical Impedance 

Method, Fiber Reinforced Polymers (FRP), strengthening, debonding, PZT 
sensors, hierarchical clustering, dendrogram, unsupervised learning, FBG 

sensors, multi-objective updating model, Particle Swarm Optimization (PSO). 
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RESUMEN  
 

Resumen 

 Esta Tesis tiene como objetivo principal el desarrollo de métodos de 
identificación del daño que sean robustos y fiables, enfocados a sistemas 

estructurales experimentales, fundamentalmente a las estructuras de hormigón 
armado reforzadas externamente con bandas fibras de polímeros reforzados 

(FRP). El modo de fallo de este tipo de sistema estructural es crítico, pues 
generalmente es debido a un despegue repentino y frágil de la banda del 

refuerzo FRP originado en grietas intermedias causadas por la flexión. La 
detección de este despegue en su fase inicial es fundamental para prevenir 

fallos futuros, que pueden ser catastróficos. 

 Inicialmente, se lleva a cabo una revisión del método de la Impedancia 

Electro-Mecánica (EMI), de cara a exponer sus capacidades para la detección 
de daño. Una vez la tecnología apropiada es seleccionada, lo que incluye un 

analizador de impedancias así como novedosos sensores PZT para 
monitorización inteligente, se ha diseñado un procedimiento automático 

basado en los registros de impedancias de distintas estructuras de laboratorio. 
Basándonos en el hecho de que las mediciones de impedancias son posibles 

gracias a una colocación adecuada de una red de sensores PZT, la estimación 
de la presencia de daño se realiza analizando los resultados de distintos 

indicadores de daño obtenidos de la literatura. Para que este proceso sea 
automático y que no sean necesarios conocimientos previos sobre el método 
EMI para realizar un experimento, se ha diseñado e implementado un Interfaz 

Gráfico de Usuario, transformando la medición de impedancias en un proceso 
fácil e intuitivo. Se evalúa entonces el daño a través de los correspondientes 

índices de daño, intentando estimar no sólo su severidad, sino también su 
localización aproximada. 

 El desarrollo de estos experimentos en cualquier estructura genera grandes 
cantidades de datos que han de ser procesados, y algunas veces los índices 

de daño no son suficientes para una evaluación completa de la integridad de 
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una estructura. En la mayoría de los casos se pueden encontrar patrones de 
daño en los datos, pero no se tiene información a priori del estado de la 

estructura. En este punto, se ha hecho una importante investigación en 
técnicas de reconocimiento de patrones particularmente en aprendizaje no 

supervisado, encontrando aplicaciones interesantes en el campo de la 
medicina. De ahí surge una idea creativa e innovadora: detectar y seguir la 

evolución del daño en distintas estructuras como si se tratase de un cáncer 
propagándose por el cuerpo humano. En ese sentido, las lecturas de 

impedancias se emplean como información intrínseca de la salud de la propia 
estructura, de forma que se pueden aplicar las mismas técnicas que las 

empleadas en la investigación del cáncer. En este caso, se ha aplicado un 
algoritmo de clasificación jerárquica dado que ilustra además la clasificación 
de los datos de forma gráfica, incluyendo información cualitativa y cuantitativa 

sobre el daño. Se ha investigado la efectividad de este procedimiento a través 
de tres estructuras de laboratorio, como son una viga de aluminio, una unión 

atornillada de aluminio y un bloque de hormigón reforzado con FRP. La 
primera ayuda a mostrar la efectividad del método en sencillos escenarios de 

daño simple y múltiple, de forma que las conclusiones extraídas se aplican 
sobre los otros dos, diseñados para simular condiciones de despegue en 

distintas estructuras. Demostrada la efectividad del método de clasificación 
jerárquica de lecturas de impedancias, se aplica el procedimiento sobre las 

estructuras de hormigón armado reforzadas con bandas de FRP objeto de 
esta tesis, detectando y clasificando cada estado de daño. 

 Finalmente, y como alternativa al anterior procedimiento, se propone un 
método para la monitorización continua de la interfase FRP-Hormigón, a través 

de una red de sensores FBG permanentemente instalados en dicha interfase. 
De esta forma, se obtienen medidas de deformación de la interfase en 

condiciones de carga continua, para ser implementadas en un modelo de 
optimización multiobjetivo, cuya solución se haya por medio de una expansión 

multiobjetivo del método Particle Swarm Optimization (PSO). La fiabilidad de 
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este último método de detección se investiga a través de sendos ejemplos 
tanto numéricos como experimentales. 

 

 Palabras clave: Monitorización de la Salud Estructural, Método de 

Impedancias Electro-Mecánicas, Polímeros de Fibras Reforzadas (FRP), 
refuerzos, despegue, sensores PZT, clasificación jerárquica, dendrograma, 

aprendizaje no supervisado, sensores FBG, optimización multiobjetivo, 
optimización por enjambre (PSO). 
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Chapter 1 

Introduction 

Summary 

 This chapter aims to expose the motivation for this dissertation, establishing 
the general background of the Structural Health Monitoring (SHM) methods, as 

well as the novel Structural Strengthening Techniques based on composite 
materials. A review of the literature is done for each of the subjects. Then, the 

objectives and scopes for this dissertation are settled, right before proposing 
the schedule of the chapters and contents of the rest of this document. 

 

1.1. Motivation and Literature Review 

 Aerospace, civil and mechanical infrastructures are continuously exposed to 
deterioration and functional deficiencies, usually attributed to aging, 

weathering of materials (i.e. corrosion of steel), accidental damage (i.e. natural 
disasters), and increasing traffic and industrial needs as exhibited by the need 

for higher load ratings of structures. However, deficiencies in structures are not 
restricted to the effects of these factors; poor engineering judgement, 

inadequate design and changes in code requirements can also contribute to 
deficiencies at any time during the service life of the structure. Regardless of 

root cause, solutions to monitor and resolve these deficiencies are necessary. 
In order to mitigate the deterioration and efficiently manage maintenance 
efforts on civil structures, two methodologies are needed: (a) a methodology to 

extend the service life of the structures and (b) a methodology to monitor 
performance changes of the structures. This last one, which implies the 

development of reliable damage detection strategies, has been referred [1] in 
the infrastructure-engineering field as Structural Health Monitoring (SHM).  
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 These SHM strategies take advantage of emerging technologies that have 
the potential for increasing the life of all kinds of structures. Developing SHM 

procedures also reduces maintenance costs, which is an important advantage 
given the high cost required for rehabilitation of deteriorated structures. 

Furthermore, in order to contribute to the cost reduction of that rehabilitation, a 
lot of research has been put on the use of Fiber Reinforced Polymers (FRP) 

composites for repair and strengthen structures in service. 

 SHM procedures are developed by means of measuring input and output 
responses of a structure both before and after damage, trying to establish a 

relationship between the modification of the expected responses and the 
appearance of the different damages in operational conditions. This is critical 

for determining and evaluating the serviceability of the structure, its reliability 
and remaining functionality. Although this analysis can be addressed in several 

ways, there are some major steps that are common to all SHM methodologies, 
namely [1]:  

i. Operational evaluation: the kind of damage is defined for the system 

under study, considering all factors that may affect the results, and 
deciding which of the environmental parameters are taken into account.  

ii. Data acquisition, fusion and cleansing: this involves the selection of the 
magnitudes to be measured, deployment of the system responsible for 

the measurements, reorganization of the obtained data and the rejection 
of all those which are useless for the analysis. 

iii. Feature extraction: basically, information is obtained from the data set, 
translating simple arrays of numbers into meaningful results that allow 
the diagnosis of the system. It usually involves some data compression 

techniques, as well as statistical interpretation of those compressed 
data (damage identification itself). 

iv. Prognosis: once the damage has been determined, it only remains to 
know how much useful life remains for the structure, if possible. 
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 If the implementation of SHM procedures has become a critical task in many 
engineering disciplines, the development of monitoring technologies 

particularly suitable to be used with novel FRP strengthening techniques has 
gained even more attention in recent years, due to the numerous advantages 

of this joint development.  

 Advance composite materials are increasingly used, particularly for 
strengthening applications of reinforced concrete (RC) structures [2-4]. The use 

of externally bonded strips made out of Fiber Reinforced Polymers (FRP) as 
strengthening method has found widespread acceptance in the last years 

since it has many advantages over the traditional techniques: high strength-to-
weight ratio, high modulus of elasticity, improved durability, resistance to 

corrosion, and ease of handling. These FRP plates may be prefabricated or 
constructed on site in a wet lay-up process. Although these materials are 

expensive, the final cost of each repair becomes competitive not only because 
the ease of construction and the rest of advantages outlined, but also for the 

considerable time savings. There is a wide range of applications for this novel 
retrofitting technique, but the most popular uses are [4]: 

i. Strengthening of reinforced and prestressed concrete beams for 

flexure. 

ii.  Shear strengthening of reinforced and prestressed concrete beams. 

iii. Column wrapping to improve the ductility for earthquake-type loading. 

iv. Strengthening of unreinforced masonry walls for in-plane and out-of-

plane loading. 

v. Strengthening for improved blast resistance. 

 Particularly interesting is the FRP reinforcement of the flexural members, 

since these are the most developed applications among civil infrastructures. 
Bonding FRP reinforcement to the tension face of a reinforced concrete 

flexural member (such as a beam) with fibers oriented along the length of the 
member will provide an increase the flexural strength.  
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 As a result of their growing application, some code proposals or 
recommendations have been published in different countries for the design of 

RC structures strengthened with FRP [5-8]. Furthermore, experimental based 
testing has been widely used as a means to analyze individual elements and 

the effects of concrete strength under loading conditions [9-12].  

 However, considering that structures are often subjected to unexpected 
loading and severe loading environmental conditions over their life cycle, 

structural damage and deterioration might also appear in strengthened 
structures. Unfortunately, strengthening with FRP is often associated with 

brittle and sudden failure caused mainly by some form of debonding of the 
FRP from the concrete [13-20]. For composite reinforced structures, the 

integrity of the bonding between the base structures and the reinforced 
composite reinforcements must be maintained throughout their service lives 

since it may fracture in a sudden manner as a result of a catastrophic 
propagation of a crack along the FRP-concrete interface. Possible reasons for 

the existence of such a crack are: a) voids resulting from uneven spreading of 
the adhesive; b) cracks in the concrete, resulting in horizontal interface cracks, 

developed from the bottom tip of the concrete crack; and c) deterioration of 
the concrete-composite interface due to the environmental exposure. In 
addition, concrete crack growth, which is hidden by the composite patches, 

needs to be monitored to ensure the integrity of the structure. 

 To ensure the quality of the concrete/composite bond, an effective non-

destructive evaluation (NDE) method is required to detect hidden disbonds 
between the composite and the concrete structure. For the detection 
procedure to be efficient, these disbonds should be identified in their first stage 

(minor disbonds), before they grow and propagate and a sudden debonding 
failure occurs. 

 Many SHM methodologies have been proposed in the literature, based on 
either global or local monitoring of structures [21-26]. Different NDE methods 

are commonly used as local methods. In [27], a classification into four main 
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groups has been carried out according to the main physical phenomenon on 
which these methods are based: a) techniques based on mechanical waves 

(tap test [28], acoustic emission monitoring [29], pulse-echo ultrasonic [30] and 
the impact-echo method [31]); b) techniques based on electromagnetic field 

(crack detection using alternating current field measurement [32]); c) 
techniques based on radiography (X-ray and gamma ray are typically used as 

the radiation source [33]); d) techniques based on optics and fibre optics (these 
techniques have been used in order to obtain experimental measurements 

[34]). 

 However, the first three groups share several drawbacks, as pointed out by 
Bhalla et al [21], which makes them inadequate for the health monitoring of all 

kinds of large infrastructures (civil structures among them). Most of these 
problems are related to the necessity of large transducers and expensive 

operational hardware, all together with the complexity of the analysis to be 
carried out of the measurement data provided by the system. Furthermore, 

some of the inherent limitations of these NDE methods still persist, specially 
the fact that they cannot provide a continuous assessment of the structural 

material state. Most of these methods require out of service periods, or can be 
applied only at certain time intervals, which may not be suitable for 
autonomous on-line structural health monitoring. Operational modal analysis 

[35,36] based on tracking changes in the dynamic properties of structures by 
using only response measurements of the structure under operational or 

ambient conditions overcomes this problem. However, these methods work 
with low-frequency range and therefore are severely limited with respect to 

their sensitivity, i.e. their ability to detect small damage as required to detect 
hidden disbonds between the FRP strip and the concrete structure. 

 This situation might be significantly improved through the implementation of 

a SHM system [37]. Having the SHM sensors permanently attached to the 
structure, would allow for structural interrogation to be performed on demand, 

as often as needed. In addition, a consistent historical record might be 
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accumulated because these on-demand interrogations are done always with 
the same sensors that are placed in exactly the same locations and 

interrogated in the same way. Advanced signal processing methods can be 
used to detect characteristic changes in the material state representative of 

structural deterioration. Considerable research activity has been centered lately 
on the development of ‘smart structures’ [38]; i.e. structures that have the 

capability to provide real-time information on their health and integrity and 
possibly adapt to compensate for any anomalous in-service or environmental 

loading, or other potentially structural-weakening conditions. 

 The first step in the development of this “smart” technology is to incorporate 
a level of structural sensing capability. This can be achieved, for example, 

through the use of strain measurements taken at multiple locations throughout 
the structure. Within the smart structures community there has been increasing 

recognition of the potential of fiber-optic sensors [39, 40], particularly fiber 
Bragg grating (FBG) sensors, for multi-point structural strain monitoring. These 

sensors have a number of unique advantages compared with their 
conventional counterparts, including immunity to electromagnetic interference, 

absolute strain sensing capability, ease of multiplexing and compatibility with 
being embedded in a range of structural materials. Fiber Bragg gratings are 
intrinsic, ‘spectrally encoded’ sensors; the strain information from a grating is 

encoded onto the wavelength reflected by the device. This enables a grating 
sensor to tolerate changes in the optical losses of the system or fluctuations in 

the source power level. The wavelength-encoded nature of the output also 
provides the basis for the multiplexing of several gratings along a single optical 

fiber. As the gratings can be written at different initial wavelengths, they can be 
identified by their spectral location, and correlated to physical locations along 

the fiber. This gives the sensor system the capability to ‘map’ the strain along 
the fiber, and offers a new and very powerful sensing capability for structural 

analysis. 
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 Thus, FBG sensors appear to be suitable as a new NDE technique of the 
integrity of the concrete-FRP interface in a FRP strengthened structure. As the 

physical size of an optical fiber is extremely small compared with other strain 
measuring components, it enables it to be embedded into the structures for 

determining the strain distributions without influencing the mechanical 
properties of the host materials. Furthermore, FBG sensors are able to 

measure strains locally with high resolution and accuracy, which is specially 
indicated to detect initiation of local damage. 

 Another promising approach to be explored within the concept of “smart 

structures” or “intelligent material systems” is the use of piezoelectric materials 
(piezo-impedance transducers, PZT) [41]. PZTs are particularly suited for being 

integrated into health monitoring and fault detection systems based on 
vibration signals. They are small and unobtrusive and come in a variety of sizes 

and abilities, allowing them to be placed almost anywhere. However, the most 
interesting aspect of these transducers is that they can also serve as actuators 

(active damage interrogation method) to provide driving signals as well as 
sensing [42], for systems that do not contain natural excitation forces or for 

diagnostic algorithms that require a known, well-controlled excitation. The 
impedance method tracks changes in the dynamic properties or response of 
structures as in global structural response methods. The impedance methods 

usually involve recording impedance signatures of the structure in a healthy 
condition, and then evaluating the state of the structure by comparing the 

impedance taken at various times during the lifespan of the structure, which 
follows the same philosophy of traditional vibration-based methods. However, 

the impedance measurements are made at much higher frequencies than 
those used in global structural methods, which greatly improves the sensitivity 

to minor damage. The cost required for hardware and sensors/actuators would 
be much lower than that of any other NDE technique, with the development 

and the implementation of low-cost impedance measuring circuits. The 
sensing regions of the impedance sensors are much larger than those of local 

ultrasonic or eddy current sensors, for example, which are usually moved to 
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scan over certain areas to detect damage in a structure. With a limited number 
of sensors, critical areas of a structure can be monitored, and damage in an 

incipient stage can be accurately identified. Thus, PZT based methods might 
result also suitable for detecting disbonds between the composite and the 

concrete structure at initial stages. 

 

1.2. Objectives and Scopes of the Thesis 

 This thesis attempts to investigate and develop experimental SHM 

methodologies based on the application of smart sensors such as PZTs and 
FBGs on lab-scale and full-scale structures. The development of those 

methodologies aims to provide robust and reliable damage predictions on RC 
structures externally strengthened with FRP composites. To reach this goal, 

the following original contributions have been made: 

• Firstly, an investigation about the Electro-Mechanical Impedance 
techniques has to be carried out, in order to select the appropriate 

technology to be used for the development of an experimental 
methodology. Once an impedance analyzer is selected, and the PZT 

smart sensor are acquired, the first original contribution of this 
dissertation is the development and implementation of an automated 

impedance-based software that allows performing experimental tests in 
an easier and faster manner thanks to a simple Graphical User Interface. 

With this software, further detailed in Appendix B, no previous 
knowledge about EMI techniques is needed in order to obtain accurate 

results. This software is used to obtain different impedance signatures 
from three lab-scale structures specifically designed to get deeper 

knowledge about SHM through EMI analysis. Several damage indices 
has been considered, and RMSD and CCD, detailed in Chapter 2, are 

selected for further analysis. Damage detection, quantification and 
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location are investigated for both indices, in all damage conditions and 
using traditional EMI techniques. 

• For the first time in the SHM research on civil infrastructures, at least to 
the knowledge of the author, a hierarchical clustering algorithm has 

been implemented, following the philosophy applied in medicine or 
biology research. The most particular contribution of this dissertation is 

the analogy established between cancer in life organisms and damage 
in civil infrastructures, so that the same pattern recognition techniques 

can be used in order to detect and track the evolution of damage in 
different structures, as if it were a cancer propagating through a human 

body. Impedance signatures are used on this purpose in order to 
provide the clustering algorithm intrinsic information of each health state 

of the structure. Several unsupervised learning clustering techniques 
have been investigated, given that we do not have a priori knowledge of 

the expected data patterns for any health condition. Hierarchical 
clustering has been selected since it also provides a graphical display of 

the clustered data, including quantitative and qualitative information that 
allow exploring a whole set of experimental data in a fast and natural 

intuitive manner. 

• The combination of the two contributions listed above needs to be 

evaluated through several experimental tests. A first lab-scale structure 
has been conceived in order to evaluate the methodology proposed with 

that purpose. As the final goal of this dissertation is the debonding 
detection on RC structures externally strengthened with FRP 

composites, two additional lab-scale structures has been designed in 
order to simulate debonding under controlled conditions, guaranteeing 

the repeatability of the experiment. The conclusions obtained from these 
experimental tests should be applicable to full-scale reinforced concrete 

beams strengthened with FRP strips, where the methodology is applied. 
Regarding this, the major contribution of the dissertation is the 

detection, classification and localization of the debonding failure in the 
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interface between the FRP and the concrete, all this with no a priori 
information. The same test is repeated on two different beams in order 

to prove the robustness and repeatability of this procedure. 

• An additional methodology for debonding detection is finally proposed 

in this dissertation. With the purpose of achieving continuous monitoring 
of the FRP-concrete interface, a set of permanently installed Fiber Bragg 

Grating (FBG) sensors is embedded between those materials, so that 
strain measurements can be obtained under controlled loading. The 

development of this method includes the implementation of a multi-
objective model updating method based mainly on local damage-

sensitive experimental measurements and on a simplified numerical 
model. An existing one-dimensional simplified spectral model is used to 

simulate the behaviour of the RC beams strengthened with FRP. The 
proposed method is then solved by a multi-objective extension of the 

Particle Swarm Optimization (PSO) method.  

 

1.3. Organization of the Thesis 

 This work has been organized in 6 chapters and 2 Appendices as listed 
below: 

 Chapter 1: This chapter aims to expose the motivation for this dissertation, 

establishing the general background of the Structural Health Monitoring (SHM) 
methods, as well as the novel Structural Strengthening Techniques based on 

composite materials. A review of the literature is done for each of the subjects. 
Then, the objectives and scopes for this dissertation are settled, right before 

proposing the schedule of the chapters and contents of the rest of this 
document. 

 Chapter 2: After a brief review of the Impedance Techniques and the State 
of the Art of those methods, this chapter introduces the theoretical bases of 

the Electro-Mechanical Impedance (EMI) Method and its application through 
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piezoelectric smart sensors (PZT) for Structural Health Monitoring purposes. In 
order to validate the explained method for developing a damage detection 

procedure, several simple lab-structures, in which a certain amount of 
controlled damages have been induced, are tested and their results shown. 

 Chapter 3: Initially, a review of the Hierarchical Clustering methods found in 

the literature is given in this chapter, where the advantages of this 

unsupervised learning technique are going to be transferred from the usual 
fields of application, such as biology, medicine or chemistry, to the field of 

study of this dissertation, Structural Health Monitoring.  An innovating 
hierarchical clustering analysis is then proposed in order not only to obtain a 

set of clusters based on damage patterns, but also to achieve a graphical 
representation of this information so that the damage identification can be 

done qualitatively and quantitatively in an intuitive manner. The performance of 
this approach is investigated using the three experimental tests addressed in 
Chapter 2. 

 Chapter 4: The methodology proposed in this dissertation has been 
evaluated on simple lab-scales structures in the previous chapters, with 

promising results, but the obtained conclusions need to be tested on real-scale 
complex structures. In this chapter, the same analysis is carried out on 

reinforced concrete beams externally strengthened with FRP strips, with the 
purpose of checking the feasibility of the proposed approach, as well as the 

repeatability of the experiments, in the case of the sudden and brittle 
debonding of the FRP reinforcement originating from intermediate flexural 

cracks. 

 Chapter 5: An alternative method for damage detection is presented in this 

chapter based on a continuous monitoring of the FRP-concrete interface by 
using a network of Fiber Bragg Grating (FBG) sensors. These sensors, 

permanently bonded at the external FRP reinforcement, give continuous 
readings of strain in different areas of the FRP strip under controlled loading. 

From these measurements, a multi-objective model updating method for 
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debonding damage detection, solved by a multi-objective extension of the 
Particle Swarm optimization (PSO) method, is implemented. 

 Chapter 6: In this chapter all the conclusions collected from the previous 

chapters are listed. Furthermore, some proposals for future research works are 

done. 

 Appendix A: The modelling of a free piezoelectric sensor is addressed with 

the purpose of achieving a better understanding of the electromechanical 
coupling effect between the mechanical vibration response and the complex 

electrical response of the sensor. 

 Appendix B: The automated impedance-based software developed for this 

dissertation is explained in this Section. Details about the structure of the 
program coded using VEE language are given, and the Graphical User 

Interface (GUI) is presented. 
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Chapter 2 

Damage Detection Based on the Electro-

Mechanical Impedance Method 

Summary 

 After a brief review of the Impedance Techniques and the State of the Art of 

those methods, this chapter introduces the theoretical bases of the Electro-
Mechanical Impedance (EMI) Method and its application through piezoelectric 

smart sensors (PZT) for Structural Health Monitoring purposes. In order to 
validate the explained method for developing a damage detection procedure, 

several simple lab-structures, in which a certain amount of controlled damages 
have been induced, are tested and their results shown. 

2.1. Review of the E/M Impedance Techniques. State of the Art 

 In the recent years, lead-zirconate-titanate (PZT) materials have been widely 
applied to Structural Health Monitoring. Some of their advantages are its 

lightweight, variety of shapes and sizes, easiness for unobtrusive installation on 
the host structure, high electromechanical transformation efficiency and high 

stability, suitable for mass production and economical. The main advantage, 
however, is the exceptional performance of this kind of sensors, exceeding by 

far that of the conventional ones, since PZT sensors are active devices that can 
both interrogate the host structure and listen to its response under external 

excitation. Besides, these sensors can address high-frequency applications at 
hundreds of kHz and beyond [41], so that the wavelength of the excited motion 

is small and sensitive enough to detect local damage. Furthermore, the 
versatility of PZT sensors make them useful for a broad range of applications, 
such as wave propagation or modal analysis and transfer function, but their 

capability to work both as sensors and actuators makes them specially suitable 
for being used for Structural Health Monitoring. 
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 Currently, the SHM methods by using piezoelectric materials can be 
classified into three types [43]: piezoelectric strain technology, wave 

transmission technology and Electro-Mechanical Impedance (EMI) technology. 
This last one methodology is based on monitoring the electric impedance-

frequency spectra variation of a piezoelectric sensor bonded to the structure 
under study, as detailed in Sections 2.2 and 2.3. Although a relatively recent 

non-destructive evaluation technique, EMI method has been the target of 
multiple researches, experiencing in that way a great development in the last 

two decades. In order to show a brief review of the literature, the most relevant 
works in this field are now presented in this Section. 

 Liang et al. [44-47] proposed this methodology for the first time in 1994 by 

analyzing the electromechanical coupling effects between a PZT wafer and the 
host structural system where it is bonded. In 1995, Sun et al. applied that work 

for monitoring and assessing the integrity of a truss structure [48], and in 1996 
Ayres et at introduced an important study [49] demonstrating not only the 

ability of this technique for detecting damage within bridge joints, but also and 
more important that it was suitable for large civil infrastructures. In 1998, 

Giurgiutiu et al. [50] introduced a review of the last advancements in the 
method, and subsequently it has been used in numerous applications. In 2000-
2001 Park et al. [51, 52] applied the EMI method for monitoring joints of steel 

structures and pipeline networks. In 2001 Saafi et al. [53] monitored concrete 
specimens strengthened with advanced composite materials. In 2002, Bhalla 

et al. and Naidu et al. [54-56] monitored the initial damages in concrete 
specimens, as well as the evolution of the correlation between the concrete 

stiffness and the impedance peaks. Between 2002 and 2005, Giurgiutiu et al. 
[57,58] experimented embedding the PZT sensors into the host structure, 

introducing also the analysis of the high-frequency local impedance spectra 
and its evolution with damage increments. In 2007, Park et al. [59] explored a 

new paradigm in this method by introducing the statistical pattern recognition 
techniques to the impedance signatures collected by the PZT actuators. In 

2010, Dongyu et al. [60] presented an analysis of cracks depth in concrete 
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blocks based on the changes of the impedance measurements. Also in the 
same year, Yang et al. [61] introduced a new approach based on dividing all 

the impedance-frequency spectra into several sub-frequency intervals, 
calculating the damage index for each of these intervals in order to obtain an 

estimation of damage location. In 2012, Min et al. [62] published new 
advancements of the EMI techniques, introducing neural networks techniques 

in order to identify damage type and severity, validated through a bolted-joint 
aluminium beam. In 2013, Na et al. [63] presented a new technique able to 

overcome brittleness problems of the PZT materials when bonded to 
structures with complex geometry, making this method more robust in 

experimental applications. Finally, in 2014, Dongyu et al. [43] experimented 
with new piezoelectric composites designed and fabricated by using PZT 
piezoelectric ceramic as active phase, and a mixture of cement and polymer as 

the matrix. 

 Nowadays, efforts are trying to move this method forward to wireless 

systems that enable SHM applications in which either the access for inspection 
is difficult, or the environment is too hazardous for human exposure. The most 

relevant works in this line have been published by Park et al. in 2008 [64], 
Taylor et al. in 2009 [65], or Mascareñas et al. in 2010 [66] and [67]. 

 

2.2. Principles of the Electro-Mechanical Impedance Technique 

 PZT sensors described in the previous section are made out of materials 
that operate on the piezoelectric principle, which is responsible for their 
capability to work as both sensors and actuators. In that way, a mechanical 

strain on a PZT material produces electrical charge and vice-versa, coupling 
thus the electrical and mechanical effects through the following tensorial 

piezoelectric constitutive equations [41]: 
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Sij = sijkl

E Tkl + dkijEk

Dj = djklTkl + ε jk
T Ek

  (2.1) 

where 𝑆!" is the mechanical strain tensor, 𝐷! is the electrical displacement, s!"#$!  

is the mechanical compliance of the material measured with no electric field 

(𝐸 = 0), 𝜀!"!  is the dielectric permittivity measured with no mechanical stress 

(𝑇 = 0), and 𝑑!"# represents the piezoelectric coupling effect. 

 The Electro-Mechanical Impedance (EMI) Method is based on these electro-
mechanical coupling effects happening between the PZT sensor and the host 

structure where the sensor has been embedded. The basic idea is that the 
presence of damage in the structure alters its dynamic properties, which has a 

direct impact on the mechanical impedance of the structure, and thus the 
electromechanical impedance of the PZT patch, which can be directly 

measured by an electrical impedance analyzer. When driven by an alternating 
electric field, the PZT-sensor array deployed through the structure will induce a 

vibration onto it. Since the PZTs are bonded to the surface of the structure, the 
resultant vibration responses, which are characteristic of the structure (and 

different at every single structural health condition), modulate the current 
flowing through the piezoelectric transducers.  

 This modulation is actually a function of the degree of mechanical 

interaction between the PZTs and the structure, which means that the 
mechanical effect induced in the structure is picked up by the sensor and, 

through electro-mechanical coupling inside the active element, is transformed 
in electrical impedance measured at the sensor’s terminals (Figure 2.1). 
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Figure 2.1. Electro-mechanical coupling 1D-model (Liang et al. [44]) 
 

 
 

 

 This relationship between electrical and mechanical impedance was first 
introduced by Liang et al. [44-47] in the following form, as detailed in Appendix 

A: 
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 where 𝑌 𝜔  is the electrical admittance, ε!!! , 𝑑!!!  and 𝑌!!!  are the geometry 
constant, complex dielectric constant, piezoelectric coupling constant and 

complex Young’s modulus of the PZT in a state without stresses, respectively;  
𝑙, 𝑏 and 𝑡 are the dimensions for the PZT element considered in Appendix A; 𝑐 

is the longitudinal wave speed in the 𝑥! direction of the PZT element; 𝑍 𝜔  and 

𝑍! 𝜔  are the impedances of the structure and the PZT actuator, respectively. 

 According to Eq.(2.2), the impedance of the host structure is directly related 
to the impedance of the attached PZT actuator, which means that the 

measurements directly obtained from the PZT reveal the impedance spectrum 
of the host structure, as it has been commented above [48-68]. When 

admittance is measured, it consists of real and imaginary parts. However, as 
has been extensively proved [68-72], the real part is less sensitive to ambient 

temperature change, compared to the imaginary part. For this reason, the real 
part of impedance is used for the EMI method. 
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2.3. Application of the Electro-Mechanical Impedance Method for 

Damage Detection Purposes.  

 The conventional EMI method assesses the integrity of the structure under 
study by observing the changes in the electromechanical impedance of the 

PZT between two different states. However, damage (or incipient damage), 
cannot be determined through a direct comparison of the impedance 
measurements of the different health conditions, since the impedance values 

represent just the electromechanical response of the structure to an input 
excitation, as detailed in the previous sections. Thus, this only provides a 

qualitative assessment of the structural state, just an interpretation of the 
measurement results, which is not accurate enough for an appropriate 

structural monitoring system. For this reason, an adequate signal processing 
method is needed in order to achieve a quantitative measure of the damage 

severity. 

 In that way, different scalar damage metrics have been defined in literature, 
most of them based on statistical parameters of the impedance frequency 

spectra. Two different of these damage indexes are the most successful ones 
[41], and thus more commonly used: first is based on Root Mean Square 

Deviation (RMSD) and second is based on signal Cross-Correlation (CC).  

 Traditionally, the RMSD metric has been defined by some authors [74-75] in 
the following way: 

  RMSD %( ) =
Re Z0 ω i( )( )− Re Z1 ω i( )( )( )2

Re Z0 ω i( )( )2

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟i=1

n

∑ ×100  (2.3) 

 where 𝑍! 𝜔!  is the impedance measured at the PZT terminals in a previous 

stage, which might agree with the health condition of the structure, 𝑍! 𝜔!  is 

the corresponding value at a subsequent stage, which might agree with a post-

damage state, all at the ith frequency point out of a total of n frequency points. 
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 However, some other authors [50, 61, 73] introduce a slight modification of 
Eq. (2.3) (a deeper study can be found in [78]) that turns into a better damage 

prediction [76, 77], expressed as follows: 

  RMSD %( ) =
Re Z0 ω i( )( )− Re Z1 ω i( )( )( )2

i=1

n

∑

Re Z0 ω i( )( )2

i=1

n

∑
×100   (2.4) 

 where it is easy to appreciate that the only difference with Eq.(2.3) is that the 
sum is made independently in the numerator and in the denominator. In this 

dissertation, Eq.(2.4) has been used as the RMSD damage index, for which the 
larger difference between the baseline reading and the subsequent reading, the 

greater value of the index denoting changes of structural dynamic properties 
(which can be due to damage). 

 Nevertheless, it has been reported in the literature that, although using the 

EMI method in combination with RMSD as damage indicator is a powerful tool, 
it is not so appropriate for identifying the location of the damage in the 

structure. In that way, and based on the idea that the attenuation of waves 
increases with the frequency of monitoring (higher frequencies result in smaller 

sensing regions), Yang et al. [61] proposed a damage detection procedure 
based on dividing the wide frequency range into sub-frequency intervals, 

calculating their respective RMSD values and correlating them with different 
sensing regions in the host structure in such a way that damage closer to a 

PZT sensor would affect more significantly the high frequency sub-ranges , 
whereas the low frequency sub-ranges of RMSD would be more sensitive to 

further damage. This approach has also been adopted in this work. 

 The second alternative is the correlation coefficient deviation damage 
metric, used in order to quantify and interpret information from two different 

data sets. It is well known from statistics that the general way to express this 
metric is as follows [79]: 
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  CC =
E X − µX( ) Y − µY( )⎡⎣ ⎤⎦

σ Xσ Y

  (2.5) 

 where 𝜇! and 𝜎! are the mean and the standard deviation for the set 𝑋, 𝜇! 

and 𝜎!  are the mean and the standard deviation for the set 𝑌 and 𝐸 is the 

expected value operator. 

 Peairs et al. [74] presented one of the first works directly using this metric in 
order to obtain a damage indicator. In that study, each baseline measurement 

was compared, through the following expression, to the average baseline using 
the correlation coefficient between the baseline in the health condition and 

each damaged measurement at every frequency. 

  CC = 1

n

Re Z0 ω i( )( )− Z 0{ } Re Z1 ω i( )( )− Z1{ }
σ Z0

σ Z1

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥i=1

n

∑   (2.6) 

 where 𝑍! 𝜔!  is the impedance measured at the PZT terminals in a previous 

stage, which might agree with the health condition of the structure, 𝑍! 𝜔!  is 

the corresponding value at a subsequent stage, n is the number of frequency 

points, 𝑍!  and 𝑍!  are the mean values of the impedance signals of the 

considered baseline and its subsequent state, respectively, 𝜎!! and 𝜎!! are the 

standard deviations of the respective real parts of each commented 
impedance signature.  

 The expression of Eq.(2.6) has also been used by other authors like Min et 

al. [62], Palomino et al. [78], Siebel et al. [80] or Naidu et al. [81]. However, on 
the contrary to the RMSD indicator, the larger difference between the baseline 

and the subsequent state, the lower the value of the cross correlation 
coefficient. In order to correct that fact, Giurgiutiu et al. [76], and later Tseng et 

al. [77], started to use the Correlation Coefficient Deviation instead of Eq.(2.6) 
for damage detection purposes, since, as with RMSD, the larger the difference 

between two states, the larger the damage indicator, which makes the 
identification procedure quite easier. This CCD indicator, expressed in Eq.(2.7), 

has also been used in this dissertation. 
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  CCD = 1−CC   (2.7) 

 Finally, although the indicators (2.4) and (2.7), detailed above, are the most 

commonly used for damage detection procedures, others have been 
investigated in the literature (a good review can be found in [78]). These ones 

have not been used in this dissertation, since their results do not add valuable 
information to the results already presented. The most remarkable are listed 
below. 

 Vinod Raju proposed in his Thesis dissertation [82] the use of the Average 
Square Difference, formulated in Eq.(2.8), as another metric used by the EMI 

method in order to quantify the damage in complex truss structures and 
massive steel steam headers. 

  ASD = Re Z0 ω i( )( )− Re Z1 ω i( )( )−δ( )⎡
⎣

⎤
⎦

2

i=1

n

∑   (2.8) 

 where 𝛿 is the difference of averages of each signal, as detailed in Eq.(2.9) 

  δ = Re Z 0 ω i( )( )− Re Z1 ω i( )( )   (2.9) 

 The Mean Absolute Percentage Deviation was introduced by Tseng et al. 

[77], based on the formulation of the RMSD, as it can be checked in Eq.(2.10) 

  MAPD =
Re Z0 ω i( )( )− Re Z1 ω i( )( )

Re Z0 ω i( )( )i=1

n

∑   (2.10) 

 After this, a slight modification of the ASD was used by Peairs et al. [83] as 
expressed in Eq.(2.11) 

  M = Re Z0 ω i( )( )− Re Z1 ω i( )( )( )2

i=1

n

∑   (2.11) 

 Finally, at this point, it is necessary to remark the fact that all these damage 
indicators give a severity estimation of the structure’s deviation from the pre-

established as the health condition. However, a more specific damage location 
procedure is missing, in order to associate the quantification of the damage 
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with a precise position along the structure. In that sense, Saafi et al. [53] 
introduced the use of the center of mass equations for damage localization in 

1-D structures as follows 

  X =
DIixi

i=1

n

∑

DIi
i=1

n

∑
  (2.12) 

 where 𝑋 represents the location of the damage in the structure, 𝐷𝐼! is the 

value of the damage indicator at the ith measurement point and 𝑥!  the 
coordinate of the ith measurement point along the structure. This approach has 

also been used in this dissertation for several experimental cases studied 
below. 

 

2.4. Application of the EMI Method on 1D Lab-Structures for Damage 

Detection. Setup of the Experiments 

 Several experiments were carried out in order to check the performance of 
each one of the previous formulated damage indexes. These included three 
simple lab-scale structures such as a simple aluminium beam, a bolt-jointed 

aluminium beam and an FRP-strengthened concrete specimen. 

 

2.4.1. Aluminium beam 

 The first test was carried out over an aluminium beam with dimensions 
80×5×0.5  𝑐𝑚! . Four identical P-876 DuraAct Patch Transducers from 

Piceramics [84] with a thickness of 0.5 mm were symmetrically bonded along 

the length of the specimen using an epoxy adhesive (Figure 2.2). The distance 
between them was 12 cm. The four PZT sensors were individually connected 

to four different channels of the multiplexor 3499B, which was used to make a 
multiple connection between the HP 4192A Impedance Analyzer and the PZT 



Application of PZT and FBG impedance sensors for structural health monitoring of reinforced 
concrete beams strengthened with FRP composite materials 

 

  
CHAPTER 2 

 

-23- 

 
 

sensors. Both, the multiplexor and the impedance analyzer were from Agilent 
Technologies. Figure 2.3 shows the overall experimental setup. 

 

Figure 2.2. Aluminium beam for notch detection with four PZT transducers 
 

 
 

 

 

Figure 2.3. Experimental setup on an aluminium beam 
 

 
 

 

 To measure the impedances at each sensor, a sinusoidal sweep voltage 
with a 1 volt amplitude was applied to the PZT sensors over a frequency range 

of between 10 kHz and 100 kHz.  
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 This was carried out in four different progressive stages of the beam: (a) no 
damage (D0); (b) Damage 1 (D1): due to the introduction of a transversal notch 

(2.5 mm width, 0.5 mm thick) over a location of 38 cm from the left end of the 
beam; (c) Damage 2 (D2): Due to the growth of the thickness of the previous 

notch up to 1 mm; (d) Damage 3 (D3): Based on D2 but introducing a new 
transversal notch (2 mm width, 1 mm thick) into the beam, located 50 cm from 

the left end. Damage 1 and Damage 2 stages correspond to single damage 
scenarios while Damage 3 represents a multiple damage case (Figure 2.4).  

 

Figure 2.4. Damages scenarios for an aluminium beam 
 

 
 

 

 For each different stage, a total of five impedance measurements were 
taken at different times on different days using the corresponding average as 

raw data for further analysis. Furthermore, the bandwidth control tool of the 
analyzer was adjusted so that point averaging was made in all the sweeps, 

erasing the noise from all measurements to a large extent with the purpose of 
obtaining a more reliable result. 

 

2.4.2. Aluminium lap joint 

 The second experimental test was carried out on a lab-scale bolt jointed 

aluminium specimen consisting of two beams, the first one with dimensions of 
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45×5×0.5  𝑐𝑚!  and the second one with dimensions of 27×5×0.5  𝑐𝑚! ; 

connected by four bolts with a diameter of 10 mm (Figure 2.5). Two identical P-
876 DuraAct Patch Transducers [84] were bonded to both sides of the lap joint 

at a distance of 20 cm between them, by using an epoxy adhesive. 

 The purpose of this test was to evaluate the ability of the EMI method to 
detect the damage due to loose bolts by inducing the following four stages or 

damage scenarios in the analyzed specimen: (a) No damage (D0); (b) Damage 
1 (D1): Loose bolt #3 by one semi-cycle; (c) Damage 2 (D2): Loose bolt #3 by 

another semi-cycle; (d) Damage 3 (D3): Loose bolt #2 by one-semi-cycle. 

 

Figure 2.5. Bolt-jointed aluminium beam with two PZT transducers 
 

 
 

 

 The impedances were again measured with the Agilent 4294A impedance 
analyzer using the same experimental set-up shown in Figure 2.6. Five 

impedance signatures were measured for each damage case by sweeping a 
wide frequency band of 10–100 kHz. The raw data were obtained by averaging 

the responses of five measurements. 
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Figure 2.6. Experimental setup on a bolt jointed aluminium specimen 
 

 
 

 

2.4.3. FRP-strengthened concrete specimen 

 The third test was carried out over a concrete specimen with dimensions 

31.3×9.5×7.5  𝑐𝑚!, which had been strengthened with an external FRP strip, 

with dimensions 29.5×5×0.18  𝑐𝑚!, bonded by using an epoxy resin adhesive. 
Three identical P-876 DuraAct Patch Transducers from Piceramics [84] with a 

thickness of 0.5 mm were symmetrically bonded along the length of the 
specimen using the same epoxy adhesive used before (Figure 2.8). 

 The purpose of this final test was to simulate, over a lab-scale concrete 
specimen, the debonding failure mode that usually comes up in real structures 
that have been retrofitted by means of the application of different FRP 

composite materials. In order to detect that failure through the application of 
the EMI method, the following four stages or damage scenarios were induced 

(all by means of drilled holes in the resin adhesive) in the analyzed specimen: 
(a) No damage (D0); (b) Damage 1 (D1): a 5 mm debonding located 7.25 cm 

away from the left end of the specimen; (c) Damage 2 (D2): amplification of the 
debonding practised in the previous stage towards the PZT number 2, up to a 
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total debonding length of 1 cm; (d) Damage 3 (D3): repetition of the previous 
step up to a total debonding length of 2.5 cm (Figures 2.9 and 2.10). 

 

Figure 2.7. FRP-strengthened concrete specimen with three PZT transducers 
 

 
 

 

Figure 2.8. Experimental setup on a FRP-strengthened concrete specimen 
 

 
 

 

Figure 2.9. Damage scenario for an FRP-strengthened concrete specimen (I) 
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Figure 2.10. Damage scenario for an FRP-strengthened concrete specimen (II) 
 

 
 

  

 The impedances were, for one last time, measured with the Agilent 4294A 
impedance analyzer using the same experimental set-up shown in Figure 2.8. 

As in the previous cases, five impedance signatures were measured for each 
damage case by sweeping a wide frequency band of 10–100 kHz. The raw 

data were obtained by averaging the responses of five measurements. 

 

2.5. Damage Assessment of the Experimental Cases. Results Discussion 

 In this section, we present all the damage indexes evaluated using the 

corresponding impedance signatures obtained in each experimental study 
presented in Section 2.4. From the lectures of these indicators, a prediction 

about damage existence and its quantification is pretended. For it, the 
signature obtained under the healthy condition of the structure was considered 

as the baseline for the first damage case; the signature acquired for the first 
damage case was considered as the baseline for the second one, and so on. 
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 Furthermore, using Saafi’s approach, location of each existing damage is 
going to be estimated, comparing the performance of this approach in both 

single and multiple damage scenarios. 

 

2.5.1. Notch detection in an aluminium beam 

 As mentioned earlier, an impedance analyzer applying a sinusoidal-sweep 

voltage of 1 volt was used to capture the electromechanical impedance 
signatures of the structure, monitoring it from 10 kHz to 100 kHz after each 

induced damage. Before continuing, it must be pointed out that sensor number 
4 was discarded from the beginning of the test, since it broke during the setup 

procedure.  

 Initially, the electro-mechanical impedance curves were obtained for all 
sensors in order to define, previously to the induced damage sequence, the 

first baseline of the beam (state D0 - Figure 2.11).  

 

Figure 2.11. Impedance signatures for the aluminium beam in health state D0 
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 In Figure 2.11 the real part of the impedance-frequency spectra typical for 
metal structures is shown. As explained in [85], the excitation applied to the 

host beam through the PZT actuator does not have enough energy to activate 
the modal vibration of the whole structure and, thus, the sensing region of each 

PZT is reduced to a limited area around itself. Since there is still no damage in 
the beam, it would be expectable, then, that all impedance curves have 

approximately the same shapes and peaks. However, some differences are 
encountered in this figure between all the curves, which can be due to the 

slightly different amount of adhesive used to bond each sensor to the surface, 
as well as caused by the soldering process applied to each PZT patch, besides 

other possible frequency resonance phenomena. The analogous curves 
corresponding to states D1, D2 and D3 are shown in Figures 2.12, 2.13 and 
2.14, respectively. 

 

Figure 2.12. Impedance signatures for the aluminium beam in health state D1 
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Figure 2.13. Impedance signatures for the aluminium beam in health state D2 
 

 
 

 

 

Figure 2.14. Impedance signatures for the aluminium beam in health state D3 
 

 
 
 

 From a visual analysis of these four first impedance curvatures, it can be 
pointed out that the global values registered at each sensor are clearly affected 
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by the presence of damage. In order to make this fact more clear, Figures 2.15, 
2.16 and 2.17 show the variation suffered by the original impedance curve after 

each damage case at each PZT, respectively. 

 

Figure 2.15. Comparison of the impedances for PZT #1 in the aluminium beam 
 

 
 

 

Figure 2.16. Comparison of the impedances for PZT #2 in the aluminium beam 
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Figure 2.17. Comparison of the impedances for PZT #3 in the aluminium beam 
 

 
 

 

 Although at this point the presence of damage is quite clear, especially for 
PZT #2 due to the proximity of damages D1 and D2 (see Figure 2.4), there is 

still a lack of precision in the analysis. In that way, now the damage indexes 
presented in Section 2.3 are used in order to, firstly, quantify the damage, and 

then, estimate its location at each stage of the sequence. 

Figure 2.18. CCD Index for damage state D1 in the aluminium beam 
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Figure 2.19. CCD Index for damage state D2 in the aluminium beam 
 

 
 

 

 

Figure 2.20. CCD Index for damage state D3 in the aluminium beam 
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[61], the sensors closer to the corresponding damage in each state show the 
highest values in the higher frequency ranges of the spectra, as happens in the 

case of PZT #2 for damage cases D1 and D2, and PZT #3 for damage case D3. 
Here it is important to note that this damage index is quite more sensitive to 

the appearance of new induced damages (D1 and D3), rather than to the 
growth of existing damages (D2). In that sense, the level of damages shown in 

Figures 2.18 and 2.20 are noticeable higher that those shown in Figure 2.19.  

 It can be concluded, thus, that damage D1 is located between PZT #2 and 
PZT #3, since those sensors present the highest CCD values, but closer to PZT 

#2 since in the higher frequency ranges the CCD values are significantly higher 
for PZT #2 than for PZT #3 [61]. Due to the high values of the indications, it is 

clear too that D1 is a new damage over the beam. In the case of D2, since the 
CCD values are considerably lower than in the previous case, and also 

because damage indications happen to be more significant for PZT #2 than for 
the rest (being PZT #3 higher than PZT #1), this damage could be located in 

the same position as before, which would mean that D2 represents the growth 
of D1. Finally, the state D3 implies once again high CCD values, comparable 

with those from state D1. Furthermore, PZT #3 is this time the one with the 
highest indications, specially in the high frequency ranges. All this means not 
only that D3 is a new induced damage, but also that it has been produced in a 

different location, closer to PZT #3. Thus, with the assessment of the CCD 
values both single and multiple damage scenarios can be addressed. Since 

PZT #4 broke down at the beginning of the test, it is not possible to establish a 
comparison that leads to the determination of notch’s location between these 

two sensors (as actually was), but establishing an analogy between the CCD 
values of PZT #1 for D1, and the values of PZT #2 for D3, it could be 

concluded that the distance from D3 to PZT #2 is more or less the same than 
from D1 to PZT #1, which locates D3 between PZT #3 and PZT #4, closer to 

sensor #3. 



Application of PZT and FBG impedance sensors for structural health monitoring of reinforced 
concrete beams strengthened with FRP composite materials 

 

  
CHAPTER 2 

 

-36- 

 
 

 In order to strengthen the previous conclusions, RMSD values were also 
evaluated for the same damage states. 

 Figures 2.21, 2.22 and 2.23 show RMSD values for damage cases D1, D2 

and D3, respectively. Although they keep a correspondence with the results 
shown previously, there are slight differences. First of all, RMSD index is 

equally sensitive to the appearance of any damage; no matter if it is a new one 
or the growth of a previous one and, because of that, the three figures show 

approximately the same level of damage indications. Furthermore, the 
difference between the indications of the two sensors closer to the damage is 

not so big as shown in CCD-figures, although it is still clear which one is closer 
to the notch observing the highest values in the high frequency ranges of the 

spectra. 

 

Figure 2.21. RMSD Index for damage state D1 in the aluminium beam 
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Figure 2.22. RMSD Index for damage state D2 in the aluminium beam 
 

 
 

 

 

Figure 2.23. RMSD Index for damage state D3 in the aluminium beam 
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from 70 kHz to 100 kHz, but lower in the low frequency ranges, specially 
around 30 kHz, which means that damage D1 is closer to PZT #2, since 

indications in higher frequencies result in smaller sensing regions [61]. Similar 
conclusions can be obtained from the evaluation of Figure 2.22 about the 

potential location of damage D2, since the graphic shown is quite similar to the 
previous one. However, the RMSD values in this figure are slightly lower than 

the ones presented in the previous figure. Finally, Figure 2.23 shows a clear 
difference in the RMSD values for PZT #3 in comparison to the other two 

sensors. These values are quite significant in high frequency ranges, specially 
around 70 kHz, which means that damage D3 is close to PZT #3. Since the 

conclusion for D2 was that damage was closer to PZT #2 than to PZT #3, and 
D3 is closer to PZT #3, this means that D3 constitutes a new notch practiced in 
the beam. Furthermore, as happened in Figure 2.20, an analogy can be 

established between the RMSD values of PZT #1 for D1, and values of PZT #2 
for D3, concluding that the distance from D3 to PZT #2 is approximately the 

same that from D1 to PZT #1, which locates D3 between PZT #3 and PZT #4, 
closer to sensor #3. 

 Thereupon, the same conclusions can be obtained by evaluating the results 
from both damage indexes, which makes this analysis quite robust, and its 
conclusions about damage estimations equally reliable. 

 

2.5.2. Bolt loosening detection in an aluminium lap joint 

 In the second experimental test carried out, the impedances were again 

measured with the Agilent 4294A impedance analyzer using the same 
configuration explained for the previous experiment.  

 As done before, all the impedance curves were obtained for all sensors in 

order to establish, before introducing the damage sequence, the first baseline 
of the beam (state D0 - Figure 2.24). 

 



Application of PZT and FBG impedance sensors for structural health monitoring of reinforced 
concrete beams strengthened with FRP composite materials 

 

  
CHAPTER 2 

 

-39- 

 
 

Figure 2.24. Impedance signatures for the aluminium lap joint in state D0 
 

 
 

 

 The analogous curves for states D1, D2 and D3 are shown in Figures 2.25, 

2.26 and 2.27, respectively. 

 

Figure 2.25. Impedance signatures for the aluminium lap joint in state D1 
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Figure 2.26. Impedance signatures for the aluminium lap joint in state D2 
 

 
 

 

 

Figure 2.27. Impedance signatures for the aluminium lap joint in state D3 
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clearer from a visual point of view, Figures 2.28 and 2.29 show the evolution of 
the impedance curves through the different health states. 

 

Figure 2.28. Comparison of the curves for PZT #1 in the aluminium lap joint 
 

 
 

 

 

Figure 2.29. Comparison of the curves for PZT #2 in the aluminium lap joint 
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 It is quite evident, attending to the variation of the different resonance peaks 
from one state to the subsequent one, that different levels of damage have 

been induced, producing thus different health states. In order to quantify this 
evolution, CCD and RMSD values are now assessed. 

Figure 2.30. CCD Index for damage state D1 in the aluminium lap joint 
 

 
 

 

Figure 2.31. CCD Index for damage state D2 in the aluminium lap joint 
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Figure 2.32. CCD Index for damage state D3 in the aluminium lap joint 
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closer to the bolt presenting loosenings. Furthermore, as observed with the 
aluminium beam, the results from damage D1 present higher CCD values in 

comparison to damage case D2, which is surely due to the fact that a new 
damage in induced in this step. However, due to the symmetry of the problem 

in the longitudinal direction, there is no way to determine (in both D1 and D2 
cases) whether the bolt damaged is the number 1 or the number 3 (see Figure 

2.5). In order to solve these kinds of situations, Okugawa proposed [86] a 
system based on smart washers set together with each bolt, so that damage 

indexes could be obtained for each particular case. This approach has not 
been included in this dissertation, since it did not add any valuable information 

in order to reach the main goal of this work. 

 In order to finish with the analysis of the CCD values, Figure 2.32 shows the 
results for the damage state D3. Once again, the obtained results are 

significantly higher than those shown in Figure 2.31, which suggests the 
appearance of a new damage. This idea is supported by the CCD values, 

higher than the others in the highest frequency ranges (from 70 kHz on), 
indicating thus the proximity of PZT #1 to the damage D3. Since PZT #2 was 

closer to damages D1 and D2, D3 necessary constitutes a new damage on the 
aluminium lap joint. 

 Once all CCD values have been assessed, the RMSD index has been 

evaluated too in order to hold the previous conclusions. 

 Figures 2.33, 2.34 and 2.35 show the RMSD values for damage cases D1, 
D2 and D3, respectively. In this case, the results corresponding to the single 

damage scenarios are in good agreement with the CCD results presented 
above, while the multiple damage scenario does not match with the previous 

results, coming into contradiction with RMSD values.  

 Therefore, evaluating the values of the RMSD index might not be enough for 
an accurate damage prediction in certain configurations, and further analysis 

could be needed. In that way, additional statistical techniques may be a useful 
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tool in order to analyze RMSD results. This task will be tackled in this 
dissertation, proposing in later sections a deeper procedure. 

 

Figure 2.33. RMSD Index for damage state D1 in the aluminium lap joint 
 

 
 

 

 

Figure 2.34. RMSD Index for damage state D2 in the aluminium lap joint 
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Figure 2.35. RMSD Index for damage state D3 in the aluminium lap joint 
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might indicate a damage closer to PZT #2, which is not real. Obviously, since it 
is known that the damage has been induced in bolt #2, it turns out that the 

performance of RMSD is not as good as CCD’s in the case of multiple damage 
scenarios, at least for this kind of mechanical configurations. Since RMSD is 

one of the most widespread damage indexes used in the literature, it becomes 
necessary the investigation of additional tools that might enhance the 

interpretation of RMSD results. In that way, the work proposed in this 
dissertation attempts to find a combined methodology that allows to read 

RMSD results in a more intuitive way. 

 

2.5.3. Induced debonding in an FRP-strengthened concrete specimen 

 The third experimental study was carried out on an FRP-strengthened 

concrete specimen (Figures 2.7 and 2.8), in order to test the feasibility of the 
damage indexes used in this work to detect the different debonding failures 

induced in the specimen by drilling the adhesive layer that bonds the FRP strip 
to the concrete block. As in the two previous experiments, the impedances 

were measured with the same Agilent 4294A impedance analyzer, again with 
the same configuration.  

 Before showing the results, it is necessary to point out that PZT #3 was not 

included in the study, due to the lack of coherence in its measurements. 
Contrary to what happened to the broken sensor in the case of the aluminium 

beam, this time the sensor was intact, but the soldering of its wires was 
damaged during the experiment operations, resulting in unreliable information 

that was discarded once the experimental tests were carried out. In later 
experiments, this problem was avoided just by covering the solderings with a 

layer of the same epoxy adhesive used for the PZTs bond, so that they could 
be protected against accidental damages like this one. 

 As in the previous examples, impedance curves before introducing damage 

were taken as baseline (state D0) of the specimen (Figure 2.36). 
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Figure 2.36. Impedance signatures for the concrete specimen in state D0 
 

 
 

 

 Impedance signatures for damage cases D1, D2 and D3 are shown in 

Figures 2.37, 2.38 and 2.39, respectively. 

 

Figure 2.37. Impedance signatures for the concrete specimen in state D1 
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Figure 2.38. Impedance signatures for the concrete specimen in state D2 
 

 
 

 

 

Figure 2.39. Impedance signatures for the concrete specimen in state D3 
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vibration of the whole structure. Thus, the impedance frequency spectra 
represented in these figures correspond to a sensing region limited to the 

surrounding area around each PZT. For that reason, and due to the 
heterogeneous nature of the specimen (concrete-adhesive-FRP system), the 

impedance curves for each PZT show a substantial difference between them at 
each health state of the beam. 

 Furthermore, this test has the particularity that the real failure mode 

(debonding of the FRP strip used for the external strengthening) has been 
simulated by means of the removal of the adhesive that kept the FRP bonded 

to the concrete block. This entail that each PZT needs to be able to detect 
damage in a layer different to the one they had been bonded to, which makes 

this test more challenging than the previous ones. Despite this fact, the 
impedance curves corresponding to each sensor are able to capture 

differences for each sensor between one health state and the subsequent one. 
Comparisons between curves are shown in Figures 2.40 and 2.41 for PZT #1 

and PZT #2, respectively. 

 

Figure 2.40. Comparison of the impedances for PZT #1 in the concrete block 
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Figure 2.41. Comparison of the impedances for PZT #2 in the concrete block 
 

 
 

 

 As commented above, the impedance curves shown in these figures still 

present some slight deviations at each damage case in comparison to the 
corresponding pre-established baseline. 

 

Figure 2.42. CCD index for damage state D1 in the concrete specimen  
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Figure 2.43. CCD index for damage state D2 in the concrete specimen  
 

 
 

 

 

Figure 2.44. CCD index for damage state D3 in the concrete specimen  
 

 
 

 

 Figures 2.42, 2.43 and 2.44 show the CCD values for damage cases D1, D2 

and D3, respectively. 
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 The comparison between these results and the analogous ones from the 
previous experiments arises the fact that the kind of damage analyzed in this 

experiment (debonding of an external FRP reinforcement in a concrete block), 
is quite more complex to detect than the others. In this case, the three plots 

show a similar level of indications, which means that it is not clear anymore if 
the corresponding damage is a new one, or the growth of a previous one 

instead. Furthermore there are almost no differences between the indications 
of the two PZTs in low frequency ranges.  

 From Figure 2.42 it is clear that the debonding is closer to PZT #1, since its 

corresponding CCD values are higher than those from PZT #2 in the high 
frequency ranges (from 60 kHz on). The same conclusion is valid for Figure 

2.43. However, in this last one PZT #2 shows the highest indication between 
90 and 100 kHz, which can represent a damage closer to PZT #2 instead of 

PZT #1, which is not true. Despite this fact, it is still feasible to make a correct 
damage prediction by saying that PZT #1 is the closer one, since in an 

important high frequency range (from 50 to 80 kHz) it has higher damage 
indications than PZT #2. Furthermore, the highest indication corresponding to 

PZT #1 appears in a lower frequency range in damage case D2 that in the 
previous state (D1), which might be an indication that, in this case, the 
debonding D2 is, although still closer to PZT #1, further than D1. Finally, it is 

certainly complicated to obtain a clear damage prediction from Figure 2.44. 
Although it is true that PZT #1 has a clear predominant peak around 50 - 60 

kHz, both sensors show similar CCD results in all frequency ranges, meaning, 
theoretically, equal distance from both of them. However, D3 is still closer to 

PZT #1, although almost reaching the midway to PZT #2, but not in the middle 
of the two sensors. For all this, more information is needed in order to make a 

correct prediction in this last damage state. 

 Within the purpose of fulfilling the previous analysis, the RMSD values are 
presented in Figures 2.45, 2.46 and 2.47 for damage cases D1, D2 and D3, 

respectively. 
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Figure 2.45. RMSD index for damage state D1 in the concrete specimen  
 

 
 

 

 

Figure 2.46. RMSD index for damage state D2 in the concrete specimen  
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Figure 2.47. RMSD index for damage state D3 in the concrete specimen  
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 Therefore, there is still a lack of precision in this last analysis since, although 
the presence of damage is quite clear in all cases, there is a multiple damage 

scenario (D3) in which it has not been possible to obtain a clear conclusion just 
from the visual analysis of the figures. Thus, a more systematic damage 

identification procedure is needed in order to obtain a complete analysis of the 
evolution of the health condition of any structure affected by debonding.  

 The methodology presented in later sections of this dissertation ventures an 

improvement by incorporating statistical tools to the RMSD analysis, trying to 
provide a procedure from which damage evolution could be visually tracked. 

 

2.6. Damage Localization on the Experimental Specimens 

 Once all damage cases have been assessed and an approximate location of 
each of them has been basing based on the qualitative interpretation of some 

damage indexes, a more precise estimation of the location will be carried out 
now. To do that, Eq. (2.12) and the results presented in Section 2.5 will be 

used. An estimation of the location might be obtained for each frequency range 
and damage index but, in order to get a normalized procedure for the three 

experimental tests, damage location has been computed as the average of the 
corresponding position estimations for each of the two highest frequency 

ranges; that is, from 80 to 90 kHz and from 90 to 100 kHz. 

  

2.6.1. Notch location in the aluminium beam 

 In this first test, since PZT #4 broke down during the setup procedure, it is 

not possible to provide a precise location for damage D3, located between 
sensors #3 and #4, given that Saafi’s procedure is based on the lectures of, at 

least, two PZTs surrounding the damage. Therefore, only damages D1 and D2, 
between sensors #2 and #3, can be localized with this procedure. Tables 2.1 

and 2.2 show RMSD and CCD results, respectively, for damage D1. All 
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distances in these tables are measured from the left end of the aluminium 
beam, and are expressed in cm. 

  

Table 2.1.  Location estimation (cm) for damage D1 in the aluminium beam using 
RMSD values (%) 

  
Frequency 

Range (kHz) 
RMSD 

Sensor 2 
RMSD 

Sensor 3 
x2 ·RMSD2 + x3 ·RMSD3

RMSD2 + RMSD3

 Location 
Estimation 

Real 
Location 

10 - 20 6.63 10.84 41.44 

38.21 38.3 

20 - 30 6.54 10.04 41.26 
30 - 40 7.15 11.46 41.39 
40 - 50 7.09 10.85 41.25 
50 - 60 9.13 9.57 40.14 
60 - 70 8.82 9.18 40.11 
70 - 80 12.22 8.23 38.83 
80 - 90 12.75 8.66 38.85 

90 - 100 16.35 6.93 37.57 
  

 

 

Table 2.2.  Location estimation (cm) for damage D1 in the aluminium beam 
using CCD values (%) 

  
Frequency 

Range (kHz) 
CCD 

Sensor 2 
CCD 

Sensor 3 
x2 ·CCD2 + x3 ·CCD3

CCD2 + CCD3

 Location 
Estimation 

Real 
Location 

10 - 20 1.22 8.26 44.45 

37.13 38.3 

20 - 30 7.73 31.33 43.62 
30 - 40 18.26 24.94 40.92 
40 - 50 36.42 28.48 39.26 
50 - 60 40.53 16.22 37.43 
60 - 70 47.84 12.01 36.40 
70 - 80 47.80 17.12 37.16 
80 - 90 34.10 12.56 37.23 

90 - 100 31.14 10.56 37.04 
  

 

 As explained previously, these location estimations have been made by 

averaging the estimations of the last two frequency ranges in each case, since 
higher frequency ranges result in smaller sensing regions [61], and thus in more 
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accurate results. The predictions with both indices for lower frequency ranges 
are associated with location estimations clearly above the real one. Location 

predictions are more accurate when using RMSD instead of CCD; in the first 
case the error is 0.23%, while with the second index it is 3.05%, which is 

acceptable but not so good as the first one.  

 

Table 2.3.  Location estimation (cm) for damage D2 in the aluminium beam using 
RMSD values (%) 

  
Frequency 

Range (kHz) 
RMSD 

Sensor 2 
RMSD 

Sensor 3 
x2 ·RMSD2 + x3 ·RMSD3

RMSD2 + RMSD3

 Location 
Estimation 

Real 
Location 

10 - 20 5.04 6.23 40.63 

38.63 38.3 

20 - 30 4.52 5.93 40.81 
30 - 40 4.61 5.52 40.54 
40 - 50 5.07 4.97 39.94 
50 - 60 4.67 4.96 40.18 
60 - 70 5.32 4.59 39.56 
70 - 80 6.04 4.58 39.17 
80 - 90 6.12 4.44 39.04 

90 - 100 7.89 4.27 38.21 
  

 

 

Table 2.4.  Location estimation (cm) for damage D2 in the aluminium beam 
using CCD values (%) 

  
Frequency 

Range (kHz) 
CCD 

Sensor 2 
CCD 

Sensor 3 
x2 ·CCD2 + x3 ·CCD3

CCD2 + CCD3

 Location 
Estimation 

Real 
Location 

10 - 20 1.28 4.69 43.42 

36.95 38.3 

20 - 30 2.75 3.27 40.52 
30 - 40 2.56 4.67 41.74 
40 - 50 5.26 3.52 38.81 
50 - 60 4.94 1.04 36.08 
60 - 70 7.34 1.54 36.08 
70 - 80 8.49 1.58 35.88 
80 - 90 5.35 1.89 37.13 

90 - 100 6.28 1.89 36.78 
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 Tables 2.3 and 2.4 show the predictions for D2 state. In this case, the 
estimation of the damage location is, again, more accurate when RMSD is 

used; in this occasion the relative error is 0.86% with RMSD and 3.52% with 
CCD. 

 As conclusion, although for this experiment both damage indexes perform 

very well in damage detection, it is the RMSD the one providing the most 
accurate location prediction, with almost negligible relative error values in both 

damage cases. 

 

2.6.2. Bolt loosening location in the aluminium lap joint 

 The results corresponding to this experiment are listed in Tables 2.5, 2.7 and 
2.9 for the RMSD index, and Tables 2.6, 2.8 and 2.10 for the CCD index, for 
each of the corresponding three damage cases: D1, D2 and D3, respectively. 

At this point, it is worthy to remark that this damage sequence is more complex 
than the previous one, since each bolt loosening turns into a stiffness 

loosening for the whole joint. This fact will noticeably affect to the location 
predictions, making them more difficult.  

 For the case of damage D1, as happened in the previous experiment, the 
estimation of damage location is more accurate by means of the RMSD than 
by using the CCD, as shown in Tables 2.5 and 2.6. In this way, the relative 

error through the RMSD values is 0.23%, while the corresponding relative error 
for CCD values is 4.98%, noticeable higher. 
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Table 2.5.  Location estimation (cm) for damage D1 in the aluminium lap joint using 
RMSD values (%) 

  
Frequency 

Range (kHz) 
RMSD 

Sensor 1 
RMSD 

Sensor 2 
x1·RMSD1 + x2 ·RMSD2

RMSD1 + RMSD2

 Location 
Estimation 

Real 
Location 

10 - 20 34.07 38.77 24.14 

25.44 25.5 

20 - 30 30.39 32.01 23.76 
30 - 40 22.05 36.12 25.92 
40 - 50 19.10 21.72 24.14 
50 - 60 28.80 57.46 26.82 
60 - 70 28.79 43.25 25.51 
70 - 80 23.28 32.05 25.08 
80 - 90 23.75 37.52 25.75 

90 - 100 18.05 25.07 25.13 
  

 

 

Table 2.6.  Location estimation (cm) for damage D1 in the aluminium lap joint 
using CCD values (%) 

  
Frequency 

Range (kHz) 
CCD 

Sensor 1 
CCD 

Sensor 2 
x1·CCD1 + x2 ·CCD2

CCD1 + CCD2

 Location 
Estimation 

Real 
Location 

10 - 20 48.82 59.28 24.47 

26.77 25.50 

20 - 30 47.23 87.75 26.50 
30 - 40 17.58 82.22 29.98 
40 - 50 24.73 43.39 26.24 
50 - 60 22.51 64.38 28.32 
60 - 70 54.52 71.86 24.87 
70 - 80 49.02 44.91 23.06 
80 - 90 50.85 83.22 25.91 

90 - 100 31.47 75.61 27.62 
  

 

 When damage D2 is induced, the stiffness of the joint becomes more 

affected, being reduced in the vicinity of PZT #2.  For that reason, this sensor 
shows a higher impact on the RMSD values than PZT #1, on the contrary to the 

previous damage state where the differences between RMSD values of each 
PZT at each frequency range were significantly lower. Therefore, it is 

expectable that the estimation of damage location will be shifted towards PZT 
#2, as it actually happens in Table 2.7. The same conclusion can be extracted 
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from the analysis of the CCD values listed in Table 2.9, which confirm that this 
kind of damage cannot be considered as a simple damage, but neither as a 

multiple damage scenario: this constitutes actually the first simulation of the 
evolution of a debonding between the two aluminium specimens. In this case, 

the error in the location estimation by means of the RMSD is 6.62%, and 
15.65% with the CCD, which is too high for such a reduced bolted region. 

Thus, it can be considered that the location estimation fails with D2. 

 

Table 2.7.  Location estimation (cm) for damage D2 in the aluminium lap joint 
using RMSD values (%) 

  
Frequency 

Range (kHz) 
RMSD 

Sensor 1 
RMSD 

Sensor 2 
x1·RMSD1 + x2 ·RMSD2

RMSD1 + RMSD2

 Location 
Estimation 

Real 
Location 

10 - 20 9.22 21.26 27.45 

27.19 25.5 

20 - 30 7.13 14.18 26.81 
30 - 40 9.68 15.63 25.85 
40 - 50 5.39 13.58 27.81 
50 - 60 16.89 35.45 27.04 
60 - 70 6.88 17.42 27.83 
70 - 80 6.99 19.88 28.29 
80 - 90 8.42 18.87 27.32 

90 - 100 5.06 10.61 27.04 
  

 

Table 2.8.  Location estimation (cm) for damage D2 in the aluminium lap joint 
using CCD values (%) 

  
Frequency 

Range (kHz) 
CCD 

Sensor 1 
CCD 

Sensor 2 
x1·CCD1 + x2 ·CCD2

CCD1 + CCD2

 Location 
Estimation 

Real 
Location 

10 - 20 4.53 20.98 29.95 

29.49 25.50 

20 - 30 5.15 27.96 30.39 
30 - 40 7.52 30.61 29.55 
40 - 50 3.86 25.02 30.83 
50 - 60 10.60 28.14 28.03 
60 - 70 4.96 20.01 29.53 
70 - 80 6.38 18.96 28.47 
80 - 90 9.75 24.26 27.76 

90 - 100 3.09 24.09 31.23 
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Table 2.9.  Location estimation (cm) for damage D3 in the aluminium lap joint using 
RMSD values (%) 

  
Frequency 

Range (kHz) 
RMSD 

Sensor 1 
RMSD 

Sensor 2 
x1·RMSD1 + x2 ·RMSD2

RMSD1 + RMSD2

 Location 
Estimation 

Real 
Location 

10 - 20 18.07 24.65 25.04 

23.63 21.50 

20 - 30 15.75 13.35 22.67 
30 - 40 20.71 20.31 23.40 
40 - 50 18.55 15.41 22.57 
50 - 60 24.67 28.55 24.23 
60 - 70 18.24 26.67 25.38 
70 - 80 18.39 29.38 25.80 
80 - 90 21.91 22.02 23.52 

90 - 100 17.17 18.02 23.74 
  

 

 

Table 2.10.  Location estimation (cm) for damage D3 in the aluminium lap joint 
using CCD values (%) 

  
Frequency 

Range (kHz) 
CCD 

Sensor 1 
CCD 

Sensor 2 
x1·CCD1 + x2 ·CCD2

CCD1 + CCD2

 Location 
Estimation 

Real 
Location 

10 - 20 23.16 31.70 25.06 

20.13 21.50 

20 - 30 43.69 28.12 21.33 
30 - 40 60.57 57.35 23.23 
40 - 50 82.26 45.92 20.67 
50 - 60 27.66 21.68 22.29 
60 - 70 66.84 60.42 23.00 
70 - 80 63.64 41.81 21.43 
80 - 90 89.96 46.63 20.33 

90 - 100 88.67 42.09 19.94 
  

 

 The conclusions obtained for damage case D2 could also been extended to 

the case D3. In this case, a shift in the damage location could be expected 
towards PZT #1, according to the reasoning followed for damage D2, and it 

does happen if the location is estimated buy using CCD values (6.37% - error). 
However, the contrary result is obtained with RMSD values (9.9% - error), 

which makes impossible to obtain a robust prediction for damage location. 



Application of PZT and FBG impedance sensors for structural health monitoring of reinforced 
concrete beams strengthened with FRP composite materials 

 

  
CHAPTER 2 

 

-63- 

 
 

2.6.3. Debonding localization in an FRP-strengthened concrete specimen 

 The results corresponding to this experiment were only assessed between 

PZT #1 and PZT #2 sensors, since PZT #3 was discarded due to the lack of 
coherence in its measurements after a wrong soldering procedure. The 

corresponding results are shown in Tables 2.11, 2.13 and 2.15 for the RMSD 
values, and in Tables 2.12, 2.14 and 2.16 for CCD values. 

 

Table 2.11.  Location estimation (cm) for damage D1 in the FRP-strengthened 
concrete specimen using RMSD values (%) 

  
Frequency 

Range (kHz) 
RMSD 

Sensor 1 
RMSD 

Sensor 2 
 Location 

Estimation 
Real 

Location 
10 - 20 3.08 1.64 8.50 

7.94 7.25 

20 - 30 2.73 1.51 8.60 
30 - 40 3.03 1.68 8.60 
40 - 50 2.76 1.84 9.10 
50 - 60 2.34 2.08 9.92 
60 - 70 2.02 2.68 11.06 
70 - 80 3.19 2.21 9.21 
80 - 90 4.40 1.71 7.72 

90 - 100 3.44 1.61 8.16 
  

 

Table 2.12.  Location estimation (cm) for damage D1 in the FRP-strengthened 
concrete specimen using CCD values (%) 

  
Frequency 

Range (kHz) 
CCD 

Sensor 1 
CCD 

Sensor 2 
 Location 

Estimation 
Real 

Location 
10 - 20 0.17 0.22 11.06 

7.65 7.25 

20 - 30 0.29 0.75 12.82 
30 - 40 2.45 3.23 11.04 
40 - 50 2.43 2.62 10.46 
50 - 60 8.97 7.92 9.89 
60 - 70 14.79 12.84 9.84 
70 - 80 13.83 11.21 9.65 
80 - 90 15.31 7.29 8.21 

90 - 100 14.63 4.26 7.10 
  

 

x1·RMSD1 + x2 ·RMSD2

RMSD1 + RMSD2

x1·CCD1 + x2 ·CCD2

CCD1 + CCD2
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 The location of D1 is measured taken as reference the left end of the 
specimen and its position is determined by the center of the whole drilled in 

the adhesive. From Tables 2.11 and 2.12, the CCD index provides better 
predictions with an error of 5.51%, which is quite high in comparison with the 

predictions obtained in the previous examples. The error in case of using 
RMSD index is about 9.51%, which cannot be considered a successful 

estimation. 

 The estimation of the location for damages D2 and D3 is a little different 
considering that they are not localized damages since debonding extends over 

a region under the FRP strip (1 cm for D2 and 2.5 cm for D3). For that reason, 
the center of mass equation is not enough to estimate the location of these 

damages, since there is no way to know if the estimation corresponds to the 
beginning, the end or the center of the debonding length. This aspect should 

be taken into consideration when interpreting the results listed in Tables 2.13, 
2.14, 2.15 and 2.16.  

 

  

Table 2.13.  Location estimation (cm) for damage D2 in the FRP-strengthened 
concrete specimen using RMSD values (%) 

  
Frequency 

Range (kHz) 
RMSD 

Sensor 1 
RMSD 

Sensor 2 
 Location 

Estimation 
Real 

Location 
10 - 20 2.28 0.40 6.22 

8.42 8.25 

20 - 30 2.61 0.92 7.49 
30 - 40 2.11 0.96 8.10 
40 - 50 2.49 1.66 9.11 
50 - 60 3.64 1.70 8.16 
60 - 70 3.06 2.40 9.55 
70 - 80 2.64 2.65 10.26 
80 - 90 5.51 2.59 8.17 

90 - 100 2.95 1.68 8.67 
  

 

 

x1·RMSD1 + x2 ·RMSD2

RMSD1 + RMSD2
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Table 2.14.  Location estimation (cm) for damage D2 in the FRP-strengthened 
concrete specimen using CCD values (%) 

  
Frequency 

Range (kHz) 
CCD 

Sensor 1 
CCD 

Sensor 2 
 Location 

Estimation 
Real 

Location 
10 - 20 0.13 0.15 10.47 

10.96 8.25 

20 - 30 0.17 0.50 13.11 
30 - 40 1.49 1.88 10.91 
40 - 50 2.32 2.45 10.41 
50 - 60 14.07 11.36 9.64 
60 - 70 22.17 12.97 8.75 
70 - 80 19.04 15.21 9.61 
80 - 90 18.82 14.60 9.53 

90 - 100 4.20 9.21 12.40 
  

 

 In the case of damage D2, for which the location can be assumed to be 

around 8.25, Table 2.13 lists the location estimation for RMSD values, with an 
error of 2.06%, while Table 2.14 shows the results corresponding to the CCD 

index, with an relative error of 32.85%, extremely high. Here, the RMSD seems 
to provide a good estimation, but there is no information about the length of 

the debonding so, thus, its real position cannot be determined with accuracy. 

 

Table 2.15.  Location estimation (cm) for damage D3 in the FRP-strengthened 
concrete specimen using RMSD values (%) 

  
Frequency 

Range (kHz) 
RMSD 

Sensor 1 
RMSD 

Sensor 2 
 Location 

Estimation 
Real 

Location 
10 - 20 1.37 0.88 9.00 

9.22 9.75 

20 - 30 1.16 1.04 9.95 
30 - 40 1.34 1.38 10.33 
40 - 50 2.04 1.48 9.34 
50 - 60 2.10 1.73 9.70 
60 - 70 2.46 2.46 10.25 
70 - 80 1.98 2.57 11.00 
80 - 90 2.12 2.47 10.69 

90 - 100 3.65 1.44 7.76 
  

 

x1·CCD1 + x2 ·CCD2

CCD1 + CCD2

x1·RMSD1 + x2 ·RMSD2

RMSD1 + RMSD2
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Table 2.16.  Location estimation (cm) for damage D3 in the FRP-strengthened 
concrete specimen using CCD values (%) 

  
Frequency 

Range (kHz) 
CCD 

Sensor 1 
CCD 

Sensor 2 
 Location 

Estimation 
Real 

Location 
10 - 20 0.13 0.13 10.27 

9.72 9.75 

20 - 30 0.25 0.27 10.54 
30 - 40 1.62 2.05 10.92 
40 - 50 2.06 1.47 9.28 
50 - 60 23.10 10.31 8.05 
60 - 70 12.70 14.78 10.69 
70 - 80 15.41 15.97 10.35 
80 - 90 14.42 12.54 9.85 

90 - 100 9.20 7.33 9.60 
  

 

 Finally, Table 2.15 lists the estimations corresponding to the RMSD values 

for damage D3, with an error of 5.44%, and Table 2.16 gathers the respective 
information for CCD index, for which the error value is, surprisingly, 0.31%. 

Although this last one seems to be a perfect estimation, there is still a lack of 
precision since it is not possible to know whether that location corresponds to 

the beginning of the debonding, to the end or any other point in the affected 
region. Furthermore, the errors committed in the previous two stages with this 

damage index make this last prediction hardly reliable. 

 

2.7. Conclusions 

 In this chapter, three different lab-scale structures have been tested under 

different levels of damage severity, with the purpose of assessing the 
performance of different damage indices based on the Electro-Mechanical 

Impedance. 

 The first of these specimens, an aluminium beam, was used to assess the 
performance of the two damage indices for a single type of damage such a 

notch. Once some preliminary conclusions were obtained from these first 
experiments, a second structure, a bolt-jointed aluminium beam, was tested to 

x1·CCD1 + x2 ·CCD2

CCD1 + CCD2
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validate the two indices in a case of debonding between two aluminium 
beams, provided by introducing several bolt loosenings. Finally, a concrete 

specimen externally strengthened with an FRP composite strip was subjected 
to an artificial debonding induced by means of a drilled whole in its adhesive 

layer, with the purpose of extending those previous results to a more complex 
specimen. 

 As it has been demonstrated through the chapter, both RMSD and CCD 

indexes show a good performance in single and multiple damage scenarios, 
when the damage is due to a simple notch as in the case of the aluminium 

beam. In these cases, while CCD shows a great sensitivity to the appearance 
of new damages in new locations (new notches, for example), RMSD is more 

suitable for damage localization for both new and old damages. In the second 
and third experiments, CCD shows better performance than RMSD or, at least, 

it is more evident the presence of damage, although it has been proved that 
when it comes to estimating damage positions in complex scenarios, RMSD 

provides the most consistent results. 

 From this analysis it can be concluded that, although still reliable, the 
traditional EMI procedures strongly rely on the damage nature and the 

mechanical configuration of the specimens under study, so a more systematic 
and versatile impedance-based procedure is needed. In that sense, the same 

lab-scale structures will be used in later chapters of this dissertation, this time 
incorporating statistical tools to the analysis that might enhance the translation 

of the impedance signatures into damage conclusions. 

 

 

 

 

 



Application of PZT and FBG impedance sensors for structural health monitoring of reinforced 
concrete beams strengthened with FRP composite materials 

 

  
CHAPTER 2 

 

-68- 

 
 

 



Application of PZT and FBG impedance sensors for structural health monitoring of reinforced 
concrete beams strengthened with FRP composite materials 

 

  
CHAPTER 3 

 

-69- 

 
 

Chapter 3 

Unsupervised Hierarchical Clustering Analysis 

of Damage Scenarios 

Summary 

 Initially, a review of the Hierarchical Clustering methods found in the 

literature is given in this chapter, where the advantages of this unsupervised 
learning technique are going to be transferred from the usual fields of 

application, such as biology, medicine or chemistry, to the field of study of this 
dissertation: Structural Health Monitoring.  An innovating hierarchical clustering 

analysis is then proposed in order not only to obtain a set of clusters based on 
damage patterns, but also to achieve a graphical representation of this 

information so that the damage identification can be done qualitatively and 
quantitatively in an intuitive manner. The performance of this approach is 
investigated using the three experimental tests addressed in Chapter 2. 

 

3.1. Introduction and Literature Review 

 The large amount of data captured by the sensor networks usually deployed 
in SHM applications (PZT sensors in the case of this dissertation) for 

continuous monitoring makes very difficult a comprehensive analysis of the 
entire repertoire of data. Reliable data analysis and rational data interpretation 

are challenging problems for engineers. The availability of an approach able to 
analyze and focus the main features of the entire set of observations would be 

desirable in order to implement a robust and reliable procedure of damage 
identification based on a series of experimental measurements.  

 Clustering algorithms allow grouping data based on some kind of similarity, 

since they are based on learning procedures that try to identify the specific 
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characteristic of the clusters underlying the data set. For any series of 
measurements, the application of sensitive measures of similarity among them 

would make possible to group or cluster those data with similar patterns and, 
therefore, detect and locate the appearance of damage. Depending on those 

sensitive measures, the interpretation of the terms similarity and dissimilarity 

may differ, and so the clustering algorithms can be divided into the following 
categories [87]: 

1. Sequential algorithms: quite fast and straightforward methods that 

provide a single clustering. The final result usually depends on the order 
in which the feature vectors are presented to the algorithm. 

2. Hierarchical clustering algorithms: these schemes are further divided 

into: 

a. Agglomerative algorithms: these algorithms produce a sequence 

of clusterings of decreasing number of clusters at each step. The 

clustering produced at each step results from the previous one by 
merging two clusters into one. 

b. Divisive algorithms: they operate in the opposite direction, 
producing a sequence of clustering of increasing number of 

clusters at each step, splitting a single cluster into two at each 
step. 

3. Clustering algorithms based on cost function optimization: these 

algorithms quantify the sensitive measures through a cost function J, 

which is optimized in each step while producing the corresponding 
successive clusterings. 

4. Valley-seeking clustering algorithms: they are based on the assumption 

that those regions where many vectors reside correspond to regions of 

increased values of the corresponding probability density function.  

5. Competitive learning algorithms: they produce several clusterings and 

they converge to the most sensible one according to a distance metric. 
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6. Algorithms based on morphological transformations techniques: these 

algorithms use morphological transformations in order to achieve better 
separation of the involved clusters. 

7. Density-based algorithms: these ones are similar to valley-seeking 
algorithms, considering the clusters as regions in the l-dimensional 

space that are “dense” in data. 

8. Subspace clustering algorithms: especially suited for dealing with high-

dimensionality problems. 

9. Kernel-based methods: these methods are based on nonlinear support 

vector machines. 

 In the context of Structural Health Monitoring, all these methods might be 

suitable depending on the application, achieving a set of clusters that 
separates the different health conditions of the structure under study. 
However, if the clustered data are displayed graphically by using colours that 

give a qualitative and quantitative information of each data point, the whole set 
of experimental data might be explored in a fast and natural intuitive manner. 

To achieve this purpose, hierarchical clustering analysis has been used in this 
work (through an agglomerative hierarchical algorithm) in order to develop a 

two-dimensional classification of the information obtained from the impedance 
measurements. Some of the best examples can be found in [88-90], but a 

deeper review of the literature is now presented in this Section. 

 The origin of the usage of hierarchical clustering algorithms can be tracked 
to the 1950s, when Sokal and Michener [91] developed a quantitative index of 

relationship between any two entomology specimens of different species. In 
the following years, multiple works addressed this methodology in the field of 

biology, more specifically in biological taxonomy, whose central reference is 
Sneath and Sokal [92], who firstly introduced the idea that a dendrogram could 

represent a model accurate enough of the evolutionary progression of the 
organisms under study, what supposed a radical innovation in the study of life 
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organisms. For example, in 1970 Rohlf FJ [93] used different sequential 
agglomerative hierarchical clustering scheme with the purpose of summarizing 

phenetic relationships, whose purpose is to classify organisms based on 
overall similarities.  But biology was not the only field in which this clustering 

method was successful, and its spread to other fields raised from the 1970s to 
the 1990s. A lot of works were published in the mathematics or computing 

fields, like Lerman in 1981 [94] or Graham et al. in 1985 [95], as well as in many 
other fields, like for example in psychology, where an excellent reference can 

be foung in Blashfield et al. [96]. 

 However, our interest was focused on the medicine field, more specifically in 
all publications concerning cancer research. In the same way cancer 

researchers were establishing protocols in order to identify and track the 
evolution of different kinds of cancers in life organisms, and since progressive 

damage in structures could be treated or considered as a progressive illness in 
any structure, we found a motivation to focus our investigation in this direction 

with the purpose of finding an useful analogy for the civil infrastructures field. 

 A very important reference to begin with is the work published by Gesler in 
1986 [97], in which a review of methods for finding disease and health care 

delivery patterns was done, being cancer one of the targets of study. In 1987, 
Groves et al. [98] used clustering techniques in order to analyze and classify 

mortality rates for cancers in different countries, attending to the most 
important factors: fat diets, cigarette smoking and consumption of beverages 

of high tannin content. The 1990s and 2000s were particularly fruitful in this 
regard. In 1995, Schmid et al. [99] applied a hierarchical clustering analysis in 
order to classify cellular protein types in lung tumor cells, identifying at the 

same time their most typical features. This last reference gave rise to an 
increasing interest for all the publications that proposed classification 

algorithms in order to find gene patterns in cancerous molecules. In that sense, 
Derisi et al. published in 1997 [100] an important work proving that the 

development and progression of cancer and the experimental reversal of 
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tumorigenicity are followed by complex changes in patterns of gene 
expression. This work supported the main motivation of this chapter: to treat 

damage in structures as cancer in life organisms, so that the same protocols 
could be applied in order to track its evolution. To deepen in this idea, more 

similar references were studied: Eisen et al. in 1998 [88], Golub et al. in 1999 
[101], Ross et al. in 2000 [102] or Martin et al. in 2000 [103]. The work found in 

[89] and [90] was particularly useful for the investigation carried out in this 
dissertation, and references [104-107] definitively made a contribution to settle 

the analogy between cancer in humans and damage in structures. 

 

3.2. Application of Hierarchical Clustering Algorithms for SHM 

 As shown in Chapter 2, RMSD is only able to predict the existence or not of 

structural damage but does not give any information about the variation of the 
structural properties. Neither does the CCD but, in order to simplify the 

analysis, and since it has been proved that when it comes to estimating 
damage positions in complex scenarios, RMSD provides the most consistent 
results, this one will be the only index used along this chapter. Furthermore, it 

is still really complicated to obtain a direct and accurate identification of 
damage location and severity. All this, together with the necessity of 

implementing a fast and easy-to-manage method capable of tracking 
continuously and on-line the health of structures by using the impedance 

measurements obtained with the PZT-based field monitoring system, justifies 
the use of a hierarchical clustering procedure. A well designed hierarchical 

clustering will provide concise, meaningful and fast summarizations of the large 
amount of data supplied by the PZT sensors showing even hidden aspects 

difficult to capture with another methodology. Furthermore, clustering methods 
can be combined with a graphical representation of the data making their 

exploration easier. 
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 Basically, a hierarchical clustering algorithm will allow us to group or cluster 
unlabelled or non-classified data such as impedance measurements, on the 

basis of their similarities [108]. Furthermore, if, as in this case, previously 
labelled training data are not available, which might be used as pattern, an 

unsupervised clustering should be implemented [87]. One practical example 
might be to try to separate into two groups the data of vectors containing the 

impedance measurements from two different sensors, or from two different 
damage states. 

 Clustering techniques split the classes based on a specific feature or metric, 

seeking a predefined number of groups. K-means clustering is a well-known 

partitioning algorithm, which classifies the data into a prefixed number (k) of 
clusters or groups [109-111]. In each cluster there may be a centroid or a 

cluster representative, which is the arithmetic mean of the attribute vectors for 
all objects within the cluster of the typical centroid. Although this algorithm has 

shown a good performance [109], in this work we will use the hierarchical 
agglomerative clustering algorithm. Its goal is, as explained previously, to 

generate a hierarchy of clusters organized into different levels of membership 
[87] by using the average-linkage method [91]. As demonstrated in [110], this 

algorithm provides a more complete output from the data to be analyzed in this 
work, as well as better quality clusters as compared to the ones produced by 

the k-mean algorithm. The steps to follow with this algorithm are: 

i. Find the similarity or dissimilarity between every pair of objects in the 

data set. This is done by computing the distance between objects. 

ii. Group the objects into a binary, hierarchical cluster tree using their 

distance as criterion. The clusters generated previously are then linked 
again by pairs under the same criterion, forming a new hierarchical tree. 

The procedure is continuously repeated until all the dependencies are 
established. 
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iii. Cut the hierarchical tree into clusters. A threshold is assigned to each 
branch of the tree, so that all the objects below that threshold are 

grouped into the same cluster, which creates a partition of the data. 

 In the first step, there are several ways to calculate the distances between 
every pair of objects. The most commonly used are the Euclidean distance (Eq. 

(3.1)), the Minkowski distance (Eq. (3.2)), the Cityblock distance (Eq. (3.3)) and 
the Chebychev distance (Eq. (3.4)): 

  
 
dst

2 = x! s − x! t( ) x! s − x! t( )'
 (3.1) 

  
 
dst = x! sj − x! tj

p

j=1

n

∑p  (3.2) 

  
 
dst = x! sj − x! tj

j=1

n

∑  (3.3) 

  
 
dst = max j x! sj − x! tj{ }  (3.4) 

 where 𝑥! and 𝑥! are vectors containing different data sets, p is the order of 
the Minkowski space and n is the dimension of each data set. In this work, the 

four distances have been used depending on which one could provide the best 

clustering according to the value of the Coefficient of Cophenetic Correlation 
specified later. When useful, the Minkowski distance has been used with 𝑝 = 5, 

due to its higher accuracy. 

 Once the proximity or similarity between the objects of the different data 

sets has been computed, the following step consists in determining how these 
objects should be organized into clusters, all of them made up of two objects. 

The criterion used in this work is based on grouping objects using the 
Unweighted Pair Group Method with the Arithmetic mean (UPGMA), attributed 
to Sokal and Michener [91], which is also known as the unweighted average 

distance (Eq. (3.5)). 
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dst =

x! s

x! s + x! t

 (3.5) 

 With this metric, the distance between any two clusters is taken to be the 

average of all distances between pairs of objects i in 𝑥! and j in 𝑥!, that is, the 
mean distance between the elements of each cluster. Subsequently, the 

clusters previously constituted are linked to each other and to other objects, 
creating new and bigger clusters until all the objects in the original data set are 

linked together in the pursued hierarchical tree. 

 Considering that there are several methods for measuring the distances 
between objects, and so for linking the different clusters, some metric would 

be needed in order to assess if the hierarchical tree built is good enough. In 
this work, the Cophenetic Correlation Coefficient [111] has been used and its 

expression is as follows: 

  c =
X i, j( )− x( ) T i, j( )− t( )i< j∑

X i, j( )− x( )2

i< j∑ T i, j( )− t( )2

i< j∑
 (3.6) 

 where 𝑋 𝑖, 𝑗  is the matrix containing the distances between objects i and j 
and 𝑇 𝑖, 𝑗  is the matrix containing the Cophenetic distance between two 

observations i and j (which is a measure of how similar those two observations 

have to be in order to be grouped into the same cluster, and that is 
represented in a dendrogram by the height of the link at which those two 

observations are first joined), respectively with 𝑥  and 𝑡  representing the 

average of their corresponding distance matrix. 

 Finally, as demonstrated in the literature, the hierarchical clustering 
algorithm allows one to obtain 2D heat maps in combination with the 

corresponding dendrograms, where the intensity of the colours indicates how 
different an observation can be from the rest of the data. Dealing with 2D heat 

maps means that the information can be clustered attending to two main 
different criteria. For example, when the data contains gene expressions as in 

[90], typically each row corresponds to a gene and each column corresponds 
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to a sample or marker containing different biological information. In other 
cases, as in [89], each row corresponds to a gene and each column 

corresponds to a marker that offers biological information about the sort of 
breast cancer analysed. All this has been applied to the experimental results 

presented in this paper, showing then a new method for damage identification 
in structures. 

 Although some authors suggest carrying out previous data compression 

before applying the clustering algorithm [109], it has not been done in this 
dissertation. The main purpose of using such data compression is to reduce 

the large amount of raw impedance data to be processed and the level of 
noise, always present in experimental works. But, on the one hand, if we 

compress the data by using, for example, Principal Component Analysis (PCA), 
only 60-90% of their variance would be considered, e.g. some information 

would be lost. On the other hand, to attenuate the effect of noise several 
impedance measurements were carried out for each stage. 

 

3.3. Notch Detection in an Aluminium Beam 

 This experimental test is detailed in Section 2.4.1 (Figure 2.2) and its overall 
setup is shown in Figure 2.3, while the damage scenarios studied can be seen 

in Figure 2.4. 

 Initially, a preliminary analysis was carried out with the purpose of verifying if 
the different damage stages induced in the aluminium beam could be 

identified. To do this, in a first step, the unsupervised hierarchical clustering 
analysis was applied to the dataset constituted by the averages of the 

electromechanical impedance signatures obtained for each damage case using 
the full frequency range (10 – 100 kHz). This was done for each PZT sensor 

separately with the purpose of producing a dendrogram able to depict 
graphically the hierarchical classification of the data obtained for the different 
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damage scenarios into cluster groups according to the similarity or dissimilarity 
of their profiles (Figures 3.1, 3.2 and 3.3). 

 

Figure 3.1. Hierarchical tree with the association of damage scenarios for PZT 
#1 in the aluminium beam 

 

 
 

 

 

Figure 3.2. Hierarchical tree with the association of damage scenarios for PZT 
#2 in the aluminium beam 
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Figure 3.3. Hierarchical tree with the association of damage scenarios for PZT 
#3 in the aluminium beam 

 

 
 

 

 In this way, all raw impedance data were clustered together depending on 
the scenario for which they were captured. Before continuing, it must be 

remembered that sensor number 4 was discarded from the beginning of the 
test, since it broke during the setup procedure. 

 In each hierarchical tree, the length and the subdivision of the branches 

display the correlation or relatedness among the different measurements. 
According to this, considering the longest branch, which agrees with the 

external branch, two main cluster groups might be identified for each sensor in 
the three previous figures. However, if we inspect the similarity of the damage 

scenarios corresponding to each group, it is clear that the classification for 
sensor 1 differs from that obtained for sensors 2 and 3 (see labels in the X-

axes). On the one hand, in sensor 1, the right branch corresponds to D3 while 
D0, D1 and D2 cases are found on the left branch. That means that the multiple 
damage case (Damage 3) is perfectly separated from the other three stages 

since the hierarchical tree has a separate branch for this damage stage; this 
might be an indicator of the usefulness of this method for differentiating 

between single and multiple damage scenarios in simple structures. However, 
if we now consider the shortest branch (the most internal) in the dendrogram, 
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the D0 and D1 scenarios are clustered together in the tree, which is not 
correct. This might be mainly due to two main reasons, the distance of the first 

sensor to the first notch introduced into the beam (16.5 cm away) together with 
the fact that this first notch constitutes a minor damage, little more than a 

scratch. Thus, it might be normal that these two cases are clustered together 
despite their differences. Furthermore, the high value obtained for the 

Cophenetic Correlation Coefficient (Eq. (3.6)), 0.9987, would confirm the quality 
of the trees shown in Figure 3.1 for sensor #1 as a suitable tool to classify the 

different data sets [111]. 

 On the other hand, for sensors 2 and 3, the right branch includes only the 
D0 case while D1, D2 and D3 cases are found on the left branch. Furthermore, 

if we consider the most internal branches, the D1 and D2 cases and the D3 
case are clustered separately. This indicates that, if the sensor is close enough 

to the damage, the method proposed in this paper is capable of distinguishing 
between damaged and undamaged cases. Furthermore, and taking into 

consideration the previous results, it is also able to establish a clear distinction 
between a single damage scenario and a multiple damage scenario. Checking 

again the Cophenetic Correlation Coefficient, it takes a value of 0.9103 for 
sensor number 2, and a value of 0.9939 for sensor number 3, from which it can 
be concluded that the information shown in both graphical clustergrams gives 

a good classification of the measures collected from these two sensors. 
Therefore, the visual inspection carried out on a hierarchical clustering 

algorithm is not only able to warn about the existence of damage, but also give 
extra information about the possible location of the damages, with all this 

making a perfect distinction between single and multiple damage scenarios. 

 Having demonstrated the ability of the proposed method to identify one or 
several damages in the aluminium beam, a further deeper study was performed 

to evaluate the ability of the proposed methodology to estimate their severity, 
as well as predict approximately their location. With this purpose, the RMSD 

indicator (Eq. (2.4)) was obtained for all the damage cases and all sensors. The 
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signature obtained under the healthy condition of the structure was considered 
as the baseline for the first damage case; the signature acquired for the first 

damage case was considered as the baseline for the second one, and so on. 
As commented in Section 2.1, Yang et al. [61], proposed a damage detection 

procedure based on dividing the whole frequency range into sub-frequency 
intervals, calculating their respective RMSD values and using them for the 

damage detection and location. That technique has been applied together with 
the methodology developed in this work. To do so, the full frequency range 

(from 10 kHz to 100 kHz) has been divided into 9 different sub-frequency 
intervals, each of which covers 10 kHz, and obtaining the RMSD metric for 

each of them. These results have been used again as input data in the 
hierarchical clustering algorithm. The resulting clustergram is shown in Figure 
3.4. 

 

Figure 3.4. Two-dimensional unsupervised cluster analysis in an aluminium 
beam including sub-frequency intervals 
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 A unique clustergram now gathers the information corresponding to the 
measurements of the three sensors obtained for the three different damage 

stages in a two-dimensional display. Each row represents a sensor and a 
damage stage and each column a sub-frequency interval. Damage levels and 

sub-frequency intervals are ordered according to their correlation grouping the 
similar cases into neighbouring rows and columns. In addition to the 

hierarchical trees shown in Figures 3.1, 3.2 and 3.3, a new horizontal 
hierarchical tree appears on this clustergram that is due to the damage 

classification as a function of the different sub-frequency intervals. The colours, 
together with the values in each cell, indicate the intensity of the deviation of 

the corresponding RMDS metric with respect to the average of the whole set of 
RMSD metrics. Since these results have been standardized to 0-mean, 
deviations can be higher or lower than the average and, therefore, the value to 

be inspected is the absolute value. Summarizing, the information contained in 
the cells of the clustergram shown in Figure 3.4 will be used to give an 

estimation of the severity and location of the damage. 

 According to the information extracted from the vertical hierarchical tree and 

the length of its branches, a clear separation of data into two different cluster 
groups is evident; the first cluster group gathers together in the top branch the 
three signatures (Sensor 3-D3, Sensor 2-D2, Sensor 2-D1) with more deviation 

intensity while the rest of the signatures are collected into the second cluster 
located in the bottom branch. Before any further analysis, at this point it is 

important to highlight how the algorithm is able to include in the first big cluster 
only those sensors that are closer to the damage appearing at each stage, 

since the first two damage scenarios (D1 and D2) correspond to the 
appearance and growth, respectively, of a notch close to sensor 2, while the 

third damage scenario (D3) is due to the introduction of a new notch close to 
sensor 3. Only these three cases were included in the big top cluster group, 

which demonstrates the effectiveness of the proposed methodology to identify 
each new damage appearance in a very simple way. The first sensor was not 
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included in this group for any case, which reveals that only sensors 2 and 3 are 
actually close to the different damages. 

 If we now focus on sensor 2 for the first (D1) and second (D2) damage 

scenarios, the damage indications are clearly more intense at high sub-
frequency intervals such as 80-90 kHz (1.48 for D1 and 1.28 for D2) or 90-100 

kHz (1.81 for D1 and 1.93 for D2). These values indicate, in some way, that the 
damage causing the first two scenarios is closer to sensor 2, since the highest 

intensities of deviation of RMSD are associated with the two highest sub-
frequency intervals, and indications in higher frequencies result in smaller 

sensing regions [61]. Furthermore, if we compare with the other intensities 
corresponding to lower sub-frequency intervals their values are considerably 

smaller, which supports the previous conclusion. However, although we have 
inferred that damage scenarios 1 and 2 are close to sensor 2, we do not know 

until now if the potentially damaged region is between sensors 1 and 2, or 
between sensors 2 and 3. Thanks to the method presented in this paper, it can 

be directly seen in the clustergram that the damaged region is between 
sensors 2 and 3. To demonstrate this, we have to inspect the second big 

cluster of sensors (bottom branch) in the vertical hierarchical tree of Figure 3.4. 
When the first damage (D1 scenario) is introduced, sensors 1 and 3 show the 
highest intensities of deviation at low sub-frequency intervals (1.79 from 10 to 

20 kHz for sensor 1; 1.36 from 10 to 20 kHz, 1.34 from 20 to 30 kHz and 1.15 
from 30 to 40 kHz for sensor 3), which might indicate that damage has been 

detected far away from both sensors, as is actually the case; however, the 
reason for choosing sensor 3 as the one closer to the damage when compared 

to sensor 1, is because in the case of sensor 1 the high value of deviation only 
affects the lowest sub-frequency subinterval, while the high indications for 

sensor 3 cover a wider range from 10 to 40 kHz, which might indicate a 
reduction in the sensing region. The same reasoning might be followed for the 

second damage scenario (D2).  
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 Finally, we will concentrate on sensor 3 and the third damage scenario (D3). 
In this case, the distribution of deviations differs from that observed for the 

second sensor in the D1 and D2 stages. High intensities appear at high sub-
frequency intervals (1.11 from 80 to 90 kHz and 1.58 from 90 to 100 kHz) 

revealing the presence of damage in the neighbourhood of sensor 3, which is 
also supported by the results of sensor 2 in the D3 scenario, since its highest 

deviation (1.51 from 10 to 20 kHz) appears in the lowest sub-frequency 
interval, which is indicative of damage further away. However, there also are 

marked values in lower sub-frequency intervals for sensor 3 (1 from 40 to 50 
kHz, and 1.01 from 30 to 40 kHz, always in absolute values), which might also 

indicate the presence of damage a little further from the sensor. Although it is 
true that there is a multiple damage scenario in the beam, there should not be 
any reason for the appearance of these values in lower sub-frequency intervals 

in the case of this sensor in the D3 stage, since the D2 stage is considered as 
the baseline for the D3 stage. Nevertheless, this fact does not affect the 

conclusion of the appearance of new damage close to sensor 3, since damage 
indications are found to be quite more significant in higher sub-frequency 

intervals. The information supplied by sensor 4, which, unfortunately broke 
before the tests, might have provided more clarity regarding scenario D3. 

 From the previous discussion, we conclude that it has been possible to 

identify the different damage stages, including their location, by the clustering 
of impedance measurements. As a final validation of the results presented in 

Figure 3.4, the Cophenetic Correlation Coefficient was computed obtaining a 
value of 0.9507, which would support the quality of the classification given by 

the clustergram. 
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3.4. Bolt Loosening Detection in an Aluminium Lap Joint 

 This experimental test is detailed in Section 2.4.2 (Figure 2.5) and its overall 
setup is shown in Figure 2.6. 

 As in the previous example, the hierarchical analysis was carried out in two 
steps. Firstly, a preliminary analysis was made to classify the four stages for 

the two sensors on the basis of their similarities, which would allow 
discriminating the different damage cases, and, secondly, a two-dimensional 

clustergram was constructed by splitting the wide frequency range into nine 
sub-ranges with 10 kHz each. This second analysis, more detailed than the 
first, had as main objective to provide information about the location and 

severity of damage.  

 Figures 3.5 and 3.6 show the hierarchical trees obtained in the preliminary 

analysis for PZT #1 and PZT #2, respectively. The ordering in these trees 
follows the same clustering sequence in both sensors. Firstly, the external 

branch divides the four cases into two types, damaged and undamaged, in 
perfect agreement with the physical reality. Furthermore, the most internal 
branches on the left show a clear division between cases D1 and D2 and case 

D3. This also agrees with the reality since in the D1 and D2 cases damage is 
due to the same loose bolt while D3 corresponds to a multiple damage 

scenario in which two bolts have influence. The quality of both hierarchical 
trees is also supported by the high values, 0.9943 and 0.9808, respectively, of 

the Cophenetic Correlation Coefficient (Eq. (3.6)). Therefore, with this 
preliminary analysis, it has been possible to classify the raw data separating 

not only the damaged and undamaged cases, but also distinguishing the two 
types of damage, single and multiple. This has been possible without the 

necessity of using training data for the clustering algorithm, thanks to the use 
of an unsupervised learning procedure. 
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Figure 3.5. Hierarchical tree with the association of damage scenarios for PZT 
#1 in the bolt-jointed aluminium beam 

 

 
 

 

 

Figure 3.6. Hierarchical tree with the association of damage scenarios for PZT 
#2 in the bolt-jointed aluminium beam 

 

 
 

 

 For the second analysis, two-dimensional clustering hierarchical information 
using cells has been extracted by dividing all the frequency range into nine 

sub-ranges with the purpose of characterizing the damage according to the 
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frequency ranges of the impedance signature (Figure 3.7). As in the previous 
example, once again, the RMSD value is used. Since RMSD is computed for 

one stage by using the previous stage as baseline, only the appearance of new 
damage with respect to the baseline stage should be reflected in the RMSD 

value. For the clustergram shown in Figure 3.7, the Cophenetic Correlation 
Coefficient has a value of 0.8636, which represents a good indicator of its 

quality. 

 

Figure 3.7. Unsupervised two-dimensional cluster analysis for the bolt-jointed 
aluminium beam 

 

 
 

 

 As in Figures 3.5 and 3.6, the most external branch in the vertical direction in 

Figure 3.7 clusters all the studied cases into two distinct groups. On the one 
hand, at the top branch, sensor 2 when the first and second damages are 
introduced, and sensor 1, in the case of the appearance of the third damage 

and, on the other hand, at the bottom branch, the remaining scenarios. The 
first cluster, at the top, collects the three impedance signatures from the 

sensors that happen to be closer to each corresponding damage case. 
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 If we focus now on sensor 2 and scenario D1, the highest deviations occur 
for the frequency sub-ranges 40-50 kHz (1.64), 50-60 kHz (1.64) and 70-80 kHz 

(1.06). The appearance of higher values closer to the highest frequency sub-
ranges rather than to the lower ones would indicate the presence of damage 

close to sensor 2 [61]. The existence of an isolated value such as 1.1 at the 
sub-range from 20 to 30 kHz was not considered since the values in the 

neighbour cells (considering as neighbours those that are close regarding the 
frequency sub-range not the position in the clustergram) were considerably 

lower. 

 The evolution of sensor 2 for scenario D2 is similar to D1 since this scenario 
was due to the introduction of a new semi-cycle rotation on the same bolt, i.e., 

the cause originating D2 is equal to that which gave rise to D1. Furthermore, 
the deviation values of RMSD follow a similar tendency to those corresponding 

to the previous stage, which reveals a damage of the same severity as the one 
analyzed in D1, as was actually the case. Again, a value of 1.1 appears in the 

30-40 kHz sub-range, but was not taken into consideration because the values 
in the neighbour cells regarding the frequency sub-range were also 

considerably lower. A possible explanation for these high isolated values (both 
in D1 and D2) might be that the introduction of each new damage at a 
particular bolt implies the loss of stiffness of the joint over the region 

surrounding the corresponding bolt. It will be increasingly widespread when 
damage in the bolt is progressively increased. Because of this, sensor 2 would 

respond more sensitively in some low-medium frequency sub-range, which 
would indicate damage in a further position each time. 

 For sensor 1, damage D3 is clustered separately from D1 and D2. For 

scenario D3 two meaningful deviations appear at 50-60 kHz (2.18) and 90-100 
kHz (1.34). The second value might perfectly indicate the presence of close 

damage such as that due to the loosening of bolt #2. Attending to the 
signatures of this sensor when D1 was practiced, two significant values 

appeared in the two lowest sub-frequency ranges (1.17 at 10-20 kHz and 1.76 
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at 20-30 kHz), which might clearly indicate the presence of damage but 
actually not so close to sensor 1. A similar conclusion might be reached for 

scenario D2 by taking into account the indication of 1.13 in the 10-20 kHz sub-
range. Due to all of the above, by observing the evolution in the clustergram of 

sensor 1 through the different damage scenarios for the different sub-
frequency ranges, a very important conclusion is that the multiple damage 

scenario is detected since the appearance of high values for the highest sub-
frequency ranges in D3 constitutes the indication of new damage closer to 

sensor 1 which was not detected in the previous stages. 

 Other values which are worthy of attention with respect to sensor 1 are 1.52 
in the 50-60 kHz sub-range for the D1 scenario and 1.84 in 40-50 kHz range for 

the D2 scenario. Both, D1 and D2, correspond to a single damage scenario. 
Unlike the first example, in which a notch is introduced at a discrete location, 

the damage due to bolt loosening will affect not only the area just under the 
bolt but also the surrounding area since a loss stiffness will occur in it; in this 

sense, this damage might be considered as distributed damage not discrete 
damage. For this reason, some high indications can appear in the medium 

frequency sub-range for a sensor, such as sensor 1, which was not bonded 
close to bolt 3. This might also justify the value of 2.02 appearing in the 70 to 
80 kHz sub-range for sensor 2 and the D3 scenario; the loss of stiffness in the 

area surrounding bolt 2 is reflected by the measurements in sensor 2. 

 

3.5. Induced Debonding in an FRP-Strengthened Concrete Specimen 

 This experimental test is detailed in Section 2.4.3 (Figure 2.7) and its overall 

setup is shown in Figure 2.8, while the damage scenarios studied can be seen 
in Figures 2.9 and 2.10.  

 The hierarchical analysis was carried out in two steps as in the previous 
cases. Firstly, a preliminary analysis was made to classify the four stages for 
the two sensors on the basis of their similarities, and, secondly, a two-
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dimensional clustergram was constructed by splitting the wide frequency range 
into nine sub-ranges with 10 kHz each. It must be remembered that PZT #3 

was not included in the study, due to the lack of coherence in its 
measurements. 

 Figures 3.8 and 3.9 show the hierarchical trees obtained in the preliminary 

analysis for PZT #1 and PZT #2, respectively. Both trees show the same 
clustering sequence for each sensor, which shows the consistency of this 

analysis. As in the previous example, the external branch divides the four cases 
into two types, damaged and undamaged, correctly separating case D0 from 

the rest. Furthermore, the most internal branches on the left show a clear 
division between cases D1 and D2 and case D3. This fact also agrees with the 

reality, since the severity of damage D3 is significantly higher (noticeable larger 
debonding) than D1 or D2, and even higher than both D1 and D2 together. In 

addition, in Figure 3.9 it can be seen how distance between D3 and the cluster 
containing D1 and D2 is higher than in Figure 3.8, from which we could deduce 

that PZT #2 is slightly closer to this last damage than PZT #1. 

 Again, the quality of both hierarchical trees is also supported by the high 
values, 0.9688 and 0.7219, respectively, of the Cophenetic Correlation 

Coefficient (Eq. (3.6)). With these results from the preliminary analysis of this 
third experimental test, it is clear that it is possible to classify all damage 

cases, separating the damaged ones from the undamaged ones, and also 
obtaining some qualitative conclusions about damage severity when 

comparing different scenarios. All this has been possible without the necessity 
of using training data for the clustering algorithm, which supposes a noticeable 
advantage.  
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Figure 3.8. Hierarchical tree with the association of damage scenarios for PZT 
#1 in the FRP-strengthened concrete specimen  

 

 
 

 

 

Figure 3.9. Hierarchical tree with the association of damage scenarios for PZT 
#2 in the FRP-strengthened concrete specimen  

 

 
 

 

 For the second analysis, the same strategy followed in the previous two 
examples has been followed here, dividing the frequency range into nine sub-
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ranges for all the impedance signatures. The result of applying the two-
dimensional clustering to these data is shown in Figure 3.10.  

 As it can be observed in this figure, the frequency ranges are divided into 

three clearly separated sub-clusters: from 10 to 40 kHz the first one, from 40 to 
70 kHz the second and from 70 to 100 the third one. Attending now to the 

information extracted from the horizontal hierarchical tree, the separation 
between sensors may not be so evident, but we must pay attention to the 

distribution of damage indications according to their intensity. While for PZT #1 
the most intense indications are gathered within the third group of frequencies 

interval (70 - 100 kHz), the corresponding ones for PZT #2 remain in the first 
group of frequencies (10 - 40 kHz), which means that clearly sensor PZT #1 is 

closer to all damages than PZT #2, fact that was not so evident in the analysis 
carried out in the previous chapter with traditional methods. 

 

Figure 3.10. Unsupervised two-dimensional cluster analysis for the FRP-
strengthened concrete specimen 
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 In the case of sensor 1, the three damage cases are clustered into one 
group, in which damage D1 is separated from the other two damage scenarios, 

with the higher damage indication (1.71 between 80 and 90 kHz), this one 
being also the highest in the whole clustergram. In that sense, damage D1 for 

sensor 1 can be considered, thus, as the most representative of this 
experimental test, which totally makes sense given that it is the first hole drilled 

in the adhesive (initiation of debonding propagation). There is also a significant 
indication between 90 and 100 kHz (1.12), which means not only that this 

damage is clearly closer to sensor 1, as it is, but also that is closer to PZT #1 
than damages D2 and D3 in comparison to the corresponding values of their 

indications in this frequency range (0.836 for D2 and 0.634 for D3). This 
decrement in the damage indications from D1 to D2 and from D2 to D3 in the 
frequency range from 90 to 100 kHz, could also indicate that each damage 

case is further from sensor 1 each time, which is in accordance with the reality, 
since debonding was induced progressing from the origin towards the position 

of sensor 2. The same decrement is observed in the frequency range from 80 
to 90 kHz, range in which sensor 1 collects the highest damage indication for 

each case, so this supports the conclusion that debonding is progressing 
towards sensor 2. However, sensor 1 also collects several indications of 

consideration (above 1 in absolute value) in the first group of frequencies (from 
10 to 40 kHz), particularly for damage case D2 (1.07 from 10 to 20 kHz, 1.04 

from 20 to 30 kHz and 1.12 from 30 to 40 kHz) and damage case D3 (1.14 from 
10 to 20 kHz, 1.02 from 20 to 30 kHz and 1.18 from 30 to 40 kHz). If we 

consider as relevant indications those above 1 in absolute value, which is a 
reasonable threshold, there are not such important damage indications for D1. 

Since D1 is a localized damage (a drilled hole), we consider that the 
explanation for these values in the lowest frequency ranges is the fact that, in 

this experimental test, damages are not localized any more; they are found as 
continuous debondings over a region, one end closer to sensor 1 and the 

opposite one further, but not close enough to sensor 2. Given the nature of this 
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damage, those indications cannot correspond to the typical multiple damage 
scenario but to a different one, a continuous damage covering a small region. 

 The opposite analysis can be done now for sensor 2, since its highest 

indications appear in the first group of frequencies, from 10 to 40 kHz, but also 
several considerable indications appear in the third group of frequencies, from 

70 to 100 kHz. The situation clearly corresponds, attending to the previous 
results analyzed in this chapter, to a sensor that is further from damage. In this 

case, damage cases D1, D2 and D3 are not clustered together, but there is a 
noticeable difference between D1 and the other 2 damage cases, given the 

size of its branch. This fact, together with the two intense damage indications 
found (1.21 from 20 to 30 kHz and 1.25 from 30 to 40 kHz), supports the idea 

that D1 is the most representative damage of this experimental test, confirming 
that it is closer to sensor 1. However, there are three significant lectures from 

70 to 100 kHz (1.1, 1.11 and 1.13, respectively) indicating damage presence 
close to sensor 2, which is not true. In the case of D2, the two most intense 

indications are in the lower frequency ranges (1.57 from 20 to 30 kHz and 1.47 
from 30 to 40 kHz), meaning proximity to sensor 1, but the values of 1.01 from 

70 to 80 kHz and 1.1 from 80 to 90 kHz suggest the presence of a closer 
damage, so this would confirm the presence of a debonding instead of a 
localize damage. The same conclusion is extracted from damage case D3, 

since there are two high indications in the lower frequency ranges (1.56 from 
10 to 20 kHz and 1.2 from 20 to 30 kHz) but another two are found in the 

higher frequency ranges (1.12 from 70 to 80 kHz and also from 80 to 90 kHz). 

 For the clustergram presented in Figure 3.10, the Cophenetic Correlation 
Coefficient was computed obtaining a value of 0.9103, which would support 

the quality of the classification given by the clustergram. 
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3.6. Conclusions 

 A new method for damage identification has been proposed in this chapter 
based on the unsupervised hierarchical clustering method. With this approach, 

electro-mechanical impedance signatures are used as intrinsic information of 
the structure under study. With this information, the proposed method is able 

to detect and track the evolution of damage as if it were a cancer propagating 
through a human body, providing thus visual information of the health 

condition of the structure. 

 One of the main strong points of the proposed methodology is the ability “to 
see” the massive information obtained from a continuous structural monitoring 

by using PZT sensors. The method allows managing complex data sets 
captured from several PZT sensors and has been applied in two steps. Firstly, 

to survey the more general features included in the data and then to focus on 
the more local details. 

 Through each experimental structural system shown in this work, it has been 
demonstrated how each group of measurements can be perfectly separated 
into clusters according to dissimilarity measures. In this way, the proposed 

procedure is able to distinguish not only between each damage case, but also 
between sensing regions thanks to the capability of separating the 

measurements from each sensor in each sub-frequency interval. Furthermore, 
the whole set of experimental data can be explored in a fast and even in a 

more intuitive way by displaying the clustered data using colours that give 
qualitative and quantitative information of each data point. 

 Thus, this chapter provides a reliable, intuitive and systematic methodology 

able to detect, locate and track the damage evolution of structures, and it has 
been successfully evaluated through three different lab-scale structures. 
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Chapter 4 

Development of a PZT-Based Procedure for 

Debonding Detection on RC Beams 

Strengthened in Flexure with FRP 

Summary 

 The methodology proposed in this dissertation has been evaluated on 
simple lab-scales structures in the previous chapters, with promising results, 

but the obtained conclusions need to be tested on real-scale complex 
structures. In this chapter, the same analysis is carried out on reinforced 
concrete beams externally strengthened with FRP strips, with the purpose of 

checking the feasibility of the proposed approach, as well as the repeatability 
of the experiments, in the case of the sudden and brittle debonding of the FRP 

reinforcement originating from intermediate flexural cracks. 

 

4.1. Introduction 

 The methodology proposed in Chapter 3 has been successfully applied on 

several lab-scale structures, where damage conditions are well defined and 
controlled. However, the structural systems aim of study in this dissertation, 

Reinforced Concrete (RC) structures externally strengthened with Fiber 
Reinforced Polymers (FRP) strips, are complex systems where damage 

distribution strongly depends on several factors like material properties, 
manufacturing processes, loading conditions, experiment setup, etc., being 

almost impossible to have a total control of the experimental test. In the 
particular case of RC beams strengthened in flexure, the cracks distribution 

along the beam for a given loading condition gives rise to multiple locations 
acting as potential debonding origins. The purpose of this dissertation, and this 
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chapter more specifically, is to provide a procedure that allows visual detection 
and tracking capabilities of damage evolution in RC beams strengthened in 

flexure, so that, from the accumulation of indications in certain regions of the 
beam, debonding appearance could be predicted before the beam reaches a 

critical condition while in service.  

 Two identical RC beams with the same steel reinforcement and also the 
same external FRP strengthening have been used during the experimental 

campaign carried out for this chapter, so that the methodology proposed can 
be fully investigated. Furthermore, a different loading sequence has been 

applied to each beam in order to test the repeatability of the experiment, 
achieving thus a more comprehensive experimental test. 

 In Chapter 2, it was proved that RMSD provides the most consistent results 

when it comes to estimating damage positions in complex scenarios. For that 
reason, and given the enormous complexity of the structural system studied in 

this Section, RMSD calculated from the impedance signatures will be used as 
input data in the hierarchical clustering algorithm. 

 

4.2. Test Specimens and Material Properties 

 The mechanical properties of the tested specimens are presented in Table 
4.1 in terms of Young’s moduli (Ec), compressive cylinder strength (fc), mass 

density (𝜌) and Poisson’s coefficient (𝜐) for the concrete; Young’s moduli (Ey), 

elastic limit (fy), mass density (𝜌) and Poisson’s coefficient (𝜐) for the steel 

reinforcement; Young’s moduli (EFRP), Poisson’s coefficient (𝜐) and thickness 
(eFRP) for the FRP strengthening; and shear moduli (Gad) and thickness (ead) for 

the adhesive. Slight differences were found when evaluating the mean 
compressive cylinder strength (fc) of each concrete, as shown in this table, but 

the rest of materials share exactly the same mechanical properties in both 

beams. The geometric dimensions and the reinforcement layout in the 
sections, which were common for both beams, are illustrated in Figure 4.1. 
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Table 4.1. Material properties 
  

Property Concrete 1 Concrete 2 Steel Adhesive FRP 
E (GPa) 24.86 25.90 210 - 150 
G (MPa) - - - 4300 - 
f (MPa) 24.64 27.30 510 - - 
𝜌(kg/m3) 2350 2350 7850 - - 

𝜐 0.2 0.2 0.3 - 0.35 
e (mm) - - - 3.45 1.4 

  
 

Figure 4.1. Geometry, loading scheme and sensor location map for the RC 
beam 

 

 
 

 

 

4.3. Specimens Preparation and Test Procedure 

 After casting the two specimens, they were kept covered with a plastic foil 

during 24 hours, after of which the formwork was removed. At an age of 7 
days, the beams were placed on wooden supports and stored with no 
coverage until testing. 

 The external FRP reinforcement was applied to the beams more than 7 days 
before testing, as recommended by the manufacturer. Before carrying out the 

strengthening, the bottom surfaces of the beams were prepared including 
sandblasting. A very thin primer layer specified by the manufacturer was then 

applied (in order to enhance the adhesion) directly to the beam and so, with 

F F 
0.15 0.15 
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this product still tacky, the FRP strips used for flexural strengthening were 
appropriately adhered to each RC beam. All this procedure is properly 

illustrated in Figure 4.2, while the overall experimental set-up is shown in 
Figure 4.3. The entire procedure for specimens’ preparation and testing was 

carried out at Eduardo Torroja Institute (Madrid-Spain). In each test 
programme, the corresponding beam was subjected to a series of increasing 

static load tests (Table 4.2) with the purpose of gradually introduce the cracks 
into the specimen. Damages are also specified at this table for each beam after 

the corresponding loading step. 

 

Figure 4.2. Specimen preparation’s procedure: (a) tied stirrups and longitudinal 
reinforcement; (b) steel reinforcement inside the formwork; (c) concrete 

casting; (d) beams’ bottom surfaces after sand blasting operations; (e) CFRP 
reinforcement; (f) instrumentation of the beams; (g) simple supports and loads 

preparation 
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Figure 4.3. Experimental setup for the RC beams externally strengthened with 
FRP 

 

 
 

 

Table 4.2. Static loading test points for each beam (see Figure 4.1) 
and damage stage correspondence 

  
Beam Load F (KN) Damage 

 

Beam Load F (KN) Damage 

1 

   

2 

1. 26 D21 
1. 13 D11 2. 32.5 D22 
2. 20 D12 3. 40 D23 
3. 32.5 D13 4. 50 D24 
4. 50 D14 5. 56.5 D25 
5. 69.5 D15 6. 60 D26 
   7. 66.5 D27 
  

 

 After each static test, the impedance is then measured by using, in both 
specimens, eleven identical P-876 DuraAct Patch Transducers [84] of 0.5 mm 

thickness which are externally bonded with an epoxy adhesive along the FRP 
strip with a constant spacing of 12 cm (Figure 4.1). To measure the 
impedances at each sensor, the same impedance analyzer used in the 

experimental tests, described in Chapter 2, is used now. Initially, the 
impedance measurements are captured before loading each beam so that 

stages D10 (first beam) and D20 (second beam) are respectively obtained. 
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Before measuring the impedances corresponding to the next step, the beam is 
previously unloaded after each loading stage. In the case of the beam #1, 

results for sensors 5 and 11 were not included since both sensors broke before 
starting the tests. 

 During the test programme, specimen number 1 failed when the last loading 

step reached F = 69.5 kN (139 kN in total), while specimen number 2 failed with 
F = 66.5 kN (133 kN in total). The second failure was encountered slightly 

earlier than the first one, which is due not only to the differences in the material 
properties, but also to the higher number of loading cycles (5 for beam #1 and 

7 for beam #2). In both cases, the dominant failure mode was the one 
expected for these kinds of strengthened beams: by intermediate crack 

debonding of the external FRP reinforcement, i.e., in the vicinity of transverse 
cracks along the beam-span, the stress concentration generates a lack of 

adherence between the FRP strip and the concrete surface 

 

4.4. Experimental Results and Discussion for Beam #1 

 As mentioned earlier, an impedance analyzer applying a sinusoidal-sweep 

voltage of 1 volt was used to capture the electromechanical impedance 
signatures of the structure, monitoring it from 10 kHz to 100 kHz after each 

static load test (Table 4.2). Initially, the impedance curves were obtained for all 
sensors in order to define, previously to the loading sequence, the stage D10, 

i.e., the baseline of the beam in terms of impedances. These results are shown 
in Figure 4.4. 

 As explained in [61], the excitation applied to the host beam through the 

PZT actuator does not have enough energy to activate the modal vibration of 
the whole structure and, thus, the sensing region of each PZT is reduced to a 

limited area around itself. Since there is still no damage in the beam, it is thus 
expectable that all impedance curves have approximately the same shapes. 
Differences encountered in Figure 4.4 between all the curves are due to the 
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slightly different amount of adhesive used to bond each sensor to the FRP 
surface, as well as caused by the soldering process applied to each PZT 

patch. Furthermore, the heterogeneity of the materials and the different 
interfaces strongly contribute to these differences. 

 

Figure 4.4. Impedance signatures for the initial stage (D10) of RC-Beam #1 
 

 
 

 

 The cracking map for this specimen once applied the whole test programme 
is shown in Figure 4.5. At a first glance at this figure, it is obvious the 

complexity of the damaged condition of the specimen after completing the full 
test programme, since cracks are a spread all over the monitored region on the 

beam. From this fact, it is easy to deduce that the mechanical capabilities of 
the structure have been significantly reduced, which should result on a 

noticeable impact on the electromechanical impedance signatures, not only for 
the presence of the cracks themselves, but also for the deterioration of the 

adhesion between the concrete surface and the FRP strip, which might have 
been compromised. Thus, the impedance curves are expected to have 
different shapes from one loading step to the following one, but not all of them 

in the same degree of change. 
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Figure 4.5. Cracking map of the RC-Beam #1 after the last loading stage 
 

   
 
 

 Now the impedance signatures of the different damage states are going to 

be compared for each sensor, in order to obtain a first approximation of 
damage presence in the beam. Given the complexity of the damage 

distribution shown in Figure 4.5, it is expected that almost all the impedance 
curves suffer noticeable modifications at some loading stage. It must be 

remembered that damage case D15 corresponds to the failure case, and 
therefore no measurements could be obtained after this last loading step. 

Figure 4.6. Comparison of the impedances for PZT #1 in the RC-Beam #1 
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Figure 4.7. Comparison of the impedances for PZT #2 in the RC-Beam #1 
 

 
 

 

 

Figure 4.8. Comparison of the impedances for PZT #3 in the RC-Beam #1 
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Figure 4.9. Comparison of the impedances for PZT #4 in the RC-Beam #1 
 

 
 

 

 

Figure 4.10. Comparison of the impedances for PZT #6 in the RC-Beam #1 
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Figure 4.11. Comparison of the impedances for PZT #7 in the RC-Beam #1 
 

 
 

 

 

Figure 4.12. Comparison of the impedances for PZT #8 in the RC-Beam #1 
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Figure 4.13. Comparison of the impedances for PZT #9 in the RC-Beam #1 
 

 
 

 

 

Figure 4.14. Comparison of the impedances for PZT #10 in the RC-Beam #1 
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 From these figures, it is easy to see how not all the PZT sensors react in the 
same way to the surrounding damage distribution, mainly because of its 

heterogeneity. Among all the sensors, PZT #3, #7 and #9 (Figures 4.8, 4.11 and 
4.13, respectively) are the ones presenting more deviations (at a simple glance) 

between the impedance signatures of the different damage cases, while others 
like PZT #2 (Figure 4.7) or #8 (Figure 4.12) also present some deviations, but in 

a lower level of incidence. If a preliminary conclusion should be obtained from 
this analysis, it could be understood that the highest amount of damage is 

concentrated in the regions surrounding sensors 3, 7 and 9. Since debonding 
is a brittle and sudden failure that happened when inducing damage case D15, 

when we talk about damage in this case we are talking about flexural cracks 
growing and concentrating in certain regions of the beam. 

 Thus, a qualitative assessment of damage presence can be done just by 

means of a visual analysis of the impedance curves, but the conclusion is still 
far to be precise and consistent, and furthermore still no information about 

damage severity or location is given, so debonding cannot be predicted jet. For 
a more quantitative evaluation of the damage from the impedance signatures 

the RMSD index is now used. RMSD values are then shown for damage cases 
D11, D12, D13 and D14 in Figures 4.15, 4.16, 4.17 and 4.18, respectively. 

 It is important to pay attention not only to those sensors indicating more 

intensely the presence of damage, but also to those sensors for which the total 
damage after the fourth loading step is also really severe. In that way, PZT #3 

is a good example. It shows (Figure 4.15) a remarkable indication for damage 
D11, especially intense from 30 kHz on, which strongly suggest the presence 
of damage in this sensing region. However, in order to detect debonding, it is 

really important to note that this sensor keeps on increasing the damage 
lectures in the subsequent loading steps. Furthermore, these indications are 

particularly high in the higher frequency ranges, which means proximity of the 
damage to sensor 3. In this figure, PZT #2 also shows an important RMSD 

value in the lower frequency ranges, so damage was closer to sensor 3 at the 
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beginning, but it increases and approaches to sensor 2 as the loading steps 
increase. That is obvious particularly from Figures 4.16 and 4.17, where RMSD 

values clearly start to raise in higher frequency ranges, meaning that the 
damage is spread through the region between sensor 2 and sensor 3 (see 

Figure 4.5).  

 It is also important to take into consideration lectures from PZT #7, given the 
high RMSD values collected by this sensor in damage cases D12 (Figure 4.16), 

D13 (Figure 4.17) and D14 (Figure 4.18). These values are encountered in high 
frequency ranges, but not as much as those for PZT #3, so in this case 

damage is close to sensor 7 but less than the corresponding damage to PZT 
#3.  

 PZT #8 and #9 also present significant lectures to take into account. Sensor 

8 shows high RMSD values in D12 and D13, both in high frequency ranges, as 
well as an isolated indication in D11 from 80 to 90 kHz. Obviously damage is 

present in the surroundings of sensor 8, which can be confirmed in Figure 4.5, 
but it may be less severe than that between sensor 2 and sensor 3, or the one 

close to sensor 7, given the lower RMSD values. PZT #9 also collects really 
high RMSD values between 60 kHz and 80 kHz for cases D13 and D14, but the 

values in the rest of the cases and frequency ranges rely among the lowest, 
which induces to think that this indication corresponds to a very localized 

crack with a fast growth, as it can actually be checked in Figure 4.5. 

 Finally, after the analysis of the data in the traditional way, the method 
proposed in this dissertation for damage assessment is tested in the following 

Section. The application of the hierarchical clustering method in this case 
constitutes a big challenge since we are working with a complex structure in 

which different locations and severities of damage will be present.  
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Figure 4.15. RMSD values for damage case D11 in the RC-Beam #1 
 

 
 

 

 

Figure 4.16. RMSD values for damage case D12 in the RC-Beam #1 
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Figure 4.17. RMSD values for damage case D13 in the RC-Beam #1 
 

 
 

 

 

Figure 4.18. RMSD values for damage case D14 in the RC-Beam #1 
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4.5. Hierarchical Clustering Analysis for Beam #1 

 As mentioned earlier, an impedance analyzer applying a sinusoidal-sweep 
voltage of 1 volt was used to capture the electromechanical impedance As in 

the examples presented in Chapter 2 and Chapter 3, a preliminary analysis is 
carried out with the purpose of fully demonstrating if different impedance 

signatures from different sensors can be clustered into different damage 
groups without the necessity of having a priori information about the damage 

stages of the specimen, even in a complex structure like this RC beam 
externally strengthened with FRP composite materials. 

 Figure 4.19 shows the hierarchical trees obtained during the preliminary 

analysis for the different sensors. Hierarchical trees for sensors 5 and 11 were 
not included since both sensors broke before starting the tests. The 

Cophenetic Correlation Coefficients (Eq. (3.6)) of all the clustergrams are 
shown in Table 4.3. These values reveal the good quality of the hierarchical 

trees. 

 

Table 4.3. Cophenetic Correlation Coefficient (CCC) for all 
hierarchical trees in the RC beam #1 

  
Sensor Number CCC Sensor Number CCC 

1 0.9452 7 0.8403 
2 0.9891 8 0.7876 
3 0.9970 9 0.9534 
4 0.7903 10 0.9325 
6 0.9856   
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Figure 4.19. Hierarchical trees for each useful PZT sensor in the RC-Beam #1 
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 As illustrated in Figure 4.19, cases D10 and D11 are clustered together in all 
sensors, which agrees with the experimental reality since, after the first loading 

stage, visible cracks were not detected in the beam, at least apparently,. 
However, as will be discussed in a further more detailed study, not having 

visible cracks in the beam does not mean they are not present internally, so 
later on, with a deeper analysis, it will be demonstrated how the two-step 

procedure developed in this dissertation is capable of highlighting the 
presence of internal damages, thus avoiding a dangerous prediction of false 

negative warnings. 

 It is interesting to remark that three different groups of sensors might be 
distinguished according to the structure of the hierarchical trees for the 

different loading stages. In a first group, we include sensors 1, 9 and 10, the 
most distant from the loading points, since, except for cases D10 and D11, 

they distinguish the different loading stages (D12, D13 and D14). This means 
that each loading stage (except the first one, which does not generate visible 

damages, as commented above) generates a new damage stage, clearly 
differentiated from the previous one. 

 In a second group, according to the classification of the loading stages, we 

would include sensors 2, 7 and 8, which are closer to the points of application 
of the loads than the sensors included in the first group. For these sensors, 

damage scenarios are clustered in the three following groups: a) D10 and D11; 
b) D12; c) D13 and D14. As can be appreciated in Figure 4.5, where the 

evolution of the different cracks after each loading step is shown on one of the 
sides of the beam, in this case the three sensors show few differences 
between the damages generated by the third loading stage and the damages 

generated by the fourth stage, since the progression of the cracks is noticeably 
reduced after the last load step. For that reason, both damages are linked 

together in these sensing regions, as having almost the same severity (even 
after identifying, once again, that each case belongs to different loading steps). 
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 Finally, in a third and last group we include sensors numbers 3, 4 and 6. In 
this case, the damage cases are clustered in three groups as follows: a) D10 

and D11; b) D12 and D13; c) D14. Several significant cracks were caused after 
damage D14 in the surroundings of sensors 3 and 4, but another effect of this 

damage, not visible in Figure 4.5 is that cracks already present in the vicinity of 
sensors 3, 4 and 6 (specially the last one) became noticeably thicker, and all 

this is what makes the algorithm for distinguishing between D14 and the 
remaining damages in this region. Finally, D12 and D13 are clustered together 

since the damage produced after the third loading stage (D13) does not 
enlarge too much the cracks generated after the second loading stage (D12). 

 The most important conclusion from this preliminary study is not only the 

presence of damage in the different sensing regions, but also that without 
using training data, it has been possible to have a first estimation of the 

damage location by classifying the most important sensing regions in the 
beam. Moreover, a hierarchical clustering has been done in each sensing 

region, separating the damages into different groups that are characterized by 
a different damage severity, and all this without calculating any damage metric 

or statistical parameter, which will be done in a further step in order to obtain 
more accuracy. 

 Figure 4.5 reveals a complex multiple damage scenario in the beam, 

composed by multiple cracks (visible or not), at the end of the loading 
procedure. Therefore, by using a two-dimensional hierarchical analysis 

including the division of the frequency range into sub-ranges and the use of 
RMSD values, it is to be expected that multiple damage indications for all 
sensors (Figure 4.20) will be found. As in previous examples, the signature 

obtained under the healthy condition of the structure was considered as the 
baseline for the first loading case; the signature acquired under the first loading 

case was considered as the baseline for the second one, and so on.  
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Figure 4.20. Clustergram for the RC-Beam #1 
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 The information in this clustergram is organized in a different way to the rest 
of clustergrams shown in this dissertation, since sensors are clustered in 

columns while the different frequency sub-ranges and loading cases are 
clustered in rows. According to this, two main groups can be distinguished, the 

first comprising sensors numbers 1, 4, 8, 9 and 10 and the second sensors 2, 
3, 6 and 7, which show a higher value of deviation in RMSD. The first group of 

sensors contains some isolated damage indications in different levels, 
frequency sub-intervals and loading stages; this agrees with the experimental 

observations, which show a multiple damage scenario. Considering that 
several cracks exist with different severities, the multiple damage scenario is 

perfectly detected by every sensor. However, not all the cracks play the same 
role when we try to detect the initiation of debonding. For that purpose, 
sensors belonging to the second group will be analyzed apart, since they are 

the only ones showing groups of cells in the clustergram with a high index 
deviation, which is indicative that a higher number of cracks are present in 

those sensing regions (visible or not). 

 Focusing on each particular sensor in the second group, we can easily 

notice how sensors 2 and 3 possess the higher damage indications in this 
group of four sensors, but only for D11 in the case of sensor 3 and for D12 in 
the case of sensor 2. However, the cracks originating these two damages are 

not very visible to the human eye (Figure 4.21), which strongly suggests the 
presence of internal damages. Furthermore, according to the values in the 

clustergram, the growth of these damages stops or is very slow for the D13 
and D14 scenarios. Meanwhile, sensors 6 and 7 show damage indications 

apparently with less severity in the D11 and D12 cases but, however, they 
continue growing and spreading in the further loading stages. This is a 

symptom, especially after the fourth loading stage, that the damage found 
between sensors 6 and 7 is the most dangerous and might be the origin of the 

future debonding, as was effectively checked when the beam was loaded until 
failure after the last loading stage (from 50 kN to 69.5 kN). Moreover, attending 

to the sub-frequency intervals where damage indications appear in the 
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clustergram, there is something in common between sensors 2 and 6: in both 
cases damage indications of certain importance appear at low sub-frequency 

intervals (10 kHz to 30 kHz), which means that those damages are not close to 
those sensors in those sensing regions. In that way, sensors 3 and 7 also have 

something in common: in both cases damage indications of certain importance 
appear at high sub-frequency intervals (60 kHz to 90 kHz), which means that 

the damages are closer to these two sensors instead of the other two. It can be 
checked in Figure 4.21 how this actually happened to be correct after the last 

load step until failure. In this figure, blue and red straight lines are used as a 
rule on the beam sides in order to make easier to follow the progression of the 

cracks. The rest of the lines indicate the cracks originating after each loading 
step, changing the colour after each step. 

 

Figure 4.21. Damages with concrete cover separation between sensors 2 and 
3 (left) and sensors 6 and 7 (right) for the RC-Beam #1 

 

   
 

 

 Although there is no way to predict if the debonding is going to happen 
involving concrete cover separation or not, the presence of so many internal 

cracks in the concrete (detected thanks to damage indications existing when 
no visual evidence was shown during the test) suggests that, in this case, the 

concrete is also going to be damaged by loosening the coverage in the most 
damaged regions. Furthermore, since debonding phenomenon usually 

propagates through the interface, it is also easy to think that the region close to 

PZT #2 PZT #3 

PZT #6 PZT #7 
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sensor 7 might not be the only one being affected by the concrete cover 
separation, given the important internal damage present between sensors 2 

and 3. This fact was also proved during the last load step until failure, when it 
could be checked how damage by debonding was originated in the vicinity of 

sensor 7 (with concrete cover loosening) and it propagated in both ways, also 
damaging the concrete in the vicinity of sensor 3, as predicted with this 

methodology. 

 The Cophenetic Correlation Coefficient computed for the clustergram shown 
in Figure 4.20 takes a value of 0.8924, which demonstrates its good quality. 

This not only means that the classification of the damage cases is good, but 
also that a reliable damage prediction procedure has been developed in this 

dissertation. Furthermore, this experimental test on a full-scale structure has 
allowed showing how this damage detection method is able to work 

successfully under multiple damage scenarios, detecting how the evolution of 
one sort of damage (concrete cracks) can turn into different and more 

dangerous damage, as brittle debonding can be. This proves that the 
methodology proposed in this paper facilitates the understanding of the 

damage evolution with visual information, even in complex structural systems 
(as the one presented in this section), allowing one to prevent extremely 
dangerous structural failures. 

 

4.6. Experimental Results and Discussion for Beam #2 

 With the purpose of evaluating the repeatability of the results in complex 
damage scenarios, a second and identical (Figure 4.1) RC beam strengthened 

with FRP composite materials was tested, following the loading sequence 
detailed in Table 4.2 for the RC beam #2. As in the previous beam, the 

impedance curves were obtained for all sensors in order to define, previously 
to the loading sequence, the stage D20, i.e., the baseline of the beam in terms 
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of impedances. These results, shown in Figure 4.22, are slightly different to 
those in Figure 4.4 due to the differences in concrete, amount of adhesive, etc. 

Figure 4.22. Impedance signatures for the initial stage (D20) of RC-Beam #2 
 

 
 

 

 The cracking map for this specimen once applied the whole test programme 
is shown in Figure 4.23, and it is almost equally complex than the one shown in 

Figure 4.5, even though the loading sequence followed is more intense.  

Figure 4.23. Cracking map of the RC-Beam #2 after the last loading stage 
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 Now the impedance signatures of the different damage states are going to 
be compared for each sensor, in order to obtain a first approximation of 

damage presence in this beam. In this case, damage case D27 corresponds to 
the failure case, so no measurements are available after that loading step. 

 As happened for beam #1, the PZT sensors react in a different way 

depending on the location, due to the heterogeneity of this structural system. 
Since in this case the concrete properties are slightly different, besides other 

factors like the amount of adhesive or the conditions of the soldering in the 
sensors, one could expect to find diametrically opposed results, but nothing 

further from reality. An important result is already seen in these figures, 
particularly in Figures 4.29 and 4.30, where it can be seen that PZT #6 and #7, 

respectively, are the ones suffering more variation in their impedance 
signatures along the loading sequence, being those two sensors delimitated 

the first debonding region in the previous beam. An analogous result is found 
for PZT #3 (Figure 4.26), close to the second debonding encountered in the 

previous beam. 

Figure 4.24. Comparison of the impedances for PZT #1 in the RC-Beam #2 
 

 
 

 

0 

10 

20 

30 

40 

50 

60 

70 

80 

0 10000 20000 30000 40000 50000 60000 70000 80000 90000 100000 

R
ea

l P
ar

t 
o

f 
Im

p
ed

an
ce

 (
Ω

) 

Frequency (Hz) 

Impedance Signatures' Comparison for PZT #1 

D20 D21 

D22 D23 

D24 D25 

D26 



Application of PZT and FBG impedance sensors for structural health monitoring of reinforced 
concrete beams strengthened with FRP composite materials 

 

  
CHAPTER 4 

 

-123- 

 
 

 

Figure 4.25. Comparison of the impedances for PZT #2 in the RC-Beam #2 
 

 
 

 

 

Figure 4.26. Comparison of the impedances for PZT #3 in the RC-Beam #2 
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Figure 4.27. Comparison of the impedances for PZT #4 in the RC-Beam #2 
 

 
 

 

 

Figure 4.28. Comparison of the impedances for PZT #5 in the RC-Beam #2 
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Figure 4.29. Comparison of the impedances for PZT #6 in the RC-Beam #2 
 

 
 

 

 

Figure 4.30. Comparison of the impedances for PZT #7 in the RC-Beam #2 
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Figure 4.31. Comparison of the impedances for PZT #8 in the RC-Beam #2 
 

 
 

 

 

Figure 4.32. Comparison of the impedances for PZT #9 in the RC-Beam #2 
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Figure 4.33. Comparison of the impedances for PZT #10 in the RC-Beam #2 
 

 
 

 

 

Figure 4.34. Comparison of the impedances for PZT #11 in the RC-Beam #2 
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 Now the RMSD values are analyzed for damage cases D21, D22, D23, D24, 
D25 and D26 (Figures 4.35, 4.36, 4.37, 4.38, 4.39 and 4.40). Since the loading 

sequence is totally different from the one followed for beam #1, also do the 
RMSD values, even after those loading steps for which the value of the load is 

coincident with some loading steps for the beam #1 (32.5 kN and 50 kN). This 
result is logical given that all damages follow a different progression in the 

different beams. Furthermore, the slight differences in the concrete material 
properties propitiate this fact.  

 Nevertheless, a point in common with the previous beam can be found 

among the mess of lines; there are three sensors (#3, #6 and #11) that are 
always, in almost all loading steps, the ones collecting the higher RMSD 

values, and the first two are seriously involved in the debonding of beam #1, 
since it was originated in the same sensing regions. We do not find a reason 

for that behaviour in PZT #11, since no debonding has been found in that 
region after the loading programme. However, the surroundings of PZT #3 and 

PZT #6 are candidates for debonding attending to the knowledge gained with 
the previous beam.  

 There are, of course, some other important peaks for other sensors, like PZT 

#1 in D21 from 70 to 80 kHz or PZT #8 in D25 from 60 to 70 kHz, but following 
the reasoning exposed for the previous beam, those could correspond to 

isolated cracks. Furthermore, all RMSD values are, in general, higher in all 
frequency ranges in comparison to those belonging to beam #1, which can be 

due to the higher number of loading cycles on the beam. Actually, beam #2 
reaches the critical failure point a bit earlier than beam #1. 

 These figures make patent the difficulty to find damage patterns in different 

experimental tests by means of the qualitative analysis of the common damage 
indices, RMSD in particular, even though the specimens under study are 

almost equals. Thus, the repeatability of the results is not possible in this way, 
so the methodology proposed in this dissertation is now evaluated in that 

sense. 
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Figure 4.35. RMSD values for damage case D21 in the RC-Beam #2 
 

 
 

 

 

Figure 4.36. RMSD values for damage case D22 in the RC-Beam #2 
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Figure 4.37. RMSD values for damage case D23 in the RC-Beam #2 
 

 
 

 

 

Figure 4.38. RMSD values for damage case D24 in the RC-Beam #2 
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Figure 4.39. RMSD values for damage case D25 in the RC-Beam #2 
 

 
 

 

 

Figure 4.40. RMSD values for damage case D26 in the RC-Beam #2 
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4.7. Hierarchical Clustering Analysis for Beam #2 

 A priori, one could expect that the results from the preliminary clustering 
analysis for the RC beam #2 should be the same than those obtained for RC 

beam #1. However, that would only be true in the case of using materials with 
exactly the same properties (concrete in this case differs slightly from the first 

to the second beam), the same boundary and environmental conditions (as in 
this case), and following exactly the same loading sequence (different loading 

steps have been used in this test). Furthermore, in our case there is a 
significant difference between the experimental test of the first beam and the 

second one; while for the first one the first loading step does not reach the 
cracking load for the concrete (Figure 4.5), it is widely exceeded for the second 

beam (Figure 4.23). This fact makes that the entire damage distribution 
changes and, thus, results presented in Figure 4.41 are independent from 

those in Figure 4.19, and should be analyzed separately.  

 The Cophenetic Correlation Coefficients (Eq. (3.6)) of all the clustergrams are 
shown in Table 4.4, revealing, as in the previous cases studied in this 

dissertation, the good quality of the hierarchical trees. 

 

Table 4.4. Cophenetic Correlation Coefficient (CCC) for all 
hierarchical trees in the RC beam #2 

  
Sensor Number CCC Sensor Number CCC 

1 0.8458 7 0.8543 
2 0.8065 8 0.8731 
3 0.8689 9 0.8224 
4 0.8733 10 0.8957 
5 0.8700 11 0.9368 
6 0.9332   

  
 

 The first conclusion extracted from Figure 4.41 is the perfect separation 

between the damaged and undamaged conditions of the beam, since case 
D20 is perfectly clustered apart from the rest of damage cases.  
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Figure 4.41. Hierarchical trees for each PZT sensor in the RC-Beam #2 
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 Paying attention now to the clusters containing all damaged branches in the 
trees, there is a big group of sensors with almost the same shape of the tree 

(PZTs #2, #3, #4, #5, #7, #8, #9, #10 and #11). In all of them, damage cases 
D25 and D26 are clustered together and separated from the rest of damage 

cases. This can be explained thanks to the observation of the experimental 
test, since during loading steps 5 and 6 none single crack grew in length, but in 

thickness, linking together major and minor cracks that had grown in previous 
loading steps. In one of these two stages the debonding could be originated, 

since the weakness of the adhesive layer comes, in most of the cases, from the 
concentrated cracks growing in thickness. The rest of damage cases are 

gathered into another sub-cluster, where in most of them damage cases D22 
and D23 are clustered together, being D21 and D24 independent branches 
within this sub-cluster. In Figure 4.23 it is shown how case D21 induces large 

cracks along the beam, while case D24 supposes almost none any new 
progression of damage at any point of the beam, so those are the reasons why 

these two damage cases are classified independently in this sub-cluster. 
Cases D22 and D23 cause cracks that are similar in length and thickness, 

which means that both loading steps contribute equally to damage 
progression. The only sensor in this group that differs from these results is PZT 

#8, since in this case damages D21 and D22 are clustered together with no 
apparent reason. 

 Out of this large group of sensors we find PZT #1 and PZT #6 for which the 

clustering algorithm shows different results. In the case of PZT #1, the slight 
difference with the rest is that damage case D24 is included in the same cluster 

than D25 and D26, which totally makes sense since none of these three 
damage cases produces any apparent damage in this sensing region. 

Furthermore, in this case it was really difficult to appreciate the damage 
caused by D22 and the one originated by D23, so it is reasonable that both are 

clustered together. In the case of PZT #6, all damage cases are clustered 
independently, meaning that each loading stage generates a new damage 

clearly differentiated from the previous one. 
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 With this preliminary study it has been possible, as in the case of beam 1, to 
classify damaged and undamaged cases, providing a first estimation about the 

presence of damage in the structure, all this without the necessity of using 
training data from a priori known conditions. Moreover, damage cases have 

been classified into different groups attending to their severity.  

 Now the two-dimensional hierarchical analysis is done including the division 
of the frequency range into sub-ranges, as well as the RMSD values. As with 

the rest of experimental tests shown through this dissertation, the signature 
obtained under the healthy condition of the structure is considered as the 

baseline for the first loading case; the signature acquired under the first loading 
case was considered as the baseline for the second one, and so on.  

 The results from this analysis are shown in Figure 4.42, where two main 

groups of sensors (columns) can be distinguish; the first including sensors 
number 3, 4, 5 and 6, and the second one gathering the rest of the PZT 

sensors. As it can clearly be seen, the first group gathers all sensors with the 
highest deviation in the values of RMSD, which means that this first cluster 

collects the PZTs with more concentration of damages. As we have pointed 
out previously, due to the loading test performed, damage is spread through 

the entire sensing region, but those areas with a higher concentration of cracks 
are the candidates to present debonding when the critical load is reached. In 

this way, PZTs #3, #4, #5 and #6 are candidates in this case for debonding. In 
this group, sensors 4 and 5 are clustered together but sensor 3 and sensor 6 

are classified independently. PZT #6 has the most intense damage indications, 
particularly high in damage cases D25 and D26, although there are also other 
significant indications in D22 and D23. In the case of PZT #3, it presents the 

lowest indications of this group, but spreads through all loading cases and 
frequency ranges. Sensor 4 shows some higher indications than sensor 3, but 

they are localized localized in high frequencies and mainly for damage cases 
D25 and D26. Finally, PZT #5 presents higher indications than sensors 3 and 4, 

but still lower than sensor 6, and they are also particularly intense in cases D25 
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and D26, but is also present a group of significant damage indications already 
in damage case D24.  

 Thus, from this group it can be concluded that damage concentration is 

particularly high between sensor 3 and sensor 6, increasing in severity towards 
PZT #6. This fact strongly suggests that debonding was originated in this beam 

in the vicinity of sensor 6 (same location as in RC beam #1), as it was checked 
when the beam was loaded until failure after the last loading step (from 60 kN 

to 66.5 kN). Furthermore, it seems that, in this case, the entire region between 
sensor 3 and sensor 6 will be affected in some extent by debonding, given the 

high concentration of cracks in this sensing region. It can be seen in Figures 
4.43 and 4.44 how this hypothesis is confirmed. 

 Regarding the second group containing the rest of the sensors, it should be 

pointed out that all of them have approximately the same levels of damage 
indications, appearing some of them slightly higher than the rest, but certainly 

due to an isolated crack along the corresponding sensing region. From this 
group no debonding region could be expected thus, and that hypothesis was 

also confirmed after the final load and failure of the beam. 

 Finally, the value of the Cophenetic Correlation Coefficient computed for the 
clustergram shown in Figure 4.42 takes a value of 0.8828, which is a signal of 

its good quality. So, at this point, this good quality does not only mean than 
the results achieved for this beam are good in order to predict the debonding 

failure, but also that the repeatability pursued with this second beam has been 
achieved, mainly for two reasons; first, the debonding was originated 

approximately in the same location, showing the consistency of the 
experimental campaign, and second, in both cases the debonding failure was 

detected and classified apart from the rest of damage cases encountered. 
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Figure 4.42. Clustergram for the RC-Beam #2 
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Figure 4.43. Damages with concrete cover separation in the RC-Beam #2 (I) 
 

 
 

 

Figure 4.44. Damages with concrete cover separation in the RC-Beam #2 (II) 
 

   
 
 

 

4.8. Conclusions 

  The new method for damage identification proposed in this dissertation, 
based on the unsupervised hierarchical clustering method, has been 

PZT #6 PZT #5 PZT #4 PZT #3 



Application of PZT and FBG impedance sensors for structural health monitoring of reinforced 
concrete beams strengthened with FRP composite materials 

 

  
CHAPTER 4 

 

-139- 

 
 

successfully tested on two RC beams externally strengthened with FRP 
composite materials. These two full-scale structural systems have been 

subjected to different loading programmes, with a different number of cycles, 
so that the repeatability of the experiment could be checked at first. In both 

cases the debonding has been encountered in approximately the same sensing 
region, in the vicinity of PZT #6, and with almost the same evolution after 

failure, which shows the high consistency of the experimental campaign. 

 Due to the enormous complexity of the damage distribution along the 
sensing regions in the two cases, debonding failure cannot be identified 

directly but, thanks to the methodology proposed in this dissertation, it can be 
predicted from the concentration of flexural cracks in certain regions of the 

monitored structure. In this way, the visual control of the evolution of a well-
known damage, such as the flexural cracks, gives rise to the ability of 

predicting future additional damages that can be consequence of the firsts, like 
debonding between the FRP and the concrete in these structural systems. 

 These results demonstrate the robustness and feasibility of this kind of 

analysis, carried out in two steps, allowing managing complex data sets 
captured from several PZT sensors. 
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Chapter 5 

Deployment of an FBG-Sensors Network for 

Debonding Detection through PSO Method on 

RC Beams Strengthened in Flexure with FRP 

Summary 

 An alternative method for damage detection is presented in this chapter 
based on a continuous monitoring of the FRP-concrete interface by using a 

network of Fiber Bragg Grating (FBG) sensors. These sensors, permanently 
bonded at the external FRP reinforcement, give continuous readings of strain in 
different areas of the FRP strip under controlled loading. From these 

measurements, a multi-objective model updating method for debonding 
damage detection, solved by a multi-objective extension of the Particle Swarm 

optimization (PSO) method, is implemented. 

 

5.1. Introduction 

 Modal tests have been extensively used to characterize the stage of civil 
structures [112], 113] including, although scarcely, FRP strengthened 

structures [114]. Modal parameters have the advantage of containing 
information about the global response of all kind of structures, civil structures 

in particular. In that sense, several global dynamic techniques have been 
developed over the years, where the structure is subjected to low frequency 

excitations and, from the structural response itself, the first few mode shapes 
and their corresponding natural frequencies are extracted. Many algorithms 

have been proposed to locate and quantify damages in simple structures from 
these measured natural frequency and mode shape data; such as the change 
in curvature mode shape method [115], the method based on changes in the 
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stiffness [116], the method based on changes in the flexibility [117] or methods 
based on damage indices obtained from the modal parameters [118]. However, 

all these methods share a drawback, which is that, since the relay on a 
relatively small number of low order modes, they are less sensitive to local 

effects like those due to FRP debonding. Another limitation of these techniques 
is that the low frequency measurement data is more likely contaminated by 

ambient vibrational noise, which also happens to be in the low frequency 
range, typically less than 100 Hz. 

 Measured strains have been demonstrated to be more sensitive to the 

response in their vicinity [119, 120], and therefore they are better suited for our 
purpose. Furthermore, measured strains are one of the most available and 

reliable structural responses, including accelerations and displacements [121]. 
Displacements are usually hard to measure with appropriate accuracy without 

fixed reference points. To use acceleration data, the post-processing and 
system identification process is complicated and time consuming. By using a 

net of sensors, information in critical zones of the external reinforcement can 
be obtained. The number of static strains under known loads will only be 

limited by the number of available sensors. Furthermore, the use of embedded 
sensors at the FRP-concrete interface will provide a high sensitivity to 
debonding damage due to their proximity to the damage features. In particular, 

fiber Bragg gratings (FBG) sensors might be easily embedded at the interface 
with a minimum of perturbation to the surrounding material. 

 Through the suitable processing of the experimental information, 
assessment of the real stage of the repaired structure can be obtained. A 
significant amount of research has been devoted to the use of model updating 

methods for the structural assessment [122-124]. However, in the literature it is 
difficult to find applications for FRP strengthened structures. These methods 

rely on a parametric model of the structure and the minimization of some 
objective function based on the error between the measured data and the 

predictions from the model. Refined finite elements models such as those used 
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frequently to simulate the behavior of FRP strengthened reinforced concrete 
(RC) beams would notably increase the computational cost of the damage 

detection approach even though the beam geometry is very simple. Because 
of this, a reliable alternative might be the use of spectral elements. Spectral 

methods [125, 126] are a suitable high order technique to solve our problem to 
high accuracy on a simple domain, such as that corresponding to the 

strengthened beam, allowing significant reductions of the computational load. 
At lower accuracies, they demand less computer memory than the FE 

alternative since they allow obtaining the same accuracy as low-order methods 
(like finite elements) by using a reduced number of grid points, thus giving rise 

to a significant saving of computational resources. This feature is extremely 
appealing in a local damage identification problem, like ours, solved by a 
model updating method. 

 A methodology able to detect local debonding phenomena before abrupt 
failure originates at FRP flexural strengthened RC structures is proposed in this 

chapter. This methodology should perform an automated and continuous 
monitoring able to work in an unsupervised mode with the purpose of 

determining the real stage of the structure to be evaluated. It would include the 
implementation of a model updating method based mainly on local damage-
sensitive experimental measurements and on a simplified numerical model. To 

attain this, the ingredients introduced in the previous paragraphs will be used. 

 As commented above, measured strains are more sensitive to the response 

in their vicinity than model parameters and, therefore, will be used in this 
dissertation. Positioning pre-weighted masses like trucks or other vehicles on 
civil structures in a stationary pattern is a simple and practical method to 

obtain its strain distribution under different controlled loading configurations. In 
fact, a static response of a structure to a known set of moving loads, such as 

in the case of trucks, is the summation of the unit influence lines, suitably 
scaled by the truck weights. 
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 Furthermore, in the proposed approach, due to its high accuracy and lower 
cost on a simple domain, a spectral element model is implemented in the 

framework of the model updating problem to simulate the linear behavior of 
reinforced concrete beams externally strengthened by FRP materials. A one-

dimensional element based on the first-order shear deformation theory of 
Timoshenko with no contribution of the contractional mode has been used for 

simulating the behavior of RC beams strengthened by FRP plates. Concrete-
FRP phenomena are considered in a simplified way by the introduction of a 

characteristic variable within each element representing the relative slips 
between the RC beam and the FRP laminate [127, 128]. Although different 

nonlinear FRP-concrete interface laws might be used for determining the 
corresponding interface shear stress [128-131], for simplicity, in this work the 
well-established bilinear shear stress–slip relationship proposed by 

Holzenkaempfer [132] has been adopted. 

 

5.2. Spectral Numerical Model 

 Numerical approximations of partial differential equations using spectral 
methods give a solution which is a finite expansion in terms of trigonometric 

(Fourier) polynomials. Thanks to the exponential convergence of the Fourier-
spectral discretization, it requires a significantly smaller number of grid points 

to resolve the solution to within a prescribed accuracy and, therefore, CPU 
savings in comparison with the more general finite elements. 

 

5.2.1. Governing equations 

 Firstly, the governing differential equations for the proposed problem are 
derived. On the basis of such equations the spectral method will be applied. 

Figure 5.1 shows an FRP strengthened RC beam element. The subscripts C 
and FRP are used to denote quantities of the concrete beam and FRP strip, 
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respectively; hC and hFRP are the thicknesses of the concrete beam and FRP 

reinforcement, respectively. 

 For the derivation of the equations of motion, the following assumptions are 
made: 

i. No slip at the interfaces except at the RC beam-FRP plate interface in 

which an interface slip s is assumed as follows: 

  s = uFRP, top − uC , bot   (5.1) 

with u!"#,!"# and u!,!"# denoting the axial displacements at the top of the 

FRP plate and at the bottom of the RC beam, respectively (Figure 5.1). 

ii. All layers take the same transverse displacement 𝑤 𝑥, 𝑡 : 

  w x, z, t( ) = w x, t( )   (5.2) 

where 𝑧 is the coordinate measured from the mid-plane. 

iii. The first-order shear deformation theory is adopted. Then, the 

displacement field for axial and transverse motion is obtained by 
expanding the displacements in a Taylor series about the mid-plane 

displacements, 𝑢! 𝑥, 𝑡  and 𝑤 𝑥, 𝑡 , as follows: 

  uC x, z, t( ) = u0 x, t( )− zφ x, t( )   (5.3) 

  uFRP x, z, t( ) = u0 x, t( )− zφ x, t( ) + s x, t( )   (5.4) 

where 𝑢! and 𝑢!"# are respectively the axial displacements in the RC 

beam and FRP plate. ∅ is the curvature-independent rotation of the 

beam cross-section about the Y-axis. The coordinate z is measured 

from the mid-plane. These kinematic relationships are kept for the beam 
sections in which there is no FRP by removing the terms concerning the 

external reinforcement. 

 Using equations (5.1)-(5.4), the linear strains for the different materials can 

be written as : 
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  ε x, C = u0, x − zφ,x γ xz, C = w,x −φ   (5.5) 

  ε x, FRP = u0, x − zφ,x + s,x γ xz, FRP = w,x −φ   (5.6) 

  γ xz, AD = s eAD   (5.7) 

 Here, (⋅),x represents differentiation with respect to x and eAD denotes the 

thickness of the adhesive. 

 

Figure 5.1. Kinematic of the transverse section of FRP-strengthened RC beam 
 

 
 

 

 The linear constitutive model for the concrete beam and the FRP plate can 

be expressed as: 

  σ x, C = ECε x, C τ xz, C = GCγ xz, C   (5.8) 

  τ xz, FRP = GFRPγ xz, FRP   (5.9) 

 where the material constants, E and G, are referred to the concrete beam (C) 

or the external plate (FRP) depending on the material considered. 

 Calculation of bond shear stress between the FRP and concrete is very 
important in order to check the debonding failure mode. Its value along a 

certain length of beam can be expressed as a function of the axial force acting 
on the FRP plate. Based on the hypothesis on linear behavior of the adhesive 

interface, the following relationship can be assumed (Figure 5.2). 

  τ xz, AD = FFRP, x = kADs = GADγ xz, AD   (5.10) 
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 where FFRP is the axial force in the plate, 𝑘!" = 𝐺!" 𝑒!" is the shear stiffness of the 

adhesive and GAD is the elastic shear modulus of the adhesive. 

 

Figure 5.2. Kinematic of the transverse section of FRP-strengthened RC beam 
 

 
 

 

 By using the previous relations, the strain energy for the strengthened 

sections is then obtained as: 

  

U = 1

2
σ x, Cε x, C +τ xz, Cγ xz, C( )bC dz dx

z1,C

z2,C∫L∫
+ 1

2
σ x, FRPε x, FRP +τ xz, FRPγ xz, FRP( )bFRP dz dx

z1,FRP

z2,FRP∫L∫
+ 1

2
τ xz, ADγ xz, AD( )bAD dz dx

z1,AD

z2,AD∫L∫

  (5.11) 

 where z1 and z2 are the Z-coordinates of bottom and top surfaces limiting 

each material, the variable b denotes the width of each material and L is the 

length of the strengthened beam. 

 From Eqs. (5.5)-(5.11), by application of Hamilton’s principle the governing 
equations of the FRP flexural strengthened RC beam are obtained and can be 

written as: 

  δu0 : A11u0, xx + B11φ, xx − AFRPs, xx = 0   (5.12) 

  δw : A22w, xx + A22φ, xx = 0   (5.13) 

  δφ : B11u0, xx − D11φ, xx − A22w, xx + A22φ + BFRPs, xx = 0   (5.14) 

  δ s : AFRPs, xx − AFRPu0, xx + BFRPφ, xx +
GADsbAD

eAD

= 0   (5.15) 
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 and associated force boundary equations can be expressed as: 

  N = A11u0, x − B11φ, x + AFRPs, x   (5.16) 

  V = A22w, x − A22φ   (5.17) 

  M = −B11u0, x + D11φ, x − BFRPs, x   (5.18) 

  N * = AFRPs, x + AFRPu0, x − BFRPφ, x   (5.19) 

 N, V, M and N* are the stress resultants associated with the variables u0, w, 

φ and s, respectively. 

 The stiffness coefficients, which are functions of the material properties and 
are integrated over the beam cross-section, can be expressed as: 

  
A11, B11, D11[ ] = EC 1 z z2⎡⎣ ⎤⎦bC dz

zC , 1

zC , 2∫ + EFRP 1 z z2⎡⎣ ⎤⎦bFRP dz
zFRP , 1

zFRP , 2∫

+ Es, j As, j 1 z j z j
2⎡⎣ ⎤⎦

j=1

NSS

∑
  (5.20) 

  A22[ ] = GCbC dz
zC , 1

zC , 2∫ + GFRPbFRP dz
zFRP , 1

zFRP , 2∫   (5.21) 

  AFRP BFRP[ ] = EFRP 1 z[ ]bFRP dz
zFRP , 1

zFRP , 2∫   (5.22) 

 where the contribution of the internal reinforcement to the stiffness 
coefficients, A11, B11 and D11, has been included. NSS is the number of steel 

bars considered in the section, Es,j and As,j are their elastic moduli and section, 

respectively and zj is the coordinate of each steel rebar. 

 

5.2.2. Fourier expansion 

 We now perform a Fourier expansion of the field variables in the longitudinal 
direction: 

   
 
u0, w,φ, s( ) = u! 0, w",φ!, s!( )e− jkx

k=1

K

∑   (5.23) 
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 where 𝑢 = 𝑢!,𝑤,∅, 𝑠  is an unknown constant vector and k is the 

wavenumber. This expansion, when inserted in problem (5.12)-(5.15), leads to a 

series of problems to solve in x for each Fourier mode k: 

  W k( )⎡⎣ ⎤⎦ u{ } = 0   (5.24) 

 The solution for this eigenvalue problem requires that the determinant of W 

must be zero which yields an 8th order characteristic equation for the 

wavenumber k whose solution gives the eight wavenumbers ki. 

 The associated eigenvectors 𝑢 ! to each wavenumber ki can be computed 

from Eq. (5.24) as: 

   

 

u{ }
i
=

u0

w

φ

s

⎛

⎝

⎜
⎜
⎜
⎜⎜

⎞

⎠

⎟
⎟
⎟
⎟⎟

=

R1i

R2i

R3i

R4 i

⎛

⎝

⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟

ai = Ri{ }ai i = 1, 2,…, 8   (5.25) 

 where the eigenvector 𝑢 !  is normalized so that a component of the 

normalized vector 𝑅!  becomes unity. The constants ai will be determined to 

satisfy the associated boundary conditions. Once the eigensolutions ki and 𝑢 ! 
are obtained to satisfy the eigenvalue problem in Eq. (5.24), the general 

solution to (5.12)-(5.15) can be written as: 

  

 

u x( ){ } =

u0 x( )
w x( )
φ x( )
s x( )

⎛

⎝

⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟

= R1 R2 … R8[ ]diagi=1,…,8

a1

a2

!
a8

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟

= R[ ] D x( )⎡⎣ ⎤⎦ A{ }   (5.26) 

 The eight unknown coefficients ai can be calculated as a function of the 

nodal spectral displacements, by evaluating equation (5.26) at the two nodes of 
the element, i.e., at x=0 and x=L giving: 

  
u1{ }
u2{ }

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟
= R

R

⎡

⎣
⎢

⎤

⎦
⎥

D 0( )
D L( )

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

A{ } = T1[ ] A{ }   (5.27) 
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 where 𝑢!  and 𝑢!  are the nodal displacements of node 1 and node 2, 

respectively.By eliminating the constant vector 𝐴  from Eq. (5.26) by using Eq. 

(5.27), the general solutions can be rewritten in terms of the nodal degrees of 
freedom vector as: 

  u x( ){ } = R[ ] D x( )⎡⎣ ⎤⎦ T1[ ]−1 u1{ }
u2{ }

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟
= N[ ]t

u1{ }
u2{ }

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

  (5.28) 

 where 𝑁 ! is the matrix giving the shape functions for the displacement 

field. By differentiating the spectral displacements with respect to x in equation 

(5.28) and using the force boundary equations (5.16)-(5.19) to express the 
concentrated loads specified at two end-nodes of the element yields the 

spectral element matrix 𝐾 : 

  
f1{ }
f2{ }

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟
=

F 0( )
F L( )

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

A{ } = T2[ ] A{ } = T2[ ] T1[ ]−1 u1{ }
u2{ }

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟
= K[ ]

u1{ }
u2{ }

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

 (5.29) 

 

5.3. Damage Detection Methodology 

 Structural damage identification is often formulated as an inverse problem. 
Given output responses (e.g. mode shapes or displacements) to specified input 

loads, changes in structural properties (e.g. stiffness) from undamaged 
structural condition are inversely identified by minimizing an error or objective 

function. The objective function is generally defined in terms of the difference 
between the response predicted by a computational model of the structure and 

the response measured from an experiment. When the response of the 
computational model matches that of the real structure, then predicted and 

actual properties of the target structure would match each other as well. 
Therefore, suitable material parameters of the numerical model should be 

updated until that purpose is reached. 

 One of the keypoints to get the desired purpose is the suitable choice of the 
parameters involved in the objective function. Modal parameters obtained by 
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dynamic testing have been widely used in structural damage identification 
since they are affected by the global characteristics of the structure. However, 

the interfacial debonding defect, which we want to detect, is purely local and 
modal characteristics are not very sensitive to local structural phenomena. 

Static measurements, such as strains and displacements, obtained by static 
truck load tests are more sensitive to the response in their vicinity and, 

therefore, they are better suited to determine local defects [133]. 

 The use of static displacements is limited by the accessibility of the 
structure and the number of locations in which measurements would be 

needed. However, by means of a strain sensory system installed in the 
structure, a permanent control can be carried out. Furthermore, technologies 

such as Bragg grating-based fibre optic sensors make this process easier. 
These kinds of sensors can provide a high sensitivity to debonding damage 

since they can be easily embedded at the FRP-concrete interface with a 
minimum of perturbation to the surrounding material. Compared to electric 

resistance strain gauge, the FBG sensor has the advantages of 
electromagnetic insensitivity, wavelength multiplexing, capability, miniature 

size, high sensitivity, good long-term stability and high reliability. The number 
of static measurements by static truck-load tests is limited by the number of 
available sensors. 

 The sum of squared relative differences of static deformations at different 
locations of the structure might be employed to define the objective function: 

  
 
F =

εnum, j de( )− εexp, j

εexp, j

⎛

⎝⎜
⎞

⎠⎟

2

j=1

m

∑ e = 1,…, NE   (5.30) 

 in which the subscript j represents the jth measurement within the set of 

measurements carried out under a load case and 𝜀!"#,!  and 𝜀!"#,!  are the 

computed and measured responses, respectively. 

 The updating parameters, de, defined for each element, e, are the uncertain 

physical properties of the NE elements of the numerical model, in our case, the 
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reduction factors or damage indices affecting the RC-FRP interface stiffness. 
This damage index represents the relative variation of the adhesive element 

stiffness, 𝐺!" !
! , compared to the initial value, 𝐺!" !: 

  de = 1−
GAD( )

d

e

GAD( )e   (5.31) 

 The strain profile will change with the location of the trucks used in the 
controlled loading tests. Conceptually, different force transfer mechanisms 

may be activated according to the truck configuration. For this reason, to offer 
redundancy of experimental measurements and guarantee a reliable 
identification, different truck-load tests in various configurations should be 

executed. Then, different loading cases should be considered which means 
that different objective functions should be defined in the updating procedure, 

one for each loading case, such as follows: 

  Fi =
εnum, ij de( )− εexp, ij

εexp, ij

⎛

⎝⎜
⎞

⎠⎟

2

j=1

m

∑   (5.32) 

 in which the subscript i represents the set of measurements under load case 

i and the subscript j represents the  jth measurement within the set. 

 In this way, the updating problem would be formulated in a multi-objective 

framework allowing capturing more information about the modeled problem as 
several sets of measurements are taken into consideration. All this will 

contribute to give a more reliable solution to the problem [134, 135]. 

 An alternative way to Eq. (5.32) of evaluating the agreement between 
experimental and numerical strains is by using the modal assurance criterion 

MAC [136]. Conventionally, the MAC criterion has been used to indicate the 
correlation between two sets of mode shapes in a normalized way. In our 

problem, for each load case i, the objective function will have the following 

expression: 
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  Fi = 1− MAC εnum, i{ }, εexp, i{ }( ) = 1−
εnum, i{ }T

εexp, i{ }
2

εnum, i{ }T
εnum, i{ }( ) εexp, i{ }T

εexp, i{ }( )   (5.33) 

 This function, applied to each ith load case, has the advantage that each 
term is between 0 and 1. An index equal to zero means no correlation between 

the sets of experimental 𝜀!"#,!  and numerical 𝜀!"#,!  strains, while a value 

equal to one indicates a perfect correlation between the updated numerical 

model and the experimental results. 

 

5.3.1. Damage detection without updated baseline model 

 Model updating methods require a baseline numerical model of the 

undamaged structure, which imposes a restriction on their applicability and 
can become very problematic especially for large and complex civil structures. 

Modeling errors in the baseline model whose effects exceed the sensitivity to 
damage are critical and make an accurate estimation of damage impossible. It 

is very likely that the inherent errors in the model will produce changes that are 
far greater than those produced by damage. Obviously, updating the baseline 

FE model of the undamaged structure using measured data would help to 
reduce model errors and improve estimation accuracy. However, the updating 

procedure is critical, since lots of measurements are needed for a large and 
complex structure in order to get a physically meaningful updated model. The 

difficulty increases, even for simple structures, when local parameters, such as 
strains, are used since a large number of measurements would be needed to 

get a good approximation. To overcome the problem of modeling errors, a 
method of structural damage identification is proposed here by adopting the 
same philosophy shown in [137]. In the proposed scheme, objective functions 

are formulated by using differences between measured strains of the damaged 
and undamaged structure; the same approach is used for the numerical 

strains. All these methods are based on the fact that any error in the 
undamaged structure will also be present in the damaged structure and, 
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therefore, will be removed. With this proposal, Eq. (5.33) would be formulated 
as follows: 

  

 

Fi = 1− MAC Δ ε! num, i
d{ }, Δ ε! exp, i

d{ }( )

= 1−
Δ ε! num, i

d{ }T

Δ ε! exp, i
d{ }

2

Δ ε! num, i
d{ }T

Δ ε! num, i
d{ }⎛

⎝⎜
⎞
⎠⎟ Δ ε! exp, i

d{ }T

Δ ε! exp, i
d{ }⎛

⎝⎜
⎞
⎠⎟

  (5.34) 

 where 

  
 
Δ ε! num, i

d{ } = εnum, i
d{ }− εnum, i

u{ }   (5.35) 

  
 
Δ ε! exp, i

d{ } = εexp, i
d{ }− εexp, i

u{ }   (5.36) 

 and where subscripts ‘num’ and ‘exp’ refer to the numerical model with 
modeling errors and to the experimental results, respectively, and the 

superscripts ‘d’ and ‘u’ denote experimental and numerical values for the 
damaged and undamaged structure, respectively. 

 

5.4. Multi-Objective Algorithm 

 The presence of multiple objectives requires finding the values of the 

damage parameter set 𝑑  that simultaneously minimize the objectives. A 

multi-objective problem, in principle, produces a set of optimal solutions 
known as Pareto-optimal solutions instead of a single optimal solution. Each 

point in the Pareto optimal solution set is optimal in the sense that 
improvement in one objective function leads to degradation in at least one of 

the remaining objective functions [138]. 

 In the absence of any further information, one of these Pareto-optimal 
solutions cannot be said to be better than the others, which leads a user to find 

as many optimal solutions as possible. Solving multi-objective optimization 
problems is still a challenge. Evolutionary algorithms (EAs), such as genetic 
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algorithms (GAs), are especially effective to solve multi-objective optimization 
problems. A multi-objective GA simultaneously minimizes multiple objective 

functions, rather than using arbitrary weighting factors to combine them to a 
single-objective function. A considerable amount of research has been done 

with success in this area due to the difficulty of conventional optimization 
techniques being extended to multi-objective optimization problems. Because 

of this, several multiobjective EAs have been proposed in recent years [139-
141]. However, evolutionary techniques require a relatively long time to obtain 

a Pareto front of high quality. 

 Recently, approaches based on particle swarm optimization (PSO) have 
received a great deal of attention in engineering problems. This method, 

originally proposed in [142] for optimization, is a stochastic optimization 
technique that is inspired by the behavior of bird flock, and is considered as an 

evolutionary algorithm by its authors [143]. Although PSO is relatively new, the 
relative simplicity, the fast convergence, the few parameters to be adjusted 

and the population-based feature [144] have made it a high competitor in 
solving the multi-objective problems when compared to other methods. 

 In the same way as traditional evolutionary algorithms, PSO is initialized with 

a swarm of random particles and then, using an iterative procedure the 
optimum is searched for. For every updating cycle, each particle is updated 

such that it tries to emulate the global best particle, known as gbest, found so 
far in the swarm of particles, and the best solution, known as pbest, found so 

far by particle n, i.e., the number of pbest particles agrees with the number of 
particles in the swarm. To perform this, self-updating, equations are used as 
follows:  

  vn = w ⋅vn + c1 ⋅r1 ⋅ pbestn − xn( ) + c2 ⋅r2 ⋅ gbest − xn( )   (5.37) 

  xn = xn + vn   (5.38) 

 where vn is the particle velocity, xn is the current position of particle n, w is 

an inertia coefficient balancing global and local search, r1 and r2 are random 
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numbers in [0,1] and c1 and c2 are the learning factors which control the 

influence of pbestn and gbest on the search process. Usually, values equal to 
2 are suggested for c1 and c2 for the sake of convergence [145]. Additionally, 

the velocity is limited to a maximum value with the purpose of controlling the 
global exploration ability of particle swarm avoiding it moving towards infinity. 

Eqs. (5.37) and (5.38) represent the original PSO algorithm although some 
variations have been proposed [146]. Since an individual obtains useful 

information only from the local and global optimal individuals, it converges to 
the best solution quickly. PSO has become very popular because of its 

simplicity and convergence speed. 

 The inertia weight w is an important factor for the PSO’s convergence. It 
controls the impact of the previous history of velocities on the current velocity. 

A large inertia weight factor facilitates global exploration while a small weight 
factor facilitates local exploration. Therefore, it is advisable to choose a large 

weight factor for initial iterations and gradually reduce the weight factor in 
successive iterations. This can be done by using: 

  w = wmax −
wmax − wmin

itermax

⋅ iter   (5.39) 

 where wmax is the initial weight, wmin is the final weight, itermax is the maximum 

iteration number, and iter is the current iteration number. 

 However, although not so extended like GAs in solving multi-objective 

problems, its high convergence speed and feasibility of implementation make 
PSO an ideal candidate to implement a structural health monitoring technique 

in real time in a multi-objective context. 

 

5.4.1. Multiobjective particle swarm optimization (MOPSO) 

 Although several extensions to the PSO for handling multiple objectives 

have been proposed [147-149], the conventional PSO does not perform well in 
real-world complex problems like those of damage identification in which the 
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search has to be made in multi-constrained solution spaces. The location of 
the non-dominated points on the Pareto front will be difficult since more than 

one criterion will direct the velocity and position of an individual. Because of 
this, there are many associated problems that require further study for 

extending PSO in solving multi-objective problems. For example, although the 
sharing of information among particles based on their previous experiences 

contributes to increasing the convergence speed, it can be a demerit in multi-
objective problems since it reduces the diversity of the algorithm.  

 The PSO proposed here for multi-objective optimization should aim to 

preserve population diversity for finding the optimal Pareto front and to include 
the feature of local fine-tuning for good population distribution by filling any 

gaps or discontinuities along the Pareto front. Furthermore, the selection 
process of the best particles with the purpose of extending the existing particle 

updating strategy in PSO to account for the requirements in multi-objective 
optimization should be solved too. 

 Due to the similarity of particle swarm and other evolutionary computation 

methods, such as genetic algorithms, some multiobjective handling techniques 
can be adopted to the modified PSO. In this section, the features of the 

proposed multiobjective particle swarm optimization algorithm will be 
described, and details of its implementation will be presented. 

 

5.4.1.1. External repository 

 Following the same guidelines as in SPGA [150], in the proposal, elitism is 
implemented in the form of a fixed-size archive or repository to prevent the 

loss of good particles due to the stochastic nature of the optimization process. 
The archive is updated at each cycle, e.g., if the candidate solution is not 

dominated by any members in the archive, it will be added to the archive. 
Likewise, any archive members dominated by this solution will be removed 

from the archive. 
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 Furthermore, in order to maintain a set of uniformly distributed non-
dominated particles in the archive, the average linkage method [151] has been 

chosen. The basic idea of this method is the division of the non-dominated 
particles into groups of relatively homogeneous elements according to their 

distance. The distance d between two groups, g1 and g2, is given as the 

average distance between pairs of individuals across the two groups: 

  d = 1

g1 ⋅ g2

i1 − i2
i1∈g1, i2∈g2

∑   (5.40) 

 where the metric  reflects the distance between two individuals i1 and i2. 

 Then, following an iterative process, the two groups or clusters with minimal 

average distance are amalgamated into a larger group until the number of 
clusters is equal to the maximum permitted capacity of the repository. Finally, 

the reduced non-dominated set is computed by selecting a representative 
individual per cluster, usually the centroid. With this approach a uniform 

distribution of the grid defined by the non-dominated solutions can be reached. 

 

5.4.1.2. Selection of pbest and gbest 

 In MOPSO, gbest and pbest play an important role in guiding the entire 
swarm towards the global Pareto front. Contrary to single objective 

optimization, the gbest and pbest for multiobjective optimization exist in the 
form of a set of non-dominated solutions. The selection of pbest follows the 

same rule as in traditional PSO but applying the Pareto dominance concept.  

 In MOPSO there is no such thing as the best position vector such as in 
standard PSO. There are several equally good non-dominated solutions stored 

in the external repository. The selection of an appropriate gbest is critical for 
the search of a diverse and uniformly distributed solution set. In order to 

promote diversity and to encourage exploration of the least populated region in 
the search space, the choice of gbest is performed by the roulette wheel 

⋅
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selection scheme based on fitness assignment. For its application, all the 
particles of the external repository are assigned weights based on their fitness 

values; then the choice is performed using roulette wheel selection. The fitness 
assignment mechanism for the external population proposed by Zitzler and 

Thiele [152] has been used in the proposed algorithm. According to this 
mechanism each individual m in the external repository is assigned a strength 

si proportional to the number of swarm members which are dominated by it, 
i.e. 

  sm = nm

N +1
  (5.41) 

 where nm is the number of swarm members which are dominated by 

individual m and N is the size of the swarm. The fitness value of the individual 

m is the inverse of its strength. Therefore, non-dominated individuals with a 

high strength value and, therefore, located in regions more densely populated 
are penalized and have a lower probability of being selected. 

 

5.5. Numerical Study 

 For the purpose of evaluating the methodology presented, both numerical 
and experimental studies were carried out. For the initial study, the damage 

identification procedure was checked by assuming different simulated damage 
scenarios.  

In the numerical study, a very detailed continuum-based 2D finite element (FE) 
model has been used to generate the pseudo-experimental strains. This model 
would not be suitable for the damage detection algorithm due to its high 

computational cost. In the FE model, plane stress elements were used for the 
concrete, adhesive and FRP, while the internal steel reinforcement was 

modeled using truss elements. Loss of shear transfer in the debonded zones 
was simulated by reducing the mechanical properties of the adhesive, i.e. the 

shear modulus for the adhesive was reduced to a very small value. The 
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geometric dimensions and the reinforcement layout in the sections are 
illustrated in Figure 5.3 and the material properties used in the model were 

assigned as follows: a) for concrete and steel reinforcement, the elastic moduli 
were taken to be 25000 MPa and 210000 MPa, respectively, and Poisson 

coefficient for concrete is 0.2; b) for FRP external reinforcement, the elastic 

modulus and Poisson coefficient were taken to be E=165000 MPa and υ=0.35, 

respectively, and the thickness is 0.0012 m. For the analysis, the elastic 

modulus in the direction perpendicular to the fibers is assumed to be one-tenth 
of that in the direction of the fibers. This assumption is generalized for all 
calculations, since no data were available for the transverse elastic modulus; c) 

for adhesive, the shear modulus was assumed to be G=4300 MPa and the 

thickness eAD=0.0018 m. 

 

Figure 5.3. Geometry and loading schemes for the numerical study 
 

 
 

 

 Yet, in order to keep a suitable level of refinement of the FE model with a 

reasonable computational effort, the mesh is limited to four elements through 
the thickness of the adhesive layer and two elements through the thickness of 

the FRP layer reaching a total number of 81874 nodes and 78760 finite 
elements. Since only strains under service loads were used in the damage 

identification procedure, a linear elastic analysis was performed. 
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 Initially, before checking the proposed damage identification procedure, 
three sets of pseudo-experimental strains at the FRP strip of the undamaged 

structure were generated with the FE refined model by applying separately at 
three independent loading stages a concentrated load of 8 kN at three different 

locations, at the beam midspan and to a distance of 0.275 m and 0.265 m, 
respectively, from the middle section (Figure 5.3). The comparison between the 

two models, FE model and spectral model, appears in Figures 5.4-5.6 in terms 
of the FRP strain profiles for the three loading stages, respectively. In the 

spectral model, the strains were measured at 17 points along the FRP strip and 
the same geometrical and material properties shown in Figure 5.3 and outlined 

in the second paragraph of this section were used. Although the correlation 
between the two models is not bad, a lower strain is observed for the simplified 
spectral model in the three load cases, which is reasonable considering all the 

assumptions carried out in Section 5.2 to reduce the study to one dimension. 

 

Figure 5.4. FRP strain distribution under a concentrated load applied at the 
midspan 
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Figure 5.5. FRP strain distribution under a concentrated load applied on the 
right at the midspan 

 

 
 

 

 

Figure 5.6. FRP strain distribution under a concentrated load applied on the left 
at the midspan 
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 However, in spite of this, the non-baseline model was updated from the FE 
‘pseudo-experimental’ results of the control beam, which means that modeling 

errors are present in the numerical model used for the damage identification. 
Taking as basis the FRP strains, the average level of modeling errors in the 

baseline spectral model in comparison to the FE model for the control beam is 
defined as: 

  Errori =
εFE , i{ }− εSE , i{ }

2

εFE , i{ }
2

  (5.42) 

 in which 𝜀!",!  and 𝜀!",!  are the finite element and spectral strain vectors, 

respectively, for the ith load case. 

 From Eq. (5.42), the relative errors for the three loading cases, midspan, left 
and right, are 1.55%, 1.87% and 2.63%, respectively, and, therefore, those 

errors are assumed in the damage identification procedure. 

 Once numerical and pseudo-experimental results were generated for the 
control beam, three new sets, one for each load location, of pseudo-

experimental strains at the FRP strip were generated with the FE model as 
previously but assuming that interfacial damage is present. Specifically, two 

damage scenarios (different locations and degrees of damage) were 
considered. A single damage scenario due to a debonded area at the FRP-

concrete interface of length equal to 3 cm and a multiple damage scenario due 
to two simultaneous damages of length equal to 3 cm and 6 cm, respectively. 

The location of these two damage areas is shown in Figure 5.7. A three-
objective optimization problem has been carried out as shown in previous 

sections to identify the debonded areas in the two damage scenarios. For this, 
the three objective functions, corresponding to each one of the loading cases, 

were formulated according to Eqs. (5.38), (5.39) and (5.40), i.e., without 
considering an updated baseline spectral model. The spectral element meshes 
for both damage scenarios are shown in Figure 5.8.  
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Figure 5.7. Damage scenario: (a) Single damage scenario; (b) multiple damage 
scenario 

 

(a)  

(b)  
 

 

 Each node would correspond to a sensor in which the strain is measured. 
The meshes have been defined to be more refined in the proximity of the 

interfacial failure region and to be coincident with the points of application of 
the loads. Furthermore, an element has also been chosen coincident with the 

debonding area. The multi-objective problem was solved by using the PSO 
algorithm developed in Section 5.4.1.  

 Selected parameters for the application of the PSO algorithm are the 

following: Cognitive parameter c1 = 2, social parameter c2 = 2, initial inertia 

weight wmax = 0.95, final inertia weight wend = 0.4, maximum velocity vmax = 100. 

Twenty simulation runs were performed for each case in order to study the 
statistical performance and a random initial population of 50 individuals was 

created for each of the 40 runs. Furthermore, a size of 50 was adopted for the 
external repository. Each design variable or damage variable, 𝑑! ∈ 0, 1 for 

each ith element was coded into a 3-bit binary number, obtaining a resolution 
of 0.125, which is acceptable for a suitable estimation of damage. 
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Figure 5.8. Spectral element meshes: (a) Single damage scenario; (b) multiple 
damage scenario 

 

(a)  
 

(b)  
 

 

 Figures 5.9 and 5.10 show the damage distribution at the concrete-FRP 

interface for the two damage scenarios. In both cases, damage is assumed to 
happen at the intermediate regions of the concrete-FRP interface, not at the 

vicinity of the FRP ends. This means that the damage variable will be only 
calculated for elements 3 to 13 and 3 to 16 for the single and multiple damage 

scenarios, respectively, according to Figure 5.8. 
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Figure 5.9. Damage distribution for the single damage scenario: (a) when the 
balanced point is chosen; (b) when the closest point is chosen 

 

(a)  
 

(b)  
 

 

 Multi-objective evolutionary algorithms can be classified as a posteriori. 
When the Pareto optimal solutions to the multi-objective problem are known, 

the user has to choose one of the solutions according to the importance rating 
of the several objectives. This rating is based on higher level information that 

has not been built into the model that is to be optimized. In our problem the 
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objectives are in the range [0,1] and we assume that the ranges of values 
covered by the Pareto front in each objective are equally important. 

Furthermore, the three objective functions have been defined in a similar way 
dependent on strains for three load cases. According to this, two alternatives 

have been evaluated to choose the Pareto point. The first, denoted here as 
“balanced point” (Figures 5.9a and 5.10a), consists in choosing as single 

solution the Pareto point for which the values of all objective functions are 
closer: 

  min F1 − F2 + F2 − F3 + F3 − F1( )   (5.43) 

 With this approach, all the objective functions are valued equally. 

 In the second alternative, denoted here as “closest point” (Figures 5.9b and 
5.10b), from the set of Pareto optimum solutions obtained, the chosen one is 
that minimizing the following expression: 

  F1
2 + F2

2 + F3
2   (5.44) 

 i.e, the chosen Pareto point is the closest to the origin. 

 Figures 5.9 and 5.10 illustrate that the debonded zones, element 8 at the 

single damage scenario and elements 8 and 14 at the multiple damage 
scenario, are easily identified when noise is not present. Furthermore, in the 

multiple scenario, the detected severity is higher in the wider damaged area. 
No significant difference is observed between choosing to represent the 
balanced point or the closest point. Therefore, with only a limited number of 

available strain readings the damage detection was performed in a simple and 
fast way compared to the large number of elements involved in a finite element 

analysis, unacceptable from a practical point of view. Of course, the reliability 
of the method would improve in field monitoring by using more measurement 

points. 
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Figure 5.10. Damage distribution for the multiple damage scenario: (a) when 
the balanced point is chosen; (b) when the closest point is chosen 

 

(a)  
 
 

(b)  
 

 

 In a further study, for each damage scenario, the “measured” FRP strain 
responses of the strengthened beam before and after damage were generated 
with 1% and 5% of noise. For the two damage scenarios, damage estimation 

was performed again through a spectral model updating procedure using a 
three-objective formulation with the same proposed objective functions in Eqs. 
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(5.34)-(5.36) for purposes of comparison. This formulation also includes 
modeling errors in the baseline model and the same parameters for MOPSO as 

in the unnoisy case were adopted. Figures 5.9 and 5.10 show the results for 
the two damage scenarios and for both noise cases, 1% and 5%. Predictions 

with 1% noise are good and do not differ from the unnoisy case. However, 
when an artificial noise of 5% is introduced a sparseness in the damage 

distribution is obtained for all the elements, the identification of the damaged 
areas being impossible. This is due to the fact that the change introduced by 

the level of noise is higher than the real strain difference between the 
undamaged and damaged cases and, therefore, the real damage detection 

turns out to be difficult in that case. The change introduced in the strain 
distribution along the FRP length by minor debondings is small and, therefore, 
a perturbation such as that due to a significant noise might affect the 

predictions. However, the noise involved in strain measurements is small and, 
furthermore, the noise can be decreased by repeating the measurements a 

number of times. 

 In the previous studies the spectral element meshes were adapted to the 

debonded zones in such a way that the level of refinement was higher in the 
areas closest to the damaged interfaces and, furthermore, one element was 
always chosen coincident with the damaged area. However, damages are not 

likely to be exactly the same size as elements in the numerical model; 
therefore, the effect of mismatched element size should be investigated for 

practical application. In order to investigate this effect, taking as a base the 
same single damage scenario from Figure 5.8a, a more realistic case was 

carried out in the sense that all the elements were considered to be almost of 
the same length equal to 10 cm and not necessarily exactly coincident with the 

damaged areas (Figure 5.11). The uniform element length is only slightly 
modified at the vicinity of the loading points to locate nodes coincident with 

these points. From an experimental point of view this would be the equivalent 
of installing a single cable on an FRP laminate with multiple FBG sensors 

equally spaced along its length to monitor the health of an FRP strengthened 
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beam without previous knowledge of the areas in which debonding might 
originate. Each strain sensing point is coincident with a node of the spectral 

mesh (Figure 5.11). As in the previous studies, in the numerical procedure it is 
assumed that damage might only happen at the intermediate regions of the 

concrete-FRP interface, not at the vicinity of the FRP ends. This means that 
only elements 3 to 12 in Figure 5.11 were assumed to be potentially damaged. 

The damaged area extends over a partial length into the fifth element. Figure 
5.12 shows the damage predictions for the single damage case, unnoisy and 

with 1% and 5% noise, respectively. Only the balanced Pareto point is 
represented for simplicity although the conclusions would be very similar in the 

case of choosing the closest Pareto point. The same conclusions as in the 
previous cases might be extracted. Damage is perfectly identified when the 
level of noise is low but false warnings appear when noise increases. 

 

 

Figure 5.11. Quasi-uniform spectral element mesh for the single damage case 
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Figure 5.12. Damage distribution for the single damage scenario when a 
quasi-uniform mesh is used 

 

 
 

 

 

5.6. Experimental Damage Identification 

 An experimental study focusing on intermediate debonding failure 
mechanism has also been carried out with the purpose of evaluating the 

proposed methodology. To do this, the experimental flexural response of 
beams with the same geometrical and material properties of the specimens 

used in the previous numerical study under service loads has been used. 
Specifically, two specimens were tested, a control specimen without 

debonding and a specimen in which a debonding of length 6 cm was induced 
at the location shown in Figure 5.13. 

 To determine the strain profile at the FRP laminate a network of FBG 

sensors was distributed along its length, such as shown in Figure 5.13. As 
observed, more sensors were placed in the proximity of the debonding zone. 
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Figure 5.13. Test configuration of the experimental beams 
 

 
 

 

 Two loading configurations were used consisting of a concentrated single 
load placed at two different locations at a distance of 26.5 cm on the right and 

on the left, respectively, from the midspan section. The load was applied 
alternatively at these two locations under three controlled load levels. During 

the first two levels, 8 kN and 14 kN were applied and then the beams were 
loaded to failure. During each stage of testing, the FBG strains, the applied 

load and midspan deflection were recorded continuously to be used in the 
proposed damage identification technique. 

 Practically, the concrete remained uncracked under 5 kN and because of 

this strain profiles corresponding to lower load levels were used to check the 
proposed technique since the focus of this research was damage detection 

under service conditions. 

 To apply the proposed damage detection strategy, a very simple spectral 
numerical model was implemented originally for the control beam. This model 

consists of 11 elements as shown in Figure 5.14; as usual, nodes were chosen 
to be coincident with the sensor locations and loading points. Numerical linear 

elastic analysis was assumed to be suitable for our purposes. 

 Figures 5.15a and 5.15b show the comparison of the experimental and 
numerical FRP strain profiles obtained for the control beam for both load 

locations when the load reached a value of 4 kN. Only the values 
corresponding to the location of the sensors are shown since they are the only 

values experimentally obtained. As in the previous section, although some 
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differences can be observed between the numerical and experimental strain 
profiles, a non-baseline numerical model was updated from the experimental 

results of the control beam and, therefore, some modeling errors are present in 
the numerical model used for the damage identification. The same model of 

Figure 5.14 is used for the debonded beam but including a damage variable to 
be determined in those elements included between nodes coincident with FBG 

sensors (elements 3 to 9 according to Figure 5.14). Real damage should be 
detected at element 5 according to the numbering in Figure 5.14. 

 A two-objective optimization problem, defining one objective function for 

each load location (left and right), has been solved to identify the debonded 
area in the experimental damage scenario. The multi-objective problem was 

solved by using the PSO algorithm developed in Section 5.4.1 with the same 
parameters used in the numerical examples. The damage indices for each 

element computed with the multi-objective algorithm are shown in Figure 5.16. 
The damage index values plotted in the figure were calculated from the mean 

values of the “closest points” of the 40 runs. Apparently from the figure, the 
damaged area is identified since the peak values appear close to the 

debonded zone (element 5). However, damage values higher than zero appear 
at the other elements too. Furthermore, these indices might vary from one run 
to another considering all the numerical and experimental uncertainties of the 

method. Taking these values to be the limiting values above which damage is 
inferred might lead to erroneous conclusions. To avoid this, after estimating the 

damage distribution of the debonded beam, a probability of damage existence 
(PDE) was derived from the statistical distributions of the damage indices or 

element stiffness parameters of intact and damaged beams [153, 154]. The 
basic idea of this approach is to compute the probability of a damage index at 

a confidence level. PDE takes values between 0 and 1 in such a way that 
values close to 1 indicate that the element is most likely to be damaged while if 

the PDE is close to 0, the damage of the element is very unlikely. With this 
approach, the probability of detecting damage in an undamaged member and 
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the probability of not detecting damage in a damaged member should be both 
tolerably small. 

 

Figure 5.14. Spectral element mesh for the experimental beams 
 

 
 

 

 The statistical distribution (mean and standard deviation) for the damaged 

beam was obtained when the damage identification procedure was applied. To 
obtain a statistical distribution of the element stiffness parameters of the 

undamaged control beam, an additional noise of 2.5% was included in the 
measured experimental strains of the control beam and the proposed multi-
objective algorithm was applied defining the objective functions from Section 

5.3.1 in the following way: Undamaged experimental strains in Eq. (5.36) are 
taken from the experimental measurements on the control beam while 

damaged experimental strains are obtained from the previous ones by 
including an additional noise of 2.5%. In Eq. (5.35), undamaged numerical 

strains are obtained from the intact numerical spectral model while damaged 
numerical strains should be updated during the optimization procedure to 

obtain a stiffness parameter statistical distribution of the undamaged structure 
(control beam) for a level of uncertainty of 2.5%. This value was chosen 

considering that the maximum relative error calculated from Figures 5.15a and 
5.15b according to Eq. (5.42) is slightly higher than 2.5%. 
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Figure 5.15. FRP strain distribution under a concentrated load. Experimental 
control beam. (a) load applied on the right of the midspan; (b) load applied on 

the left of the midspan 
 

(a)   
 

(b)  
 

 

 After the distributions of the element stiffness parameters in the undamaged 

and damaged states are estimated, the PDE can be obtained for every element 
and they are plotted in Figure 5.17. As shown in Figure 5.17, the probabilities 

of damaged elements (element 5) are very high while those undamaged 
elements have a probability far less than 1. Thus the proposed method can 

identify most likely damaged elements. 
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Figure 5.16. Computed damage distribution for the experimental beam 
 

 
 

 

 

Figure 5.17. Probability of damage existence for the experimental beam 
 

 
 

 

 

5.7. Conclusions 

 An automated methodology, which can operate in an unsupervised mode, 
has been proposed to identify minor damage in FRP flexural strengthening RC 

beams due to interfacial debonding at intermediate sections. The application of 
a proposal like this turns out to be essential to prevent sudden and brittle FRP 
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bond failure modes originated from intermediate sections at FRP strengthened 
structures and, therefore, is consistent with the strong existing demand on 

developing high performance structures, able to monitor the mechanical 
properties during service condition. Some of the strong points of the proposed 

method might be summarized as follows.  

 The success of these kinds of damage identification methodologies 
depends strongly on the use of a suitable simplified model of the structure to 

be evaluated.  For this reason, a one-dimensional simplified spectral model has 
been implemented to simulate the behavior of RC beams strengthened with 

FRP. Starting from this model, the detection procedure has been formulated to 
be dependent on FRP strain distribution since damage to be detected is a local 

phenomenon and modal parameters are not suitable for this purpose. The use 
of experimental strains instead of modal variables decreases the level of 

uncertainty of the procedure. The method has been developed in a multi-
objective framework and without the need to know an updated baseline model. 

This last aspect can be advantageous in cases and situations in which the 
formulation of a suitable updated physically meaningful model can be very 

difficult. Furthermore, the formulation of the model updating problem based on 
several objective functions allows working with strain responses under various 
configurations provided by moving loads, which can activate different force 

transfer mechanisms and offer redundancy of experimental measurements, 
contributing in this way to increase the reliability of the procedure. 

 A modified version of the standard PSO algorithm has been proposed with 
the purpose of improving its performance when applied to a multi-objective 
framework. With properties such as fast convergence, storage and continuous 

modifications of potential solutions in an external repository, this new version 
can evolve as an alternative and preferable tool for structural damage 

identification in multi-objective problems over other algorithms such as 
evolutionary algorithms. Its high convergence speed and feasibility of 
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implementation make it an ideal candidate to implement a structural health 
monitoring technique in real time. 

 Considering the local nature of the studied damage, damage predictions 

with the proposed methodology were successful in cases in which 
experimental uncertainty due to noise is lower than the changes at the FRP 

strain distribution introduced by local damage even for non-updated numerical 
models. Because of this, it appears to be very promising as a non-destructive 

evaluation technique when combined with FBG sensors which are able to 
measure strain locally with high resolution and accuracy. 
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Chapter 6 

Conclusions and Future Work 

Summary 

 A list of conclusions, fruit of the research implemented in this thesis, is given 
in this chapter. Furthermore, the future work revealed by the study undertaken, 

which deserves further investigation, is also discussed through several 
proposals. 

 

6.1. Conclusions 

 Based on the research developed in this thesis, the following conclusions 
can be obtained: 

1. The assessment of the integrity of any structure through the Electro-

Mechanical Impedance (EMI) method requires, firstly, the development 
of an adequate procedure in order to easily test different kinds of 

structures. In that sense, an automated impedance-based software that 
allows performing experimental tests in an easier and faster manner, 

thanks to a simple Graphical User Interface, has been designed and 
implemented. This software allows controlling from a single computer or 

laptop all the equipment required to perform an experimental test, not 
needing any maintenance while measuring. It was used in order to 

obtain detailed impedance signatures from three lab-scales structures. 
The first of these specimens, an aluminium beam, was used to get 

deeper knowledge about SHM through EMI analysis, in particular as a 
simple approach to quantify and locate simple and multiple notches in a 

very simple structure. To do that, the performance of two typical 
damage indices (RMSD and CCD) was assessed, providing successful 

results in both cases. While CCD shows a great sensitivity to the 
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appearance of new damages in new locations (new notches, for 
example), RMSD is more suitable for damage localization for both new 

and old damages. These satisfactory results were tested again with a 
second structure, a bolt-jointed aluminium beam, in order to detect 

incipient debonding between two aluminium beams, which also served 
as a first approximation to the major purpose of the dissertation, as it is 

the debonding failure. In this case, although CCD presents higher 
sensitivity to damage than RMSD at first, it is evident that RMSD 

provides the most consistent results when it comes to estimating 
damage positions in complex scenarios. This conclusion was finally 

confirmed with the third experiment, a concrete specimen externally 
strengthened with an FRP strip where an artificial debonding sequence 
was included. From this analysis, it is evident that, although still reliable, 

the traditional EMI procedures strongly rely on the damage nature and 
the mechanical configuration of the specimens under study. 

2. Finding damage patterns in experimental data is a challenging problem 
within the Structural Health Monitoring field. The interest on these 

techniques goes further than a simple classification between damaged 
and undamaged cases. A detailed classification between different health 

conditions of a structure is desired in order to better understand its 
behaviour in critical conditions. In that sense, and given that it is not 

usual to have a priori knowledge of the expected data patterns; a new 
method for damage identification has been proposed in this chapter, 

based on the unsupervised hierarchical clustering method. The 
proposed method uses the electro-mechanical impedance signatures 

obtained from the structure under study, as intrinsic information which 
allows detecting and tracking the evolution of damage, providing thus 

visual information of the health condition of the structure. Thus, one of 
the main strong points of the proposed methodology is the ability “to 

see” the massive information obtained from a continuous structural 
monitoring by using PZT sensors. The method allows managing 
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complex data sets captured from several PZT sensors and has been 
applied in two steps. Firstly, to survey the more general features 

included in the data and then to focus on the more local details. This 
method has been evaluated through the same three lab-scale structures 

used to investigate the EMI method, demonstrating in all cases how 
each group of measurements can be perfectly separated into clusters 

according to dissimilarity measures. In this way, the proposed 
procedure is able to distinguish not only between each damage case 

(healthy or unhealthy), but also between sensing regions thanks to the 
capability of separating the measurements from each sensor in each 

sub-frequency interval. Furthermore, the whole set of experimental data 
can be explored in a fast and even in a more intuitive way by displaying 
the clustered data using colours that give qualitative and quantitative 

information of each data point. 

3. The new method for damage identification proposed in this dissertation 

has been successfully applied on three lab-scale structures. Two of 
these three specimens were designed in order to get a better 

understanding of debonding failure under controlled loading and 
environmental conditions. However, its good performance still needed 

to be evaluated with more complex and challenging structures, such as 
the RC concrete beams externally strengthened with FRP composite 

materials studied in this dissertation. Two full-scale strengthened beams 
were subjected to different loading programmes, with a different number 

of cycles, so that the repeatability of the experiment could be checked 
at first. In both cases the debonding was encountered in approximately 

the same sensing region, in the vicinity of PZT #6, and with almost the 
same evolution after failure, which shows the high consistency of the 

designed experimental campaign. Due to the enormous complexity of 
the damage distribution along the sensing regions in the two cases, 

debonding failure cannot be identified directly but, thanks to the 
methodology proposed in this dissertation, it could be predicted from 
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the concentration of flexural cracks in certain regions of the monitored 
structure. In this way, the visual control of the evolution of a well-known 

damage, such as the flexural cracks, gives rise to the ability of 
predicting future additional damages that can be consequence of the 

firsts, like debonding between the FRP and the concrete in these 
structural systems. Thus, these results demonstrate the robustness and 

feasibility of this kind of analysis. 

4. An automated methodology, which can operate in an unsupervised 

mode, has also been proposed to identify minor damage in FRP flexural 
strengthening RC beams due to interfacial debonding at intermediate 

sections. The application of a proposal like this turns out to be essential 
to prevent sudden and brittle FRP bond failure modes originated from 
intermediate sections at FRP strengthened structures and, therefore, is 

consistent with the strong existing demand on developing high 
performance structures, able to monitor the mechanical properties 

during service condition. The success of these kinds of damage 
identification methodologies depends strongly on the use of a suitable 

simplified model of the structure to be evaluated.  For this reason, a 
one-dimensional simplified spectral model has been implemented to 

simulate the behavior of RC beams strengthened with FRP. Starting 
from this model, the detection procedure has been formulated to be 

dependent on FRP strain distribution since damage to be detected is a 
local phenomenon and modal parameters are not suitable for this 

purpose. The use of experimental strains instead of modal variables 
decreases the level of uncertainty of the procedure. The method has 

been developed in a multi-objective framework and without the need to 
know an updated baseline model. This last aspect can be advantageous 

in cases and situations in which the formulation of a suitable updated 
physically meaningful model can be very difficult. Furthermore, the 

formulation of the model updating problem based on several objective 
functions allows working with strain responses under various 
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configurations provided by moving loads, which can activate different 
force transfer mechanisms and offer redundancy of experimental 

measurements, contributing in this way to increase the reliability of the 
procedure. A modified version of the standard PSO algorithm has been 

proposed with the purpose of improving its performance when applied 
to a multi-objective framework. With properties such as fast 

convergence, storage and continuous modifications of potential 
solutions in an external repository, this new version can evolve as an 

alternative and preferable tool for structural damage identification in 
multi-objective problems over other algorithms such as evolutionary 

algorithms. Its high convergence speed and feasibility of implementation 
make it an ideal candidate to implement a structural health monitoring 
technique in real time. Considering the local nature of the studied 

damage, damage predictions with the proposed methodology were 
successful in cases in which experimental uncertainty due to noise is 

lower than the changes at the FRP strain distribution introduced by local 
damage even for non-updated numerical models. Because of this, it 

appears to be very promising as a non-destructive evaluation technique 
when combined with FBG sensors that are able to measure strain locally 

with high resolution and accuracy. 

 

6.2. Proposals for Future Work 

 Based on the findings of this study, the following suggestions for future 
research are drawn:  

1. The methodology proposed in this chapter is able to accurately detect 

complex damage configurations in its initial stages, which supposes a 
promising result for structural monitoring purposes. However, most of 

the times, the structures under study are located in environments of 
difficult access with all the required equipment, which strongly limits the 

field of application of this method. Furthermore, wire connections 
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constitute an inconvenience in order to place these sensors at specific 
locations of the structure that are far from where the main computer has 

to be plugged. In order to avoid these inconveniences, a lighter, cheaper 
and quite more compact solution is needed to be designed and 

developed, based on an impedance converter chip and a radio 
transmitter device that allow this system to be fully independent, as well 

as wireless, opening the application field to a wider range. We think 
there are still unexplored possibilities in this way, being a worthwhile 

research topic. 

2. Wire connections can also constitute an inconvenience for the 

measurement systems based on FBG sensors, so research studies 
should be conducted in this direction, with the purpose of developing 
new wireless optic fiber sensors allowing continuous monitoring of all 

kinds of structures. Furthermore, more compact solutions for FBG 
interrogation systems should be investigated, in order to find some 

alternatives to the conventional interrogation systems. 

3. FBG and PZT are two different kinds of smart sensors that have proven 

great performance on structural monitoring, and so the combination of 
both could turn into interesting applications. These hybrid methods 

based on FBG and PZT combinations might find significant barriers that 
should be overcome, like the frequency ranges of operation, which can 

make this combination impossible. Thus, some research should be 
focus towards new technology that can allow this functionalities. 

4. Techniques bases on guided waves are gaining interest from many 
researchers in the field of Structural Health Monitoring. Most of these 

techniques are capable of finding local defects and damages on steel 
structures, but there is still a lack of studies regarding composite 

materials applied as strengthening elements in structural systems. We 
think that, in combination with PZT transducers, guided waves signals 

can turn into a powerful method for detecting damages, at a very local 
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scale, in the interface between FRP and concrete in the structural 
systems studied in this dissertation. 

5. Pattern recognition techniques are known to be a very powerful tool in 
order to classify damage cases, handling with large amounts of data 

collected by the smart sensors. Sometimes, the performance of the 
different clustering techniques strongly relies on the provenance of the 

data, the nature of the damage, loading scheme or any other factor 
external to the pattern recognition algorithm. It would be interesting to 

pay further attention to these techniques, looking for an improved 
algorithm able to detect damage with robustness and reliability at any 

possible scenario. 
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Appendix A  

Behaviour of a free Piezoelectric Wafer Active 

Sensor: Coupled Electro-Mechanical Analysis 
 

 When excited by an alternating electric voltage, the free Piezoelectric Wafer 
Active Sensor (PWAS), or PZT sensor, acts as an electromechanical resonator. 

In this appendix, the modelling of a free piezoelectric sensor is addressed with 
the purpose of achieving a better understanding of the electromechanical 

coupling effect between the mechanical vibration response and the complex 
electrical response of the sensor [41]. 

 Consider a PZT sensor as the one depicted in Figure A.1, with length l, width 

d and thickness t. Consider also the thickness polarization electric field 𝐸! 

inducing a piezoelectric expansion. This electric field is produced by applying a 

harmonic voltage 𝑉 𝑡 = 𝑉𝑒!"# between the top and bottom surface electrodes. 
The resulting electric field, 𝐸! = 𝑉 𝑡, is assumed uniform over the piezoelectric 

wafer.  

Figure A.1.PWAS and infinitesimal axial displacement [41]  
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 Let us assume that length, thickness and width can have widely different 
values (𝑡 ≪ 𝑏 ≪ 𝑙 ) such that the length, thickness and width motions are 

practically uncoupled. The motion 𝑢! , in the longitudinal direction, 𝑥! , is 

considered predominant, which means that the 1-D model assumption 

(introduced by Liang et al., [44-46]) can be done. Therefore, as indicated in 
[45], it is assumed that the PZT actuator has only 𝑑!" effect, i.e., the induced 

strain is generated in the 𝑥! direction, while the electrical voltage is applied 

over the 𝑥!  direction. Furthermore, since the electrical field generated is 

considered uniform all over the PZT wafer, its first derivative along 𝑥! direction 

equals to zero. This, in combination with the fact that the voltage applied is a 

harmonic one, leads to a electric field with the expression 𝐸! = 𝐸!𝑒!"#, with a 

harmonic response of the type 𝑢 = 𝑢𝑒!"#. All these assumptions allow reducing 
the Eq.(2.1) to the following expression, according to [47]: 

  
S1 = s11

ET1 + d31E3

D3 = d31T1 + ε33
T E3

 (A.1) 

 where 𝑆! is the strain, 𝑇! is the stress, 𝐷! is the electrical displacement, 𝑠!!!  is 

the mechanical compliance at zero electrical field, 𝜀!!!  is the dielectric constant 

at zero stress, and 𝑑!"is the induced strain coefficient. 

 The equation of motion of a PZT vibrating in the 𝑥!  direction may be 

expressed as follows [44-47]: 

  ∂2 u x1, t( )
∂x1

2 = 1

c2

∂2 u x1, t( )
∂t 2  (A.2) 

 where 𝑐 is the longitudinal wave speed in the 𝑥! direction, given by: 

  c2 = 1

ρs11
E = Y11

E

ρ
 (A.3) 

 where 𝑌!!!  is the elastic modulus of the PZT in the 𝑥!  direction under a 

constant electrical field. 
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 Assuming for Eq.(A.2) that the boundary condition is zero displacement for 
the origin of the coordinates’ system, the general solution for the wave 

equation can be expressed as: 

   u1 x1, t( ) = u! x1( )eiωt  (A.4) 

 where 

   u
! x1( ) = C1 sin γ x1( ) +C2 cos γ x1( )  (A.5) 

  γ = ω
c

 (A.6) 

 being 𝐶!  and 𝐶!  constants that can be determined from the boundary 

condition specified before. 

 Taking into account now that the PZT actuator is usually embedded into a 
host structure, the equilibrium and compatibility between the structure and the 

PZT needs to be described. If the structure is considered in terms of its 
impedance (Z), this can be expressed as follows: 

  T1 − t

2
⎛
⎝⎜

⎞
⎠⎟ = T 1 − t

2
⎛
⎝⎜

⎞
⎠⎟ eiωt = −

Zu1 − t
2

⎛
⎝⎜

⎞
⎠⎟ iω

bt
eiωt  (A.7) 

 The simplest expression for structural impedance is for a one-degree-of-
freedom spring-mass-damper (SMD) system, and it is given below: 

  Z = ζ + m
ω 2 −ω n

2

ω
i  (A.8) 

 where 𝜁  is the damping coefficient, 𝑚  is the mass, 𝜔  is the excitation 

frequency, 𝜔! = 𝐾! 𝑚 is the resonance frequency of the SMD system, and 𝐾! 

is the spring constant. 

 Taking Eq.(A.7) as a boundary condition for Eq.(A.5), besides the condition 

of zero displacement for the origin of the coordinates’ system, it leads to 
𝐶! = 0. With these conditions, and by means of substituting Eq.(A.7) into the 

first expression in Eq.(A.1), the following expression is obtained: 
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  S1 =
∂u1

∂x1 − t

2

= −s11
E

Zu1 − t
2

⎛
⎝⎜

⎞
⎠⎟ iω

bt
+ d31E3  (A.9) 

 Now, in order to fully understand the physical phenomenon from a point of 

view of impedance matching (since the PZT actuator is embedded in the 
structure), the mechanical impedance of the PZT actuator is introduced. If a 

constant force excitation is applied over the 𝑥!  direction of the PZT, its 
response can be determined following the same procedure outlined in the 

previous formulation. Then, the mechanical impedance of the PZT wafer may 
be expressed as: 

  ZA =
KA 1+ηi( )

ω

ω
c

l

tan
ω
c

l⎛
⎝⎜

⎞
⎠⎟

i  (A.10) 

 where 𝜂 is the mechanical loss factor of the PZT. 

 Then, the output displacement of the PZT actuator and the strain and stress 
field, as well as the electric displacement field, can then be solved as follows: 

  u1 − t

2
⎛
⎝⎜

⎞
⎠⎟ =

ZAd31E3l

Z + ZA

tan
ω
c

l⎛
⎝⎜

⎞
⎠⎟

ω
c

l
 (A.11) 

 the strain: 

  S1 =
ZAd31E3

Z + ZA

cos
ω
c

x1
⎛
⎝⎜

⎞
⎠⎟

cos
ω
c

l⎛
⎝⎜

⎞
⎠⎟

 (A.12) 

 the stress: 

  T 1 =
ZA

Z + ZA

cos
ω
c

x1
⎛
⎝⎜

⎞
⎠⎟

cos
ω
c

l⎛
⎝⎜

⎞
⎠⎟
−1

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

d31Y11
EE3  (A.13) 



Application of PZT and FBG impedance sensors for structural health monitoring of reinforced 
concrete beams strengthened with FRP composite materials 

 

  
APPENDIX - A 

 

-207- 

 

 the electric displacement field: 

  T 1 =
ZAd31

2 Y11
EE3

Z + ZA

cos
ω
c

x1
⎛
⎝⎜

⎞
⎠⎟

cos
ω
c

l⎛
⎝⎜

⎞
⎠⎟
+ ε33

T − d31
2 Y11

E( )E3  (A.14) 

 If the electric current is calculated now by using 

  I = iω D3 dx1 dx2∫∫ = Ieiωt  (A.15) 

 where 

  I = iωE3bl
ZAd31

2 Y11
E

Z + ZA

tan
ω
c

l⎛
⎝⎜

⎞
⎠⎟

ω
c

l
+ ε33

T − d31
2 Y11

E

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

 (A.16) 

 Since the electric field can be expressed as 𝐸 = 𝑉 𝑡 , the admittance, 

expressed as 𝑌 = 𝐼 𝑉, is then found to be: 

  Y = iω bl

t

ZAd31
2 Y11

E

Z + ZA

tan
ω
c

l⎛
⎝⎜

⎞
⎠⎟

ω
c

l
+ ε33

T − d31
2 Y11

E

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

 (A.17) 

 This equation shows how the capacitance of the PZT material and its 

mechanical interaction with the host structure, expressed in terms of 
mechanical impedance, can be integrated into one single expression. Finally, 
the electromechanical impedance of the PZT-host structure system can be 

easily computed from the inverse of the admittance in Eq.(A.17). 
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Appendix B  

Design and Implementation of an Automated 

Impedance-based Software for Structural 

Health Monitoring 
 

B.1. Agilent VEE Pro 

 Agilent Visual Engineering Environment Pro (VEE Pro) is a graphical 
programming language for developing and running test programs [155]. As any 

other object-oriented programming language, it is based on the concepts of 
“objects”, which are data structures that contain data, in the form of fields, 

often known as attributes; and code, in the form of procedures, often known as 

methods. However, this language introduces a novel functionality since it does 
not generate code, but each object constitutes code itself. Thus, programming 

in VEE resembles a data flow diagram, in which each object of the diagram 
performs a specific function on the data or on the execution of the program 

[156].  

 VEE Pro was conceived to face time-consuming tasks, such as controlling 
several instruments at a time. In our case, two sophisticated instruments were 

needed to perform the experimental tests: the impedance analyzer 4294A for 
the electro-mechanical impedance measurements, and the multiplexer 3499B 

to operate with several PZTs so that the appropriate sensor network could be 
deployed on the structural system under study. Through the functionalities 

included in the VEE language, both could be managed at once from the same 
interface, as in the example shown in Figure B.1. In this example, a simple 

diagram for testing and reset all the equipment is shown. Thanks to the grey 
blocks (graphical objects), the connection between the software and the 

equipment is possible. The rest of the structure of lines and blocks elaborate 
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the specific orders to be done in the equipment, reset and internal testing in 
this example. 

Figure B.1.  Flow diagram designed for instrument control with VEE Pro 
 

 
 

 

 In general, any VEE software is designed placing interconnected building 

blocks with certain functionalities in the workspace. Each block possesses a 
set of input and output pins of several types, as well as terminals where these 

date are processed (Figure B.2). 

• Data input pins receive data and are located on the left of the object. 

• Data output pins send the result of an object execution and are located 

on the right of the object. 

• Sequence input and output pins are used to control the order of 

execution of objects within a VEE program. 

• A terminal is a data pin’s label where the input or output information is 

managed. 
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Figure B.2. Example of pins and terminals of an “if-then-else” building block 
 

 
 

 

 These pins can be easily connected and disconnected through simple lines, 

so that the structure of the program is freely organized. The typical functions 
used in any programming language (conditionals, loops, etc.) can be found 

also in VEE, all of them integrated in blocks like the ones showed in Figure B.1 
and Figure B.2. 

 

B.2. Flow Diagram for Impedance-Based Structural Health Monitoring 

 A complex VEE-program has been designed in this dissertation with the 

purpose of fully control the measurement equipment from a simple Graphical 
User Interface (GUI). Figure B.3 shows a flow diagram for this program, whose 

structure can be divided into the following next key points: 

• Two main branches are found at the beginning of the program: the first 

one for the test procedure itself, and the second one for saving results 
and finishing the procedure. The user will be asked to choose twice, at 

the beginning of the procedure, so that he can confirm the initiation of 
the measurement procedure, and at the end of the program run, so that 
he can confirm he wants to save the results and stop the program. Once 

all measurements are performed, the software is given the name of the 
file and its corresponding location on the PC by the user through de 

GUI. 

• The first step when running the program is the equipment calibration. In 

this step, the software checks the connectivity between the PC and the 
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measurement instruments (in this case, the impedance analyzer 4294A 
and the multiplexer 3499B), and then it begins the calibration procedure, 

in which minimal interference with the user is required. This procedure 
consists on: 

o Reset of all detected instruments. 

o Auto-test of all detected instruments in order to check their 

proper behaviour and operation. 

o All results are displayed in the front panel so that the user can 

verify the initial data. 

o Internal compensation of the impedance analyzer with two 

separate tests (open and short) through the Kevin clips (user’s 
operations needed). 

• All objects are declared so that the communication between VEE and 

Excel can be established, in order to continuously store the results after 
each measurement. 

• Output information like frequency sweeps, number of frequency points, 
oscillation level, etc., is introduced by the user through the GUI. This 

information is set directly into the equipment, and each parameter is 
assigned to the corresponding measurement loop, so impedance 

signatures are measured in the correct order. 

• Three nested loops are finally responsible for the measurement 

procedure itself. The main loop repeats the measurement process a 
selected number of times, while the second and the third loops sweep 

all the frequency ranges and available channels, respectively. Thus, the 
same impedance signature can be obtained n times for each sensor and 

within each frequency range. After each impedance measurement is 

done, the results are stored in an Excel file.  
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Figure B.3. General flowchart for the SHM-software 
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