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Abstract 

Nowadays, the external bonding of fibre reinforced polymer (FRP) plates or sheets 

is increasingly used for the strengthening and retrofitting of reinforced concrete (RC) 

structures due to its numerous advantages. However, this kind of strengthening often 

leads to brittle failure modes being the most dominant failure mode the debonding 

induced by an intermediate crack (IC). In spite of its importance, the number of studies 

regarding the IC debonding mechanism and bond health monitoring is very limited. 

Methodologies able to monitor the long-term efficiency of bonding and successfully 

identify the initiation of FRP debonding constitute a challenge to be met. 

The main purpose of this thesis is the implementation of a reliable and effective 

methodology of damage identification able to detect intermediate crack debonding in 

FRP-strengthened RC beams. To achieve this goal, a model updating procedure based 

on numerical simulations and experimental tests has been implemented. 

For it, firstly, a simple and non-expensive one-dimensional model based on the 

discrete crack approach for concrete and the spectral element method has been 

developed. The progressive formation of flexural cracks and subsequent concrete-FRP 

interfacial debonding is formulated by the introduction of a new element able to 

represent both phenomena simultaneously without perturbing the numerical procedure. 

Furthermore, with the proposed model, high frequency dynamic response for these 

kinds of structures can also be obtained in a very simple and non-expensive way, which 

makes this procedure very useful as a tool for diagnoses and detection of debonding in 

its initial stage by monitoring the change in local dynamic characteristics. 

One very promising active non-destructive evaluation method for local monitoring 

is impedance-based structural health monitoring (SHM) using piezoelectric ceramic 

(PZT) sensor-actuators. The electrical impedance of the PZT can be directly related to 

the mechanical impedance of the host structural component where the PZT transducers 

are attached. Since the structural mechanical impedance will be affected by the presence 

of structural damage, comparisons of admittance (inverse of impedance) spectra at 



 

various times during the service period of the structure can be used as damage indicator. 

Any change in the spectra might be an indication of a change in the structural integrity. 

The electrical impedance is measured at high frequencies with which this 

methodology appears to be very sensitive to incipient damage in structural systems as 

desired for our application. A bonded-PZT-FRP spectral beam element approach based 

on an extension of the previous discrete crack approach is implemented in the 

calculation of the electrical impedance of the PZT transducer bonded to the FRP plates 

of a RC beam. This approach in conjunction with the experimental measurements of 

PZT actuator-sensors mounted on the structure is used to present an updating 

methodology to quantitatively detect interfacial debonding between a FRP strip and the 

host RC structure. The updating procedure is solved by using an ensemble particle 

swarm optimization approach with a bagging algorithm, and the results demonstrate a 

big improvement for the performance and accuracy of the damage detection in the 

proposed problem. Additionally, an adaptive strategy of spectral element mesh has been 

also developed to detect damage location with experimental results, which shows the 

robustness and effectiveness of the proposed method to identify initial and incipient 

damages at its early stage. 

Lastly, multi-objective optimization has been carried out to detect debonding 

damage in a real scale FRP-strengthened RC beam by using impedance signatures. A 

net of PZT sensors is distributed along the beam to construct impedance-based multiple 

objectives under gradually induced damage scenario. By combining the spectral 

element model presented previously and an ensemble multi-objective PSO algorithm, 

the implemented damage detection process yields satisfactory predictions considering 

the scale and uncertainties of the structure.  

The obtained results prove the feasibility and capability of the aforementioned 

methods and also their potentials in real engineering applications. 

 

Keywords: Fiber reinforced polymer, Debonding damage, Spectral element method, 

Discrete crack model, Particle swarm optimization, Ensemble learning, Multi-objective 

optimization.  



 

Resumen 

Hoy en día, el refuerzo y reparación de estructuras de hormigón armado mediante 

el pegado de bandas de polímeros reforzados con fibras (FRP) se emplea cada vez con 

más frecuencia a causa de sus numerosas ventajas. Sin embargo, las vigas reforzadas 

con esta técnica pueden experimentar un modo de fallo frágil a causa del despegue 

repentino de la banda de FRP a partir de una fisura intermedia. A pesar de su 

importancia, el número de trabajos que abordan el estudio de este mecanismo de fallo 

y su monitorización es muy limitado. Por ello, el desarrollo de metodologías capaces 

de monitorizar a largo plazo la adherencia de este refuerzo a las estructuras de hormigón 

e identificar cuándo se inicia el despegue de la banda constituyen un importante desafío 

a abordar. 

El principal objetivo de esta tesis es la implementación de una metodología fiable 

y efectiva, capaz de detectar el despegue de una banda de FRP en una viga de hormigón 

armado a partir de una fisura intermedia. Para alcanzar este objetivo se ha 

implementado un procedimiento de calibración numérica a partir de ensayos 

experimentales. 

Para ello, en primer lugar, se ha desarrollado un modelo numérico unidimensional 

simple y no costoso representativo del comportamiento de este tipo vigas de hormigón 

reforzadas con FRP, basado en un modelo de fisura discreta para el hormigón y el 

método de elementos espectrales. La formación progresiva de fisuras a flexion y el 

consiguiente despegue en la interface entre el hormigón y el FRP se formulan mediante 

la introducción de un nuevo elemento capaz de representar ambos fenómenos 

simultáneamente sin afectar al procedimiento numérico. Además, con el modelo 

propuesto, se puede obtener de una forma sencilla la respuesta dinámica en altas 

frecuencias de este tipo de estructuras, lo cual puede hacer muy útil su uso como 

herramienta de diagnosis y detección del despegue en su fase inicial mediante una 

monitorización de la variación de las características dinámicas locales de la estructura. 

Un método de evaluación no destructivo muy prometedor para la monitorización 

local de las estructuras es el método de la impedancia usando sensores-actuadores 



 

piezoeléctricos (PZT). La impedancia eléctrica de los sensores PZT se puede relacionar 

con la impedancia mecánica de las estructuras donde se encuentran adheridos Ya que la 

impedancia mecánica de una estructura se verá afectada por su deterioro, se pueden 

implementar indicadores de daño mediante una comparación del espectro de admitancia 

(inversa de la impedancia) a lo largo de distintas etapas durante el periodo de servicio 

de una estructura. Cualquier cambio en el espectro se podría interpretar como una 

variación en la integridad de la estructura. 

La impedancia eléctrica se mide a altas frecuencias con lo cual esta metodología 

debería ser muy sensible a la detección de estados de daño incipiente local, tal como se 

desea en la aplicación de este trabajo. Se ha implementado un elemento espectral PZT-

FRP como extensión del modelo previamente desarrollado, con el objetivo de poder 

calcular numéricamente la impedancia eléctrica de sensores PZT adheridos a bandas de 

FRP sobre una viga de hormigón armado. El modelo, combinado con medidas 

experimentales captadas mediante sensores PZT, se implementa en el marco de una 

metodología de calibración de modelos para detectar cuantitativamente el despegue en 

la interfase entre una banda de FRP y una viga de hormigón. El procedimiento de 

optimización se resuelve empleando el método del enjambre cooperativo con un 

algoritmo bagging. Los resultados muestran una gran aproximación en la estimación 

del daño para el problema propuesto. Adicionalmente, se ha desarrollado también un 

método adaptativo para el mallado de elementos espectrales con el objetivo de localizar 

las zonas dañadas a partir de los resultados experimentales, el cual contribuye a 

aumentar la robustez y efectividad del método propuesto a la hora de identificar daños 

incipientes en su aparición inicial. 

Finalmente, se ha llevado a cabo un procedimiento de optimización multi-objetivo 

para detectar el despegue inicial en una viga de hormigón a escala real reforzada con 

FRP a partir de las impedancias captadas con una red de sensores PZT instrumentada a 

lo largo de la longitud de la viga. Cada sensor aporta los datos para definir cada una de 

las funciones objetivo que definen el procedimiento. Combinando el modelo previo de 

elementos espectrales con un algoritmo PSO multi-objetivo el procedimiento de 

detección de daño resultante proporciona resultados satisfactorios considerando la 



 

escala de la estructura y todas las incertidumbres características ligadas a este proceso.  

Los resultados obtenidos prueban la viabilidad y capacidad de los métodos antes 

mencionados y también su potencial en aplicaciones reales. 

 

Palabras clave: Polímeros reforzados con fibras (FRP); Daño por despegue; Método 

de elementos espectrales; Modelo de fisura discreta; Optimización basada en el 

enjambre de partículas; Aprendizaje cooperativo; Optimización multi-objetivo. 
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1 

1. Introduction 

Summary 

Firstly, this chapter describes the background, state of the art and necessities 

of the research carried out in this thesis. Then the objectives and scope of the 

proposed work are introduced. Finally, the thesis layout is briefly presented. 

1.1 Background 

The deterioration and functional deficiencies of civil infrastructure are 

attributed to aging, weathering of materials (i.e. corrosion of steel), accidental 

damage (i.e. natural disasters), and increased 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 aging; poor engineering judgement, 

inadequate design and changes in code requirements are other factors contributing 

to deficiencies at any time during the service life of the structure. As a sample of 

the magnitude of the problem in case of considering bridges, according to the U.S: 

national inventory of bridges, more than 40% of the 650000 highway bridges are 

structurally deficient or functionally obsolete. Rehabilitation and replacement cost 

average US $7 billion annually. The condition of approximately 101000 railroad 

bridges and a comparable number of pedestrian bridges also must be evaluated. In 

Canada there are approximately 30000 deficient bridges from which between 150 

and 200 spans collapse each year. Related to Europe, taking into account that a huge 

peak of bridge construction happened in the 1970s and that the critical age where 

rehabilitation and retrofit works at bridges becomes critical starts after 30 years, an 

enormous maintenance and rehabilitation effort is coming towards the road and 

bridge authorities. Regardless of root cause, functional deficiencies are present in 

civil infrastructure, and solutions to monitor and resolve these deficiencies are 

necessary. In order to mitigate deterioration and efficiently manage maintenance 

efforts on civil structures, two methodologies are needed: a) A methodology to 
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extend the service life of the structures and b) a methodology to monitor 

performance changes of structures. 

The high cost required for rehabilitation of deteriorated civil infrastructure 

recommends taking advantage of emerging technologies that have the potential for 

increasing the life of civil engineering structures and reducing maintenance costs 

which results essential for the development of a sustainable civil infrastructure 

preservation system. In this sense, to reach this purpose, two specific research areas 

have experienced significant development in the last years. While the use of fiber 

reinforced polymer (FRP) composites provides an efficient means for repair and 

strengthening of civil infrastructure, methods of structural health monitoring (SHM) 

of civil infrastructure provide the mean of assessing the effectiveness and continued 

performance of the rehabilitated structures. 

Structural health monitoring provides the methodology that evaluates the 

condition of a structure for a given point in time. The implementation of a process 

of SHM is critical application for determining and evaluating the serviceability of 

the structure, the reliability and the remaining functionality of the structure. 

Moreover the joint development of FRP strengthening techniques and monitoring 

technologies particularly suitable to be used with this type of materials provides 

synergistic effects of high interest for the field of structural strengthening and 

rehabilitation. 

1.2 State of the art 

FRP-strengthened concrete beams 

Advanced composite materials are increasingly used in the strengthening of 

reinforced concrete (RC) structures [1-3]. The use of externally bonded strips made 

of fiber-reinforced plastics (FRP) as strengthening method has gained widespread 

acceptance in recent years since it has many advantages over the traditional 

techniques, especially because of the high strength and modulus of elasticity, 

improved durability, and low weight of the composite material. FRP plates may be 
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prefabricated or constructed on site in a wet lay-up process. With this respect, FRP 

composite materials, because of its practical merits presented previously, have come 

to the forefront in the structural strengthening and retrofitting community for real 

application, and they have gained more and more attentions in new construction and 

rehabilitation of structures as reinforcement in concrete, bridge decks, modular 

structures and offshore platforms [4-5].  

Although FRPs have been widely used for column strengthening by external 

wrapping [6-9], flexural and shear FRP externally bonded reinforcement (FRP EBR) 

to RC beams, constitute the larger body of current applications. Experimental and 

numerical studies investigated by researchers demonstrate the significant increasing 

of resistance for both the flexural [10-13] and shear strengthening [14-18], which 

reveal the capability and potential of this technique for structural reinforcement. 

As a result of their growing application, some code proposals or 

recommendations have been published in different countries or continents to 

provide guidelines for the design of reinforced concrete (RC) structures reinforced 

or strengthened with FRP [19-22]. 

Failure of externally FRP-strengthened RC beams may take a variety of forms 

including all those associated with conventional concrete beams. However, 

unfortunately, this strengthening method is often associated with a brittle and 

sudden failure caused by some form of FRP bond failure [23-27]. 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. 
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Debonding failure may be originated at the termination of the FRP material 

and propagate towards the midspan [23-24], (either plate end debonding or concrete 

cover rip-off), or in the vicinity of intermediate flexural cracks (IC) in the RC beam 

and propagate towards the FRP termination [25-27]. End peel is triggered by high 

interface shear and normal stresses near the ends of the plates [28] due to the 

curtailment of the plates away the supports, also, the appearance of cracks near plate 

end would cause this type of debonding which propagates to the level of steel 

reinforcement and then progresses horizontally [29]. Due to that, it may occurs at 

or near plate end in three distinctly modes [30-31]: a.) critical diagonal crack 

debonding which is induced by the major shear cracking near a plate and propagate 

from the point of intersection to the plate end; b.) concrete cover separation which 

involves the tearing-off of the concrete cover along the level of the steel tension 

reinforcement starting at a plate end; c.) plate end interfacial debonding propagates 

along the FRP-concrete interface triggered at a plate end. Because of the strong 

shear strength provided by adhesive, all of the three failure modes presented above 

occur among concrete, either adjacent to the adhesive layer or near steel tension 

reinforcement [32-33]. 

While flexural cracks debond occurs under the action of interface shear stress 

near the toes of flexural cracks, hence, flexural cracking of the RC beam has a major 

influence on the overall response of the strengthened member, and it affects the 

distribution of the stresses in the various constituents of the strengthened member 

[34-36]. However, in spite of it being the dominant failure mode in certain 

circumstances, such as thin FRP plates, the number of studies regarding the IC 

debonding mechanism is limited. For IC debonding, one or more significant cracks 

may exist along the bonded interface, the latter case which is more realistic in the 

engineering problem has attracted increasing attentions [37-39]. An extensive 

review of the existing studies on the numerical modelling of debonding failures in 

FRP-plated RC members has recently been conducted by Chen [40]. Although some 

numerical studies are conducted by using fracture mechanics [41-44], most of them 

are based on refined 2D and 3D finite element (FE) simulations using the smeared-
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crack approach [45-49]. The differences among the different proposals are mainly 

related to the bond behaviour adopted between concrete and internal steel 

reinforcement and between FRP and concrete and to the modelling of concrete 

cracking.  

The discrete crack approach has also been used in FE analyses [50-51] 

although less frequently because of its limitations. However, although the accuracy 

reached by using FE models is high in some proposals, the high computational cost 

of structural response analyses based on FE models such as the ones referred to 

above has prompted the development of less expensive numerical procedures for 

the analysis and design of FRP-strengthened RC structures. With this purpose, 

Smith and Gravina [52] presented a local deformation model solved via the finite 

difference method to simulate IC debonding. Liu et al [53] proposed a numerical 

partial-interaction model to simulate the same phenomenon. Faella et al. [54] 

proposed a one-dimensional model based on a similar one proposed by the same 

authors for steel-concrete composite beams [55]. More recently, Barbato [56] 

developed a nonlinear beam FE model, based on the Euler–Bernoulli kinematic 

assumptions and the fibre section model, to estimate the load-carrying capacity of 

RC beams flexurally strengthened with FRP strips and plates. Furthermore, 

Rabinovitch [57] presented a simplified approach to evaluate the mechanical 

response and failure modes according to energy release rate through the virtual 

crack extension method, he also derived some interesting studies for dynamic 

behavior and debonding failures of RC structures bonded with FRP plates [58-59]. 

However, IC debonding was not specifically considered. 

Bond health monitoring 

Little work has been developed up to date on bond health monitoring and the 

initiation of debonding at a very early stage, long before a structure fails, in spite of 

its importance.  

Structural health monitoring systems have been proposed for this purpose 
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based on strain tracking. One of the main disadvantages of this approach is due to 

the need to use expensive finite element models to carry out the procedure, able to 

define the stage of the concrete/composite bond from the measured strain 

distribution. However, although some attempts have been made recently to 

eliminate this shortcoming [60], detection techniques based on strains are also 

restrained by their limited sensitivity to identify minor defects such as those that 

might originate the debonding failure. Furthermore, the use of controlled load tests 

or monitoring the traffic while the structure is in operation to obtain suitable strain 

profiles increase the complexity of the damage identification procedure. 

Other techniques, such as acoustic emission have also been used in the past 

[61-62]. The detection of new defects or the propagation of existing defects requires 

continuous monitoring of the structure under evaluation and involves the storage 

and management of a huge amount of data. Furthermore, considering that acoustic 

emission is a passive non-destructive technique other difficulties arise from the 

inability of vehicular traffic to generate a meaningful response from the structure 

and from the need to filter out noise. 

One very promising active non-destructive evaluation method for this 

particular application is impedance-based structural health monitoring (SHM) using 

piezoelectric ceramic (PZT) sensor-actuators [66]. The electrical impedance of the 

PZT can be directly related to the mechanical impedance of the host structural 

component where the PZT transducers are attached. Since the structural mechanical 

impedance will be affected by the presence of structural damage, comparisons of 

admittance (inverse of impedance) spectra at various times during the service period 

of the structure can be used as damage indicator. Any change in the spectra might 

be an indication of a change in the structural integrity.  

The electrical impedance is measured at high frequencies with which this 

methodology appears to be very sensitive to incipient damage in structural systems 

as desired for our application. Furthermore, due to their size and lightness PZT 

sensors are non-intrusively attached and do not affect the dynamic response of the 

structure. Additionally, this strategy does not need permanent monitoring since 
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damage is detected by periodically checking the structural health. 

Up to now, the impedance method has been used in numerous applications to 

detect damage. Experimental assessments were implemented by researchers to 

investigate the dynamic characteristics of structure and identify the severity and 

location of damages. Min et al. [64] deployed an impedance-based SHM technique 

for a bolt-jointed aluminium beam, a pipe system and a real-scale bridge for damage 

detection, by using the experimental data to train a neural network (NN). Giurgiutiu 

et al. [65] employed impedance technique to monitor the healthy condition of spot-

welded structural joints for the first time, and this approach was applied on aging 

aircraft structures [66]. The evaluation of the debonding condition of a carbon fiber 

reinforced polymer (CFRP) strengthened concrete beam was performed by Park et 

al. [67] using an electro-mechanical wireless SHM technique. Structural crack 

damage was identified by Xu et al. [68] using impedance analysis.  

Numerical simulation has also drawn researchers’ attention in this field. A one-

dimensional electro-mechanical impedance (EMI) model was firstly established by 

Liang et al. [69], where the analytical formulation of PZT impedance was given; it 

can be observed from this model that the electrical impedance of PZT is associated 

not only with the electrical properties of PZT, but also with the mechanical 

impedance of PZT patch and host structure. Conventional finite element models 

have been developed in the past to obtain the electro-mechanical impedance of 

different kind of structures [70], in which the mesh size must be smaller than the 

calculated wavelength related to the frequency sweep range leading to a huge 

number of elements and high computational cost. Other numerical approaches were 

carried out by Kuang et al. [71], Yan et al. [72-73] and Tseng et al. [74] among 

others.  

1.3 Necessities 

Methodologies able to monitor the long-term efficiency of bonding and 

successfully identify the initiation of FRP debonding constitute a challenge to be 
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met. Algorithms based on electro-mechanical impedance experimental results and 

numerical models might be a good starting point to be explored. 

To the author’s knowledge, only a few works are focused on the prediction of 

damage detection in FRP strengthened RC beams using EMI [75-77] and practically 

none takes advantage of combining experimental tests with numerical modeling. 

Experimental studies allow basically a qualitative damage identification by 

comparing further sets of data to a set of baseline impedance data. However, an 

efficient numerical model might provide additional information contributing to a 

more accurate description of damage quantification and location and, furthermore, 

it might also be useful for the suitable design of a PZT SHM system.  

The model to be used in an updating procedure should be simple, able to 

simulate the studied phenomena (concrete cracking and FRP–concrete debonding), 

not expensive and providing accurate solutions of dynamic problems even at high 

frequencies since the success of the impedance method in detecting local damage is 

based on the measurement of impedance in high frequencies. The use of the finite 

element method in a high frequency SHM approach, such as impedance-based 

method, would require a high number of elements of small size with an enormous 

expense in computation time and effort since the element size has to be comparable 

to wavelengths, which are very small in high frequencies. To avoid this, the spectral 

element method might be used [78-79]. In contrast to the conventional finite 

element method, the spectral element treats the mass distribution within a structural 

element by using the shape functions that are the exact solutions of the governing 

differential equations. Thus, it provides accurate dynamic characteristics of a 

structure and very accurate solutions even at a high frequency. Then, it has a 

potential to be applied to structural damage identification in high-frequency range. 

Furthermore, the method can be also applied successfully to static analyses since 

static response corresponds to dynamic computations when frequency tends to 0 Hz. 

In [80], a 1D spectral model based on the Timoshenko theory and using a smeared-

crack approach was developed for simulating the behavior of reinforced concrete 

beams externally strengthened by FRP materials. However, the smeared crack 
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model is subjected to some limitations. In this approach, the geometry remains fixed 

and, therefore, as displacement continuity is maintained across a crack, the 

distribution of strains in regions adjacent to cracks, which is a key factor controlling 

debonding failures in FRP-strengthened RC structures, can be overlooked. To have 

a more realistic prediction of the distribution and to be able to investigate the effect 

of mode-II fracture, a discrete crack model should be formulated, which allows 

displacement discontinuity across a crack and uses both mode-I and mode-II crack 

prediction criteria. The discrete crack approach should be able to consider 

geometrical discontinuities such as flexural cracks and debonding of the FRP sheet, 

originated from the tip the flexural crack and, additionally, should provide a sound 

mechanical description and interpretation of the phenomena leading to failure of 

FRP-retrofitted RC beams in a very simple way and with low computational cost.  

The discrete crack model in conjunction with the use of experimental 

measurements captured by PZT actuator-sensors mounted on the structure might be 

used for a reliable debonding detection between an FRP strip and the host RC 

structure. 

1.4 Objectives of the thesis 

The main objective of this thesis is the implementation of a methodology of 

impedance-based damage identification able to detect intermediate crack debonding 

in FRP-strengthened RC beams. For this methodology to be successful a reliable 

simplified numerical model of the FRP RC beams should be developed and, 

additionally, a robust and effective approach to solve the model updating inverse 

procedure should be implemented. To achieve this global aim, the following 

objectives were undertaken: 

 Develop a one-dimensional discrete spectral simplified model able to simulate 

intermediate crack debonding in FRP-strengthened RC beams. The model 

should also represent suitably the dynamic behaviour of this kind of structures 

and the influence of the interfacial intermediate debonding mechanism on the 
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mentioned behaviour. 

 Develop a spectral element model for bonded-PZT FRP strengthened beams as 

an extension of the discrete model previously implemented to simulate 

intermediate crack debonding in FRP-strengthened RC beams. The model 

should be able of predicting the electric admittance of a PZT transducer bonded 

to the FRP strips of a RC beam. 

 Develop an impedance-based midspan debonding identification method for RC 

beams strengthened with FRP strips based on the updating of the previous 

model and the use of experimental measurements yielded by PZT sensors. The 

proposed methodology will be analysed with experimental results. 

 Implement a multi-objective model updating method able to detect debonding 

in FRP-strengthened RC beams from impedance measurements in different 

locations and investigate its effectiveness from experimental results. 

1.5 Organization of the thesis 

To reach the objectives previously described, this thesis is structured as follows: 

In Chapter 2, a one-dimensional model based on the discrete crack approach 

for concrete and the spectral element method for the numerical simulation of the IC 

debonding process is presented. The progressive formation of flexural cracks and 

subsequent concrete-FRP interfacial debonding is formulated by the introduction of 

a new element able to represent both phenomena simultaneously without perturbing 

the numerical procedure. Furthermore, with the proposed model, high frequency 

dynamic response for these kinds of structures can also be obtained in a very simple 

and non-expensive way. The applicability of the proposed method is discussed by 

comparing the analysis results with the experimental results obtained from static 

four-point loading tests conducted by Matthys [81]. 

In Chapter 3, an impedance-based midspan debonding identification method 

for RC beams strengthened with FRP strips is presented using piezoelectric ceramic 

(PZT) sensor-actuators. To reach this purpose, firstly, a two-dimensional 
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electromechanical impedance model is proposed to predict the electrical admittance 

of the PZT transducer bonded to the FRP strips of an RC beam. Considering the 

impedance is measured in high frequencies, a spectral element model of the bonded-

PZT-FRP strengthened beam is developed. This model, in conjunction with 

experimental measurements of PZT transducers, is used to present an updating 

methodology to quantitatively detect interfacial debonding of these kinds of 

structures. To improve the performance and accuracy of the detection algorithm in 

a challenging problem such as ours, the structural health monitoring approach is 

solved with an ensemble process based on particle of swarm. An adaptive mesh 

scheme has also been developed to increase the reliability in locating the area in 

which debonding initiates. The verification of the proposed approach is performed 

by using experimental data. 

In Chapter 4, a multi-objective PSO approach combined with ensemble 

learning algorithm is developed in an updating way to identify the incipient and 

minor debonding damages for a real-scale FRP strengthened RC beams based on 

the spectral element approach for piezoelectric impedance presented in Chapter 3. 

The reinforced beam is subjected to four progressive loading stages in a four-point 

static test with the purpose of introducing damage in a gradual and realistic way, 

and the impedance signals are measured from a net of eleven PZT transducers 

distributed along the length of the beam under each damage scenario. Three of the 

measured impedance signatures are selected to construct the multiple objective 

functions in order to provide sufficient constraints for the multi-objective 

optimization process. Furthermore, in order to obtain a reliable damage prediction 

with satisfied accuracy, ensemble learning algorithm is cooperated with the multi-

objective PSO strategy considering the high uncertainties of the structure and 

disturbances from the experimental environment. The results demonstrates that the 

presented hybrid method is a reliable and promising approach for initial debonding 

detection as a non-destructive evaluation application. 

Finally, the main conclusions and achievements of the thesis are summarized 

in Chapter 5. Additionally, a discussion of possible future research is also included 
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in this chapter. 
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2. A discrete spectral model for intermediate crack 

debonding in FRP-strengthened RC beams 

Summary 

Intermediate crack (IC) debonding is one of the common failure modes of 

reinforced concrete (RC) beams strengthened with externally bonded FRP strips; the 

initiation of this type of damage is originated at a critical section in the vicinity of 

flexural cracks and propagates to a plate end. In order to properly simulate the 

initialization and propagation of IC debonding process, this chapter firstly develops a 

one-dimensional spectral model based on a discrete crack approach for concrete. The 

progressive formation of flexural cracks and subsequent concrete-FRP interfacial 

debonding is formulated by the introduction of a new element able to represent both 

phenomena simultaneously without perturbing the numerical procedure. At the same 

time, with very limited elements, the proposed method is also able to suitably capture 

the dynamic behaviour of FRP-strengthened RC structures placing a special focus on 

the diagnoses and detection of the interfacial intermediate debonding mechanism.  

2.1 Spectral element method for FRP-strengthened RC beam 

Spectral element methods [79-82] are a suitable high order technique to solve 

problems to high accuracy in a simple domain, such as that corresponding to the 

strengthened beam, allowing significant reductions in 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. In this chapter, a 1D spectral model based on the Timoshenko theory was 

developed for simulating the behaviour of reinforced concrete beams externally 

strengthened by FRP materials. Firstly, the model for an intact FRP-strengthened beam 

with respect to debonding, i.e. the adhesive is fully bonded to the concrete beam and to 
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the FRP layer, is introduced. This model will be presented in a summarized way since 

it was previously introduced in [80]. Three layers including the concrete beam, the 

adhesive layer and the FRP strip are used to represent the structure. 

2.1.1 Governing equations 

In this section the governing differential equations for the proposed problem will 

be presented in details. The three layers are modelled independently and are then joined 

together by using compatibility relations. To do this, a form of the displacement field is 

assumed through the entire height of the strengthened beam as follows 

 0( , , ) ( , ) ( , )Cu x z t u x t z x t   (2.1) 

 0( , , ) ( , ) ( , ) ( , )Fu x z t u x t z x t s x t    (2.2) 

 ( , , ) ( , )w x z t w x t  (2.3) 

Where uC, uF and w are the axial displacements in RC beam and FRP plate and the 

transverse displacement at a material point, respectively, 0 ( , )u x t is the midplane axial 

displacement, is the curvature-independent rotation of the beam cross-section about 

the Y-axis, z is the coordinate measured from the mid-plane and s is the interface-slip, 

which can be expressed as 

 F top C bots u u   (2.4) 

with F topu  and C botu  denoting the axial displacements at the top of the FRP plate and 

at the bottom of the RC beam, respectively (Fig. 2.1).  
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Figure 2.1 Kinematic of the transverse section of FRP-strengthened RC beam 

The strains are computed applying the linear strain-displacement relations to Eqs. 

(2.1)-(2.4).  

 0, ,xC x xu z   ,xzC xw    (2.5) 

 0, , ,xFRP x x xu z s    ,xzFRP xw    (2.6) 

where xC , xzC , xFRP and xzFRP are the longitudinal strains and the shear strains in 

the RC beam (C) and the FRP strip (FRP), respectively, and herein the symbol (),x 

denotes differentiation with respect to x. 

Furthermore, the shear strain in the adhesive xz AD  can be calculated from the 

interface-slip s and its thickness ADe  

 /xz AD ADs e   (2.7) 

Eq.(2.7) represents a simplification of the reality of variable shear strain through the 

adhesive thickness in the bond-critical zones.  

The linear constitutive model for the concrete beam and FRP strip can be formulated as 

 xC C xCE  xzC C xzCG   (2.8) 

  xzFRP FRP xzFRPG  (2.9) 
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where the material constants, E and G, are referred to the concrete beam and the FRP 

composite depending on the materials considered, xC , xzC  and xzFRP  are the 

longitudinal and the shear stresses in the RC beam and the shear stress in the FRP strip, 

respectively. 

The calculation of bond shear stress between the FRP and concrete can be 

expressed as a function of the axial force in the FRP plate. As illustrated in Fig. 2.2, the 

following relationship can be assumed 

 ,xzAD AD FRP x AD xzAD ADb F ks G b     (2.10) 

where xzAD is the shear stress in the adhesive layer, FRPF is the axial force in the plate, 

k is the stiffness constant which characterizes the adhesive interface which can be 

obtained by multiplying the adhesive slip modulus ADk  by the width ADb  of the 

adhesive layer and ADG  is the elastic shear modulus of the adhesive.  

 

Figure 2.2 Shear stress in the adhesive 

The strain energy of the strengthened section is then given by  
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(2.11) 

where 1z  and 2z  are the Z-coordinates of bottom and top surfaces limiting each 

material (C: concrete, FRP: FRP plate, AD: adhesive layer), the variable b denotes the 

width of each material and L is the length of the strengthened beam. 

According to Eqs. (2.5)-(2.11), the governing equations for the four unknown 
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variables, u0, w,  and s, of motion, are derived using Hamilton’s principle for the 

assumptions above 

 0 0 0 1 0 11 0, 11 , ,: 0FRP xx xx F xxu I u I I s A u B A s         (2.12) 

 0 22 , 22 ,: 0xx xw I w A w A     (2.13) 

 2 1 0 1 11 0, 11 , 22 , 22 ,: 0F xx xx x F xxI I u I s B u D A w A B s            (2.14) 

 0 0 0 1 , 0, ,: 0AD AD
F F F F xx F xx F xx

AD

G sb
s I s I u I A s A u B

e
          (2.15) 

and the four associated natural boundary equations are 

 11 0, 11 , ,x x F xN A u B A s    (2.16) 

 22 , 22xV A w A    (2.17) 

 11 0, 11 , ,x x F xM B u D B s     (2.18) 

 
*

, 0, ,F x F x F xN A s A u B     (2.19) 

where
..

( )  represents double differentiation with respect to t and (),xx represents double 

differentiation with respect to x. N, V, M and N* are the stress resultants associated with 

the variables u0, w,  and s, respectively.A11, B11, D11, A22, AF and BF are the stiffness 

coefficients and I0, I1 and I2 are the inertial coefficients defined as follows 
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z

I I z b dz   (2.24) 

where NSS is the number of reinforced steel bars considered in the section, sjE and 
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sjA  are their elastic moduli and section, respectively and 
jz  is the coordinate of each 

steel rebar, and 
C  and 

FRP  denote the density of concrete and FRP. 

2.1.2 Spectral element formulation 

The fast Fourier transformation (FFT)-based spectral element method (SEM) was 

proposed by Doyle [78] and is very similar to the finite element method as far as the 

assembly and the solution of the equation of motion is concerned. Using the spectral 

element method, the general solution of the governing equations of motion,

   0( , ), ( , ), ( , ), ( , )u u x t w x t x t s x t , is represented by a spectral form as follows 

      *

1 1 1

ˆ ˆ( , ) n mn n

N N M
j t jk x j t

n mn

n n m

u u x e u e e
    

  

 
   

 
    (2.25) 

where n is the circular frequency at the nth sampling point and N is the frequency 

index corresponding to the Nyquist frequency in Fast Fourier Transform (FFT); kmn is 

the mth wave number for the frequency n.  û  represents the spectral amplitude 

vector corresponding to the generic displacement vector as a function of (x, n) and 

   *

0
ˆˆ ˆ ˆ ˆ, , ,mn

mn
u u w s represents the wave coefficient vector associated with the mth 

mode of wave and for each frequency, n. 

Substituting (2.25) into (2.12)-(2.15) the characteristic equation is obtained whose 

resolution will give the eight roots or wavenumbers kmn for each value of the frequency 

n which correspond to the different modes of the solution. Their computation is 

obtained from: 

   ˆ( ) { }=0W k u
 (2.26) 

where 
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   (2.27) 

After computing the wavenumbers at a particular frequency n the generic 

displacement vector has the following form 
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 (2.28) 

where
iR  denotes the normalized eigenvector related to 1nk  and   nA   is a vector 

of unknown coefficients to be determined from the displacement boundary conditions 

at x=0 and x=L 
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where 1̂ n
u  and  1̂ n

u are the nodal displacements of node 1 and node2, respectively. 

Solving Eq.(2.29) gives 
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Substituting for the coefficients in the assumed displacement field of Eq.(2.28), 

the following formulation can be obtained 
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 (2.31) 

where the [ ]nN is the matrix giving the shape functions for the displacement field. 

The nodal spectral forces can be expressed in terms of the unknown constraints 

 
n

A by differentiating the spectral displacements with respect to x in Eq.(2.28) and 

using the force boundary Eqs.(2.16)-(2.19). Then, by introducing the force vector at 

both nodes of the element the following expression is obtained 
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where
2[ ]nT  is a matrix dependent on the stiffness coefficients and the wavenumbers 

and whose expression is 
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Combining expressions (2.30) and (2.32), the nodal forces can be formulated as 
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where the frequency dependent dynamic stiffness matrix takes the following form 

 1

2 1[ ] [ ] [ ]n n nK T T   (2.35) 

Once
1[ ]T  and 

2[ ]T  are obtained, the dynamic stiffness matrix for the spectral 

PZT-bonded FRP strengthened concrete element is formed as 1

2 1[ ][ ]T T  .According to 

the expressions of proposed spectral element method, it can be noticed that all the 

spectral amplitudes which correspond to element nodal variables are evaluated at each 

frequency step (FFT sampling points). The static formulation of the method is 

straightforward from the dynamic formulation by making the frequency tend to zero. 

2.2 Element with embedded flexural crack 

Intermediate crack-induced interfacial debonding is one of the most common 

debonding failure modes. It is widely accepted that debonding initiates at a major 

flexural crack and then propagates towards a plate end [46] (Fig. 2.3). High interfacial 

shear stresses at the vicinity of the flexural cracks originate this kind of failure mode. 

A reliable and simplified non-expensive model is proposed in the present study 

based on the modification of the model of the previous section to incorporate IC 

debonding. Two different approaches might be considered to simulate the crack effects: 

the discrete and the smeared-crack approaches. The former treats cracking by adapting 

the geometry of the structure and keeping the interior of the body linear elastic, whereas 

the second approach keeps the geometry fixed and models the cracking process entirely 
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via a constitutive law. Because of its simplicity, the smeared-crack approach has been 

widely used in spite of its mesh sensitivity. To overcome this, mathematical approaches 

such as the crack band model [83] have been proposed. However, this method is not 

capable of modelling individual macro-cracks because it tends to spread the crack 

formation over a region of the structure and its suitable use would require working with 

very small elements which involves huge computational cost. 

On the other hand, in discrete crack modelling, unless the cracking path is known 

in advance, the mesh needs to be updated at each step to reflect the propagation of a 

crack, resulting in a complex process. In this work, a simplified discrete crack approach 

is employed to simulate the phenomena of the initialization and propagation of 

intermediate debonding for FRP sheet due to flexural cracks. The proposed model is 

formulated with the purpose of avoiding some of the disturbances derived from the use 

of crack approaches. In this way, a new spectral element with embedded crack is 

developed to replace the original element when a geometrical discontinuity appears. 

The nodes of the original element, which are used for the assembly with the rest of the 

element mesh, remain unaltered in the new element; in this way, the introduction of the 

new element causes few disturbances in the procedure. Furthermore, mesh bias is also 

avoided since the cracks are not defined along element boundaries.  

 

Figure 2.3 IC debonding and its propagation 

In the absence of flexural crack or interfacial debonding, one spectral element such 

as was formulated in the previous section would be sufficient for analysis between any 

two nodes, 1 and 2. However, in the presence of an intermediate crack (Fig.2.4a), the 

element should be reformulated to consider this effect. Fig. 2.4b shows schematically 
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the spectral element model for an FRP-strengthened RC beam element with length Le. 

With the appearance of crack the length of the element Le is divided into three segments 

of lengths L1, L2 and L3in such a way that Le=L1+L2+L3 and the number of subelements 

increases from one to six. Crack is assumed to be at a distance of L1+L2/2 from the node 

1 and its height is h1. The left and right segments (subelements 1 and 2) are treated as 

base-strengthened beams without crack and debonding while the intermediate section 

has been divided into four subelements to represent the crack effects: the through-height 

discontinuity between third and fourth subelements represents the flexural crack; 

meanwhile the materials above and below the crack (subelements 5 and 6) of heights 

h2 and eF, respectively, represent concrete and FRP, respectively. Nodes of the 

subelements 3 and 4 are located at the mid-height of the flexural crack. 

In the same way, a length of debonding equal to L2 has been assumed associated 

with the crack since the materials above and below debonding, i.e. concrete 

(subelements 3 and 4) and FRP (subelement 6), are treated as two beams separated out 

from the strengthened beam. This length might be assumed initially equal to the crack 

width and, subsequently, according to the evolution of the slip at the FRP-concrete 

interface might be expanded with the progressive debonding at the concrete-FRP 

interface. 

The power of the proposed discrete crack model is due to its simplicity and 

possibility to be extended also in the case of other types of failure mode. 
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Figure 2.4 (a) Two-node original element before the appearance of the flexural crack 

and location of the flexural crack; (b) Reconfiguration of the element after the flexural 

crack 

2.2.1 Kinematic relations 

For the formulation of the new element we assume as previously that the cross-

sectional interfaces between the base subelements (elements 1 and 2) and their adjacent 

elements in Fig.2.4b remain straight. Furthermore, the slope and the transverse 

displacement are continuous and constant at these interfaces. Under these assumptions, 

the following kinematic equations relating the nodal degrees of freedom at the left 

vertical interfaces can be obtained: 
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And similarly for the right vertical interfaces 

    10 1 6
ˆ ˆ[ ]u S u  (2.39) 

    11 2 6
ˆ ˆ[ ]u S u  (2.40) 

    12 3 6
ˆ ˆ[ ]u S u  (2.41) 

According to Eq. (2.25), the overhead hat indicates that the variables are 

discretized in the frequency domain. By using this reconfigured model, the 

displacements at the debonded area are assumed at the material level only, i.e. 

subelements 3, 4 (concrete) and 6 (FRP strip) retain their individualities throughout the 

analysis since the bond between them has disappeared adopting, therefore, a discrete 

layer model. Its adaptability to the general configuration of the strengthened beam is 

carried out with the relations (2.36)-(2.41) from which the displacements at the 

debonded area are mapped in terms of the displacements at the non-damaged areas 

(subelements 1 and 2). 

2.2.2 Interfacial equilibrium 

Fig.2.5 shows the force balance at the interface between the base beam subelement 
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1 and the subelements 3, 5 and 6. From the equilibrium in this interface, the following 

equations are obtained  
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   (2.42) 

where N, V, M and N* are the stress resultants associated with the variables u0, w,  and 

s, respectively.  

Eq.(2.42) can be rewritten in matrix form as follows: 

                5 1 7 2 8 3 9 5
ˆ ˆ ˆ ˆ ˆ 0

t t t

Ff S f S f S f f      (2.43) 

where  5
ˆ

Ff  indicates the force in the FRP plate correcting the imbalance between the 

base subelement 1 and the sixth subelement. 

Similarly, the equilibrium at the interface between subelement 2 and subelements 

4, 5 and 6 can be written as 

                6 1 10 2 11 3 12 6
ˆ ˆ ˆ ˆ ˆ 0

t t t

Ff S f S f S f f      (2.44) 

 

Figure 2.5 Force balance 



26 

At the crack surface between the third and the fourth subelements, we have 

    3 4
ˆ ˆ 0f f   (2.45) 

However, under the assumption of no contact between the surfaces adjacent to the 

crack, we get 
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 (2.46) 

2.2.3 Assembly 

In a general way, the equilibrium equation for each one of the six subelements j 

(j=1,…,6) with nodes p and q can be expressed using submatrices of the stiffness matrix 

as 
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where the stiffness submatrices can be calculated by employing the spectral element 

method presented in the previous section including FRP or not depending on the 

subelement.  

By taking the kinematic relations and equilibrium nodal forces of the six internal 

subelements presented above, subsequently the assembled matrix of the flexural crack 

spectral element can be obtained as: 

 

1 111 15

222 26 2

333 35
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 (2.48) 

By condensing out the degrees of freedom at the interfaces (nodes 3, 4, 5 and 6) 

the system (2.48) might be reduced to 

ˆ n

ijK
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where 

 
*

11 11 15 51=K K K r  (2.50) 

 
*

12 15 52=K K r  (2.51) 

 
*

21 26 65 51 61( )K K r r r   (2.52) 

 
*

22 22 26 65 52K K K r r   (2.53) 

 
1 1

51 64 44 46 66 61( )r R K K K K r    (2.54) 

 
1

52 62r R K   (2.55) 

 
1

66 65 64 44 46 65 65R K r K K K r K    (2.56) 

 
1 1

65 56 53 33 35 55( )r K K K K K    (2.57) 

 
1

61 56 51r K K   (2.58) 

Therefore, with the appearance of flexural crack the usual spectral element is 

replaced with this new spectral element by employing the reconstructed stiffness matrix. 

The original nodes, 1 and 2, remain unaltered with respect to the original mesh 

configuration, removing any perturbation in the global mesh configuration when this 

element is inserted. 

2.3 Material models 

Stiffness coefficients in Eqs (2.20)-(2.22) are computed using a layer discretization 

of the cross-section, while for concrete and steel, the tangent moduli are replaced by 

the equivalent secant elastic moduli, CE , CG , SE  and ADG  since, due to the 

material nonlinearity, the elastic modulus is not constant but is a function of the strain 

at every point. The stress–strain behaviour of each layer is described through a one-

dimensional nonlinear constitutive model for the corresponding material. Realistic 
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nonlinear constitutive models should be employed to represent the stress–strain 

behaviour of concrete, reinforcing steel and bonded FRP of each of the layers in which 

the cross-section are discretized. 

2.3.1 Concrete 

The model specified in the CEB-FIP Model Code [84] is used to describe the 

nonlinear stress-strain relationship for the concrete. Compressive concrete behaviour is 

represented by a parabolic curve as follows 
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and where cmf  is the compressive strength of concrete, which is taken to be the 

cylinder compressive strength in this study, 1c is the strain at maximum compressive 

stress. cE  and 1cE  denote the elastic modulus and the secant modulus from the origin 

to the peak compressive stress, respectively. 

For concrete under uniaxial tension, from zero to maximum tensile strength point

( , )ctm ctmf , a linear elastic behaviour has been assumed with a slope equal to the initial 

compression Young’s modulus. For a cracked section, the tension softening bilinear 

approach proposed in [84] has been adopted in this study 
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where w is the crack opening in mm, w1 = GF/fctm in mm, wc= 5·GF/fctm in mm, GF is the 

fracture energy in N/mm given by 
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0.1873F cmG f  (2.63) 

and fctm is the tensile strength in MPa given by 

  
2 3

0.3 8ctm cmf f   (2.64) 

2.3.2 Steel and FRP Bond Behaviour 

For the steel rebars a bilinear isotropic-hardening stress-strain law has been 

adopted. Although a bond-slip relation is assumed for the FRP/concrete interface, as 

described below, full bond is assumed between the concrete and steel reinforcement. 

The FRP reinforcement is modelled with elastic-brittle behaviour in tension and 

zero strength and stiffness in compression. The failure strain in tension is obtained as 

the minimum between the material rupture strain and the debonding strain, computed 

using an appropriate debonding model. IC debonding is a common failure mode in FRP 

plates/sheets strengthening of RC elements in flexure. An accurate description of slip 

concentrations near a localized flexural crack is important for accurate predictions of 

IC debonding failures. In the literature, many semi-empirical models exist that describe 

and evaluate debonding stresses of FRP plates/sheets externally bonded to a concrete 

surface [85-86]. Here, it is assumed that IC debonding depends only on the bond-slip 

behaviour parallel to the FRP-concrete bonded interface since previous studies [87-88] 

have shown that the interfacial normal stress at the FRP-concrete interface is 

insignificant away from the plate ends and, therefore, has no influence on the IC 

debonding failure mode. 

A bond–slip model will be used to study the debonding phenomenon between FRP 

and concrete. Although this model is assigned to the adhesive interface, non-linear 

behaviour of adhesive and concrete cover affecting the debonding failure mode are 

really included in the interface law, i.e. nonlinearities of concrete cover at high shear 

stress levels are taken into account at the slip model. Several shear bond-slip 

constitutive relations have been proposed to simulate the behaviour at the concrete-FRP 

interface. An interesting review of some of these models was presented in [89]. They 

were assessed on 253 pull tests carried out on FRP-to-concrete bonded joints, leading 
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to a conclusion that a more precise model is required. In this work, the simplified bond-

slip model for FRP externally bonded to concrete proposed by Lu et al. [89] has been 

used. This model was developed from the predictions of a meso-scale finite element 

model and its constitutive relations are as follows (Fig. 2.6) 
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This model has first an ascending branch (Eq.(2.65)) delimited by a bond shear 

stress max and a slip s0, and a subsequent exponential softening branch (Eq.(2.66)) 

whose shape is controlled by the parameter , which is related to interfacial fracture 

energy Gf. The bond-slip curve is assumed to unload linearly through the origin when 

the interface is in the softening range. The parameters defining the constitutive law are 

obtained from the concrete tensile strength ctmf , which can be obtained from the 

compressive strength of concrete cmf , the interfacial fracture energy Gf  and the 

width ratio factor w, depending on the width of concrete beam bc and FRP strip bF. The 

value of ctmf  has been taken from Eq.(2.64). 
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Figure 2.6 Lu’s bond-slip model 

 

2.4 Crack pattern 

The crack pattern along the FRP-strengthened RC beam has a major influence on 

its structural performance, including the failure mechanism. Therefore, in the proposed 

element in Section 2.2, the height, location and spacing of flexural cracks play an 

important role for the success of the simulation. The height, which allows following the 

crack evolution, can be defined through a fibre analysis of the concrete cross section 

such as introduced in the previous section. The appearance of crack, i.e. crack location, 

is based on the concrete tensile constitutive law. Once a section of the element has 

cracked, length L1+L2/2 in Fig 2.4b is defined. In the proposed approach, only one 

crack is allowed per element, which means that crack spacing acts as a constraint to 

specify the element size, especially in the cracked areas. Moreover, the evaluation of 

mean crack spacing has a great effect on the shear stress transfer between the concrete 

and the FRP strip. 

Although some expressions have been proposed in the literature to define the crack 
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spacing in RC beams, no effective approach has been developed to evaluate the mean 

crack spacing of an FRP-strengthened RC beam.  

An expression is reported in the actual European design guide [19] based on the 

modification of the unstrengthened beam crack spacing with a factor accounting for an 

homogenized reinforcing area, comprehensive of the internal steel rebars and the 

external FRP plate. Following this approach, the proposed mean crack spacing Lcm is 

computed in [90] making use of the CEB Bulletin 203-205 [19] formulation as follows 
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where  is the diameter of reinforcing steel bar and ,sl eff  is the steel reinforcement 

ratio to the effective area of concrete in tension, which can be obtained in the following 

way 
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where y is the height of the compression zone of the beam section, c is the concrete 

cover, b and h are the width and the height of the beam, respectively. 

The homogenization coefficient can be obtained as 

 
, ,

,

n n
=

n

s sl eff F Fl eff

s sl eff

 





 (2.72) 

where ns and nF are the homogenization coefficients of the steel and FRP reinforcements, 

respectively, and ,Fl eff  is the FRP reinforcement ratio to the effective area of concrete 

in tension. 

In [90] two other formulations have been employed to evaluate the crack spacing. 

The first is based on the introduction of Eq.(2.72) in the crack spacing expression given 

by the CEB Bulletin 235 [91] and the second one is due to the extension given by Beeby 

[92] of the crack spacing formulation reported by the Eurocode 2 [93]. 

However, in a comparison of the three approaches of computing Lcm performed on 

130 experimental tests [90], a better correlation of the predicted failure loads with the 

experimental values was obtained by using Eq.(2.70). Therefore, element sizes in the 

cracked area will be defined with this reference formulation. 
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2.5 Post-debonding behaviour 

The proposed approach will be able to predict the ultimate load for which FRP 

debonding occurs. The post-debonding behaviour might only be captured by using a 

displacement control strategy and the arc-length method, which can give convergence 

difficulties. However, the prediction of residual strength of an FRP-strengthened RC 

beam might be necessary to evaluate the safety of the beam when debonding happens. 

A simple methodology has been adopted in this study to predict post-debonding 

strength without carrying out complex stress or fracture analyses. As it is known, 

debonding and associated fracture processes cause global energy transformations in 

FRP-strengthened members. Furthermore, the amount of energy dissipated in the 

system during debonding can be determined from the difference between the 

recoverable energy stored in the beam before and after debonding. In [94], the total 

dissipation in the system provided by the debonding phenomenon is calculated from 

the load–deflection curves as follows 
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where 2dP  and 1dP  represent the load values before and after FRP debonding, 

respectively. 2K and 1K  are the stiffness values for the strengthened and 

unstrengthened beams, respectively, and are given by 
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where I1 and I2 are the moments of inertia of the transformed beam sections in cracked 

condition, L is the beam length and ls is the shear span. 

From Eq.(2.73), the upper limit of residual strength of FRP-strengthened RC beam can 

be estimated in an approximate way as follows 

 1
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d d
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P P
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  (2.75) 
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2.6 Validation of the proposed model 

Implementation of the developed model was performed to compare the model 

predictions with some experimental results. 

2.6.1 Implementation of the model 

While the tensile stresses in the concrete are below its tensile strength and the 

stresses in the steel rebars have not reached the elastic limit, the calculation procedure 

is elastic and the stiffness coefficients in Eqs. (2.20)-(2.22) are valid considering that 

the initial tangent elastic moduli of the concrete and reinforcement steel are applicable 

to all the concrete section and all the steel rebars, respectively. The same is applicable 

to the adhesive. However, when applied load increases and nonlinear behaviour of 

materials begins, the elastic modulus is not constant but is a function of the strain at 

every point. This phenomenon is introduced by using equivalent secant elastic moduli 

for the concrete, the steel reinforcement and the adhesive instead of the initial tangent 

elastic moduli when it corresponds. The behaviour of the FRP keeps linear elastic up to 

failure. 

Through the division of the concrete section into fibres, the progressive cracking 

of the section is modelled. When nonlinear phenomena develop, the stiffness 

coefficients are functions of the unknown displacements. Since this relation cannot be 

established explicitly but implicitly in a nonlinear way, a linearized iterative secant 

procedure at different load levels has been used to achieve the solution.  

The developed FRP debonding with embedded flexural crack model can be easily 

integrated into the model of FRP-strengthened beams to predict their behaviour in the 

case of IC FRP debonding failure. To do so, firstly, the mean crack spacing Lcm defined 

in Eq.(2.70) will be taken as a reference to define the size of the elements, at least at 

the cracked portion of the beam. When flexural cracking appears, the proposed discrete 

crack element will replace the usual element to simulate the behaviour of the cracked 

area. Initially, a sufficiently small size of the cracked area (L2 in Fig 2.4b) should be 

chosen. As the load increases, the slip value is checked at nodes 5 and 6 (Fig 2.4b) with 
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the purpose of verifying if interfacial debonding progresses or not. FRP debonding will 

expand as soon as slip at the checked nodes reaches the maximum slip value, i.e. the 

value for which the interfacial shear stress is zero, defined according to the constitutive 

law defined for the concrete-FRP interface. Then, the length L2 in Fig. 2.4b will be 

broadened and the procedure of checking the slip value for the new locations of nodes 

5 and 6 will be repeated again. Usually, when slip at nodes 5 and 6 reaches the 

maximum value the debonding propagates suddenly along the whole element and nodes 

5 and 6 in Fig. 2.4b merge with nodes 1 and 2, respectively, which means that the whole 

elements has debonded. The numerical procedure is summarized in the flowchart 

shown in Fig 2.7. 

 

 

Figure 2.7 Implementation of the numerical model 

 

2.6.2 Correlation between numerical simulation and experimental results 

To evaluate the accuracy of the proposed numerical model for IC debonding, the 
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results from three FRP-plated beams experimentally tested in [81] were used. These 

specimens were chosen for comparison because their failure was initiated by midspan 

debonding and, furthermore, the necessary data of these beams to be used in the model 

were available. Using the proposed approach, the load-deflection behaviour as well as 

the distribution of interface stresses of strengthened beams may be obtained. 

Seven FRP-strengthened RC beams (BF2-BF6, BF8 and BF9) and two 

unstrengthened RC beams (BF1 and BF7) were tested by Matthys [81]. BF4, BF5 and 

BF6 were precracked, preloaded and anchored, respectively, and were not used in this 

study. All specimens were strengthened by one layer FRP except BF9 which was 

covered by two layers of FRP in the lower face of the RC beam. Specimens BF2 and 

BF8 were chosen in this work to validate the proposed approach. Geometrical and 

material properties of the chosen specimens as well as loading configuration are listed 

in Table 2.1 and Fig 2.8.  

 

Figure 2.8 Four-point bending test 

Table 2.1 Material and geometrical properties of selected specimens for numerical 

simulation 

Specimens BF2 BF8 

RC beam Span (mm) 3800 

200 

450 

Width bc (mm) 

Height hc (mm) 

Concrete  Elastic modulus Ec, MPa 28,580 29,690 

Compressive strength,  𝑓𝑐
′ 

MPa 

36.5 39.4 

Tensile strength ft, MPa 2.814 3.002 



37 

Internal steel 

reinforcement 

Tension bars /yield strength, 

fyt MPa 

4Y16/590 2Y16/590 

Compression bars /yield 

strength fct, MPa 

2Y16/590 

Elastic modulus Es, GPa 200 

1.2 

100 

3660 

159 

3200 

CFRP 

reinforcement 

Thickness (mm) 

Width (mm) 

Length (mm) 

Elastic modulus EF, GPa 

Tensile strength ff, MPa 

 

For a uniform beam domain not containing any discontinuity in terms of geometry, 

material or external load, one single spectral element should be enough to simulate its 

behaviour. For our study, in order to predict the failure of the strengthened beam and, 

therefore, its progressive degradation, more elements would be necessary. Only one 

element was used for the portion of the non-strengthened beam close to the support 

considering its uniformity and that cracking phenomenon will not occur in that area. To 

define the element size in the strengthened beam, the value of the mean crack spacing, 

100 mm, calculated according to Eq.(2.70) was used, giving as a result a mesh of 19 

elements in the strengthened portion, considering that only half of the specimen was 

modelled by taking advantage of symmetry, plus one element in the unstrengthened 

portion. The size of the elements might even be increased in those areas of the 

strengthened portion close to the FRP plate ends in which cracking will not occur. 

Compared with the conventional FE models, in the proposed approach the number of 

elements has been reduced drastically from tens of thousands to a few tens in numerical 

simulation, which means a huge saving in computational cost. 

Figs. 2.9 and 2.10 illustrate the comparison of the spectral model prediction of the 

load-deflection response for the FRP-strengthened beams BF2 and BF8, respectively, 

along with the experimental results. The results show that the predicted ultimate loads 

of the two specimens agree well with the experimental data. Furthermore, the 

successive stages of the strengthened beam under increasing load, from the uncracked 

state to the cracked state, followed by yielding of the internal steel reinforcement, are 

predicted in an acceptable way by the model considering its simplicity and the high 
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number of parameters involved in the behaviour of these types of structures. Predictions 

obtained in [85] with a refined FE model are also shown. In Chen et al’s model [85], 

11,014 finite elements were used and, furthermore, the bond behaviour between 

concrete and internal steel reinforcement has been simulated. Chen et al’s model might 

be taken as a reference taking into account its accuracy when compared with 

experimental results. However, the accuracy of the proposed model can be considered 

very good considering that a mesh of only 20 elements was used. In addition, by using 

the procedure shown in Section 2.5, the post-debonding behaviour of the beam is also 

captured reasonably in a very simple way if it is compared with the predictions obtained 

with the reference model. There are no experimental predictions for this behaviour since 

displacement control was not used in the laboratory tests. However, numerical 

predictions and experimental results for reference unstrengthened beams BF1 and BF7 

are also shown in Figs. 2.9 and 2.10, respectively. For these unstrengthened specimens 

the agreement between experimental and numerical results is also good. Furthermore, 

these results are also suitable to validate the post-debonding model used in the 

strengthened beams. 

 

Figure 2.9 Load-displacement comparison for specimens BF1 and BF2 
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Figure 2.10 Load-displacement comparison for specimens BF7 and BF8 

The local behaviour at the adhesive-concrete interface considering flexural 

cracking of the RC beam is shown in Figs. 2.11 and 2.12 for beams BF2 and BF8, 

respectively, at the onset of debonding by using the FRP strain profile. The strain in the 

FRP is a maximum at the crack positions as the tensile strain is resisted solely by the 

FRP. The strain in the FRP between the cracks decreases as both the FRP and concrete 

resist the tensile strains. Comparisons were made with the post-cracking experimental 

results obtained for the specimen BF2, which were available in [81], and with the 

numerical predictions under ultimate load carried out in [85] for BF2 and BF8. 

Experimental values are shown in the figure only for a limited number of points 

corresponding to the location of the strain gauges used during the test. The experimental 

test maximum strain values for both specimens are also shown. As expected, there is a 

strong increase in the strain at failure at the loading points characteristic of the 

interfacial debonding at the more loaded region. The debonded regions can be identified 

as the regions of constant FRP strain. In general, the predicted values of the maximum 

longitudinal strain in the FRP plate at debonding failure between the two concentrated 
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loads are in good agreement with the experimental strain values used for comparison, 

considering the simplicity of the model used. However, for more external regions it is 

clear that the data predicted in [85] are higher than the predicted data with the proposed 

model. The main reason for this disagreement is due to the fact that this model is not 

able to simulate shear cracks which occur especially at the shear span; only flexural 

cracks are simulated which are predominant in the region between the two loads. For 

this reason, more accurate predictions are obtained where the strains are higher in spite 

of the simplicity of the model. To demonstrate this, predictions obtained for specimen 

BF2, when subjected to a lower load level of 70 kN are compared with experimental 

results. In this case, the agreement at the shear span is much better since the effect of 

shear cracks decreases remarkably due to the low load level. 

 

Figure 2.11 FRP strain profile of specimen BF2 
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Figure 2.12 FRP strain profile of specimen BF8 

The shear stress at the concrete-FRP interface is another key factor to analyze the 

local behavior under the ultimate load of the strengthened beam since the debonded 

regions can also be identified as the regions of zero shear stress. Its distribution is 

strongly dependent on the chosen bond slip model. Figs. 2.13 and 2.14 show the bond 

shear stress along the length of the concrete-FRP interface for specimens BF2 and BF8 

at the onset of debonding. The bond stress is zero between the two loading points which 

means localized debonding. Areas close to the zero bond stress region indicate that the 

interfacial stress state is at the descending branch of the bond-slip model. All other 

stresses beyond this area are in the ascending branch. In fact, a peak shear stress point 

appears in the vicinity of the concentrated load at the more external region. The 

presence in this area of fluctuating interfacial shear stress values are consequence of the 

sudden slip due to the appearance of cracks. The same phenomenon was observed in 

[52,85]. The interfacial shear stress distribution suggests that failure is initiated in the 

pure bending zone and then suddenly propagated towards the plate ends. Thus, this 

demonstrates that intermediate debonding is the predominant failure mode originated 

in the region of flexural cracking.  
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Figure 2.13 Bond shear stress distribution predicted for BF2 at onset of debonding 

(184 kN) 

 

Figure 2.14 Bond shear stress distribution predicted for BF8 at onset of debonding 

(119 kN) 
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Figure 2.15 Bond shear stress distribution predicted for BF2 before cracking (15 kN) 

 

Figure 2.16 Bond shear stress distribution predicted for BF2 after cracking (70 kN) 
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Figure 2.17 Spectral element mesh evolution for BF2 under different loading stages 

For BF2 specimen, bond shear stress distributions before cracking (15 kN) and 

after cracking (70 kN) are also shown in Figs. 2.15 and 2.16, respectively. In the same 

way, the evolution of the mesh used for the half of the beam for these two level loads 

as well as 184 kN (onset of debonding) is shown in Fig. 2.17. At the initial stages, 

before cracking, practically interfacial shear stresses do not appear since the values are 

very low. As expected, only when cracks appear bond shear stresses increase in the 

cracked areas.  

2.7 Dynamic study 

One of the main advantages of the proposed model is its ability to be applied also 

to solve dynamic problems and calculate modal parameters of the strengthened 

structure, including high frequency problems. It is highly interesting to examine the 

dynamic behaviour of these kinds of FRP-strengthened beams when an IC debonding 

mechanism occurs. Furthermore, it would be very useful to study the response of these 

beams under high rate loads and as a tool to detect the initiation of interfacial debonding 

since, in that case, only high frequencies are expected to undergo changes. With this 

purpose, a numerical dynamic study based on modal frequencies is carried out here to 

check the behaviour of the strengthened beam when flexural cracks and debonding 
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originate.  

Specimen BF2 from the previous section has been used in this study. It was 

subjected to a vertical chirp input of low amplitude in the frequency range of 0 to 2 kHz 

applied near the midspan section. Firstly, different scenarios of flexural cracking were 

considered by varying the location and the depth of predefined cracks. Unlike the 

smeared-crack models, location and depth of the crack and its influence on the dynamic 

behaviour of the structure can be perfectly simulated. For each condition, the vertical 

response signal was captured in six equally spaced points which might be assumed to 

measurement channels, using a sampling frequency of 2 Hz. Although the problem 

might have been simulated with only one element of the proposed model predefining 

the geometrical characteristics of the crack, more elements were considered with the 

purpose of making nodes of the model coincident with the load location and the output 

channels. The spectra obtained for each channel were combined into the average 

normalized power spectral density (ANPSD), which is shown for different conditions 

in Fig 2.18. In the same way, Table 2.2 shows the captured frequencies for the different 

damage scenarios. As expected, the decrease in frequencies with the appearance of 

cracks is reflected by the proposed model; the higher the crack depth, the higher the 

rate that occurs. Furthermore, due to the local nature of the phenomenon the changes 

are more evident for the higher frequencies.  

Table 2.2 Variation of modal frequencies for flexural cracking 

 

Relative crack 

depth 

No crack 

0.1m 0.2m 

Relative crack 

location (from left 

support) 

0.6 1.8 0.6 1.8 

      

f1 (Hz) 52.15 52.15 52.12 52.11 50.15 

f2(Hz) 198.28 196.21 198.28 196.24 195.28 

f3 (Hz) 412.49 406.49 406.49 402.48 402.48 

f4 (Hz) 667.53 660.75 664.38 662.73 662.73 

f5 (Hz) 949.01 943.13 940.99 939.05 932.98 
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f6 (Hz) 1247.28 1241.26 1239.22 1235.27 1233.26 

f7 (Hz) 1551.57 1543.37 1539.51 1535.56 1527.55 

f8 (Hz) 1861.87 1849.86 1849.86 1831.81 1837.85 

 

 

Figure 2.18 ANPSD for different crack conditions 

In a second part of this study, the influence of the length of debonding (L2 in Fig 

2.4b) is explored. To do this, by predefining a crack height of 10 cm, spectra for values 

of L2 equal to 0.95, 1.9 and 4.75 mm were obtained by using the same previous 

procedure as for flexural cracks. The differences among the different lengths are very 

small, which means that the possible variations in frequencies will be of a very local 

nature. For this reason, a frequency range between 0 and 15 kHz was used in this second 

study. The same model as in the previous example was used. Table 2.3 shows the 

predictions of modal frequencies for the analyzed cases. The first frequencies and the 

closest frequencies to 15 kHz are shown. As expected, lower frequencies do not 

undergo changes with debonding. However, for higher natural frequencies, close to 15 

kHz, changes due to debonding appearing become detectable, even considering that a 

very small length of debonding is assumed. These changes would become more 

noticeable if frequencies higher than 15 kHz were considered; their detection would be 

very useful as a tool to identify minor defects before their broadening with the purpose 
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of preventing future failures which might be catastrophic. This application 

demonstrates the importance of having a methodology able to work in the high 

frequency range without time consuming numerical computation, as would occur if the 

finite element method were used. This is one of the main achievements of the proposed 

method which is able to solve both static and dynamic problems, even those in the high 

frequency range without additional cost, in a very simplified way. Furthermore the 

defects are considered in a discrete way which better coincides with the physical reality 

of the problem. 

Table 2.3 Variation of modal frequencies with the length of debonding. Flexural crack 

height= 0.1 m; location= 0.6 m 

Frequencies No crack 
Length of debonding (mm) 

0.95 1.9 4.75 

f1 (Hz) 52.15 52.15 52.15 52.15 

f2(Hz) 198.28 198.28 198.28 198.28 

f3 (Hz) 412.49 411.60 411.58 410.49 

f4(Hz) 667.53 666.65 666.62 664.73 

f5(Hz) 949.01 949.12 949.01 949.01 

f6(Hz) 1247.28 1246.58 1246.26 1245.28 

f7(Hz) 1551.57 1551.61 1550.85 1549.57 

f8(Hz) 1861.87 1860.38 1860.35 1857.86 

… … … … … 

… … … … … 

f68(Hz) 14267.75 14266.41 14264.15 14261.57 

f69(Hz) 14564.06 14561.63 14559.37 14552.26 

f70(Hz) 14859.35 14856.73 14854.31 14848.42 

 

2.8 Conclusions 

A new discrete crack approach has been presented in this work for the numerical 

prediction of IC debonding failures in FRP-strengthened RC beams. The following 

conclusions are drawn from the results of the study: 

 The new approach overcomes the major deficiency of all existing refined finite 

element models related to cost and complexity.  
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 The new model has been developed in a simple and non-expensive 1D 

framework based on spectral element method.  

 A new element with embedded crack has been formulated in such a way that its 

introduction in a numerical procedure causes few disturbances.  

 Due to the discrete nature of the proposed element, the slip concentration in 

regions adjacent to cracks is captured in a more realistic way, which allows 

controlling debonding failures in FRP-strengthened RC structures more 

properly.  

 The model correlated well with test data globally and locally and can be used to 

predict IC debonding with confidence where debonding is governed by the 

bond–slip behaviour of the FRP-to-concrete interface.  

 Due to its formulation, the proposed model is also able to capture the dynamic 

response, including high frequency response, of RC beams retrofitted with 

externally bonded FRP plates/sheets incorporating in a fast and simple way the 

influence on its behaviour of local phenomena, such as interfacial intermediate 

debonding, because of its ability to work accurately at high frequencies. 
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3. Debonding detection of FRP strengthened 

concrete beams by using impedance 

measurements and an ensemble PSO adaptive 

spectral model 

Summary 

An impedance-based midspan debonding identification method for RC beams 

strengthened with FRP strips is presented in this work using piezoelectric ceramic (PZT) 

sensors-actuators. To reach this purpose, firstly, a two-dimensional electromechanical 

impedance model is proposed to predict the electric admittance of the PZT transducer 

bonded to the FRP strips of a RC beam. Considering the impedance is measured in high 

frequencies, a spectral element model of the bonded-PZT-FRP strengthened beam is 

developed. This model, in conjunction with experimental measurements of PZT 

transducers, is used to present an updating methodology to quantitatively detect 

interfacial debonding of this kind of structures. To improve the performance and 

accuracy of the detection algorithm in a challenging problem as ours, the structural 

health monitoring approach is solved with an ensemble process based on particle of 

swarm. An adaptive mesh scheme has been also developed to increase the reliability in 

locating the area in which debonding initiates. Predictions carried out with experimental 

results have showed the effectiveness and potential of the proposed method to detect 

prematurely at its earliest stages a critical failure mode as that due to midspan 

debonding of the FRP strip.  

3.1 Introduction 

Although the strengthening of concrete structures with Fiber Reinforced Polymer 

(FRP) composites is more and more extended, the premature debonding brittle failure 

is, without a doubt, an important disadvantage of this technique. A typical dominant 
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failure mode such as intermediate crack (IC) debonding, initiated at a major flexural 

crack and then propagated towards a plate end, is an example of this. Although many 

works have been published in the last years about experimental study and 

computational modelling of debonding phenomenon, little work has been developed up 

to date on bond health monitoring and initiation of debonding at very early stage, long 

before a structure fails, in spite of its importance. Therefore, methodologies able to 

monitor the long-term efficiency of bonding and successfully identify the initiation of 

FRP debonding constitute a challenge to be reached. 

One very promising active non-destructive evaluation method for this particular 

application is the impedance-based structural health monitoring (SHM) using 

piezoelectric ceramic (PZT) sensors-actuators. The electrical impedance of the PZT can 

be directly related to the mechanical impedance of host structural component where the 

PZT transducers are attached. Since the structural mechanical impedance will be 

affected by the presence of structural damage, comparisons of admittance (inverse of 

impedance) spectra at various times during the service period of the structure can be 

used as damage indicator. Any change in the spectra might be an indication of a change 

of the structural integrity. 

The electrical impedance is measured at high frequencies with which this 

methodology appears to be very sensitive to incipient damage in structural systems as 

desired for our application. Furthermore, due to their size and lightness PZT sensors are 

non-intrusive attached and do not affect to the dynamic response of the structure. 

Additionally, this strategy does not need permanent monitoring since damage is 

detected by periodically checking the structural health. 

To the author’s knowledge, only a few works are focused on the prediction of 

damage detection in FRP strengthened RC beams using EMI and practically none takes 

advantage of combining experimental tests with numerical modelling. Experimental 

studies allow basically a qualitative damage identification by comparing further sets of 

data to a set of baseline impedance data. However, an efficient numerical model might 

provide additional information contributing to a more accurate description about 

damage quantification and location and, furthermore, it might be also useful for the 
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suitable design of a PZT SHM system. 

In this chapter, debonding detection in RC beams externally flexural strengthened 

with FRP composites using the EMI technique is explored. For it, a model updating 

procedure will be developed. To make successful the proposed methodology one of the 

main objectives is the implementation of a bonded-PZT-FRP spectral beam element to 

be used in the calculation of the electrical admittance of the PZT transducers bonded to 

the structure. The use of the finite element method in a high frequency SHM approach, 

such as impedance-based method, would require a high number of elements of small 

size with an enormous expense in computation time and effort since the element size 

has to be comparable to wavelengths, which are very small in high frequencies. One of 

the advantages of the formulation presented here, based on the spectral element method 

(SEM), is its accuracy to provide solutions in the high frequency range. Therefore, this 

approach in conjunction with the use of PZT actuator-sensors mounted on the structure 

might be used for a more reliable debonding detection between a FRP strip and the host 

RC structure. The updating procedure is solved by using an ensemble particle swarm 

optimization (PSO)-based approach with a bagging algorithm. This new proposal 

represents also another contribution of this work which yields more accurate and 

reliable predictions in complex structural identification problems, such as ours, than 

using a single PSO. Ensemble learning is a tool by which multiple decision-makers, 

such as classifiers or learning machines, are combined to make the final decision based 

on the individual decisions of each decision-makers. 

Finally, with the purpose of improving the robustness of the method to detect 

damage location, an adaptive algorithm of spectral element mesh another has been also 

developed in this work and validated with experimental results. 

3.2 Spectral element model for bonded-PZT FRP strengthened beam 

Fig. 3.1 shows a typical example of a FRP strengthened concrete beam with one 

PZT sensor-actuator bonded. It consists of a PZT layer, an adhesive layer, a FRP layer 

and the base concrete beam. A spectral element approach was implemented in [78, 79, 
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95], and in the presented study, one-dimensional spectral model will be developed to 

simulate the behavior of FRP flexural strengthened beams instrumented with PZT 

impedance sensors bonded regularly along the FRP strip. The strengthened beam will 

be composed of three different types of zones depending on the materials: a) Only 

concrete beam; b) concrete beam with FRP bonded; c) FRP strengthened RC beam 

bonded with PZT patch. Therefore, the numerical model will consist of spectral 

concrete beam elements, FRP plus concrete elements and bonded-PZT FRP plus 

concrete elements. The formulation of the two first types was developed in [80]. The 

formulation of bonded-PZT FRP strengthened concrete elements will be carried out in 

this study. 

3.2.1 Spectral PZT-bonded FRP strengthened concrete element 

 

Figure 3.1 Geometry of FRP strengthened concrete beam with PZT sensor-actuator 
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Figure 3.2 Cross section of FRP strengthened concrete beam with PZT sensor-actuator 

In the FRP strengthened concrete beam shown in Fig 3.1, the geometrical 

parameters Cl , FRPl and PZTl  denote the length of concrete beam, FRP strip and 

piezoelectric sensor, respectively. Since the spectral method treats the mass distribution 

exactly, if no damage occurs only five elements would be needed initially to simulate a 

beam as that shown in Fig 3.1, two for the end portions of concrete without FRP, one 

for the portion of the beam in which PZT sensor is bonded and other two for the FRP-

concrete regions without PZT. The Cartesian coordinate system x-y-z corresponds with 

the direction of length, width and height of the beam. The cross section of an element 

with PZT bonded is shown in Fig 3.2, where , and  represent the width 

of the concrete beam, FRP and PZT layer, respectively, and, similarly 
Ce , 

ADe ,
FRPe

and 
PZTe  are the thicknesses of concrete beam, adhesive layer, FRP and PZT sensor, 

respectively.  

In order to simplify the physical model, several assumptions were made in order 

to derive the governing equations for the electromechanical coupled system. 

1. The geometric and material characteristics are uniform along the length of the beam. 

Cb FRPb PZTb
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2. The slip between FRP and concrete beam is considered. 

3. Perfect bonding is assumed for PZT, which means the slip at the FRP-PZT interface 

is neglected. Although the adhesive layer between PZT and host beam might affect to 

the measurement of electrical impedance, Yan’ work [73] demonstrated that no peak 

shift occurred at the conductance (real part of the inverse of the impedance) with the 

growth of the viscosity of adhesive, and the resonant peaks experimented a slight shift 

when the thickness of adhesive increased. 

4. The coupled system has the same transverse displacement. 

5. The voltage is uniformly applied on the PZT. 

6. The force generated by piezoelectric effect is distributed uniformly along the cross 

section area of PZT. 

7. Due to small amplitude vibration, linear elasticity and piezoelectricity are feasible in 

this case. 

Most of the above assumptions were developed by Lee [95], and considering about 

the characteristics of the proposed model, some other points are added in this work. Fig 

3.3 defines the kinematic of the bonded-PZT FRP strengthened beam, where , w,  

and s are the mid-plane axial displacement, the transverse displacement, the rotation of 

the beam cross-section about Y-axis and the slip of the FRP-concrete interface, 

respectively. The transverse displacement is constant for all the cross-section, i.e 

( , , ) ( , )w x z t w x t , where t is the time. 

0u 
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Figure 3.3 Deformation of bonded-PZT FRP strengthened RC beam  

Considering perfect bonding at the PZT-FRP interface we have the following 

kinematic relations  

 0( , , ) ( , ) ( , )Cu x z t u x t z x t   (3.1) 

 0( , , ) ( , ) ( , ) ( , )FRPu x z t u x t z x t s x t    (3.2) 

 0( , , )= ( , ) ( , ) ( , )PZT PZTu x z t u x t z x t s x t   (3.3) 

where the subscripts C, FRP and PZT represent the concrete base beam, the FRP strip 

and the PZT sensor, respectively; PZTz is the PZT coordinate measured from the mid-

plane and is given by 

 
2 2

C PZT
PZT FRP

e e
z e    (3.4) 

Thus the linear strain of PZT sensor takes the following form 

 0, , ,=xPZT x PZT x xu z s    (3.5) 

where the subscript  denotes the differentiation with respect to x. 

It is assumed that the PZT actuator-sensor has only h31 effect, i.e., the induced 

stress is only in the 1–1 (x) direction when an electrical voltage is applied in the 3–3 (z) 

direction. The constitutive equations of PZT are given by 

,( ) x
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31 33

x PZT x PZT

x PZT

Y h D

E h D

 

 

  


  

 (3.6) 

where x PZT  is the axial stress of PZT in the x-direction, respectively. represents the 

electrical displacement and  is the electrical field in z-direction. is 

the complex Young’s modulus of the PZT in the 1-1 (x) direction, where denotes the 

mechanical loss factor. is the piezoelectric constant, and  is the dielectric 

constant in the 3-3 (z) direction. 

If a voltage V(t) is applied to the PZT layer in perpendicular direction, the electrical 

field is as follows 

 

( )

PZT

V t
E

e
  (3.7) 

By replacing Eq.(3.7) in Eq.(3.6), the electrical displacement and mechanical 

stress can be written as 

 

31

33 33
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x PZT

PZT

hV t
D

e


 
   (3.8) 

 31
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( )x PZT P x PZT

PZT
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E V t

e
 


   (3.9) 

where 

 

2

31
11

33

P

h
E Y


   (3.10) 

The equations of motion are derived by using Hamilton’s principle which requires 

the evaluation of the strain energy U, the kinetic energy T and the virtual work W. The 

strain energy of the coupled system PZT + FRP + concrete is obtained by adding the 

contribution to the strain energy of the concrete section strengthened by externally 

bonded FRP strip, evaluated in [80], and the contribution of the PZT sensor, which can 

be computed as follows 

 

 
2

1

1
= ( )

2

PZT

PZT PZT

z

PZT x PZT x PZT PZT
l z

U ED b dzdx     (3.12) 

D

E 11 11 (1 )E EY Y i 
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where  and  represent the Z-coordinates of bottom and top surfaces 

limiting PZT sensor. Since a perfect bonding condition has been assumed at the PZT-

FRP interface, the contribution to the strain energy of this interface is neglected. 

On the other hand, compared with FRP and concrete beam, the contribution of 

PZT to the kinematic energy might be neglected; it would make the derivation of the 

governing equations more convenient without losing fidelity. Then the kinematic 

energy of the FRP + concrete system is given by [80] 

 

2 2 2 21
{ [ ] [ ]}

2
C C FRP FRP

V
T u w u w dV      (3.13) 

 

Finally, to the virtual work carried out in the concrete and FRP sections [80], we 

should add the virtual work in PZT sensor obtaining the following expression 
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  (3.14) 

where N , Q , M  and *N represent the boundary forces and moments associated to 

the kinematic variables , ,  and ,respectively. Subscript 0 and lPZT are referred 

to the ends of the PZT sensor.  

Replacing Eqs.(3.1), (3.2), (3.5), (3.8), (3.9) and (3.10) in Eqs. (3.12), (3.13) and 

(3.14) considering also the FRP+RC contributions and applying Hamilton’s principle, 

the governing equations of the coupled electro-mechanical system take the following 

form 

 0 0 0 1 0 11 0, 11 , ,: 0FRP xx xx FRP xxu I u I I s A u B A s         (3.15) 

 0 22 , 22 ,: 0xx xw I w A w A     (3.16) 

 2 1 0 1 11 0, 11 , 22 , 22 ,: 0FRP xx xx x FRP xxI I u I s B u D A w A B s            (3.17) 

 0 0 0 1 , 0, ,: 0AD AD
FRP FRP FRP FRP xx FRP xx FRP xx

AD

G sb
s I s I u I A s A u B

e
          (3.18) 

where  represents temporal derivative and denotes double differentiation with 

1PZTz 2PZTz

0u w  s

( )


,( ) xx
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respect to x. The coefficients associated with materials properties are given as  
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 (3.19) 
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1 1

[ ] [1 ] [1 ]
PZT FRP

PZT FRP

z z

FRP FRP P PZT FRP PZT
z z
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where 
1Cz ,

2Cz  and 
1Cz ,

1Cz  represent the z-coordinates of bottom and top surfaces for 

concrete and FRP respectively. E, G are the elastic modulus and elastic shear modulus 

of each material (C: concrete, FRP: FRP plate, AD: Adhesive). It can be noticed that 

the contributions of the coefficients presented above are not only from material 

properties but also the electro-mechanical coupling via the connection between PZT 

and host structure, which makes sense in the proposed model. In addition, the 

coefficients related to inertial terms are defined as 
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The boundary conditions are also obtained from Hamilton’s principle as (Fig 3.4) 
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 (3.24) 

where 0u , w ,   and s  are the kinematic variables specified at the boundaries and 

( )pN t  and ( )pM t are the piezoelectric forces and moments generated by the driving 

voltage V(t) applied to the PZT layer. The stress resultants , Q,  and  are 

defined in terms of the displacement field as follows 

N M *N
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 11 0, 11 , ,x x FRP xN A u B A s    (3.25) 

 
22 , 22xQ A w A    (3.26) 

 
11 0, 11 , ,x x FRP xM B u D B s     (3.27) 

 *

, 0, ,FRP x FRP x FRP xN A s A u B     (3.28) 

 

Figure 3.4 External forces of a FRP-PZT element 

Governing Eqs. (3.15)-(3.18) and the boundary conditions (3.24)-(3.28) are taken 

as starting point to apply SEM. In SEM, the unknown displacement field,

0{ } { ( , ), ( , ), ( , ), ( , )}u u x t w x t x t s x t , is approximated as 
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     (3.29) 

where n denotes the n-th circular frequency, N is the number of frequency points 

while implementing Fast Fourier Transform (FFT) algorithm and ˆ( , )nu x   represents 

the spectral amplitude vector corresponding to the generic displacement vector as a 

function of (x, n). A Fourier expansion of ˆ( , )nu x   has been also carried out in the 

longitudinal direction where 
*

0
ˆˆ ˆ ˆ ˆ{ } ( , , , )mn mnu u w s represents the wave coefficient 

vector associated with the m-th mode of wave and for each frequency and. mnk denotes 

the m-th wave number related to n-th frequency n. Replacing (3.29) in (3.15)-(3.18), 

the following Polynomial Eigenvalue Problem is obtained: 
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   ˆ( ) { }=0W k u  (3.30) 

where W is the matrix polynomial depending on the wavenumbers mnk  for each 

frequency n. In this case, the order of the matrix polynomial is 8. Thus, there are eight 

eigenvalues ( where 1, ,8mnk m  ) and eigenvectors (  *û ). After solving the 

eigenvalue problem, the complete solution at frequency n is written as 
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 (3.31) 

where iR  denotes the normalized eigenvector related to 1nk  and   nA   is a vector 

of unknown coefficients to be determined from the displacement boundary conditions 

at x=0 and x=L 
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Similarly the associated forces are evaluated at the nodes according to Eqs (3.25)-

(3.28) as 
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 (3.33) 

Once 
1[ ]T  and 

2[ ]T  are obtained, the dynamic stiffness matrix for the spectral PZT-

bonded FRP strengthened concrete element is formed as 1

2 1[ ][ ]T T  . 

3.2.2 Piezoelectric spectral nodal forces 

As commented above the electric field is generated by a voltage V(t) applied to the 

PZT layer in perpendicular direction, which should be also represented in spectral form 
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The driving voltage applied to the PZT layer as actuator will generate a 

piezoelectric force pN and a moment 
pM . These actions will contribute to the spectral 
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nodal forces in Eq. (3.33) as consequence of the electro-mechanical coupling at the PZT 

actuator. Their expression is obtained by integrating the virtual work due to the PZT 

layer (Eq. (3.14)) and is given in spectral form as follows 
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where
31d is the piezoelectric strain constant defined by 
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3.3 Electro-Mechanical Impedance 

In the EMI method, PZT transducers are bonded through surface by means of high 

strength epoxy adhesive to the structure to be monitored. The principle behind this 

technique is to apply high-frequency structural excitations through PZT transducers, 

and measure the impedance of structures. The electromechanical admittance (inverse 

of the impedance) signatures of the PZT acquired at different time are used to evaluate 

the damage since these are related to the mechanical impedance of the host beam. Hence, 

the measurement of impedance can reflect the changes of material properties which 

might be due to damages. 

The one-dimensional impedance model for PZT–structure interaction system 

derived by Liang et al. [69] for a beam is adopted in this study to closely simulate the 

real situation, where the PZT transducer is assumed to interact with the host structure. 
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where and are the mechanical impedances of the PZT and the host 

structure, respectively,  is the angular frequency of the driving voltage,  is the 

piezoelectric strain constant between z and x directions at zero stress, j is the imaginary 

unit and the dimensions of the PZT sensor were defined in the previous section. In 

( )aZ  ( )sZ 

31d
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addition,  is the complex electric permittivity of the PZT at constant 

stress, where denotes the dielectric loss factor. 
11

EY was defined in the previous 

section. The electromechanical admittance signatures Y consists of a real part (the 

conductance), denoted by G in Eq.(3.38) and an imaginary part (the susceptance), 

denoted by B in Eq.(3.38). Conductance has been traditionally used for structural health 

monitoring due to its better indication of structural changes. 

Eq. (3.38) gives the frequency response of the electrical admittance. The first term 

on the right side is only related to PZT properties, while the second term reflects the 

electromechanical coupling between the host structure and PZT sensor. Furthermore, 

the resonance condition of the FRP-strengthened concrete beam bonded with PZT patch 

coupled system is also indicated in the second term. The mechanical impedance  

of the PZT transducer is computed as follows [69]  

 11( )=
tan( )

E

PZT PZT
a

PZT

Y b e
Z j

l




 
  (3.39) 

where   is the wave number, related to the angular frequency of excitation by 

11

EY   , where   is the density of the PZT. The mechanical structural 

impedance , defined as the ratio of the excitation force to the velocity response, 

may be expressed as 
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   (3.40) 

where the axial displacement ( )su  of the structure in frequency domain can be 

obtained by implementing the spectral element approach presented in the previous 

section. Therefore, combining Eqs. (3.38)-(3.40) and the spectral model proposed in 

the previous section, the numerical electro-mechanical impedance can be calculated 

easily. In this way, a simple model of the numerical impedance applicable for structural 

health monitoring applications using the spectral element method to enable high 

frequency analysis is developed. 
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3.4 Damage identification by using ensemble particle swarm optimization (EPSO) 

3.4.1 Damage identification methodology 

The conventional EMI method assesses the integrity of a mechanical structure by 

observing some of the changes in the electromechanical impedance of the PZT between 

two different stages. For it, different scalar damage metrics are defined which allow for 

a quantitative measure of the damage severity. In this sense, the root mean square 

deviation (RMSD) and cross-correlation coefficient (CC) are the most commonly used 

indicators for the impedance method [63]. They are computed from the difference in 

the impedance value at each frequency as follows 
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where 
0 ( )iZ   is the impedance of the PZT measured at a previous stage, which might 

agree with the healthy condition of the structure, and 
1( )iZ  is the corresponding value 

at a subsequent stage, which might agree with a post-damage stage, at the ith frequency 

point; n is the number of frequency points; 
0 ( )iZ   and 

1( )iZ   are the mean values 

of the two data sets, 
0 ( )iZ   and 

1( )iZ  , respectively, and 
0Z  and 

0Z  are the 

standard deviations of the two corresponding data sets, 
0 ( )iZ   and 

1( )iZ  . 

Considering that the real part of impedance is more sensitive to the changes in 

impedance signature, Eqs (3.41) and (3.42) are also usually defined in terms of the 

conductances. For RMSD index, the larger the difference between the baseline reading 

and the subsequent reading, the greater the value of the index is while for CC index the 

difference between the baseline reading and the subsequent reading increases with 

decreasing value of the CC metric. Because of it, it is common to use ‘‘1-CC’’ instead 

of CC to determine the increase in damage index by increasing the severity of damage. 
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In any case, both situations denote changes of structural dynamic properties which can 

be due to damage. 

However, although the conventional EMI method has been successfully applied 

for various engineering structures for damage detection [68], it predicts only the 

existence or not of structural damage but does not give any information about the 

variation of the structural properties and a direct identification of damage location. To 

solve this, a model updating procedure is proposed. It is based on the spectral element 

model developed on Section 2 which is correlated to the electric impedance response 

of the PZT sensors bonded to different points of the structure. The electric admittance 

signatures are assigned to the spectral element model of the pre-damaged structure in 

such a way that the numerically computed electric impedance change matches the 

measured counterpart as closely as possible through an optimization algorithm. The 

spectral element model of the pre-damaged state is then updated to represent the real 

damaged structure and allows, therefore, identifying the damage location and its extent. 

To reach this purpose, one or several objective functions able to detect the deviation 

between the impedance response of numerical model and that of measured from 

experimental test should be defined. The basis of the damage identification procedure 

is to adjust the damage parameters of the numerical model until reaching a minimum 

of the objective functions by using an optimization technique. 

Therefore, two points should be initially solved to implement the procedure, the 

definition of the objective functions and the choice of the updating parameters to 

associate the damage state with the change of structural properties. The choice of both 

depends mainly on the characteristics of the physical problem to be solved. 

For FRP strengthened RC structures, FRP intermediate debonding is a common 

kind of damage, which is probably caused by flexural intermediate crack in the RC 

structure. After being activated by high shear stress transmitted from adhesive interface 

near flexural cracks, this kind of damage propagates towards the end of the FRP strip, 

which usually leads to a brittle form of structural failure. However, this failure mode in 

its initial stages is very difficult to identify due to its local nature. Only the use of high 

frequency measurements such as those due to the electrical impedance would make 
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possible the detection of minor debonding. Since PZT properties remain constant, any 

change in the electrical impedance signature is an indication of a change in the 

structural integrity which may be caused by the presence of structural damage. Hence, 

the sensitivity of this technique gives us a powerful approach to capture the incipient 

changes which are probably caused by minor defects and flaws in the structure, such as 

those originating FRP debonding failure. Therefore, the objective functions should be 

formulated using impedances. Taking as starting point Eq.(3.42) an objective function 

to evaluate the agreement between experimental and numerical impedances for each 

sensor k can be defined by using the modal assurance criterion (MAC) [98] as follows 

 T 2

T T
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k num exp

num exp
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 (3.43) 

where the subscripts num and exp are used for the computed and measured responses, 

respectively. This function, applied to each kth sensor, has the advantage that its value 

is between 0 and 1. An index equal to one means no correlation between the sets of 

experimental and numerical impedances, while a value equal to zero indicates a perfect 

correlation between the updated numerical model and the experimental results. 

Furthermore, in Eq.(3.43), CC indicator will be applied by using only the real part of 

the electrical impedance due to its higher sensitivity to structural damage. 

Usually impedance signals are constructed over a wide frequency range including 

thousands of sampling points and the indicators in Eqs.(3.41) and (3.42) are applied for 

the entire frequency range. However, it has been demonstrated [96] that the damage 

identification is more reliable and robust if RMSD and CC are calculated by using 

different sub-ranges of frequency since there is a relationship between the frequency 

range and the PZT sensing region. Because of it, the objective function in Eq.(3.43) is 

defined by using vectors of the form {1 CC}  whose terms are the result of applying 

Eq.(3.42) to multiple sub-ranges of frequency into which the whole signal is split. 

One advantage of using an objective function based on CC coefficient is due to 

the fact that this indicator is defined both numerically and experimentally between two 
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subsequent stages. Therefore, any modelling error in a previous structural stage will 

also be present in the subsequent stage and, therefore, will be compensated in large part 

[99]. In this way, it might be avoided that inherent errors in the model produce changes 

greater than those produced by the own damage. 

The other keypoint to be solved is about the choice of the updating parameters to 

associate the damage state with the change of structural properties. The local damage 

identification within the strengthened beam requires the division of the beam into a 

number of spectral elements. The change of structural properties of each element e 

should be related with the phenomenon to be modelled, in this case, minor debonding 

at the concrete-FRP interface. Because of it, a damage parameter de might be defined 

for each element e which would denote the extent of interfacial damage, i.e. the stiffness 

change at the RC-FRP interface. It can be expressed as  
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where ( )e

ADG  and ( )e

AD dG  are the adhesive stiffnesses for element e before and after 

debonding damage, respectively. The case of de=0 indicates the intact state while de=1 

means that the element e has debonded completely. 

3.4.2 Ensemble particle swarm optimization (EPSO) 

The unknown damage parameters defined in Eq.(3.44) are derived by solving an 

optimization procedure able to minimize the objective functions which fit the numerical 

structural impedance with that extracted from the experimentally measured PZT 

sensors. The problem will be single or multi-objective depending on if one or several 

sensors are used, respectively. 

In the recent years evolutionary algorithms have been frequently used with 

promising results in systems identification [100, 101]. Additionally, evolutionary 

algorithms are especially effective to solve multi-objective optimization problems when 

compared to traditional optimization algorithms since all Pareto points are obtained in 

only one run without necessity of combining a priori the objective functions using 
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arbitrary weighting factors. These algorithms are largely population based and have 

similar architecture. From a population of individuals randomly initiated the suitable 

solutions are searched through the interaction among the different individuals by using 

an iterative procedure. The differences among the algorithms are mainly due to how the 

population of individuals is updated and how the individuals interact with one another. 

Different optimization techniques such as Genetic Algorithm (GA), Simulated 

Annealing (SA) and Particle Swarm Optimization (PSO) have been used for FEM 

updating [102-103].  

In this work we have selected PSO due to its simplicity, fast convergence and the 

few parameters to be adjusted, which make it a high competitor in solving single and 

multi-objective problems when compared to other methods. PSO was introduced by 

Kennedy and Eberhart [103] and is based on the simulation of the social behaviour of 

bird flocking or fish schooling. Each particle or individual within the swarm is 

initialized and then is assumed to fly over the search space looking for promising 

territory which possesses best fitness of the objective function by updating its position 

and velocity. The updated velocity 1k

iv   and position 1k

ix  for particle i are formulated 

as follows 

 1

1 1 2 2( ) ( )k k k k

i i i i iv w v c r pbest x c r gbest x            (3.45) 

 1 1k k k

i i ix x v    (3.46) 

where pbest is the best previous position and gbest is the best position shared by all 

other particles;
1c  and 

2c are acceleration constants which control the influence of

ipbest  and gbest  on each search step, and usually their value are suggested to be 2 

for the sake of convergence [105]; 
1r and 

2r  are two random numbers in the range  

[0,1] to prevent converge on local optimal locations. Furthermore, w denotes an inertia 

weight to control the impact of the previous particle velocity on the current particle 

velocity, and is given by 

 max min
max

max

w w
w w iter

iter


    (3.47) 
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where
maxw and 

minw  are the initial and final weight respectively. 
maxiter is the 

maximum iteration number, and iter is the current iteration number. 

Debonding damage identification in its previous stages by using 

electromechanical impedance represents a challenging task considering that we want to 

detect minor debonding and that the impedance changes may be caused not only by the 

presence of structural damage but also by the variations in the geometrical conditions, 

the environmental temperature and the noise. In this sense with the purpose of 

improving the performance and accuracy of the predictions an ensemble PSO algorithm 

with a bagging (bootstrap aggregating) algorithm [106-107] is proposed. Ensemble 

methods are implemented as a combination of predictions made by a set of individual 

classifiers or machine learning algorithms, in this case, based on PSO (Fig 

3.5).Ensemble learning has proven to be very effective and versatile in real-world 

applications [108]. Its success is mainly based on ensemble-based decision making, 

which is usually realized by a voting classification approach, such as bagging algorithm. 

By using this algorithm the identification problem is run multiple times by changing 

the distribution of training set instances. Each training set is called bootstrap sample 

and for our particular problem represents a random set of individuals or particles in the 

search space. Then, a different classifier or sub-classifier is obtained by applying PSO 

algorithm to each of the bootstrap samples. A final classifier, the final damage 

identification, is constructed from the previous sub-classifiers whose output is the class 

predicted most often by the sub-classifiers. By using this approach the accuracy of the 

identification procedure will increase. 
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Figure 3.5 Proposed ensemble method 

3.5 Experimental test 

3.5.1 Experimental test set-up 

In order to validate the feasibility of the proposed spectral approach and check the 

ability of the proposed model updating method as a damage identification procedure a 

series of experimental tests were performed on a concrete block strengthened with a 

FRP strip as illustrated in Fig 3.6. The dimensions of the specimen are 31.3 cm length, 

9.5 cm width and 7.5 cm depth and the dimensions of the external reinforcement are 29 

cm length, 5 cm width and 0.12 cm thickness. Three actuators/sensors were bonded to 

the external face of the FRP reinforcement using an epoxy adhesive. Their location is 

at a distance of 4cm, 15cm and 26cm, respectively, from left side of the beam. Material 

properties of concrete, adhesive, FRP strip and PZT patch [109] are shown in Table 3.1. 

The three PZT sensors were individually connected to three different channels of a 

multiplexor, which was used to make a multiple connection between the HP 4192A 

Impedance Analyzer from Agilent Impedance Analyzer and the PZT sensors. The 

Impedance Analyzer excited the PZT sensors and simultaneously recorded the 
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impedance signatures received by the PZT sensors. Captured data were stored in a 

personal computer. Fig 3.7 shows the overall experimental setup.  

Table 3.1 Material and geometrical properties 

Material properties Concrete Adhesive FRP PZT 

Elastic modulus (N/𝑚2) 28.58×

1010 

__ 16.5× 1010 6.21×

1010 

Shear elastic modulus 

(N/𝑚2) 

1.19× 1010 3.94× 109 6.11× 1010 __ 

Length (m) 0.313 0.29 0.29 0.01 

Width (m) 0.095 0.05 0.05 0.01 

Thickness(m) 0.075 0.001 0.0012 0.0002 

Density (kg/𝑚3) 2400 __ 1600 __ 

Piezoelectric constanth31 

(𝑉/𝑚) 

__ __ __ -8.30× 108 

Dielectric constant β33 

(mV/C) 

__ __ __ 7.42× 107 

Mechanical loss factorη __ __ __ 0.03 

Dielectric loss factor δ __ __ __ 0.02 

Figure 3.6 Test specimen and the distribution of sensors
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Figure 3.7 Experimental setup 

To measure the impedances, a sinusoidal sweep voltage with amplitude of 1 volt 

is applied to the PZT sensors over a frequency range between 10 kHz and 100 kHz. 

Initially, a first test was performed on the specimen in its healthy condition. After 

measuring the baseline impedance signature, a hole type damage over a selected 

location was introduced at the FRP-concrete interface (Fig 3.8) by using a drill. For 

each different stage, including the baseline and damaged conditions, a total of five 

impedance measurements were taken at different times on different days since some 

changes might appear in the impedance measurements due to slight changes in room 

temperature during the tests. 
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Figure 3.8 Experimental test in FRP debonding scenario 

3.5.2 Validation of the numerical impedance model 

Initially, the accuracy of the proposed numerical impedance model based on SEM 

has been validated with the experimental impedance measurements obtained from the 

FRP-strengthened concrete block in healthy conditions. In SEM the mass of the 

structure is often referred to as being treated exactly; therefore, if there are no 

discontinuities, elements can span entire parts of the specimen for which the cross 

section remains unaltered. According to this, in healthy conditions, nine spectral 

elements were used to simulate the tested specimen (Fig 3.9). Two elements correspond 

to the end non-strengthened portions of the beam [80], three elements based on the 

model proposed in Section 3.2 were used for the three strengthened portions of the 

beam with PZT bonded and, finally, the other four elements correspond to the 

strengthened portions of the beam without PZT [80]. The length of each one of these 

last four elements will depend on the location of the sensors. 
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Figure 3.9 Spectral element mesh for the undamaged specimen 

Considering the load level introduced by the driving voltage from PZT, nonlinear 

behavior of the materials was not taken into account in the numerical model and elastic 

material properties were assumed to be distributed uniformly among all elements.  

Although the material properties of PZT sensors might suffer changes by 

environmental variations, piezoelectric constants were assumed to remain unaltered 

since the temperature only experimented slight changes during the duration of the test. 

 

Figure 3.10 Comparison of experimental and numerical impedance spectrum for an 

undamaged specimen (Real part)  
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Figure 3.11 Comparison of experimental and numerical impedance spectrum for an 

undamaged specimen (Imaginary part)  

Figs 3.10 and 3.11 illustrate the comparison of EMI spectra for PZT sensor 2 in 

terms of the real part and the imaginary part, respectively, obtained by experiment and 

by the numerical model in the frequency range of 10-100 kHz for the undamaged 

specimen. Results demonstrate that the proposed simulation could predict the EMI 

spectrum with a satisfactory approximation at a minimum cost since only nine spectral 

elements were used. As expected, some deviation of simulation data from experimental 

results appears which can be due to the assumptions carried out in the development of 

the model and to the uncertainties associated to the experimental tests. The deviation is 

higher for the imaginary part since this is more sensitive to temperature variation while 

the real part of impedance signatures is more sensitive to structural damage and other 

changes in structural properties and, as commented above, the effect of the temperature 

was not considered in the piezoelectric constants. Because of it, in damage detection 

the real part of impedance is usually employed. 
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3.6 Damage identification results 

3.6.1 Validation of proposed damage identification approach 

The experimental test on a FRP-strengthened concrete block presented in Section 

3.5 was used to confirm the efficiency of the proposed damage detection approach. For 

it, as commented above, a hole type damage with the length of 2.4 cm was introduced 

at the FRP-concrete interface at a distance of 7 cm from the left end of the concrete 

block (Fig 3.8).  Five impedance signatures were measured by sweeping a wide 

frequency band of 10–100 kHz, and the average values were computed. Fig. 3.12 shows 

a comparison of the real part of the undamaged and damaged impedance measurements 

for the second sensor. From their observation it is difficult to get some information 

about damage. To apply the proposed damage detection strategy, a very simple spectral 

numerical model was implemented originally for the specimen. For simplicity, for 

damage detection, sensor 3 was not used since it is located far from debonding are 

considering that we are working with high frequencies. Furthermore, some soldering 

failure made unusable the measurements obtained with sensor 1. Because of it, only 

measurements from sensor 2 were applied in the damage identification procedure which 

was used to check the robustness and effectiveness of the proposed method considering 

that damage location is also one of its objectives.  

Spectral element mesh for the configuration with the second sensor is illustrated 

in Fig 3.13; the model consists of 7 spectral elements (E1 to E7) and 8 nodes (N1 to 

N8) whose coordinates were suitably chosen to be coincident with the sensor locations 

and the damaged area. Two elements, E1 and E7, were assigned to the end non-

strengthened portions of the specimen and one element, E5, was assigned to represent 

the FRP-strengthened RC beam bonded with PZT sensor by using the model derived in 

Section 3.2. The remaining elements (E2-E4 and E6) were used in the FRP-

strengthened portion of the concrete block delimiting clearly the damaged region, i.e. 

an element, E3, has been chosen coincident with the debonding area. It is clear that the 

number of spectral elements used in the tested specimen to capture the high frequency 

impedance response is very low compared to the conventional finite element method. 
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Intermediate debonding damage is studied in this work. Therefore, damage will not 

occur at the two end non-strengthened regions. According to Eq.(3.44) the damage 

vector will have only five components, one for each of the elements E2 to E6. 

Additionally, the impedance signals in a wide frequency range (10-100 kHz) were 

divided into nine subranges with 10 kHz each. Then, CC vector defining the objective 

function in Eq.(3.43) was constructed with nine CC values calculated in nine sub-

frequency ranges.  

 

 

Figure 3.12 Real part of impedance signatures captured from sensor 2 on undamaged 

and damaged conditions  
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Figure 3.13 Spectral element mesh for the configuration with PZT2 

Another key point to be solved when the ensemble PSO algorithm is implemented 

is about the number of bootstrap replicates or samples to be applied. In a previous work 

[106], several tests on real and simulated data sets were carried out and it was found 

that using only 10 bootstrap replicates can lead to improvement of accuracy but an 

increasing number of samples might improve reasonably the classification accuracy. 

Because of it, in this work, three different data sets of 10, 20 and 30 were tested to 

decide the final damage prediction. For each PSO learning machine, a random and 

replicate initial population of 10 individuals was created and twenty simulation runs 

were performed. Each machine will predict one element as damaged and vote for it; the 

element predicted most often by the sub-classifiers or machines will be chosen as the 

damaged element. Furthermore, the severity of the voted elements by each machine 

will be also considered. 

To carry out the study, three different scenarios were considered, unnoisy, 1% and 

5% of noise. In the experimental tests, measurements are subject to external 

uncertainties, even if the test is well-controlled within a laboratory setting. To be more 

severe and check the robustness of the method, we also contaminate the lab data 

obtained from sensors with artificial noise using two different levels of severity, 1% 

and 5%.  

 



78 

 

Figure 3.14a Damage distribution with PZT2 – 10 replicates 

 

Figure 3.14b Damage distribution with PZT2 – 20 replicates 
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Figure 3.14c Damage distribution of PZT2 – 30 replicates 

Figs.3.14a-c show the identification results for the three noise cases by using 10, 

20 and 30 bootstrap samples, respectively. Predictions with 1% noise are good and are 

very similar to the unnoisy case; in these two cases predictions are not affected by the 

number of samples used. However, when an artificial noise of 5% is introduced, the 

identification of the damaged element becomes impossible when 10 and 20 samples are 

used. In this case, changes introduced in the impedances by the level of noise are higher 

than the changes due to the appearance of debonding defect. However, it is very 

interesting to notice that in Fig 3.14c the damage prediction is not so influenced by the 

effect of 5% noise as the number of PSO reaches to 30, which shows that the stability 

of prediction increases with the number of PSO in noisy conditions 

3.6.2 Adaptive mesh for damage localization 

A suitable method to monitor the health of concrete structures repaired and 

reinforced with composite material will require not only detection of disbonds and their 

severity but also their localization. In the previous study, the spectral element mesh 

shown in Fig 3.13 was adapted to the debonded region in such a way that one element 
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was always chosen fully coincident with this region. Therefore, if this element is 

identified as damaged, the localization of debond agrees with the position of the 

element. However, in real practical applications it is clear that damaged areas will not 

agree exactly in size with elements of the numerical model and, therefore, the effect of 

mismatched element size might affect to the identification of the damage localization. 

To avoid this, an updating procedure based on an adaptive mesh has been developed in 

this work. 

 

 

Figure 3.15 Adaptive spectral element mesh for damage localization 

To explain the procedure, consider firstly the mesh shown in Fig 3.15 formed by 

nine spectral elements and ten nodes distributed along the length of the FRP 

strengthened beam. The position of nodes 1, 2, 9 and 10 will remain always unaltered 

since these nodes delimit the non-strengthened portion of the concrete specimen. The 

same occurs with nodes 5 and 6 since these nodes agree with the location of PZT layer. 

Nodes 3 and 4 on the left of the sensor and nodes 7 and 8 on the right of the sensor will 

be used to identify the location of the damaged area and, therefore, their position will 

change along the procedure. This will be based on the use of an adaptive mesh which 

will move towards the debonded area. An outline of the complete procedure to 

determine the location of the damaged area is as follows: 
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a) Initialization 

The coordinates of the nodes 3, 4, 7 and 8 will be generated randomly and the 

methodology of damage identification, previously presented, based on ensemble PSO 

will be applied. An element will be assigned as damaged. 

b) Iterative solution of the problem (Iteration m) 

The purpose of the proposed updating strategy is to let nodes 3 and 4 approach the 

damage location as long as damage exists on the left side of the specimen or, similarly, 

make the same with nodes 7 and 8 if damage is detected on the right side of the 

specimen. For it, according to the detection results obtained in the previous iteration, 

the coordinates of the nodes 3, 4, 7 and 8 will be updated by using the following 

algorithm: 

If element assigned as damaged is on the left side of the specimen (elements E2, E3 

or E4) 

update the coordinates of nodes 3 and 4: 

x3(m+1)=x3(m)-(x3(m)-dam_loc)/2 

x4(m+1)=x4(m)-(x4(m)-dam_loc)/2 

coordinates of nodes 7 and 8 remain unaltered 

else if element assigned as damaged in E5 

coordinates of nodes 3, 4, 7 and 8 remain unaltered 

else if element assigned as damaged is on the right side of the specimen (elements 

E6, E7  

or E8) 

coordinates of nodes 3 and 4 remain unaltered 

update the coordinates of nodes 7 and 8: 

x7(m+1)=x7(m)-(x7(m)-dam_loc)/2 

x8(m+1)=x8(m)-(x8(m)-dam_loc)/2 

In this algorithm dam_loc represents the location of the left node in element 

assigned as damaged.  
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Once the coordinates have been updated, the methodology of damage 

identification based on ensemble PSO is applied again. 

c) Convergence criterion 

After each iteration, the convergence of the procedure must be verified. To do this, 

the solution of the procedure can be accepted when no significant differences in 

coordinates arise between the m-th iteration and the former one. 

 

 

Figure 3.16 Evolution of the element assigned as damaged by the adaptive 

algorithm  
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Figure 3.17 Evolution of nodal coordinates during the iterative procedure 

The proposed adaptive algorithm has been used to identify the damage location of 

the specimen shown in Fig 3.8 from experimental impedances captured in sensor 2. Fig 

3.16 shows the evolution of the element assigned as damaged by the algorithm along 

the iterative procedure. It can be observed that when the iteration number exceeds 11, 

the element identified as damaged converges to element 3 which is between nodes 3 

and 4; this means that the location of nodes 3 and 4 will delimit the location of the 

debonded area. On the other hand, Fig 3.17 shows the iterative evolution of the 

coordinates of nodes 3, 4, 7 and 8. As illustrated in this figure, coordinates of nodes 3 

and 4, belonging to element E3 assigned as damaged, become practically coincident 

when the convergence of the iterative procedure is reached. Furthermore, their value is 

0.07 m while in the tested specimen the location of the debonded area is at a distance 

of 0.07 m from the left end of the specimen. This demonstrates the accuracy of the 

proposed adaptive updating strategy based on ensemble PSO as a tool to identify minor 

debonding in FRP-strengthened RC beams in both aspects severity and location. 
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3.7 Conclusions 

A methodology to diagnose damage due to intermediate interfacial debonding in 

FRP flexural strengthening RC beams has been proposed. The approach is based on 

PZT impedance actuator-sensor. This kind of transducers works in the high frequency 

range which makes them especially suitable to detect minor debonding. The adopted 

strategy is based on a model updating procedure and has been carried out with a 

proposed model of the bonded-PZT FRP strengthened beam based on a one-

dimensional simplified spectral element method which allows working easily in the 

high frequency range in a non-expensive way. Considering the local nature of the 

studied damage, its identification represents a challenging task. With the purpose of 

increasing the efficiency and robustness of the proposed methodology two additional 

contributions have been carried out. Firstly, an ensemble method based on the standard 

PSO algorithm has been implemented. Secondly, an adaptive algorithm has been 

developed to increase the performance of the proposed strategy respect to the 

identification of the damage location in real applications. 

An experimental study was performed to validate the proposed scheme. Successful 

predictions have demonstrated the importance of the proposed contributions to improve 

the capabilities of damage identification in both severity and location. Because of this, 

it appears to be very promising as an active non-destructive evaluation technique. In 

future studies, the proposed approach will be checked on RC beams strengthened with 

FRP strips during a loading procedure until failure. 
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4. Detection of intermediate debonding damage 

in FRP-strengthened RC beams based on 

ensemble multi-objective PSO and piezoelectric 

impedance methodology 

Summary 

In this chapter, based on the spectral element method for electromechanical 

coupled structure proposed in the last chapter, a multi-objective PSO algorithm 

combined with ensemble learning technique is developed to detect multiple 

intermediate debonding damages for a real-scale FRP-strengthened RC beam 

instrumented with several PZT sensors. In order to introduce gradual damage on the 

reinforced beam, four progressive loading stages were applied to the structure using a 

four-point static test. Eleven PZT sensors were distributed along the length of the beam 

to measure the electromechanical impedance signature under each damage scenario in 

different points. Impedance measurements obtained from three different sensors are 

selected to construct a multiple objective damage detection process rather than single 

objective; this would contribute to a more reliable damage prediction taking into 

account the scale of the complex structure demonstrating the potential and capability of 

the proposed approach in practical applications. 

4.1 Multi-objective formulation for damage identification 

In the previous chapter, a debonding detection study was carried out on a FRP-

strengthened concrete block by using a one-dimensional spectral approach; the results 

demonstrated the validity of the applied model for a small scale specimen. However, in 

a large scale real structure the damage identification and its location are undoubtedly 

more complex and difficult due to the size of the structure and the numerous existing 

uncertainties. Another key point to be considered is that damage in a real scale structure 
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appears randomly during its service time instead of being originated artificially as in 

the last chapter, which increases the complexity of the phenomenon. 

All the complexities and uncertainties inherent to the problem may cause 

unreliable damage predictions; this problem might be partially mitigated if a multi-

objective damage detection procedure is adopted instead of a single objective approach. 

The basic idea is to combine different objective functions formulated from experimental 

impedance measurements of different PZT sensors, with the purpose of increasing the 

reliability and robustness of the procedure. With this approach, there is not a single 

optimal solution, but rather a set of alternative solutions, generally denoted as the set 

of Pareto-optimal solutions which will require an a posteriori choice. These solutions 

are optimal in the wider sense that no other solution in the search space is superior to 

them when all objective functions are considered. 

4.1.1 Multi-objective optimization problem 

Multi-objective optimization problems are those in which more than one objective 

function needs to be minimized. In general terms, the statement of a multi-objective 

problem with M objective functions can be expressed as follows  

 Minimize 1 2( ) { ( ), ( ),..., ( )}Mf X f X f X f X   
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where the solution X is a vector of n decision variables: 1 2( , ,..., )T

nX x x x . In 

Equation (4.1), ( )ig X  are the constraint equations which the solution should satisfy. 

Additionally, a lower jx  and upper jx  bounds are set for each decision variable jx . 

to take the value between the lower jx  and the upper jx .  

If   represents the feasible region in which variables satisfy all constraint 

functions,  denotes the objective function space which is mapped by feasible region 

 . For each solution X in the decision variable space, there exists a point in the 
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objective space, denoted by f(X). The mapping takes place between an n-dimensional 

solution space and an M-dimensional objective space. A two-dimensional mapping 

from   to   is illustrated in Fig. 4.1. 

 

Figure 4.1 Two-dimensional mapping from feasible region to objective function space 

Due to the interdependence of the objectives, in multiobjective optimization 

problems there is not a single point that would represent the optimum for all the 

objectives but a set of alternative solutions. These solutions are optimal in the sense 

that no solution is superior to them in an overall sense because no objective can be 

improved without losing one of the others. The set of non-dominated solutions is known 

as Pareto optimal solutions and consists of those solutions 
*X   verifying  

 * 1,.) ..( ( )i if X if X M  

 and
*( ) ( )j jf X f X  for at least one j. (4.2) 
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Figure 4.2 Illustration of non-dominated solutions and Pareto front 

This definition clearly shows that 
*X  is the set of non-dominated solutions if 

there exists no feasible solution which would minimize some criterion without resulting 

an increasing in at least one other criterion. As illustrated in Fig. 4.2, the curve between 

C and D corresponds to the set of Pareto solutions, denoted as Pareto-optimal front; A 

and B, lying on this curve, are two Pareto solutions since an improvement in one of the 

two objectives 1f  and 2f  would lead to the degradation of the other one, i.e. 

1 1B Af f  and 2 2B Af f .  

In a damage identification problem the variable X agrees with the damage vector 

1 2( , ,..., )nd d d d  grouping the n damage indicators defined for all the elements of the 

problem. Furthermore, the constraint to be satisfied by each one of these variables is 

 0 1 1,2,...,id i n    (4.3) 

The goal of multi-objective optimization is to find the global Pareto optimal set, 

although from a practical point of view, a compromise should be made among the 
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available Pareto solutions to find a single final solution or a set of representative 

solutions. 

4.2 Multi-objective particle swarm optimization combined with ensemble 

technique 

Evolutionary algorithms have been recognized to be more appropriate to multi-

objective optimization problems from early on in their development since they search 

for a set of solutions in parallel, unlike conventional optimization techniques leading in 

only one run to the global optimal Pareto front. In this work, particle swarm 

optimization (PSO), one of the newest techniques within the family of optimization 

algorithms, combined with ensemble learning algorithm, has been chosen to solve the 

multi-objective problem because of its simplicity and convergence speed. 

4.2.1 Overview of standard particle swarm optimization and genetic algorithm 

(GA) 

Particle swarm optimization (PSO), which simulates the social behavior of bird 

flocking or fish schooling, has become an efficient optimization tool since developed 

by Kennedy and Eberhart [103,112]. As a robust and efficient population-based search 

algorithm, it can be parallelized to reduce the computational cost. Thus, PSO has 

received wide attentions not only in theoretical studies but also in various real-world 

optimization problems due to its simplicity, fast convergence rate and outstanding 

performance. In standard PSO algorithm, each particle within the swarm is initialized 

by a vector in multidimensional search space, and they are assumed to fly over the 

search space looking for promising territory which possesses best fitness of the 

objective function. For each individual particle, it shares memories among the swarm 

regarding the best position it has reached in the search space while it moves during the 

iterative searching procedure. In succeeding step, each particle updates its velocity and 

position according to its best previous position pbest and the best position shared by all 
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other particles gbest, which are typically recognized as the local best and global best 

respectively. The updated velocity 1k

iv   and position 1k

ix   are formulated as follows: 

 1

1 1 2 2( ) ( )k k k k

i i i i iv w v c r pbest x c r gbest x            (4.4) 

 1 1k k k

i i ix x v    (4.5) 

where 1c  and 2c  are acceleration constants which control the influence of ipbest  

and gbest  on each search step, and usually their value are suggested to be 2 for the 

sake of convergence [113-114]. 1r and 2r  are two random numbers in the range [0,1] 

to prevent converge on local optimal locations. Furthermore, w denotes an inertia 

weight to control the impact of the previous particle velocity on the current particle 

velocity, and it follows: 

 max min
max

max

w w
w w iter

iter


    (4.6) 

where maxw and minw  are the initial and final weight respectively. maxiter is the 

maximum iteration number, and iter is the current iteration number. 

Genetic algorithm (GA), as a widely used technique in the field of artificial 

intelligence, can be categorized as a search heuristic which imitates the behavior of 

natural selection by adopting evolutionary process such as inheritance, selection, 

crossover and mutation [115-119]. First of all, a population of candidate solutions or 

individuals which are usually coded in binary as strings of 0 and 1 (namely chromosome) 

are randomly generated in the initial generation. Then, depending on the actual problem, 

a fitness function that quantitatively decides the quality of each individual is defined. 

After evaluating the fitness values of the population, the individuals are stochastically 

selected from the current population based on their fitness performance, and the next 

generation is formed by the operations of crossover and mutation among the selected 

individuals. Commonly, the optimization of GA terminates as long as a predefined 

number of iterations has been reached or a satisfied fitness value has been obtained for 

the population. The two key factors of a typical GA is the genetic representation of the 
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solution domain and the expression of fitness function to evaluate the solution domain. 

Although GA performs quite well in global searching problem, the slow speed of 

convergence and high computational cost limit its application. As commented above, 

one of the advantages of PSO algorithm is its fast convergence rate, therefore, the 

combination of PSO and GA approach would probably overcome the shortcoming of 

GA. 

4.2.2 Multi-objective PSO 

Multi-objective PSO is an extension of standard PSO, the main challenge of this 

algorithm is to minimize the distance of the generated solutions to the Pareto set and to 

maximize the diversity of the developed Pareto set. And this challenge can be expressed 

as two key issues due to the Pareto dominance concept: a) How to assign the fitness 

value and how to select the best particles in order to extend the existing particle 

updating strategy in PSO to account for the requirements in multi-objective 

optimization. b) In contrast to single objective optimization, it is essential to obtain a 

well-distributed and diverse solution set for finding the final tradeoff in multi-objective 

optimization. Because the search procedure by using the PSO algorithm highly depends 

on pbest and gbest, the search can be limited by them, i.e. diversity is introduced only 

around the elite individuals found through the random elements in the PSO equations. 

Therefore, the choice of the means to ensure the diversity of the Pareto front constitutes 

another essential point for attaining the success of the procedure. 

Based on the simplicity and fast convergence of PSO, the two issues presented 

above might be achieved by combing PSO and GA [120]. An optimal modification of 

the basic PSO for multi-objective optimization should keep its main advantages and, 

furthermore, preserve population diversity for finding the optimal Pareto front. An 

efficient and effective multi-objective algorithm might be obtained by applying a 

combination of PSO and GA since it contains the main advantages of each algorithm.  

Herein, this hybridized approach is named as multi-objective evolutionary particle 

swarm optimization algorithm (MOEPSO), and it will be explained in detail in this 
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section. In the proposed method, a truncated elite archive is used to preserve a set of 

non-dominated solutions. New non-dominated solutions are introduced in the archive 

in each iteration, and the archive is updated to make it domination free. Furthermore, 

typical genetic operators like mutation and crossover are included. The flowchart of the 

MOEPSO is shown in Fig 4.3. Next, the main features of the proposed algorithm are 

presented. 

 

Figure 4.3 Flowchart of MOEPSO for damage identification 

4.2.2.1 Constraint handling and archiving 

Before the initialization of all particles in MOEPSO, the values of damage indices, 

which represent the distribution and severity of the damage at each element in the 

numerical model, should be constrained between 0 and 1 from a physical point of view. 

Furthermore, considering the numerical problems during the optimization, these indices 

should have values between 0 and 0.99. However, by applying Eqs.(4.8) and (4.9) any 

value would be possible which would contribute to decrease the applicability of PSO 

for solving this kind of problem. With the purpose of overcoming this shortcoming, a 

simple but effective method has been implemented to solve the constrained 

optimization problem. On the one hand, during the initialization process, all particles 

are initialized with feasible solutions. On the other hand, during the updating procedure 

according to Eqs.(4.8) and (4.9), all the particles are maintained within the search space, 
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i.e. solutions which do not fall within the valid search space are not accepted. When a 

decision variable goes beyond its boundaries, it is forced to take the value of the 

corresponding boundary (either the lower or upper boundary). 

During the optimization process of MOEPSO, the selecting of gbest plays a critical 

role in guiding all the particles towards the global Pareto front. However, unlike single 

objective optimization, the gbest for multi-objective optimization exists in the form of 

a set of non-dominated solutions. Therefore, elitism, in which a historical record of the 

non-dominated particles found along the search process is stored, is introduced in the 

form of an external fixed-size archive or repository in order to prevent the loss of the 

good particles due to the stochastic natures of the optimization process. The archive is 

updated at each generation, e.g., if the candidate particle is not dominated by any 

members in the archive, it will be added to the archive. Likewise, any particles within 

the archive which are dominated by the outside solution will be removed from the 

archive. With the ongoing of optimization process, the number of particles stored in the 

external repository would significantly increase until it slows down the search process 

and furthermore, might be useless for us when exceeding a reasonable number. Thus, 

as long as the repository reaches its maximum permitted capacity, a recurrent truncation 

is applied to eliminate the redundant particles from the archive.  

Another problem is if the particles in the external repository are not distributed 

uniformly, the fitness assignment method might be possibly biased toward certain 

regions of the search space, leading to an unbalanced distribution in the population. In 

order to solve this problem, herein the average linkage method [121] has been 

implemented to prune the repository while maintaining its characteristics. The general 

idea of this method is to divide 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 
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where the symbol  represents the distance between two individuals i1 and i2.After that, 

following an iterative process, the two groups or clusters with minimal average distance 

will be integrated as a larger group until the number of clusters is equal to the maximum 

permitted capacity of the repository. Finally, the reduced non-dominated set can be 

obtained by selecting a representative individual in each cluster, usually the centroid. 

With this approach a uniformly distributed grid defined by the non-dominated solutions 

can be reached. 

4.2.2.2 Selection of pbest and gbest 

As mentioned previously, the selection of pbest and gbest plays an important role 

in guiding the population of particles towards the global Pareto front. In contrast with 

traditional PSO algorithm, the selection of pbest in multi-objective problem follows the 

same procedure. The current position will be selected if it dominates the pbest particle 

stored in the search memory, otherwise, the current particle will not be kept to replace 

it. However, if neither particle is dominated by the other, the pbest is randomly chosen 

between them.  

There are a set of non-dominated solutions in the external repository in which 

gbest is selected. With the purpose of promoting diversity and encouraging exploration 

of the least populated region in the search space, roulette wheel selection scheme is 

implemented based on fitness assignment. As the mechanism proposed by Zitzler et al. 

[121], each particle i in the external repository is assigned with a strength si proportional 

to the number of swarm members which are dominated by it, i.e. 
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where ni is the number of individuals which are dominated by particle i and N represents 

the size of the swarm. The fitness value of the individual i is given as the inverse of its 

strength. Thus, non-dominated individuals with high strength values and population 

densities are penalized and herein fitness sharing scheme is unnecessary anymore.  
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4.2.2.3 Use of genetic operator and ensemble technique 

One of the widely known advantages of PSO is the high convergence speed, while 

inthe proposed multi-objective optimization problems such merit may result in a 

premature convergence to a false Pareto front due to the difficulty of incorporating the 

heuristic characteristic of complex problems in the algorithm by using only two PSO 

equations.This shortcoming might be overcome by encouraging the exploration to 

regions beyond those defined by the search trajectory, and this is the main motivation 

for using genetic operators such as crossover and mutation. 

First of all, the introduction of a crossover operator might help to increase the 

exploration ability in searching solution space by periodically changing the internal 

structure of the particles by sharing information with other different particles apart from 

the best individuals. According to this mechanism, the crossover operator just simply 

intermixes the existing population rather than creating new individuals within the 

population. For its application, two particles are randomly selected, and then one 

crossover point is randomly decided which performs a partial swap mechanism between 

the two selected particles. The probability of crossover defines the ratio of the number 

of offspring generated in each generation to the population size. Considering that this 

operator is a complement operator for the proposed multi-objective procedure instead 

of an essential one, not very high value should be taken for the probability of crossover. 

Another genetic operator implemented in the proposed model is mutation operator, 

which might be developed using a self-adaptive mechanism so that high exploratory 

capabilities are imparted to the particles at various stages of the search by varying the 

probability of mutation with the requirements of the search. Coello et al. [120] firstly 

presented an operator with an initial high explorative behavior but lower effect with the 

increasing of the iteration number. Agrawal et al. [122] proposed a self-adaptive 

operator with varying probabilities of mutation based on the number of particles in the 

external repository. Alternatively, the number of particles affected by the mutation 

operator might remain constant along the whole iterative procedure by defining a 

constant value for mutation probability. By doing this, the exploratory ability remains 
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constant throughout the iterative procedure. Generally, a low value is usually chosen 

for the probability of mutation in order to not increase the diversity of the population 

significantly. 

What’s more, with the purpose of increasing the accuracy of the prediction, the 

presented multi-objective method is integrated with ensemble technique. As the single 

objective problem combined with ensemble technique proposed in the previous chapter, 

the ensemble multi-objective optimizations follows the same procedure. To get a set of 

individual classifiers, MOEPSO runs multiple times by changing the distribution of 

training sets, namely bootstrap sample, which represent a random set of particles in the 

search space. The final ensemble-based decision is made by a voting classification 

approach from the sub-classifiers. 

4.3 Experimental test setup 

As discussed previously, the most probable failure mode of FRP-strengthened RC 

structure is the intermediate debonding caused by the high stress concentration in the 

vicinity of flexural cracks at an intermediate region of the beam. This sudden and brittle 

failure may become catastrophic if not monitored appropriately. In order to evaluate the 

feasibility of the proposed ensemble multi-objective optimization approach for the 

identification of initial and minor debonding damage, one experimental test was carried 

out in the Eduardo Torroja Institute on a RC beam plated with FRP strip. As illustrated 

in Fig. 4.4, the geometric dimensions of the specimen are 3.5 m length, 0.2 m width 

and 0.4 m depth, and the externally bonded FRP plate has 3.36 m length, 0.05 m width 

and 1.4 mm thickness. On the surface of the FRP strip, 11 PZT sensors were uniformly 

distributed along its length by using epoxy adhesive with a constant distance of 0.12 m 

among them. All the sensors are connected to the HP 4192A impedance analyzer from 

Agilent using individual channels to capture electromechanical impedance 

measurements separately. A summary of the geometrical and material properties of 

concrete, reinforced steel, FRP strip and PZT patches are shown in Table 4.1.  
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Figure 4.4 Geometry, loading scheme and sensor location of specimen 

Table 4.1 Material and geometrical properties of each component 

Material properties Concrete Steel Adhesive FRP PZT 

Elastic modulus (×

1010N/𝑚2) 

2.48 21 __ 15 6.21 

Shear elastic modulus 

(× 1010N/𝑚2) 

1.03 8.75 0.43 5.6 __ 

Length (m) 3.5 3.5 3.36 3.36 0.01 

Width (m) 0.2 __ 0.05 0.05 0.01 

Thickness(m) 0.4 __ 0.0035 0.0014 0.0002 

Density (kg/𝑚3) 2350 7850 __ 1600 __ 

Piezoelectric 

constanth31 

(𝑉/𝑚) 

__ __ __ __ -8.30×

108 

Dielectric constant 

β33 

(mV/C) 

__ __ __ __ 7.42× 107 

Mechanical loss 

factorη 

__ __ __ __ 0.03 

Dielectric loss factor 

δ 

__ __ __ __ 0.02 

 

In order to capture impedance measurements caused at different stages of the beam, 

damage was gradually introduced by applying increasing loading steps. In the test 

programme performed, the frame was subjected to an alternating combination of 

increasing static load tests and impedance analyses. The static tests were performed 

using a four-point static loading configuration (Fig. 4.4). Four increasing levels of load, 

26, 40, 65 and 100 kN, were applied. After each static test, the beam was unloaded to 

obtain impedance measurements at the different PZT sensors. It has been recognized 
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that electromechanical impedance in the high frequency range is more sensitive to 

minor defects, such as those which might originate initial debonding, so a wide 

frequency sweep at a wide range (10 kHz-100 kHz) was carried out to get the raw data 

of impedance. Fig. 4.5 shows the overall experimental setup. 

 

 

Figure 4.5 Experimental setup of FRP-strengthened RC beam bonded with PZT 

sensors 

The increasing loads caused flexural and shear cracks clearly visible as shown in 

Fig. 4.6. When the load reached a value of 139 kN, the FRP strip debonded suddenly. 

After that, as shown in Fig. 4.7, two zones with concrete cover peeling were observed 

between PZT sensors 2 and 3, and sensors 6 and 7. Therefore, it is apparent that after 

the fourth loading stage (100 kN), concentration of cracks were present in the vicinity 

of these two regions, and after that, with the increment of the applied load, the 

interfacial debonding originated from these two initial damaged areas until reaching the 

complete failure. Because of it, the impedance measurements captured after the fourth 

loading stage were chosen as the signature to assess the proposed procedure while the 

measurements related to the third loading stage were taken as the baseline in order to 

remove the influences coming from the damages caused by the first three loading stages. 
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Figure 4.6 Cracking map of the strengthened beam after the last loading stage 

  

Figure 4.7 Interfacial debonding sections between PZT sensor 2 and 3, sensor 6 

and 7 

4.4 Damage identification methodology based on a multi-objective PSO approach 

In order to quantitatively evaluate the healthy condition of a structure, the feature 

extraction should be implemented from the changes of the electromechanical 

impedance signatures measured by PZT sensors between two different stages. As 

introduced in the last chapter, the root mean square deviation (RMSD) is used as a 

damage indicator based on EMI technique 
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 (4.9) 

where 0 ( )iZ   is the impedance of the PZT measured at a previous stage, which 

corresponds to the healthy condition of the structure, and 1( )iZ  is the corresponding 

value at a subsequent stage, which might agree with a post-damage stage, at the ith 
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frequency point; n is the number of frequency points. Since for this index, the larger the 

difference between the baseline reading and the subsequent reading, the greater the 

value of the index is, it gives us the possibility to detect the changes of structural 

dynamics characteristics caused by damage. 

 From Eq. (4.10), an objective function has been defined for each ith PZT sensor 

using the modal assurance criterion [98] to evaluate the changes between numerical and 

experimental impedance signals as follows 

 T 2

T T

1 MAC(RMSD ,RMSD )

(RMSD RMSD )
1

(RMSD RMSD )(RMSD RMSD )

i num exp

num exp

num num exp exp

F  

 
 (4.10) 

where the subscripts num and exp denote the computed and measured responses of each 

ith PZT sensor. By selecting several sensors of the test, multiple objective functions 

may be stated and, in this way, the updating procedure may be formulated in a multi-

objective framework allowing capturing more information about the proposed problem. 

Besides, as several sets of impedance measurements are taken into consideration, this 

would contribute to obtain a more accuracy and reliable solution to the problem. 

The reduction of interfacial shear modulus for each element has been defined as 

updating parameter de as shown in Eq. (4.11), with the purpose of modeling the minor 

debonding damage in the interface between concrete and FRP strip.  
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d
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   (4.11) 

where ( )e

ADG  and ( )e

AD dG  are the adhesive stiffness for element e before and after 

debonding damage, respectively. The case of de=0 indicates the intact state while de=1 

means that the element e has debonded completely. 

Once the Pareto front has been obtained by solving the multi-objective 

optimization problem, another key point is the choice of the appropriate solution from 

the set taking into account the weight given to each objective function. In our case, the 

same weight was assigned originally to all the objective functions. Based on this 

assumption, two alternative ways were evaluated to choose the optimal solution. The 
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first one, denoted here as “balanced point” consists in choosing as single solution the 

Pareto point for which the values of all objective functions are closer 

 1 2 2 3 1 3min( )F F F F F F      (4.12) 

With this approach, all the objective functions are valued equally. 

The second option, denoted here as “closest point”, from the set of Pareto optimum 

solutions obtained, the chosen one is that minimizing the following expression 

 
2 2 2

1 2 3min( )F F F   (4.13) 

i.e., the chosen Pareto point is the closest to the origin. 

4.5 Damage identification results 

The updating procedure based on ensemble multi-objective optimization follows, 

in general terms, the same scheme used for single optimization problems presented in 

Chapter 3. Depending on the chosen sensors to define the objective functions, the 

corresponding spectral element mesh must be reconfigured. In this case, due to the large 

scale of the problem and the uncertainties derived from the tests, 30 replicates were 

used for determining the ensemble damage prediction. For each multi-objective PSO 

learning machine, a random and replicate set of 10 particles was generated and 30 

iterations were implemented during the process of optimization. Each classifier will 

predict one element as damaged region and vote for it; and the element voted mostly 

will be chosen as the damaged element. 

To validate the proposed ensemble multi-objective optimization approach, three 

objective functions were chosen simultaneously, i.e. measurements of three sensors 

were considered in the multi-objective problem and the spectral element meshes were 

adapted to the location of the selected sensors at each particular case. During the tests, 

some practical problems occurred which made unusable sensors 5 and 11; therefore, 

the impedance measurements obtained from these two sensors could not be used in the 

procedure. 

Firstly, sensors 1, 3 and 7 were chosen; Fig. 4.8 shows the spectral element mesh 

for this case. The elements were distributed along the strengthened beam resulting 19 



102 

elements (E1-E19) and 20 nodes whose coordinates were suitably chosen to agree with 

the location of the three sensors (elements E4, E8 and E14) and the debonded areas. As 

shown, E1 and E19 were used to represent the two non-strengthened portions at the 

ends of the specimen. Elements E7 and E12 agree with the location found to originate 

debonding in the experimental tests. The remaining elements were assigned to the intact 

concrete areas strengthened by FRP strip. The refinement of the mesh close to the 

debonded areas was chosen to be higher. Due to the configuration of the numerical 

model, it is clear that the number of elements used in this specimen has been 

significantly reduced compared to a conventional finite element method, since the 

proposed approach is able to capture high frequency impedance signals in a fast and 

non-expensive way.  

 

Figure 4.8 Spectral element mesh 1 (SEM1) by selecting PZT sensors 1-3-7 

Considering that E1 and E19 elements agree with non-strengthened areas, 

debonding damage will not occur in these two elements. Therefore, in this case, the 

damage vector is formed by 17 components, one for each element of the strengthened 

zone. According to Equation (3.44) the damage parameter defined for each element 

denotes the extent of interfacial damage, i.e. the stiffness change at the RC-FRP 

interface. In addition, the impedance signals captured by each sensor were measured 

from 10 to 100 kHz and subsequently were divided into 9 subranges of amplitude equal 

to 10 kHz. According to that, the damage metric RMSD in Eq. (4.13) has been 

transferred into a nine-dimension vector, being derived each component from each one 

of the frequency subranges.  
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Figure 4.9. Comparison of experimental and numerical impedance signals 

Figure 4.9 shows the comparison between the impedance signals corresponding to 

sensor PZT 7 measured from the test and obtained by numerical simulation using the 

mesh shown in Fig. 4.8 for the specified frequency band between 10 and 100 kHz.. The 

results show that although a limited number of elements was used, the proposed model 

is able to predict the EMI spectrum with satisfactory accuracy. Meanwhile, it can be 

noticed in the numerical results that the changes of electromechanical impedances 

provided by the appearance of structural damages are not very meaningful except for 

the highest frequencies. A similar phenomenon was also observed in the experimental 

tests, which demonstrates that the high frequency response is more sensitive to incipient 

or minor damages. The deviation between numerical and experimental results is 

probably due to the uncertainties coming from the material properties as well as external 

factors during the experimental tests such as noise, temperature and humidity. As 

usually, the real part of the impedance was used to construct the damage indices since 

it is able to reflect the changes in the structure with a higher sensitivity than the 

imaginary part. 
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Figure 4.10 Damage distribution of closest and balanced point of SEM1 

Figure 4.10 shows the damage predictions obtained with the proposed procedure 

for the mesh in Fig. 4.8. Zone around element E7, which was detected as damaged in 

the tests, is located between sensors 1 and 3 whose distance is very limited. In this 

sense, the area surrounding this debonded area, i.e. elements E7, E8 and E9, was 

clearly identified as damaged and no significant differences were observed between 

the selected closest point and balanced Pareto point. Undoubtedly, the fact that the 

change in the material properties due to debonding affected to the measurements in 

sensors 1 and 3, due to their proximity, and that impedances in both sensors were 

used to formulate the objective functions, made easier the detection of this damaged 

area. An important aspect to remark is that initiation of midspan debonding will affect 

to an extended area of the beam as reflected in the damage predictions of Figure 4.10, 

due to the brittle nature of concrete and that we are working in the high frequency 

range, i.e. it will not be a concentrated damage affecting only to one element in the 

mesh.  

In contrast to this result, the other debonded area around element E12 was not 

identified with the proposed approach. This area is between sensors 3 and 7 whose 
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mutual distance is large enough considering the local nature of the PZT sensors. Its 

location far from sensor 3 makes practically negligible in the damage identification 

procedure the information yielded by the objective function formulated according to 

this sensor. Furthermore, the debonded region (element E12) is not so close  to 

sensor 7 how to be detected from the impedance information given by only this 

sensor., This may mean firstly, that the information given by only one sensor may be 

useful only in the case that the damaged area is very close to the sensor location. In 

this case, it is not perhaps sufficient to obtain successful predictions; secondly, the 

use of a multi-objective procedure, such as formulated here, can become a guarantee 

of success only if the damaged region to be detected is between two sensors used in 

the multi-objective approach whose mutual distance is sufficiently close considering 

the local character of this kind of sensors. 

In a further study, with the purpose of getting a deeper insight, the procedure 

was applied again but considering now sensors 3, 6 and 7. The spectral element mesh 

used in this case is shown in Fig. 4.11 and was chosen using the same criteria than in 

Fig. 4.8. Elements E6, E10 and E14 agree with the location of the three sensors and 

the debonded regions are around elements E5 and E12. 

 

Figure 4.11 Spectral element mesh 2 (SEM2) by selecting PZT sensors 3-6-7 
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Figure 4.12 Damage distribution of closest and balanced point of SEM2 

Fig.4.12 shows the damage predictions in this second scenario. Elements E12, 

E13 and E14, surrounding the damaged area located between sensors 6 and 7 and 

close to them, are perfectly detected as damaged. Due to their proximity, information 

given by sensors 6 and 7 in the multi-objective procedure is undoubtedly meaningful 

with respect to the damaged region. This conclusion is similar to that obtained in the 

previous scenario and, similarly, damage affects to several contiguous elements. 

Element E6 is also detected as damaged in Figure 4.12. Unlike the previous 

scenario for sensor PZT7, in this case the debonded region (element E5) is contiguous 

to the location of sensor PZT3 (element 6). Because of that, this element is detected 

as damaged with the purpose of reflecting the impedance changes due to the 

appearance of debonding. However, unlike the scenarios in which damage is between 

two contiguous sensors, only one element was detected as possibly damaged, i.e. 

damage levels in contiguous elements were negligible, which can be due to the fact 

that no significant information about this area was given by any other sensor.  

Another point to be considered is that the level of damage is lower than 0.15 in case 

of using the balanced Pareto point and slightly higher than 0.15 if the closest Pareto 

point is chosen. However, in Figures 4.10 and 4.12, for the areas clearly detected as 



107 

damaged, damage indices reached values higher than 0.15. Although a more detailed 

study should be carried out to establish a damage threshold above which damage can 

be confidently discerned from noise, it is clear that, considering the numerous 

uncertainties of the process, taking the damage index values plotted in the figures to 

be the limiting values above which damage is inferred would lead to erroneous 

conclusions much of the time. 

To give more reliability to our previous reasoning, a new scenario was evaluated 

consisting in using impedance measurements in sensors 3, 7 and 9 to formulate the 

multi-objective procedure. The corresponding spectral element mesh is shown in Fig. 

4.13. Sensors 3, 7 and 9 agree with elements E6, E12 and E15, respectively, while 

the two debonded areas are around E5 and E10, respectively.  

 

Figure 4.13 Spectral element mesh 3 (SEM3) by selecting PZT sensors 3-6-7 
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Figure 4.14 Damage distribution of closest and balanced point of SEM3 

From the damage distribution shown in Figure 4.14 the following conclusions 

might be inferred. With respect to sensor PZT3 (element E6) the same conclusion as 

in the previous scenario can be drawn. However, unlike the first studied scenario 

(Figure 4.10), the debonded region located on the right side is detected (element E12 

and E13) when the impedance information supplied by sensors PZT7 and PZT9 is 

combined. In Figure 4.10 only sensor PZT7 was used and no damage was observed 

in this area. 

 

Figure 4.15 Spectral element mesh 4 (SEM4) by selecting PZT sensors 2-3-4 
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Figure 4.16 Spectral element mesh 5 (SEM5) by selecting PZT sensors 6-7-8 

 

Figure 4.17 Spectral element mesh 6 (SEM6) by selecting PZT sensors 7-8-9 

 

Figure 4.18 Damage distribution of closest and balanced point of SEM4 
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Figure 4.19 Damage distribution of closest and balanced point of SEM5 

 

Figure 4.20 Damage distribution of closest and balanced point of SEM6 

In the previous studies, the spectral element meshes were adapted to the debonded 

regions in such a way that the nodes surrounding the damaged zones are assigned to be 

coincident with the damaged areas. However, damages due to debonding in a real case 

are not likely to agree exactly with the size of the elements used in the numerical model, 

thus, the influences resulting from the mismatched nodes and element size should be 

further investigated. With this purpose, three new scenarios were considered. In each 
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one of them three consecutive sensors were chosen: a) Sensors 2, 3 and 4 (Figure 4.15); 

b) sensors 6, 7 and 8 (Figure 4.16); c) sensors 7, 8 and 9 (Figure 4.17). In these three 

cases, the elements between each two consecutive sensors were defined with a size 

equal to 0.04 m giving three elements. Furthermore, as usually, one element was defined 

for each sensor location and additionally one element of size 0.06 m was included to 

both sides of the region between end sensors. In the computations, damage indices were 

assigned only to these two elements and to the elements located between the end sensors 

chosen for the procedure. For the remaining length of the beam, elements of quasi-

uniform size were defined but no possible damage index was assigned to them. This 

choice is justified by the local nature of the measurements captured by each sensor. 

Figures 4.18, 4.19 and 4.20 show the damage distributions for the three scenarios, 

respectively. The conclusions derived from these figures are practically the same to 

those obtained in the previous studied cases.  

4.6 Conclusion 

A multi-objective damage identification methodology has been proposed in this 

chapter to identify the intermediate debonding damage in FRP-strengthened RC 

beams. The numerical simulation of impedance signals in this chapter is based on the 

one-dimensional spectral element model developed in the previous chapter for 

electromechanical coupling responses between host structure and adhesively bonded 

PZT sensors. Firstly, an experimental study was performed for a real scale FRP-

strengthened RC beam which was subjected to four loading stages in order to 

introduce different levels of damage until the FRP debonding failure occurred; eleven 

PZT actuators-sensors were bonded along the length of the structure in a uniform way 

with the purpose of measuring electromechanical impedance in different locations 

under each structural damage case. By using a net of sensors, useful information in 

critical zones of external reinforcement can be provided for the multiple objectives 

due to their proximity to the damage features. 
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Considering the large scale and high uncertainties of the structure in the 

presented test, multi-objective optimization embedded with PSO algorithm was 

employed herein by using impedance signals obtained from three PZT sensors chosen 

among the eleven sensors bonded to the beam to establish three objective functions. 

In this way, more information will contribute to the optimization problem which may 

lead to more satisfactory results. Additionally, in order to achieve a reliable damage 

prediction, ensemble algorithm was combined with the multi-objective PSO 

approach considering the numerous uncertainties and environmental disturbances 

inherent to the experimental tests. In a general way, the results demonstrate that the 

hybrid algorithm presented in this chapter is a promising technique to predict minor 

and incipient damage. The following particular conclusions are drawn from the 

results of the proposed study: 

 The proposed approach mitigates partially the effect of the high 

uncertainties derived from the experimental tests to obtain a debonding 

detection methodology of reasonable accuracy. 

 Minor damages are only detected with accuracy if the damaged zone is 

between two closely spaced PZT sensors or very close to one sensor. 

 A limited distance between sensor and damaged region is required, 

otherwise the structural changes might not be able to affect the output 

impedance signatures of PZT sensors. 

 Due to the brittle nature of concrete and considering that we are working in 

a high frequency range, debonded area detection agrees with several 

contiguous elements predicted as damaged.  

 A damage threshold value above which damage can be confidently 

discerned form noise must be stated. 
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5. Conclusions and future work 

Summary 

In this chapter the conclusions of the performed studies as well as suggestions with 

respect to future research are made.  

5.1 Conclusions 

The most relevant conclusions from the studies performed in this Thesis can be 

summarized as follows: 

1. A new discrete crack approach has been presented in this paper for the numerical 

prediction of IC debonding failures in FRP-strengthened RC beams. The new 

model has been developed in a simple and non-expensive 1D framework based on 

spectral element method and for its implementation a new element with embedded 

crack has been formulated in such a way that its introduction in a numerical 

procedure causes few disturbances. Due to the discrete nature of the proposed 

element, the slip concentration in regions adjacent to cracks is captured in a more 

realistic way, which allows controlling debonding failures in FRP-strengthened RC 

structures more properly and, additionally, the new approach overcomes the major 

deficiency of all existing refined finite element models related to cost and 

complexity. The model correlated well with test data globally and locally and can 

be used to predict IC debonding with confidence where debonding is governed by 

the bond–slip behaviour of the FRP-to-concrete interface. Due to its formulation, 

the proposed model is also able to capture the dynamic response, including high 

frequency response, of RC beams retrofitted with externally bonded FRP 

plates/sheets incorporating in a fast and simple way the influence on its behaviour 

of local phenomena, such as interfacial intermediate debonding, because of its 

ability to work accurately at high frequencies. 
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2. A methodology to diagnose damage due to intermediate interfacial debonding in 

FRP flexural strengthened RC beams has been proposed. The approach is based on 

a PZT impedance actuator-sensor. These kinds of transducers work in the high 

frequency range which makes them especially suitable to detect minor debondings. 

The adopted strategy is based on a model updating procedure and has been carried 

out with a proposed model of the bonded-PZT FRP strengthened beam based on a 

one-dimensional simplified spectral element method which allows working easily 

in the high frequency range in a non-expensive way. Considering the local nature 

of the studied damage, its identification represents a challenging task. With the 

purpose of increasing the efficiency and robustness of the proposed methodology 

two additional contributions have been carried out. Firstly, an ensemble method 

based on the standard PSO algorithm has been implemented. Secondly, an adaptive 

algorithm has been developed to increase the performance of the proposed strategy 

with respect to the identification of the damage location in real applications. An 

experimental study was performed to validate the proposed scheme. Successful 

predictions have demonstrated the importance of the proposed contributions to 

improve the capabilities of damage identification in both severity and location. 

Because of this, it appears to be very promising as an active non-destructive 

evaluation technique. 

3. Based on the achievements of the two previous conclusions, a multi-objective 

model updating approach has been developed for its application to real scale RC 

beams strengthened with FRP strips during a loading procedure until failure. Being 

the beam instrumented with several PZT sensors bonded to the FRP strip along its 

length, one objective function is formulated dependent on the impedance 

measurements of each PZT sensor. The identification of initial debonding in the 

interface between FRP and concrete is solved by an ensemble multi-objective 

extension of the PSO method based on the spectral element approach presented 

previously. The main merit of PSO is its easy implementation and fast convergence, 

meanwhile ensemble learning does well in resulting reliable and anti-interference 
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results. Taking into account the local nature of the studied damage case, these 

advantages still provide satisfactory damage predictions by using the proposed 

methodology which indicate the potential of this approach. 

5.2 Future research 

Based on the results of this research and the conducted literature review, the following 

points are proposed as future work: 

1. The proposed approach has been used to simulate debonding induced by an 

intermediate flexural crack in a FRP-plated reinforced concrete beam. When 

debonding originates at zones closer to the end of the FRP plate shear cracks play 

an important role in the failure mode. In this sense the model should be adapted to 

simulate also suitably the FRP-concrete interface debonding induced by a flexural-

shear crack. 

2. Following the similar proposed spectral procedure, the thermo-physical equations 

might be reformulated in spectral domain by employing Fast Fourier 

Transformation (FFT). By doing this, a novel type of element to simulate the 

thermal responses of FRP-strengthened RC structures under different levels of 

temperature. Meanwhile, combining the material relationship between stiffness 

and temperature, the reduction of stiffness and residual strength of the structure 

might be properly predicted and understood.  

3. Different combination and location of PZT sensors would result in numerous sets 

of impedance measurement signatures such as shown in Chapter 4. So in order to 

obtain a set of critical information which is able to offer the useful and sensitive 

data of the health condition of the structure, the selection and distribution of the 

sensors along the length of beam should be predefined according to an optimization 

procedure rather than a rough consideration. This topic may be implemented in 

numerical simulation and later useful suggestions can be provided for real test in 

an economical way. 

4. The ensemble algorithm presented in this thesis, which is introduced to eliminate 
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the influence of noises and uncertainties of impedance measurements leading to 

reliable and consistent prediction, is based on the results from multiple decision-

makers which have been decided by each classifier. Another possible approach to 

deal with this problem is data fusion technique, in which different set of data 

measured by multiple PZT sensors under each damage scenario might be integrated 

and interpreted previously before introducing to learning machine. The fusion of 

information allows, indeed, to improving the ability of damage identification and 

form a unified picture from several sources. 

5. A very simple constitutive law for FRP-concrete interface has been used in the 

proposed models. A multiscale approach through which constitutive laws for this 

interface under variable mode mixity might be derived through a detailed 

examination of the mesoscale geometry and a suitable constitutive modelling of 

the constituent materials. In this way, the features of the mesoscale geometry might 

be translated into macroscopic results, in terms of concrete tensile and compressive 

response, as well as of mixed-mode constitutive laws for the FRP–concrete 

interface under the assumption that failure is controlled by the properties of the 

superficial concrete layer.  
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