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Abstract 
 

The present PhD thesis deals with the application of piezoelectric materials in non-

destructive testing of concrete, and in particular, with their applicability in damage 

detection of structural elements. Moreover, the application of piezoelectric materials 

in monitoring of early age concrete mechanical behavior is investigated. Due to the 

need for continuous gathering of information regarding the condition of concrete 

structural members from the first stages of their construction, one of the main aims of 

the present research is the design and development of monitoring devices based on 

piezoelectric materials, which are embedded to concrete mass. Since the piezoelectric 

sensing devices after embedding are mechanically considered as part of concrete�s 

microstructure, they can be characterized as �smart� piezoelectric aggregates. The 

basic piezoelectric material that has been utilized in the examined applications is 

Lead-Zirconium/Titanium Oxide, which is referred in related literature as PZT (Lead 

Zirconate Titanate). 

In terms of theoretical analysis, the physical principles that govern the 

piezoelectric effect have been implemented. For this purpose, the constitutive laws 

which are describing the electromechanical behavior of PZTs as well as the 

mechanical interaction among piezoelectric and concrete materials have been 

thoroughly investigated. The electrical quantities which are involved in PZT�s 

electromechanical behavior are the Electro-Mechanical Admittance and the Electro-

Mechanical Impedance. The corresponding mechanical quantities are the Mechanical 

Impedance, both of the concrete and PZT, and the Dynamic Stiffness. Both the 

experimental and the theoretical analyses are performed in the frequency domain, by 

measuring or analytically calculating the response spectra of the aforementioned 

quantities. For this purpose, a novel analytical model has been developed herein, for 

obtaining the spectral response of concrete's Mechanical Impedance, which is based 

on the interaction of the monitored concrete structure with the shear waves generated 

by the embedded PZT.  



Abstract

XVII

The main technique that has been employed to monitor the structural integrity of 

the concrete is the method of Electro-Mechanical Impedance. This method is based on 

a comparative analysis between a reference response spectrum which corresponds to 

the state of the �healthy� structure and a spectrum associated with the state in which 

the structure is subjected to damages and/or degraded mechanical properties. In the 

context of this thesis a novel method for performing the aforementioned comparative 

analysis has been developed, which is based on the statistical control of changes that 

occur between the reference and the response spectrum of a structure which 

experiences mechanical failures.  

Statistical control of the changes is implemented by identifying the confidence 

limits, within which every difference that occurs in the recorded spectra of the 

undamaged concrete structure must be confined. These confidence limits are 

calculated from the statistical analysis of the residual values of a suitable transfer 

function which describes the electromechanical response of the undamaged structure. 

The statistical distributions which are implemented for the confidence limits 

calculations are the Normal Distribution and the Generalized Extreme Value 

Distribution. To assess both the existence and the severity of any damage, the number 

of residual values that are set outside the range of statistical control (the so-called 

Outliers) for each analysis is used. The evaluation of the proposed statistic 

methodology, has been performed via finite element numerical simulations of coupled 

electromechanical systems which consist of the concrete structural member (damaged 

and undamaged) and embedded PZT patches.  

Transfer functions of the undamaged structure are calculated from the simulation 

of the mechanical or the electrical response of the Electro-Mechanical system. For the 

simulation of Electro-Mechanical Systems a commercial MATLAB toolbox, i.e., 

FDIDENT, has been utilized that is focused in frequency domain dynamic system 

identification. In addition, two novel techniques have been introduced in the context 

of the present investigation. The first proposed method is based on the mechanical or 

electrical impedance of an Electro-Mechanical System, adopting rational polynomial 

functions of the angular frequency. The second method is based on the analytic 

approximation of the mechanical impedance which corresponds to a simplified multi-

degree of freedom dynamic system which is equivalent to the real �healthy� structure. 

Regarding the instrumental monitoring of concrete structural systems using 

�smart� piezoelectric aggregates, a cost-effective prototype integrated system has 
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been developed for the automatic recording of Electro-Mechanical Impedance at 

regular time intervals. This system includes a low-cost electronic board, referred as 

AD5933 EB (Evaluation Board), and a prototype Teflon based �smart� piezoelectric 

aggregate. Moreover, this system utilizes wireless technology to transfer data from the 

AD5933 EB to a client computer and enables the assembly of the impedance 

measurements in a suitably designed database. The main contribution of the proposed 

system is that it enables every user that has access rights in the database, to be 

connected remotely via internet and to extract, via properly scripted queries, the 

desired Electro-Mechanical Impedance measurements for real-time structural integrity 

assessment and post-processing. 

The method of the Electro-Mechanical Impedance in conjunction with the 

statistical analysis performed on the recorded response spectra using the integrated 

prototype recording system, have been implemented in a number of characteristic 

tests of structural concrete elements. More specifically, the applications that have 

been examined within the present doctoral study are the following: a) monitoring of 

stiffness and strength development of the early age concrete, from the 3 first hours 

after casting until the age of 28 days, b) detection of damages in a cubic concrete 

specimen that is gradually led to failure via a compressive axial loading, and c) 

detection of damages in a concrete beam specimen that is gradually led to failure 

through a three-point bending loading. 

Based the results which were obtained, it can be concluded that piezoelectric 

sensors can be successfully adopted in monitoring hydration and curing processes of 

early age concrete. Moreover, it has been showed that piezoelectric materials can be 

effectively implemented in structural health monitoring and damage detection of 

concrete elements. Due to high stiffness and high damping exhibited by concrete, the 

embedding of piezoelectric material in form of "smart" aggregates in concrete mass 

improves significantly the spreading of mechanical waves, while it also increase the 

available scanning area in a structural element. Finally, it is proven, that the 

development of an integrated system for recording and storing Electro-Mechanical 

Impedance spectra in a database, contributes significantly to the effective 

management and usage of the large volume of data, which are collected during 

monitoring of a structure. 

  


