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Abstract

In the last decades the field of structural health monitoring and damage detection has been intensively

explored. Active vibration technique allows to excite the structure at high frequency vibrations which

are sensitive to small damage. Ideal candidates for the generation of high frequency (ultrasonic) signals

are piezoelectric PZT transducers, due to their small size, low cost and large bandwidth. Current

ultrasonic systems are based on external piezoelectric transducers which need to be placed on two

faces of the concrete specimen. This arrangement is often impractical due to limited accessibility when

in service. An alternative is to embed permanently low-cost transducers inside the structure. Such

types of transducers have been applied successfully for the in-situ estimation of the P-wave velocity in

fresh concrete, and for crack monitoring. Nevertheless, major issues concerning the efficiency of these

embedded transducers have been raised in previous studies. In the present study, we explore the working

principles of embedded piezoelectric transducers in comparison to external transducers which are found

to be significantly different. A simple Finite Element model of a piezoelectric transducer embedded in

an infinite media is developed. It is coupled with a multi-objective genetic algorithm which is used to

design specific ultrasonic embedded transducers.

1. INTRODUCTION

Inspection of engineering works in concrete is a major issue to ensure the reliability of the structure

which is essential both for safety and economic purposes. Visual inspections or destructive tests which

are the most widely used methods are costly and hardly efficient since they are necessarily sporadic.

The current trend is to set up large sensors networks in order to measure the dynamic signature of

the structure. Large scale effects can be monitored by analyzing the first vibrations modes which are

generally excited by the ambient vibrations (wind, traffic). The detection of local defects requires to

study the information carried by higher frequencies vibrations. The rough idea of Acoustic Emission

(AE) testing consists in catching the waves generated by the appearance of a crack in order to localize it.

Alternatively, the wave can be generated by the monitoring system itself. Such active methods are called

Ultrasonic (US) testing. Both AE and US methods requires specific transducers that allow to detect or

generate vibrations in a given frequency bandwidth and which are generally made of Lead Zirconate

Titanate (PZT).

The large external probes which are generally used suffer of several drawbacks both for AE and

US measurements. Indeed, both methods rely on high frequency waves which are strongly attenuated in

concrete. Consequently, the measurement must be performed relatively close to the source. The mea-

surement should therefore be done on small size specimens or in really restricted areas. Additionally, the

use of such external transducers is restricted by the need of flat surfaces and coupling agents that poten-

tially reduce the efficiency of the transducers. In order to overcome these drawbacks, several researchers

have studied the possibility of embedding low-cost piezoelectric transducers in the concrete structure.

These embedded piezoelectric transducers allows much more flexible configurations of measurement
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networks and avoids the need of coupling agents. These transducers can be divided in two main design

categories. The first type of transducer is roughly based on the design of classical piezoelectric trans-

ducers which consists in a piezoelectric patch bounded by several matching or coating layers while the

second consists in cement-based piezoelectric composites [1–3].

At ULB-BATir, several designs of the first category have been manufactured and successfully used

both for monitoring the E-Modulus at very early age and damage detection [4, 5]. These experiments

have proved the efficiency of these transducers for Structural Health Monitoring but have also revealed

the great importance of optimizing the design of the transducer to each specific application. The main

objective of the current study is to suggest an efficient design method to optimize the efficiency of

the embedded piezoelectric transducers. In this study, it is specifically pointed out that the working

principle of embedded transducers is completely different from external transducers. More specifically,

it is demonstrated that the methods classically used to optimize external transducers cannot be used

for embedded transducers. A finite element model coupled with a multi-objective genetic optimization

algorithm is used to determine new designs of transducers.

The current paper is divided in two main parts. This first part is dedicated to the development of a

simple and reliable model of embedded transducer while the second is dedicated to the optimization of

the transducers, based on the model defined in the first part.

2. EMBEDDED PIEZOELECTRIC TRANSDUCERS MODELING

The present section is aimed at developing a simple and accurate model of embedded piezoelectric trans-

ducer. This model should be sufficiently elaborated to properly represent the behavior of the transducers

in a given media while being effective in terms of computation costs. The first section of this part is

devoted to show how classical external transducers are generally optimized and why these methods can-

not be used to model embedded transducers. The second section deals with the development and the

validation of an appropriate finite element model.

2.1 External and Embedded transducers

The general design of external transducers consists in a piezoelectric patch surrounded on one side

by a series of matching layers which aim at transmitting the wave from the piezoelectric element to

the tested material in a specified frequency bandwidth. On the other side, the piezoelectric element

is bounded by a backing material which, in a few words, aims at both absorbing the wave which is

propagating in the opposite direction to the tested material and avoiding any reflection between the

piezoelectric material and the backing material. Such a design allows to restrict the model to a one-

dimensional problem. The well-known KLM model is the most widely used model to estimate the

efficiency of piezoelectric transducers [6]. Nevertheless, the design of piezoelectric transducers are still

often determined by optimizing the acoustic impedance matching between the piezoelectric material

and the tested material [7]. The difference of behavior between the external and embedded transducers

is illustrated through a simple example (Figure 1). It is suggested to compare the axial displacement uz

at the external boundary of the transducer for several matching (transition) materials. The piezoelectric

material is a 2mm piezoelectric patch (Meggitt Pz26) and the tested material corresponds to concrete.

The different matching materials are given in Table 1 where Optim material is the theoretical optimal

matching material between PZT and concrete and Z = ρv [Rayls] is the acoustic impedance of the

material where ρ and v are respectively the density and the wave velocity in the medium. The thickness

of the transition materials has been chosen in order to correspond to the quarter of the wavelength in the

material at 300 kHz (tλ/4 = λ/4).

The transducers have been modeled with the KLM model. The traditional (external) transducer

(Figure1a)) is bounded on one side by the matching material and the tested semi-infinite material and on

the other side by a semi-infinite backing material of the same acoustic impedance as the PZT which aims

at avoiding any wave reflection at the back side of the transducer. This semi-infinite nonflecting backing
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Figure 1 : Comparison between tradition external transducer with backing material and embedded transducer

Table 1 : Transition materials properties

Materials E[Gpa] ν ρ [kg/m3] η Z [MRayls] tλ/4[mm]

Glue X60 6 0.2 900 0.1 2.44 2.27

Concrete 30 0.2 2200 0.04 8.57 3.25

Optim. 54 0.2 4142 0.01 15.7 3.17

Steel 210 0.3 7800 0.02 46.96 4.56

material corresponds to an idealized case of a highly absorbing material actually used as backing layer

in real transducers. The embedded transducer (Figure1a) is symmetrically bounded by the matching

material and the tested semi-infinite material. The transmission coefficients between PZT and concrete

for the different matching layers are given in Figure 2 where it clearly appears that the optimal transition

material allows to increase the amplitude of the wave which is transmitted to the tested material [7, 8].

Figure 3a and Figure 3b show the amplitude of the displacement at the edge of the transducer

(including the matching material) as a function of the frequency for both configurations. It can be

observed that the behavior of the traditional transducers has a similar trend as the transmission coefficient

while it is completely different in the case of the embedded transducer. Indeed, the resonant frequencies

observed in (see Figure 3a) correspond to the second axial mode frequencies of the transducer (i.e. the

piezoelectric patch surrounded by the matching layers) either in free ( f2, f ) or clamped ( f2,c) boundary

conditions depending of the relative stiffness of the matching layer in comparison to the infinite media.

This leads to the first conclusion of the present study which states that acoustic impedance matching

theory can ease to predict the behavior of external transducers but cannot be used in the case of embedded

transducers.

The KLM model which is usually used to model piezoelectric transducers only considers the thick-

ness modes of vibration while it can be shown for typical geometries of transducers that the first radial

mode and other much more complex modes of vibration have to be considered. Such modes are difficult
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Figure 2 : Transmission Coefficient between PZT and Concrete for different transition materials.
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and b) Embedded transducers for different transition materials

to model with a simple analytic model. These are the reasons why in the rest of the study, Finite Element

models will be used even if this strongly burdens the computational costs.

2.2 Finite Element Model of Embedded Piezoelectric Transducers

As it has been illustrated in the previous section, designing embedded piezoelectric transducers requires

much more advanced models in comparison to those usually employed for external transducers. In

this section, a finite element model is suggested for the purpose of being intensively used in a genetic

optimization algorithm. This model should therefore be simultaneously sufficiently accurate and eco-

nomical in terms of computation costs. In order to prevent the results to be impacted by the external

geometry and boundary conditions, it is required to embed the transducer in an infinite media. This can

be achieved with the help of specific elements such has boundary elements, infinite elements, viscous



damping boundaries (VDP) or perfectly matched layers (PML). The last two are by far the most widely

used methods since they can be easily implemented in a finite element software. Perfectly matched

layers are unquestionably the most thorough method since they are known to appropriately absorb com-

pression, shear and surface waves, evanescent and propagating waves, at any angle of incidence [9, 10].

But their use can lead to heavy computational costs. Viscous damping boundary method is a cheaper

option which is known to prevent the reflection of both compression and shear propagating waves but its

efficiency is strongly impacted by the angle of incidence of the wave [11, 12]. Both methods have been

implemented with SDTools, an open and extensible finite element modeling MATLAB based toolbox

for vibration problems [13].

The present section is aimed at selecting an accurate method to model the behavior of embedded

piezoelectric transducers. For this purpose, a cylindrical transducer for which the radial displacements

are kept free is embedded in an infinite elastic material. The transducer is composed of a PZT disc

(Meggitt Pz26, 2mm thickness, 10mm diameter) which is bounded by a transition layer of the same

material and thickness as exposed in Section 2.1. The first free resonance frequency of the PZT disc is

located at ±215 kHz and corresponds to a radial mode. This resonant frequency is clearly located in the

frequency band of interest for US measurement in concrete applications (50 to 300 kHz). Two methods

to model the infinite part of the model are here considered. The first consists of using viscous damping

boundaries on the external surfaces of the physical domain (see Figure 4a). This method presents the

main advantage of involving a reduced number of degrees of freedom (approx. 33 000 DOFs). The

second method consists in bounding the domain with perfectly matched layers (see Figure 4b). However,

this model leads to a substantially higher number of degrees of freedom (approx. 240 000 DOFs) and

consequently higher computational costs.
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Figure 4 : Finite element meshes when the domain is bounded with a) viscous damping boundaries and and b)

perfectly matched layers.

Estimating the acoustic response of the transducer consists in computing the amplitude of the trans-

mitted wave for a given driving voltage. But it has to be noted that the amplitude of the displacement

may vary depending of the measuring location. This can be a significant issue for short wavelength but

not a major matter for to frequency range of interest in the present study (< 300 kHz). It is suggested

to consider the average value of the amplitude of the vertical displacement |uz| of the upper surface

of the transducer (including the matching material) and within a radius of half the radius of the PZT

disc. Figure 5 shows that the evolution of the averaged displacement for the two models is really well

matched. This leads to the conclusion that the two models provide equivalent results and either can be

used to estimate the efficiency of the transducer. According to that observation, the viscous damping



boundary method seems more appropriate in an optimization process since it requires significantly less

computation resources and is therefore much more economical.
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Figure 5 : Comparison of the acoustic response (|uz| [µm/Volt]) at the edge of the transducer (including the

matching layer) as computed with the PML model (solid lines) and the VDP model (dashed line) for different

matching materials

3. OPTIMIZATION PROCESS

Optimizing a piezoelectric transducer consists in looking at the optimal design for a specific application.

In the present study it is suggested to select the material and the thickness of successive transition ma-

terials in the purpose of both maximizing the amplitude and the frequency bandwidth of the transmitted

wave. These requirements lead to the definitions of two objectives functions that will be presented here-

after. These objectives are used in a multi-objective evolutionary algorithm (EA) called nondominated

sorting genetic algorithm II (NSGA-II) [14]. This elitist algorithm roughly consists in constructing each

offspring population from the best ranked fronts of the parent population, where the rank corresponds to

the nondomination level of the solution. This specific algorithm is known to be fast and efficient for any

shape of Pareto-optimal front (convex, nonconvex, disconnected, etc.). The choice of EA to optimize the

transducers results from the difficulty to compute the derivatives of the objective functions with respect

to the variables, in particular for discrete variables.

3.1 Objectives definitions

The first objective F1 (Equation 1) estimates the mean square of the displacement at the edge of the

transducer (including the matching layers) normalized by the mean square of the displacement at the

surface of the piezoelectric patch in free boundary conditions (|uz, f ree|). The displacement is the average

value of the amplitude of the vertical displacement |uz| as explained in Section 2.2. The first objective

function is then expressed as:

F1 =−

∫ f2

f1

|uz( f )|2d f

∫ f2

f1

|uz, f ree( f )|2d f

(1)

The second objective function is related to the bandwidth of the transmitted wave. Figure 6 shows

the spectrum of displacement |uz| as it has been defined above. The bandwidth is defined as the range
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of frequencies ∆ fxdB for which the amplitude is above x dB of the peak of the spectrum. A low value of

∆ fxdB will characterize a narrowband transducer and conversely, a high value will characterize a broad-

band transducer. In the present study, the bandwidth ∆ fxdB is normalized by the required bandwidth ∆ f12

for the application. f1 and f2 are respectively the lowest and the highest frequencies of interest. It is

here suggested to define an objective function that both consider bandwidth for −3 dB (≈ 0.7|uz( fmax)|)
and −6 dB (≈ 0.5|uz( fmax)|). Then, this criterion includes both the bandwidth itself and the sharpening

of the spectrum. It is expressed by

F2 =−

(

0.5
∆ f3dB

∆ f12

+0.5
∆ f6dB

∆ f12

)

(2)

3.2 Parameters

The transducers designed in the current study are dedicated to US or AE applications in concrete. One

of the main interests of using embedded transducers is their ability to catch local information. The fre-

quency domain of interest should therefore be located above the stationary wave regime corresponding

to the vibration mode of the structure ( f ≫ 10 kHz) and below the attenuation regime ( f ≪ 500 kHz)

where the wave is both too strongly scattered and absorbed. The working frequency band is ranging

from the simple wave scattering regime to multiple wave scattering regime [15]. In the present study,

the frequency range of interest will therefore be restricted to the domain defined by f1 = 50 kHz and

f2 = 300 kHz.

The optimization process has been performed on the VDB model (Figure5) and considering three

matching layers. The first three variables are continuous and correspond to the thickness of each layer.

They have been constrained according to Table 2 where it can be observed that the minimum thickness

for two layers is zero, which enables to consider transducers with one to three transition layers. The

other three layers are the material of each layer which has to be chosen in a restricted list of materials

given in Table 3. This list has been chosen in order to cover a wide range of stiffness and densities while

considering only a reduced number of existing materials.

3.3 Results

The EA optimization process has been performed considering 20 generations with a population of 40

individuals for each generation. Figure 7 shows the evolution of the objectives in the Pareto chart for

each generation that eventually shape the Pareto-Optimal front for the twentieth generation. It can be

observed that the solution converges quickly and is almost stationary from the fifteenth generation. On

all the individuals of the twentieth generation, twenty-four are Pareto-optimal and have been numbered



Table 2 : Variables constraints for the thickness of the layers

t1 [mm] t3 [mm] t3 [mm]

Lower Bounds 0.1 0 0

Upper Bounds 4 4 4

Table 3 : Properties of the materials considered in the optimization process

Materials E[Gpa] ν ρ[kg/m3] η

Mat. 1 Glue (X60) 6 0.2 900 0.1

Mat. 2 Cement 30 0.2 2200 0.04

Mat. 3 Marble 50 0.2 3000 0.01

Mat. 4 Low Stiff. Glass 65 0.22 2500 0.03

Mat. 5 Aluminum 70 0.35 2700 0.02

Mat. 6 High Stiff. Glass 80 0.25 2500 0.03

Mat. 7 Brass 100 0.31 8500 0.02

Mat. 8 Titanium 116 0.34 4500 0.02

Mat. 9 DC53 Steel 150 0.28 7800 0.03

Mat. 10 Steel 200 0.3 7800 0.03

Mat. 11 High Stiff. Steel 210 0.3 7800 0.03

from 1 to 24 in the ascending order of F2. Eight Pareto-optimal geometries have been selected in order

to cover all the Pareto-optimal front (see Figure 7). The corresponding geometries are shown in Table 4.

The acoustic response for these solutions is found on Figure 8 where it can be observed that the spectrum

progressively evolves from a relatively flat and broadband shape to a narrowband behavior. The result

is compared with the case in which steel is used as single matching layer as shown in Figure 5. It can be

observed that both the bandwidth and the amplitude, especially for the highest frequencies, have been

significantly improved.

Table 4 : Pareto-Optimal geometries after 20 generations

Layer 1 t1[mm] Layer 2 t2[mm] Layer 3 t3[mm]

Opt. 1 Mat. 2 1.8 Mat. 10 1.68

Opt. 5 Mat. 2 1.8 Mat. 9 0.65 Mat. 11 0.96

Opt. 10 Mat. 2 1.8 Mat. 10 0.73 Mat. 7 0.65

Opt. 12 Mat. 2 1.8 Mat. 9 0.34 Mat. 7 0.98

Opt. 14 Mat. 2 1.6 Mat. 9 0.33 Mat. 7 0.96

Opt. 15 Mat. 2 1.8 Mat. 10 0.1 Mat. 7 0.96

Opt. 21 Mat. 2 1.6 Mat. 7 0.98

Opt. 22 Mat. 2 1.1 Mat. 10 0.88

4. CONCLUSIONS

In this study, the fundamental difference in terms of working principle between external transducers and

embedded transducers has been first shown through a simple example. These preliminary observations

have led to conclude that a Finite Element model is required to model embedded transducers. Modeling
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embedded transducers requires to consider the material in which the transducer in embedded as an

infinite media in order to prevent the impact of the external geometry on the result (e.g. wave reflection,

global modes of vibration). This can be achieved either using nonreflecting boundary conditions such as

viscous damping boundaries or specific elements such as infinite elements or perfectly matched layers.

In the present study, both VDB and PML have been used and compared. It has been shown that both

methods led to similar results. Since the use of VDB requires significantly less computational demands,

it has been selected for optimizing the design of the transducers with a genetic algorithm. It has been

shown that the suggested method can be used both for designing narrowband and broadband embedded

transducers for a specific PZT disc. Nevertheless, it should be pointed out that the method does not

enable to design a narrowband transducer with a specific central frequency since such an objective

has not been considered in the present study. The method is general and allows to either define an

additional objective or to modify the definition of the objectives depending on the expected specification



for the transducer. In the present study, we have chosen to take advantage of the radial mode of the

piezoelectric disc. Nevertheless, many external transducers are made of 1-3 piezoelectric composites,

which substantially reduces the impact of radial modes and other undesirable vibration modes. Further

researches will be focused on the comparison of both type of transducers in the purpose of evaluating

the most promising technology for the development of embedded piezoelectric transducers in concrete.
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