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ABSTRACT 

This paper presents a set of numerical and experimental results on the use of guided waves for structural health 
monitoring (SHM) of crack growth during a fatigue test in a thick steel plate used for civil engineering application. The 
capability of embedded piezoelectric wafer active sensors (PWAS) to perform in situ nondestructive evaluation (NDE) is 
explored. Numerical simulation and experimental tests are used to prove that PWAS can perform active SHM using 
guided wave pitch-catch method and passive SHM using acoustic emission (AE). Multi-physics finite element (MP-
FEM) codes are used to simulate the transmission and reception of guided waves in a 1-mm plate and their diffraction by 
a through hole. The MP-FEM approach permitted that the input and output variables be expressed directly in electric 
terms while the two-ways electromechanical conversion was done internally in the MP-FEM formulation. The analysis 
was repeated for several hole sizes and a damage index performances was tested. AE simulation was performed with the 
MP-FEM approach in a 13-mm plate in the shape of the compact tension (CT) fracture mechanics specimen. The AE 
event was simulated as a pulse of defined duration and amplitude. The electrical signal measured at a receiver PWAS 
was simulated. Daubechies wavelet transform was used to process the signal and identify its Lamb modes and FFT 
frequency contents. Experimental tests were performed with PWAS transducers acting as passive receivers of AE 
signals. The 8-mm thick flange of an I beam was instrumented on one side with PWAS transducers and on the other side 
with conventional AE transducers (PAC R15I) acting as comparison witnesses. An AE source was simulated using 0.5-
mm pencil lead breaks; the PWAS transducers were able to pick up AE signal with good strength. Subsequently, PWAS 
transducers and R15I sensors were applied to a 13-mm CT specimen subjected to accelerated fatigue testing. The PWAS 
and R15I transducers signals were collected with PAC data acquisition system using the AE-win software. Comparative 
results of AE hits and source localization from the PWAS and R15I sensors are given. Active sensing in pitch catch 
mode was applied between the PWAS transducers installed on the CT specimen and damage indexes were calculated and 
correlated with physical crack growth as measured optically. The paper finishes with summary, conclusion, and 
suggestions for further work. 
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1. INTRODUCTION 
The current stage of bridges in the United States calls for the implementation of a continuous bridge monitoring system 
that can aid in timely damage detection and help extend the service life of these structures. A typical monitoring system 
would be one which enables non-invasive, continuous monitoring of the structure. Structural health monitoring (SHM) is 
an emerging technology that can be used to identify, locate, and quantify damage in a structural member or system 
before failure occurs. Active SHM systems using interrogative Lamb waves are able to cover large areas from a single 
location making such systems cost effective and efficient. Another advantage is that Lamb waves provide through-the-
thickness interrogation which allows detection of internal defects in materials. Passive SHM monitors acoustic emission 
(AE) and arriving as guided waves generated by the crack pops. Acoustic emission and Lamb wave are difficult to 
characterize because of the complex nature of the signals. AE occurs due to stress waves generated when there is a rapid 
release of energy in a material during a fatigue crack test. Piezoelectric wafer active sensors (PWAS) are used for both 
active and passive SHM.  However, Lamb waves present some difficulties: they are dispersed, at a given frequency, and 
thus several modes can propagate at different speeds. Work has be done to establish analytically the dispersion curves [1-
6], to validate experimentally [7] and to study the effect of dispersion over long distances [8]. The phenomena of 
interaction between the ultrasonic wave and the defect and/or the structure, leading to a complex signature (reflection, 
diffraction, mode conversion, etc.) must be simulated to achieve a specific response signal actually received by sensor. 
Many authors have already investigated the interaction of Lamb modes with a single defect like crack, notch or circular 
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cavity. Some of them used analytical [9] or semi-analytical [10] resolutions. Whereas many authors [11-17] chose the 
most popular computational tool used in engineering research and industrial design, the finite element method (FEM). 
Finite element method (FEM) modeling has a role to play in simulating elastic wave propagation associated with 
acoustic phenomena and ultrasounds problems. In this work the multi-physics ABAQUS software is been used. 

In this paper, a multi-physic approach has been used to simulate: (1) the piezoelectric wafer active sensor (PWAS) with 
piezoelectric element (2) the plate with a mechanical element. This approach is used to simulate the propagation of 
guided wave for an isotropic steel plate and to simulate the Acoustic emission receive by the PWAS. 

2. STATE OF THE ART 
2.1. Guided wave 

Guided waves are very widespread in applications for structural health monitoring (SHM): Guided waves are important 
for the SHM application because they have the particularity to spread without much energy loss in materials. These 
properties make them well suited for ultrasonic inspection of bridge, aircraft, ships, missiles, pressure vessels, pipelines, 
etc. In plates, ultrasonic guided waves propagate as Lamb waves and as shear horizontal waves (SH). Particle motion is 
vertical in Lamb waves and horizontal in SH waves. Ultrasonic guided waves in thick plates were first described by 
Lamb in 1917 [1]. A detailed study of Lamb waves has been given by Viktorov [3], Achenbach [4], Graff [18], Rose [2] 
and Dieulesaint [5]. Lamb waves are composed of two varieties, symmetric modes (S0, S1, S2 ...) and anti-symmetric 
modes (A0, A1, A2...).  At low values of the frequency-thickness product, fd, the first symmetric mode, S0, resembles 
axial waves whereas the first anti-symmetric mode, A0, resembles flexural waves. These two types of Lamb waves are 
quite dispersive. The choice of Lamb waves is justified by their many advantages; they have the power to the vibration 
of the entire thickness of the plate and offer the possibility of detecting internal defects regardless of their depth. In 
addition, Lamb waves have the characteristic to spread without too much loss of energy in isotropic materials. However, 
Lamb waves present some difficulties: they are dispersed, at a given frequency, and thus several modes can propagate at 
different speeds. Work has be done to establish analytically the dispersion curves [5, 6], to validate experimentally and to 
study the effect of dispersal over long distances [8]. The method of Lamb wave propagation was proposed by many 
authors [19-21] using piezoelectric disks as transmitter and receiver to measure the changes in the signal received from a 
structure having a defect. This method has proved a good efficiency for detection of cracks, hole, corrosion in metal 
materials. However the signal processing is complex due to multiple reflections. Today the majority of work concerns 
the propagation of Lamb waves in thin structures. Regarding the interaction of Lamb waves with different types of 
damage, many experimental studies are: detection of impact [22], cracks [23] or corrosion [24]. That the reason it is very 
important to study the Lamb wave propagation for a thick steel plate to understand the difficulties to analyses the waves. 

2.2. Passive SHM: Acoustic emission 

The acoustic emission method is a non-destructive technique that can be used for Civil Engineering applications. When 
crack grow, energy is released at the location of the crack tip in form of waves. Acoustic emission (AE) sensors (here the 
PWAS and/or the traditional sensor R15I) can be used to measure these waves. Several sensors can be used to estimate 
the severity of the crack. Most publications show results from fatigue cracks in bulk materials and qualitative results 
from real structures [25]. However, there is limited literature presenting quantitative results from isotropic plate-like 
structures and a lot of the experiments are based on simulated AE sources [26]. The aim of this paper is to analyze the 
elastic waves generated from fatigue cracks in a thick isotropic structure for the civil engineering application. FE can be 
used to model the AE waves from fatigue crack [27] and it can provide a better understanding of the AE generated from 
the fatigue crack tip in plates. 

2.3. Active SHM 

Active SHM is concerned directly assessing the state of the structural health by trying to detect the presence and extent 
of structural damage. In this respect, active SHM approach is similar with the approach taken by non-destructive 
evaluation (NDE) methodologies, only that active SHM takes it one step further: active SHM attempts to develop 
damage detection sensors than can be permanently installed on the structure and monitoring methods that can provide on 
demand structural health bulletin [28]. An active monitoring system can also reduce the duration of inspection, as 
opposed to passive systems of detection, it does not require continue monitoring. 
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3. SIMULATION RESULTS 
3.1. Preliminary results on the guided wave propagation 

In non-destructive evaluation (NDE), a common understanding is that the ultrasonic scanning technique can usually 
detect damage.  Furthermore the fundamental anti-symmetrical mode (A0) is preferable and more sensitive to damage 
because its wavelength is shorter than that of the S0 mode at the same frequency. However, the A0 mode exhibits more 
dispersion at low frequencies. The FEM simulation of the A0 mode requires fine spatial discretization with substantial 
computational cost for the sake of the short wavelength. In contrast, the mode shapes of the S0 mode are simpler and the 
stresses are almost uniform throughout the thickness of the plate at low values to the frequency and plate thickness 
product [29]. For these reason, the two modes S0 and A0 were selected in this study to evaluate the interaction of Lamb 
waves with a hole. 

We have explored the use of multi-physics finite element method (MP-FEM) to model the generation of elastic waves 
from an applied electric field applied to a surface-mounted PWAS transmitter (T-PWAS) and the reception of the elastic 
wave as electric signal recorded at a PWAS receiver (R-PWAS). In these preliminary studies, we used the ANSYS and 
ABAQUS commercially available codes and explored the comparative behavior of the available elements such as brick, 
plate, and shell. We found that different elements and mesh sizes might give quite different wave propagation results. 
Subsequently, we performed a study on modeling the guided wave generation and reception in a rectangular metallic 
plate containing a through-hole defect. This benchmark problem has been examined by many investigators and is quite 
well documented in literature. We modeled 7-mm PWAS transducers bonded to the top of the plate on both sides of the 
hole. The PWAS transducers operated in pitch-catch mode. A 3-count smoothed voltage tone burst with f=141 kHz was 
applied to the T-PWAS and received by the R-PWAS. The presence of the hole in the plate modified the transmitted 
signal through wave scatter and mode conversion.  

Figure 1 shows the MP-FEM simulation the electrical signal measured at R-PWAS placed 100-mm from the T-PWAS. 
The signal predicted on the pristine plate is compared with the signal modified by the presence of the through hole 
between transmitter and receiver. For a 4-mm hole (Figure 1a) the effect of the hole presence on the received wave 
signals is only very small effect; however, a 12-mm hole has a much stronger effect with clear phase shifts and 
amplitude changes (Figure 1a). 

 
(a)       (b) 

Figure 1: MP-FEM simulation the electrical signal measured at a received PWAS placed 100-mm from the transmitter PWAS. The 
wave propagation is modified by the presence of a through hole between transmitter and receiver: (a) a 4-mm hole has 
only very small effect on the received wave signals; (b) a 12-mm hole has a stronger effect with clear phase shifts and 

amplitude changes. 

Figure 2 shows image snapshots of the guided wave pattern in the plate taken at 10 μs  intervals. At the excitation 
frequency of 141 kHzf = , two guided wave modes are present, S0 and A0. The A0 mode is considerably slower than 
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the S0 mode. The A0 mode is also much more dispersive than the S0 mode. At 10 μst = , one sees the waves just 
starting from the  T-PWAS. Wave scatter from the hole becomes apparent at 20 μst = , with mode conversion very clear 
at 30 μst = . The interaction of the waves with the R-PWAS and the boundaries start to be observable from  40 μst =  
onwards. By 80 μst = , most of the wave power has dissipated into the boundaries. In the future, we will simulate the 
sensor signals that would be measured on a flawed/damaged realistic structure in comparison to signals that would be 
measured on a pristine structure. The main difficulty in addressing realistic specimens representative of actual structures 
is one of scale of complexity.  

 
Figure 2: Multi-physics finite element method (MP-FEM) simulation of guided waves generate by a 7-mm PWAS transmitter and 

scatter from a 12-mm through hole. 

In order to have a system able to evaluate in real time, in situ, the health of the structure in an automatic way, it is 
necessary to define a damage index (DI). We chose DI defined by Zhao et al. [30] which gives very reproducible results 
and easy to implement.  
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With ρ is the correlation coefficient between two signals defined as: 

 

XY
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C
ρ

σ σ
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(2) 

Where XYC  is the covariance of X and Y given by: 

 
( )( )

1

K

XY k x k y
k

C X Yμ μ
=

= − −∑
 

(3) 

Where μ the mean of the respective data set and K is the length of the data set. In this case, the data set X is the reference 
data (baseline) and Y is each new set data recorded after a period of service time. Xσ and Yσ  are the standard deviations 
of x and y, respectively, with their product given by 

 
( ) ( )22

1

K

X Y k x k y
k

X Yσ σ μ μ
=

= − −∑
 

(4) 

This correlation analysis was used to detect defect (the hole) and track its growth. The damage index based on the 
correlation coefficients of different stages of the defects is calculated. The Figure 3 shows the Damage index versus the 
diameter of the hole (4, 6, 12 and 18 mm). The damage index based on the correlation coefficient increased in value with 
an increase in the defect severity level. The defect growth can be easily monitored with careful calibration. 

 
Figure 3: Simulation damage index for various diameter of hole. 

3.2. Acoustic emission simulation 

Simulation of AE was realized using the ABAQUS software. FE modeling was used to simulate the elastic wave emitted 
from fatigue crack growth. These can be used to compare with the results obtained from the experiment. Some previous 
work showed that FEM modeling can be used to simulate wave propagation in plates [31-33]. The dimensions of the 
plate used for the modeling are shown in Figure 4. Four nodes, quadrilateral shell element with reduced integration and a 
large strain formulation (S4R) were used for modeling the plate. Eight nodes linear piezoelectric brick were used to 
simulate the PWAS. Implicit solver methods of solution are used.  

The physical properties of the PWAS disks are assumed as: 
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Where [C] is the stiffness matrix, [ε] is the dielectric matrix and [e] is the piezoelectric matrix. The density of the PWAS 
material is assumed to be -37600 kg.mρ = , with a diameter of 7 mm and a thickness of 200 μm . 

 
Figure 4: Plate dimension for the FE model of the thick steel plate. The receiver R-PWAS position was constant. 

The procedure integrates through time by using many small time increments. The central difference operator is 
conditionally stable, and the stability limit for the operator (with no damping) is given in terms of the highest eigenvalue 
in the system as 

 max

2t
ω

Δ ≤
 

(8) 

A small amount of damping is introduced in ABAQUS simulation to control high frequency oscillations. With damping, 
the stable time increment is given by 

 
( )2
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To better understand this signal, we propose to use the discrete wavelet transform (DWT). The DWT of a time signal s(t) 
is the result of the convolution product between the signal s(t) and a family of “daughter wavelets” . ( )m k tγ : 

 
, ,

0

( ) ( )m k m kDWT s t t dtγ
∞

= ∫
 

(12) 

The main particularity of the DWT is that each result obtained with each daughter wavelet corresponds to the time 
behavior of the signal in a frequency band corresponding to dilatation factor m of the daughter wavelet considered. Each 
response is called the decomposition level. A number of different bases have been proposed to construct a family of 
wavelets. A good solution for analysis and decomposition can be obtained with the Daubechies wavelet [34]. The 
application of discrete wavelet analysis to the acquired AE signals results in its decomposition into six different levels of 
processed data. Each level represents a specific frequency range, and the frequency range increases with increasing 
wavelet level. The decomposed AE signals in level 1 to 6 are shown in Figure 8. 

 
Figure 7: R-PWAS Output voltage against time. 

In Figure 9, the frequency spectra levels 1 to 6 are centers at about 58 kHz, 88 kHz, 186 kHz, 518 kHz, 1 MHz and 1.48 
MHz, respectively. We also investigated the effect of the frequency on the excited wave amplitude (Figure 10.a). At 
these two frequencies 58 kHz and 88 kHz (Daubechies wavelet levels 1 and 2), two modes exist, the fundamental 
symmetric mode (S0) and the fundamental anti-symmetric mode (A0). As shown on the Figure 10.a, the amplitude of the 
A0 mode is much higher than the S0 mode, although its travel speed is slower as shown in the Figure 10.b. At 186 kHz 
(Daubechies wavelet level 3), three modes exist, S0, A0 and A1 and the amplitude of the A0 and A1 modes are much 
higher than the S0 mode which is close to zero. But at this frequency the A0 and the A1 modes are faster than the S0 
mode. At 518 kHz (Daubechies wavelet level 4), seven modes exist, S0, S1, S2, A0, A1, A2 and A3. So at this frequency 
and for the higher frequency (1MHz and 1.48 MHz) we cannot distinguish the different wave packet and the signal 
processing is very complicated. We can also note in Figure 9 that the amplitude is distributed such that it is the highest in 
level 1 and lowest in level 6. The features of these waveforms (duration time, amplitude, and frequency spectrum) are 
useful to illustrate the characteristics of AE signal and distinguish the different AE signals from various possible failure 
modes in the specimens. 
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Figure 8: Discrete wavelet transform of the signal received by the PWAS. 

 
Figure 9: Frequency spectra for the different wavelet level. 
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(a) 

 

(b) 

 
Figure 10: Theoretical prediction (a) the frequency tuning and (b) the group velocity of the symmetric and anti-symmetric modes. 

4. EXPERIMENTALS RESULTS 
4.1. PWAS AE detection tests 

PWAS as AE sensors were first compared with the PAC R15I on an 8-mm steel I-beam in a laboratory testing 
environment. The two sensors were placed face to face on the opposite surfaces of the I-beam (Figure 11). Pencil lead 
break was made 10-mm away from the PWAS center to simulate the acoustic emission source and the data were 
compared to observe any similarity in shape from these sensors. As seen in Figure 11, PWAS and R15I produced very 
similar relative amplitudes for the lead break emission. We also found that the amplitudes follow the predicted decay 
proportional to the inverse of the square root of the distance away from the sensor position, as given in Figure 12.  

 
Figure 11: Comparison of PWAS AE sensor and R15I during a pencil break AE test on an 8 mm steel l-beam. 

0 100 200 300 400 500 600 700
0

0.02

0.04

0.06

0.08

0.1

0.12

f(kHz)

St
ra

in

 

 

anti-symmetric
symmetric

0 100 200 300 400 500 600 700
0

1000

2000

3000

4000

5000

6000

f(kHz)

c g (m
/s

)

 

 

anti-symmetric
symmetric

 

R15

PWAS

Proc. of SPIE Vol. 7983  79832Y-10



 

 

 
Figure 12: Amplitude curves of PWAS and R15I on an 8 mm steel l-beam. 

4.2. Crack detection on compact tension specimens 

Compact Tension (CT) specimens, made of structural steel A572 grade 50, were used in this study, as shown in Figure 
14. The effective width as defined in ASTM E647 is 9.5 inches. The thickness and notch length are 0.5 inch and 3.25 
inches, respectively. The cyclic tension loads were applied to the specimen using servo hydraulic mechanical testing 
machine (810 Material Test System). Fatigue tests were conducted under load-controlled mode with frequency of 1 HZ. 
The surface cracks were monitored optically with a high resolution recording microscope. Four PWAS were installed on 
the specimen for acoustic emission detection. For comparison, PAC R15I transducers were mounted on the opposite side 
of the specimen to collect AE as well.  

4.2.1 AE sensing 

PWAS worked as a broadband AE transducer with actual working frequency range selected by the filter band integrated 
in the pre-amplifiers or by the analog filter integrated in the Sensor Highway Software. Two different pre-amplifiers, one 
with the band-pass filter in the range of 100-200 kHz and the other with wideband BP-SYS, have been used. The 
comparison of crack localization analyzed by PAC AE-win software between PWAS AE sensor and commercially 
available R15I during CT testing is shown in Figure 13. With R15I, 1171 AE events were detected before the final 
failure, while 54 were detected by PWAS. Figure 13a gives the cumulative acoustic energy of R15I and PWAS together 
with the crack opening displacement. While PWAS detect less number of acoustic activities, they detect the crack 
growth when the crack size reaches 0.83 mm. From Figure 13b, it can be seen that PWAS localization is more close and 
concentrated around the crack tip compared with the R15I detection in Figure 13c. 

4.2.2 Active sensing 

In this paper, a fatigue test machine was used to fatigue a thick steel plate as described in the Figure 4. Five transducers 
from Physical acoustic were placed as shown in the Figure 14.a. On the other side, five PWAS have been bonded on the 
structure, at the same place of the R15I, to compare the AE signals received from the crack by these two different 
sensors. In the same time four others PWAS have been bonded on this specimen to excite and receive the guided wave to 
detect and quantify the length of the crack (Figure 14.b). 

A commercial AE system (Physical Acoustics Corporation, PC12) was used to detect and record the AE signals. To 
ensure that the AE system did not record any unwanted signals from the grip or the fatigue machine, the threshold was 
set above background noise level associated with the fatigue test machine. A lead break test was performed near the tip 
of the crack to test whether the transducers are working properly.  

A static load was applied to the specimen. Then this specimen was tested under cycling loading with a frequency of 1 
Hz. The cyclic tension load was applied with a minimum of 0.5 kN and a maximum of 50 kN. 

R15
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