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Abstract. A relatively low frequency Lamb wave-based damage identification method called damage
imaging method for rectangular composite plate is presented. A damage index (D) is generated from the
delay matrix of the Lamb wave response signals, and it is used to indicate the location and approximate area
of the damage. The viability of this method is demonstrated by analyzing the numerical and experimental
Lamb wave response signals from rectangular composite plates. The technique only requires the response
signals from the plate after damage, and it is capable of performing near real time damage identification.
This study sheds some light on the application of Lamb wave-based damage detection algorithm for
plate-type structures by using the relatively low frequency (e.g., in the neighborhood of 100 kHz, more
suitable for the best capability of the existing fiber optic sensor interrogator system with the sampling
frequency of 500 kHz) Lamb wave response and a reference-free damage detection technique.

Keywords: damage detection; Lamb wave; composite plates; piezoelectric sensors and actuators; damage
imaging

1. Introduction

Many structures or their major components in aerospace, civil and mechanical engineering are
plate-like structures. Since the failure of these structures may lead to catastrophic economic and
human life loss, it is essential to monitor the health of these structures regularly to prevent
potential failures. A reliable and effective non-destructive damage detection method is crucial to
maintain safety and integrity of these structures.

Lamb waves are elastic waves propagating inside a thin plate with parallel free boundaries.
They are widely acknowledged as one of the most promising tools for damage detection in
composite structures. Many techniques have been developed to detect and localize damage in
beam or plate structures using Lamb wave propagation. Different features of the Lamb wave
propagation have been investigated for damage detection such as time of flight (Lestari and Qiao
2005), amplitude attenuation (Tan et al. 1995), and mode conversion (Lemistre and Balageas
2000). For simple beam-type of structures, the pitch-catch and pulse-echo experiments perform
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well in detection of damage. The pitch-catch method detects damage from the changes in Lamb
wave between healthy and damaged structures using a actuator/sensor pair; while the pulse-echo
method detects damage from the Lamb wave signal reflected from the damaged region, and it uses
one sensor to capture both the excitation and reflection signals.

For plate-type of structures, more sophisticated Lamb wave-based methods are developed to
solve the 2-D problem. One type of the widely investigated methods is the time reversal method.
The time reversal method was developed by Fink ez al. (1992) and Fink (1992) in connection with
the pitch-catch method. According to the time reversal concept, an input signal can be
reconstructed at an excitation point if an output signal recorded at another point is reemitted to the
original source point in a time-reversed fashion. This process is referred to as the time-reversibility
of waves. Recently, the time reversal method has been reported in structural health monitoring
(SHM) by several authors. Wang et al. (2004) used an experimental and theoretical investigation
of the influence of dispersion Lamb wave on temporal and spatial focusing of time-reversal waves
in plates. A synthetic time-reversal array method was proposed to improve the SNR of the testing,
and an imaging method was used to locate damage and approximate its size. Sohn et al. (2007)
and Park et al. (2007) used the wavelet signal processing technique to enhance the time
reversibility of Lamb wave in composite plates. This enhanced method is able to detect damage
without relying on baseline data. The validity of the proposed method was exemplified through
the experimental studies on a quasi-isotropic laminate with delamination.

Another type of the widely investigated methods is the phased array methods in connection
with the pulse-echo method. The principles of ultrasonic phased array methods resemble that of
phased array used in radar, sonar, seismology and medical imaging. Phased array is a group of
actuators/sensors with distinct spatial distribution, in which the relative phase of the
actuators/sensors can be varied algorithmically to control the effective propagation/sensing
direction of the array. The backscattered Lamb wave signals from damaged area can be analyzed to
obtain damage index for damage identification. Deutsch et al. (1997) developed a self-focusing
phased array for the Lamb wave inspection of thin plates. The time delays from the first
transmission test are used to adjust the times of excitation of the elements for transmission
focusing on the defect. Experimental results demonstrated the ability to self-focus on single
defects. For multiple defects, the technique has been extended to focus on the defect that
produces the largest backscattered signal. Wilcox (2003) presented an omni-directional guided
wave array transducers that contain a circular pattern of elements individually behaving as
omni-directional point transmitters or receivers. A phased addition algorithm was developed that
allows an omni-directional, B-scan image of the surrounding plate to be synthesized from any
geometry of array. Experimental data obtained from a guided wave array for exciting and detecting
the SO Lamb wave mode in a 5-mm thick aluminum plate were processed with both algorithms,
and the results were discussed. Giurgiutiu et al. (2002, 2003) and Yu and Giurgiutiu (2008)
developed a generic beamforming algorithm called the embedded ultrasonics structural radar
(EUSR) for in-situ structural health monitoing of thin-wall structures using the embedded
piezoelectric-wafer active-sensors (PWAS). The experiments showed that the direct monitoring of
crack growth could be achieved with the PWAS using the EUSR algorithm. There are also other
types of damage identification methods based on Lamb wave in the literature, such as Lamb wave
tomography (Jansen and Hutchins 1992, Leonard et al. 2002, Hay et al. 2006, Sekhar et al. 2006)
and migration technique (Lin and Yuan 2001, Muralidharan et al. 2008).

In order to obtain clear Lamb wave signal for damage detection analysis, most of above
mentioned methods need meet the high frequency requirements, i.e., the excitation signal must
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operate in high frequency range (typically in form of a windowed tone burst) so that the incident
signal and the boundary/defect reflected signal will not overlap each other. However, testing in a
high frequency range usually requires high cost and bulky signal generation and data acquisition
system. Therefore, it is often difficult to make a cost-effective and portable damage detection
system based on these high frequency Lamb wave-based methods.

In this study, a low frequency Lamb wave-based damage detection method is proposed for
detecting delamination in rectangular composites plates. In particular, the fundamental
anti-symmetric A, Lamb wave propagation in the composite plates at the frequencies around 50
kHz is monitored by a smart piezoelectric sensor/actuator network with only a single actuator and
a few sensors. A damage index is proposed to identify the delamination based on the time of flight
(TOF) of the incident wave and the boundary reflected wave after interacting with delamination.
The rest of the paper is organized as follows. The fundamentals of Lamb wave is briefly
introduced in Section 2. The application of the low frequency Lamb wave in damage detection is
demonstrated using a numerical plate model in Section 3. The effectiveness and applicability of
the proposed method is validated in Section 4 via an experimental program using surface-bonded
PZT (Lead Zirconate Titanate) actuator/sensor.

2. Fundamentals of Lamb wave

A Lamb wave exists in a plate usually in the form of a superposition of multiple Lamb wave
modes. A Lamb wave mode can be either symmetric or anti-symmetric. Its dispersion relations in a
homogeneous isotropic plate can be calculated using the well-known Rayleigh-Lamb frequency
relations.

tan(gh) _ 4k* pq
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n(ph) (@ kP .
2 2\2
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where h, k, w, cr, cr, cp denote the plate thickness, wave number, circular frequency, longitudinal
wave velocity, transverse wave velocity, and phase velocity, respectively.

It should be noted that the above equations can be solved only by numerical methods, although
they looks simple. The dispersion curves for isotropic aluminum material are presented in Fig. 1.
As shown in Fig. 1, it should be noted that at the relatively low frequency range, the dispersion
curves of the fundamental symmetric and anti-symmetric Lamb wave mode converge to the axial
wave and flexural plate wave solution from Love-Kirchhoff plate theory, respectively. The Lamb
wave propagation investigated in this study is focused in this low frequency range.

For laminated fiber-reinforced composite plates, the solution is more complicated since it
should satisfy the Christofell equation for each layer, the continuity condition at the interfaces and
the traction-free boundary conditions at the plate surfaces. The solutions for dispersion relation of
multi-layered composite plates by the global matrix method can be found in the literature (Kundu
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2004). The carbon fiber-reinforced plastic (CFRP) composite plate considered in this study is a
[0/90], carbon/epoxy composite laminate with thickness of 1.78 mm, Ecamon= 235.0 GPa, Egpoxy =
3.4 GPa, V;=55%. The corresponding dispersion curves at 0° and 45° and comparison between the
theoretical and experimental dispersion curves are given by Yang and Qiao (2005), as shown in
Fig. 2.
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Fig. 2 Dispersion curves for the carbon/epoxy laminated composites
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3. Low frequency Lamb wave-based damage imaging method

To demonstrate the damage imaging method, two rectangular CFRP composite plates are
investigated in this study, one with a localized delamination, and the other as healthy. The
dimensions of the plates and the delamination are shown in Fig. 3. Both the plates are [0/90],
carbon/epoxy composite laminates with thickness of 1.78 mm, Ecamon = 235.0 GPa, Eepoxy = 3.4 GPa,
V: = 55%, the same as described in Section 2. The bottom layer of the damaged plate is
delmaminated in an area of 36 mmx40 mm, as shown in Fig. 3. A PZT actuator is installed at the
center of the plate to generate the omni-directional Lamb wave, and four PZT sensors are installed
at four corners to capture the Lamb wave signal. A tone burst signal with 3.5 cycles of 50 kHz sine
wave is sent by the actuator to excite the Ao mode Lamb wave. The response is collected by four
sensors. It should be noted that it is difficult to generate a pure single mode AqLamb wave in a
plate due to the multi-mode nature of Lamb wave. When the plate is excited at the frequency
below the cutoff frequency of A; mode, the Aq and Sp, mode lamb wave always co-exist inside a
plate. However, using the frequency-tuning technique, it is possible to maximize the amplitude
ratio between the Ay and S; mode so that the S, mode Lamb wave can be negligible in response
signal. This is the case in the low frequency Lamb wave since the A, mode will dominate in terms
of amplitude at the low frequency range.

When the PZT sensors are adopted as sensors, a pattern of multiple reflections of Lamb wave
can be captured. The propagation path of the Lamb wave signal captured by four sensors can be
analyzed using a mirror image containing 25 adjacent plates, as shown in Fig. 4.
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Fig. 3 The dimensions of the plates and the delamination
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Fig. 4 Lamb wave propagation paths in the CFRP composite plate

3.1 Numerical simulation of wave propagation and delay matrix formulation

The commercial Finite Element Analysis package ABAQUS is used to conduct a dynamic
analysis to simulate the Lamb wave propagation. The plate is uniformly divided into 4-node
first-order plate elements S4 of size 2 mm x 2 mm. The elements have six degrees of freedom at
each node. For comparison, both the healthy plate and delaminated plate are modeled. The
delamination part of the plate is modeled by two separate sub-plates stacking together: one with
the bottom 2 layers of the original plate, and the other with the rest six layers of the plate.

To obtain the wave excitation in the finite element analysis, the excitation applied by the PZT
actuators is simulated as the prescribed displacement at the central node of the plate in the
out-of-plane direction. The detection of the elastic waves follows the similar principle applied to
wave generation. A tone burst signal is sent by the actuator to excite the A, mode lamb wave, as
shown in Fig. 5. The excitation tone burst signal is a 3.5 cycles of 50 kHz sine wave windowed by
a hanning window. The signal can be expressed as follows

S(#) = 0.5(1—cos(27t x50x10% / 3.5)) xsin(27t x50x10°) ,0 < ¢ < 70x10°° 4)

For the dynamic wave finite element analysis (FEA), the time step and element size are the two
important factors which decide the accuracy of the FEA. In this study, the time steps of 10°s are
chosen for 50 kHz A;mode wave simulation so that the sampling frequency can reach as high as
20 times of the central frequency of the Lamb wave, which is enough to capture the accurate
waveform of 100 kHz. The size of the elements (Fig. 6) is chosen as 2 mm x 2 mm, which is much
smaller than the wavelength of the A,wave (about 18.0 mm). Fig. 2(c) shows the comparison
between the theoretical and experimental dispersion curves for the A, mode in carbon/epoxy
composite plate.
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Fig. 6 FE simulation of Lamb wave propagation in the delaminated plate (Deformation Scale Factor =
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The finite element simulation of the Lamb wave propagation in the delaminated composite
plate is shown in Fig. 6. The comparisons of Lamb wave response in the healthy and damaged
states for sensors 1 and 3 are shown in Fig. 7. Three wave packages can be identified in the first
0.6 us from each signal, corresponding to the first three wave propagation paths. For sensor 1, the

response signals in healthy state and damaged state are almost identical; while for sensor 3, the
response signals in two states show discrepancies both in amplitude and phase. Although there is
substantial damage-induced change in amplitude of the signals, this study will only focus on the
time delay of the signal because the time of travel can be measured more accurately in
experimental test, while the amplitude of the signals may vary due to the different bonding
conditions of the PZT sensors. It can be noticed that for every wave path that passes the
delamination area, the corresponding wave package will be delayed in phase because at low
frequency range the A,wave is very dispersive, a slight loss of stiffness in the delaminated area
leads to substantial change in phase velocity. Furthermore, the delay in each wave package is
related to the distance that the wave propagates in the delamination area: the longer the wave
propagates in the delamination area, the larger the delay in phase. For example, for sensor 3 the
wave package 1 is delayed for almost half cycle since the wave path 1 passes through the
delamination area, while the wave packages 2 and 3 are only slightly delayed since the wave paths
2 and 3 tip the edge of the area.
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Fig. 8 Lamb wave response signals from FEA

The response signals captured in the healthy and damaged states from all the four corner
sensors are summarized in Fig. 8. In the healthy state, the response signals captured in all the four
sensors are identical as expected, because they are located symmetrically at four corners. In the
damaged state, a pattern of delay in phase can be identified for different sensors in each wave
package. From Fig. 8, a delay matrix z(i, j) is defined as the time of delay of sensor i from the

first arrival package in the wave package ; for future damage identification. The delay matrix
7(i, j) can be accurately obtained by the following algorithm:

@ Hilbert-transform is applied to each response signal curve to obtain the envelope of the
signal. From the envelope of the signal, the duration of each wave package
(corresponding to each wave propagation path) can be identified using a threshold
value, e.g., 10% of the peak amplitude of the wave package.
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) In each wave package, responses from different sensors are compared to find the sensor
with the first arrival signal and the time of delay for all other sensors. The estimate of
the delay between the wave packages from two sensors can be estimated via the
cross-correlation technique.

3) The estimated delay of sensor a in wave package b is collected in the delay matrix
rl(i,j), where i<M , j<N, M denotes the total number of the sensors, and N

denotes the total number of the wave package/propagation path under investigation.
The delays from each wave package are offset by the mean value of the delays in the package

so that the mean value of delays in each package equals zero. Finally, the delay matrix z(i, f)

M
can be obtained by 7(, j) = 7,(i, j) —%Zrl(i,j).

i=1
3.2 Damage imaging method

In this study, a damage imaging method is proposed for damage detection by analyzing the
delay matrix z(Z, j) . Based on a single damage (delamination) assumption, a damage index (DJ)

can be constructed at an arbitrary location C(x, y) as follows

DI(x,y) = ZZr(i, J)x exp[—a’j2 /s%]- Zr(i, J)xexp[-d?Is?] (5)

i=1 j=1 j=1

where x, y are the coordinates of the arbitrary location C; d;denotes the distance from point C(x, y)
to sensor i; d; denotes the shortest distance from point C to path j; s =24, Adenotes the
wavelength of the incident wave. M is the total number of sensors; and N is the total number of
wave packages (paths) under investigation. It should be noted that the parameter s is chosen as
2/ because the numerical simulations show that the Lamb wave propagation is most sensitive to
damage with dimensions comparable to 24 and ineffective to detect damage with dimensions
much smaller than A .

In Eq. (5), the first term represents the distance of the point C from path ; weighted by the delay
matrix so that the intersection of the delayed paths will be highlighted by the proposed damage
index. The second term is introduced to compensate the concentration of damage index at sensor
location since sensor locations are always the intersections of N wave propagation paths. The
damage index DI can be directly used as the illumination value to visualize the damage detection
result.

The steps of the damage imaging method are listed as follows
(1) Collect Lamb wave response signals from sensors;
(2) Detect the delay matrix 7 ;
(3) Calculate the damage index DI for the whole plate;
(4) Visualize the damage index DI for damage identification.

3.3 Application of damage imaging method on numerical simulation data

A program based on MATLAB is developed to realize the damage imaging method. The
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program is applied to the numerically simulated Lamb wave response data for damage detection.
The wavelength of the propagating Lamb wave can be directly measured as A = 17 mm from the
simulation data. The damage index DI generated by the program is then visualized as in Fig. 9(a)
and 9(b). It is shown in Fig. 9 that the damage indices for the healthy plate equal to zero, while the
damage indices for damaged plate are high in the delaminated area but low in the rest of the plate.
Hence, the delamination area in the damaged plate can be highlighted by visualizing DI in the
whole plate. Furthermore, a threshold value of DI (e.g., DI = 4x10‘6) can be set to indicate
whether there is a delamination in the plate and approximate the area of delamination.

To verify this method, another similar case study with a different delamination area is
conducted based on the FE simulation. The damage index results are shown in Fig. 9(c). It can be
concluded from the numerical simulation result that (1) the damage index DI can correctly indicate
the location of the delamination and approximate the damaged area; (2) the damage index DI will
not give a false indication of damage for a healthy plate.

Damage index DI Damage index DI =10
1
200 200
0.5
150 150
- ] B
100 100
50 50
0 -1 n
n 100 200 0 100 200
X X
(a) healthy (b) damaged 1
Damage index DI <10
200 4
150 Z
=2
100 0
-
50 -4
0 -4
0 100 200
X

(c) damaged 2

Fig. 9 Damage index generated from the numerical simulation data
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4. Experimental verification of damage imaging method
4.1 Experimental setup

To further verify the low-frequency Lamb-wave-based damage imaging method, two
rectangular CFRP composite plates with a size of 240 mm x 240 mm manufactured by Honeywell
International Inc. were experimentally tested in laboratory, one with localized delamination, and
the other as intact (healthy). The plates are hanged with elastic strings at one side to simulate a free
boundary condition. A delamination with an approximate size of 40 mm x 36 mm (the same as
damaged 1 in Fig. 9(b)) is artificially-induced in the damaged plate by inserting a thin Teflon film
between the first and the second layer during manufacturing.

The Lamb wave propagation tests are conducted using one circular PZT actuator with diameter
of 12 mm and four square PZT sensors with side length of 8 mm. An Agilent 33120A function
generator is adopted to generate the tone burst excitation signal as described in Eq. (4). A Mide
Quickpack power amplifer is used to amplify the excitation signal in order to drive the PZT
actuator. A HP 54603B oscilloscope is used to capture the response signal generated by the PZT
sensors at the sampling frequency of 500 kHz. The captured response signal data is then
transmitted into a computer laptop for damage detection. The experimental setup is shown in Fig.
10. The signals from healthy and damaged plate are shown in Fig.11.

T N
Fig. 10 Experimental setup
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Fig. 11 Lamb wave response signals from the experimental test

4.2 Application of damage imaging method on experimental test data

The damage imaging method program is applied to the experimentally obtained Lamb wave
response data for damage detection. The wavelength of the propagating Lamb wave is assumed to
be same as predicted by the numerical simulation. The damage index DI generated by the program
is then visualized as in Fig. 12. It is shown in Fig. 12 that the damage indices show the same
pattern as shown in Fig. 9. For the healthy plate, DI are very low (<2x10) all over the plate;
while for the damaged plate DI are high in the delaminated area (>5x10°) but low in the rest of
the plate. Hence, the delamination area in the damaged plate can be identified by setting an
appropriate threshold value of DI (e.g., DI = 4x10°).

It can be concluded from the experimental result that (1) the damage index DI generated by the
damage imaging method using the laboratory test data can correctly indicate the location of the
delamination and approximate the damaged area; and (2) with an appropriate threshold value, the

damage index DI will not give a false indication of damage for a healthy plate using laboratory test
data.
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Fig. 12 Damage index generated from the experimental test

5. Conclusions

A low frequency Lamb wave-based damage identification method called the damage imaging
method is presented. A damage index DI is generated from the delay matrix of the Lamb wave
response signals to indicate the location and approximate area of the damage. The viability of this
method is demonstrated by analyzing the numerical and experimental Lamb wave response signals
from the composite plates. The proposed method is a response-based, reference-free, and near real
time damage detection technique which only requires the response signals from the plate after
damage.

This study sheds some light in the application of Lamb wave-based damage detection algorithm
for plate-type structures. However, more experiments are needed to demonstrate the practicality of
this method for plates with other boundary conditions. The exploration of this method for damage
quantification should be the subject of future research.
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