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1. Introduction

To improve the safety and reliability of various engineering structure, it is essential to
develop efficient techniques for non-destructive damage detection or structural health
monitoring. Lamb wave can travel a long distance in plate-like and shell-like structures
made of materials even with high attenuation ratio (e.g. Carbon Fibre/Epoxy Polymer
composites). To take this advantage, many researchers have recently explored the possibility
of using Lame waves for damage identification [1]. To date, many developed Lamb wave-
based techniques are generally based on so called two-stage prediction models by which the
difference in the signals between a defective structure and a benchmark (intact structure)
can be evaluated. Then, the residual error is easy to be defined no matter what information
extracted from the signals is used, such as the information in time domain [2, 3] or
frequency domain [4, 5]. Therefore, a benchmark or baseline signal is essential for the
detection, which is very reliable and suitable for monitoring the propagation of damage.
Also, tremendous efforts have been put to the delamination identification, which could be
treated as a problem of inverse pattern recognition using calibrated numerical methods such
as artificial neural network [6]. The interaction between Lamb waves and delamination has
also been investigated numerically and theoretically [7-9]. However, the complex wave
scattering phenomenon in a delamination area has not been clearly understood in these
studies.

In this chapter, a technique for delamination identification in laminated composites using
the zero-order mode of Lamb waves, i.e,, SO mode and A0 mode, without referring to the
baseline data, is described. Through measuring the propagation speed of a wave and the
traveling time of a reflected wave from the delamination, the delamination position can be
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92 Composites and Their Applications

accurately identified. Moreover, to understand the complex interaction of Lamb waves with
a long delamination damage, the numerical simulations have been carried out.

2. Detective technique without the baseline data

2.1. Experiments and numerical analyses

In general, compared with SO mode, the attenuation of A0 mode in structures is more severe.
Here, SO mode corresponds to an axial deformation mode while A0 mode corresponds to a
flexural deformation mode. Therefore, it should be paid more attention to the detective
capability of both modes for a delamination damage in the different interfaces along the
thickness direction. Moreover, the experimental setup of SO mode is slightly different with
that of A0 mode.

2.1.1. Materials and experimental procedure

For SO mode, as shown in Fig. 1, a CFRP laminated composite beam of stack sequence of
[010/9012/010] was used. An artificial delamination damage with different lengths for several
cases, i.e., 30 mm, 20 mm and 10 mm, respectively, was intentionally created at the interface
between the 10th and 11th plies by inserting a Teflon film with a thickness of 25 um. A PZT
actuator was attached on the top surface of the left end of the beam. The PZT actuator had a
diameter of 10 mm and a thickness of 0.5 mm. In this case, the generated waves from the
actuator merged into the reflected waves from the left end of beam, which leads to a simpler
signal. And the same PZT unit was used as a sensor to pick up the reflected wave from the
delamination damage. Because the propagation speed of SO mode is much higher than that
of A0 mode, confirmed as 4 times higher in the used composites from our testing, it is
expected that in a specified time domain, no A0 mode will be collected due to its slow
speed, making the analysis of SO modes much easier.

For the A0 mode, a similar composite beam was used, as shown in Fig. 2. Two kinds of stack
sequence of the laminated beam were used, i.e. [010/9012/010] and [012/04/04/012]. Note that
[012/04/04/012] is a unidirectional laminate, and it can be simply expressed as [032]. To simplify
the description of delamination later, this expression is used. Like the case of SO mode, a
delamination damage with different lengths, i.e., 30 mm, 20 mm and 10 mm, was intentionally
created at the interface between two plies by inserting a Teflon film with a thickness of 25 pm.
The distance between the center of the delamination and the left end of beam is 790 mm. To
generate the A0 mode, two actuators were attached on the top and bottom surfaces of the
beam with applied out-of-phase voltages because the difference of signals in the two actuators
can produce the pure Ao mode, as shown in Fig. 2. Although this arrangement can generate a
relatively pure A0 mode, there are still reflections in SO mode due to the mode change caused
by the scattering between the Lamb waves and the delamination. To pick up the pure Ao
mode, two PZT sensors were attached. We know that two components of A0 mode in the two
sensor signals are of the electrical charges of opposite signs, and two components of SO mode
in the two sensor signals are of the electrical charges of same signs. Naturally, the difference of
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two signals can yield the pure A0 mode. In experiments, an excitation signal in the following
Eq. (1), was adopted to generate SO or A0 mode.
0.5[1-cos(2z ft | N)sin(2z ft)], t<N/
P()= g ! d )
0, t>N/f

where f is the central frequency in Hz and N is the number of sinusoidal cycles within a
pulse. In this experiment, the signal with =100 kHz (Fig. 1 for SO mode) or =50 kHz (Fig. 2
for A0 mode) and N=5 was used and the electrical voltage on the actuator was 10 V. The
material properties of PZT are listed in Table 1.

Without the baseline data, it is still easy to estimate the arrival of the reflections from the
beam boundaries, provided that the wave propagation speed and the dimensions of the
beam are known. Then, if the reflected signal from the delamination is not overlapped with
the reflections from the boundaries, it can be simply collected by the sensor. Therefore, it is
still a technical challenge when the delamination is located close to the beam boundaries
and the reflected signal of the delamination is completely overlapped with the reflections
from the boundaries.

Actuator Sensor (PZT) Delamination between

(PZT) 10th and 11th plies
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h /
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Figure 1. Schematic view of models for experiments using SO mode (unit: mm)
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Figure 2. Schematic view of models for experiments using A0 mode (unit: mm)

Material properties

PZT E11=62 GPa, E33=49 GPa, d33=472 pC/N, d31=-210 pC/N, p=7500 kg/m3
E1=115 GPa, E22=E33=9 GPa, G12=G23=5.5 GPa, G13=3 GPa,
vi2=v13=0.3, v23=0.45, p=1600 kg/m?

Table 1. Material properties of PZT and CFRP lamina

CFRP lamina
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2.1.2. Finite element analysis procedure

To explore the wave propagation in laminates with a long delamination case, a three-
dimensional 8-noded brick hybrid element proposed by the authors [10] and the explicit
time integration algorithm were used in the finite element simulations without considering
the dynamic contact effects like those in some previous studies [11-13]. For the delamination
area, one node used on the intact interface along the through-thickness direction, and
double nodes were used on the delamination interface, i.e., one belongs to the elements of
upper delaminated portion, and the other belongs to the elements of lower delaminated
portion. The contact effects in the delamination area were neglected. The same signal stated
in Eq. (1) was also used here. Furthermore, the actuator and the sensor were discretized
using 3D brick elements. If an electrical field is applied on the actuator, the tensional or
compressive strains will be generated in it from a proper relation, which connects the
applied voltage and the generated internal strains. The induced stresses from the generated
strains can be used to calculate the elemental nodal forces, which form axial force and
bending moment in the beam simultaneously. Then, both SO and A0 modes can be
automatically generated. The material properties of CFRP are shown in Table 1.

2.2. Results of SO mode

2.2.1. Experimental analysis

Firstly, to evaluate the wave propagation speed, an intact beam with two sensors attached,
was employed. The distance between the two sensors was 420 mm. By using the wavelet
transformation technique [14], the arrival times of the incident waves to the two sensors
were determined and the wave propagation speed of SO mode at /<100 kHz was estimated
as 6210 m/s. To verify the experimental results, the theoretical wave speed of the SO mode
was estimated based on the transfer matrix method [15]. The calculated speed was 6467 m/s
if the material properties of CFRP were taken as the values of Table 1. On the other hand,
the corresponding propagation speed of A0 mode was estimated as 1506 m/s, much lower
that the SO mode. The higher theoretical wave speed of SO mode may be due to the transfer
matrix method used here, which is actually for an infinite plate. For a beam with a finite
width, the influences of Poisson’s ratio and boundary conditions are expected.

A comparison of the signals from an intact beam and a delaminated one (a 30 mm
delamination damage) for the case in Fig. 1 is shown in Fig. 3. It is clear that there is a
reflected wave in the signals from the delaminated beam, which is located between the
incident and the reflected waves. However, no clear reflected wave could be detected when
the delamination length was reduced to 10 mm. No A0 mode can be observed in Fig. 3, since
its incident wave is not fast enough to reach the sensor within 300 us. For a signal with =100
kHz and N=5, the minimum detectable length of the delamination was 20 mm, which is
about 1/3 of the wavelength of the SO mode at 100 kHz. It is reasonable to assume that a
higher excitation frequency may have the benefit of detecting smaller delamination cases.
Once the arrival time of a reflected wave from the delamination is determined, the
difference between the arrival times of the incident and reflected waves can be used to
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detect the delamination position, as shown in Fig. 4. For the 20 mm long delamination, a
slightly higher error in the delamination position is observed. The reason is the overlapping
between the reflected signals from the delamination and those from the right end of the
beam, causing an increased error in determination of the arrival time of a reflected wave
from the delamination.

—— Delaminated beam
Intact beam

Reflected wave from delamination

|

Incident wave

Voltage (V)

|

Reflected wave from boundary

200 300

Time (us)

Figure 3. Comparison between signals of delaminated and intact beams (a 30 mm delamination
damage between the 10th and the 11th plies)

30mm
A
20mm 13 mm
—> -
Identified
25mm

Figure 4. Delamination positions identified experimentally
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2.2.2. Numerical simulation

A comparison between the experimental result and numerical simulation for the case of Fig.
1 is shown in Fig.5. A good agreement between two results is observed. For convenience, the
amplitude of the first arrival SO mode in the simulated waves was calibrated using the
experimental data. The attenuation coefficients of the CFRP in the numerical model were
determined by matching the amplitudes of the reflected waves from the right end of the
beam to the experimental data. When the actual sensor thickness, i.e., 0.5 mm, was used in
numerical simulations, a small reflected wave from the sensor could be observed
immediately next to the incident wave. This was also confirmed by the experimental result.
Corresponding to a 0.05 mm sensor thickness, however, no obvious reflection from the
sensor could be observed in the numerical simulation. Therefore, the sensor thickness of 0.05
mm was eventually chosen in the simulations. Note that the selection of sensor thickness
does not affect the simulation results as the calculated amplitudes will be calibrated using
the experimental data. Similar to the experimental results, the numerical simulation showed
that the reflected wave from the 10 mm delamination was very weak.

To understand the effect of delamination position along the through-thickness direction on
the propagation of a Lamb wave, a 30 mm delamination damage was created in the mid-
plane of the laminated beam, i.e., between the 16th and the 17th plies. With the signal of /=80
kHz and N=5, the comparison between the numerical and experimental results is shown in
Fig.6. In Fig.6, no obvious reflected waves from the delamination can be observed. This
finding is consistent with the work of Guo et al. [7]. They showed that the delamination at
the positions of zero shear stress along the through-thickness direction, such as the mid-
plane of a beam, had no effect on Lamb wave propagation in a SO mode.

To examine the capability of the numerical simulation to identify the location of
delamination, the length of delamination L was increased from 30 to 90 mm. The length of
the beam was also increased up to 1500 mm. Under a condition of /<100 kHz and N=5, the
propagation speed of SO mode was firstly calculated in an intact beam with two sensors. The
estimated propagation speed was 6260m/s, which is very close to the experimental result.
Based on this speed, the numerically identified positions for various delamination lengths
are shown in Fig. 7(a). It is surprising to note that all predicted positions are beyond the
right end of the delamination. It has been demonstrated that a higher propagation speed of
S0 mode in the delaminated Olayer can make the predicted delamination positions behind
the actual delamination [16, 17]. From the FEM simulations, the estimated speed of SO mode
in the 0°delaminated layer was 8483 m/s. If we use this speed in the delaminated region only
(in the intact region, we still use 6260 m/s), with the known left end of the delamination, the
predicted delamination positions or the reflected positions of SO mode are shown in Fig.
7(b). Compare it with Fig. 7(a), we can find that there is no obvious difference in the
delamination positions for short delamination cases, e.g. 30 and 50 mm. However, for a
longer delamination case (e.g.,, 70 and 90 mm), an increased deviation from the actual
delamination is observed when 8483 m/s was used in the prediction. It implies that the use
of the actual wave speed of the delaminated layer cannot improve the prediction and a
reflected wave with observable intensity is normally from the right end of the delamination.
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Figure 5. Comparison of experimental and numerical results for a 30 mm delamination damage
between the 10t and the 11th plies

Voltage (V)

1.5+
—— Experimental
0.5 W
0.01
05 J
104 =80kHz, N=5
-1.5 T T 1
0 100 200 300
Time (us)

Figure 6. Comparison of experimental and numerical results for a 30 mm delamination damage at the
mid-plane between the 16th and the 17th plies
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Figure 7. Numerical identification of positions of various delamination cases

2.3. Results of AOmode

To confirm the effectiveness of present excitation and sensing techniques for A0 mode (Fig.
2), numerical simulation was firstly conducted for the laminate with [010//906/906/010] and 30
mm delamination under a condition of /=50 kHz and N=5. Note that “//” denotes the
position of the delamination. The signals from upper and lower sensors are plotted in Fig.
8(a). From the first wave packet, it can be observed that the pure A0 mode can be excited by
two actuators with the out-of-phase applied voltages and two signals with a mutual phase
difference of 180° are generated. Also, after the incident wave, the direct reflected signal
from the delamination can be clearly observed. As mentioned before, the reflected signals
from the delamination may include two modes, i.e., SO mode and A0 mode as marked in
Fig. 8(a). It can be explained by the wave mode change when the incident A0 mode interacts
with the delamination. In Fig. 8(a), the reflections of the transmitted waves from the
boundary can be identified, which also contain the SO mode and A0 mode. The difference of
two signals between the two sensors in Fig. 8(a) is shown in Fig. 8(b). It is clear that the SO
mode has been completely removed, and only pure A0 mode exists.

The results of the laminate [010//906/906/010] with 30 mm and 10 mm delamination damages
are shown in Fig 9. Sampling time for both numerical and experimental results was 1.0 X 10
ms. For the delamination of the lengths of 30 mm and 10mm, the reflections from the
delamination can be clearly identified. In Figs. 9(a) and 9(b), it is interesting to note that the
reflection signal from the 10 mm delamination is stronger than that from the 30 mm
delamination. The reason may be that the reflections from the two ends of delamination are
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more easily overlapped in a shorter delamination case, e.g., the 10 mm one, resulting in a
higher total reflection. Therefore, the intensity of the reflection from the delamination does
not certainly depend on the length of the delamination. When the delamination is located on
the mid-plane of the laminates, i.e., [010/906//90¢/010], the results are shown in Fig. 10. Similar
to Fig. 9, the reflection can be identified clearly. Also, the reflection from 10 mm
delamination is still stronger than that of 30 mm. For the short delamination, e.g., smaller
than 30 mm, reflections from the two ends of the delamination should be overlapped if we
consider the duration time of a 5 cycle signal (N/f with the number of cycles N and wave
central frequency f), the length of delamination and the travelling speed of A0 mode. By
comparing Figs. 10(a) and 10(b), it can found that the duration of the reflected signal from
the 30 mm delamination is obviously longer than that of the 10 mm delamination although
its amplitude is smaller. It implies that the overlapping degree of two reflections from the
two ends of the 30 mm delamination is lower than that of the 10 mm delamination, which
leads to the lower intensity reflection from the 30 mm one. For the laminates with
[012/04//04/012] and [012//04/04/012], the anti-symmetric A0 mode still works very well and the
reflection from the delamination can be clearly identified. Only the difference of two sensor
signals for the case of [012/04//04/012] with 10 mm delamination is illustrated in Fig. 11.

From Fig. 9 to Fig. 11, a good agreement between experimental and numerical results is
observed. For convenience, the amplitude of the first arrival A0 mode in the simulated
waves was calibrated using the experimental data. The attenuation coefficients of the CFRP
in the numerical model were determined by matching the amplitude of the reflected waves
from the right end of the beam to that of experimental data. Naturally, the material
properties of CFRP in Table 1 were also adjusted slightly within a reasonable range to match
the numerical results to the experimental ones.

To determine the wave propagation speed of A0 mode, two sets of distant sensor pairs were
attached on an intact laminated beam. The wave speed was determined from the distance and
the difference of arrival times between the two sets of sensor pairs. For the laminate with
[010/906/90¢/010], the experimental and numerical wave speeds were 1555 m/s and 1470 m/s,
respectively. For the case of [012/04/04/012], the experimental and numerical wave speeds were
1723 m/s and 1616 m/s, respectively. From these results, it can be found that the wave speed of
[012/04/04/012] is only slightly higher than that of [010/906/906/010]. The reason is that the wave
speed of A0 mode is determined by the bending stiffness of laminates, which is dominated by
the fibre orientation of outer layers near top and bottom surfaces of laminates. In both cases, 0°
degree layers are located near the two surfaces of laminates, which results in the comparatively
small difference of wave speeds in both cases. For the case of [010/906/906/010], if 90° degree layers
were located near the two surfaces of laminates, it would be a completely different story.

With the knowledge of the wave speeds, the delamination positions for various situations
were evaluated, as shown in Table 2. The distances between identified positions and the
actual centers of delamination are listed. In this table, the negative values denote that the
identified positions are located on the left side of the delamination centers, and positive
values represent that the identified positions are on the right side of the delamination centers.
In this table, it is clear that the delamination positions in almost all laminates have been
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successfully detected compared with the beam length. For the laminate with [010//906/90s/010]
and 20 mm delamination, the reflection is not very clear due to strong noises in experiments.
As a result, only numerical estimation is presented in this table. The similar case can be found

in the laminate with [012/04//04/012] and 30 mm delamination, as shown in this table.

In summary, unlike SO mode, A0 mode can be used for different applications. However, the
not depend on the length of the
delamination. The amplitude of reflection from short delamination is higher than that from
long delamination due to overlapping of reflections from the ends of short delamination.
The disadvantage of A0 mode is the short travelling distance due to its high attenuation in
CFRP materials. Therefore, if possible, both the actuators and sensors should be placed close

amplitude of reflection from delamination may

to the potential damage sites.

1.0 —— Upper sensor

—— Lower sensor]
S0 wave

0.5+

> / \
e 2N ST z
50 \ ’ \ P
g 0.0+ Y " &h
o N_s ~ =
~--- o

> J L [ >

—0.5+

A wave \Ao wave
-1.04 Reflections from Reflections from
delamination boundary
T T T T T T T T T T T 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Time (ms)

(a) signals of upper and lower sensors

1.0

0.5

o.o-/\ M

00 0l 02 03 04 05 06
Tine (1s)

(b) difference of signals of
upper and lower sensors
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Figure 9. Comparison of numerical and experimental results for [010//906/906/010]
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([012/04//04/012])
Unit (mm) [0/90//90/0] [0//90/90/0] [0/0//0/0] [0//0/0/0]
Num. -11.0 4.0 0.0 18.0
30mm
Exp. -19.0 39.0 -11.0
Num. -12.0 -5.0 -14.0 18.0
20mm
Exp. 9.0 _ -11.0 4.0
10 Num. 2.0 2.0 1.0 1.0
mm Exp. 2.0 2.0 10.0 17.0

Table 2. Identified delamination positions for various cases
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3. Interaction between Lamb waves and delamination

3.1. SO mode

To gain a better understanding of this complex interaction, a beam with a length of 1500 mm
and a 200 mm long delamination damage was examined using the numerical simulation
under a condition of =100 kHz and N=5. The very long delamination was chosen for
obtaining the separated reflected signals from the two ends of the delamination. The
transverse deflections at various mesh points on the top surface of the beam were used and
the subtraction between the wave signals from the intact and the delaminated beams was
done to amplify the scattered wave signals from the delamination. Fig. 12 shows the detail
information of the scattered wave signals from the delamination at different time domains.
The typical sensor signal for accurately evaluating the arrival times of various waves is
shown in Fig. 13.

At the time domain of 139 ps, the SO mode arrives at the left end of the delamination and
then reflects from or transmits from the left end, as shown in Fig. 12(a). At 182 ps, the SO
mode passes through the right end of the delamination. Fig. 12(b) shows two separate
reflected modes, i.e., A0 and SO from the left end of the delamination. In principle, it is easy
to distinguish a SO from an A0 mode by the propagation speed and wave length. However,
the amplitude of the reflected SO mode is smaller than that of the A0 mode. This can be
explained by the fact that the bending deformation in a laminated beam is much higher as
compared to the axial deformation. Also, when the SO mode travels through the left end of
delamination, a new transmitted A0 mode is generated as shown in Fig. 12(b). The reflected
waves from the right end of the delamination, consisted both A0 and SO modes, can be also
observed in Fig. 12(b). Corresponding to 236 ps, the incident A0 mode from the actuator
does not reach the sensor, and the reflected SO mode from the left side of the delamination
has already passed through the sensor. However, at the same time point in Fig. 13, this
reflected SO mode cannot be detected by the sensor due to its small amplitude. Also, the
reflected SO mode from the right end of the delamination, which is surpassing the reflected
A0 mode from the left end of the delamination, can be observed, as shown in Fig. 12(c). A
new transmitted A0 mode and the transmitted SO mode from the right end of the
delamination can be clearly observed, Fig. 12(c). At 303 pus, the incident A0 mode does not
arrive at the sensor. As indicated in Fig. 12(d), the reflected SO mode from the right end of
the delamination completely surpasses the reflected A0 mode from its left end. This
reflected SO mode has already passed through the sensor position. From Fig. 13, the arrival
time of the reflected wave from the delamination is identified as around 275 ps. The
reflected wave actually arrives at the sensor between the time points shown in Figs. 12(c)
and 12(d), i.e., 236 ps and 303 ps. Therefore, the reflected wave signal detected clearly by the
sensor is considered to be the reflected SO mode from the right end rather than the left end
of the beam, due to its higher intensity. Based on the numerical simulations above, the very
complex interaction between the different signal modes and the boundaries of delamination
can be identified. When only a single SO mode passes through the delamination, four modes
will be generated at one end of the delamination, including two transmitted A0 and SO
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modes, and two reflected A0 and SO modes. Further study is required to understand why
the stronger reflected A0 and SO modes. However, the reflected SO mode received by a
sensor is from the reflections are from the right end of delamination. One possible
explanation is that the delaminated region is of lower bending stiffness, which can be
considered to be a softer region. When a wave propagates from a harder or intact region into
a softer region, the reflections become weak. In contrast, when the wave propagates from a
softer region into a harder one, a stronger reflection is expected.

0.8+ Reflected wave from delamination
0.4+
S
©
& 0.0
©
>
-0.4
-08 T T T T T T T 1
0 100 200 300 400

Time ( s)

Figure 13. Sensor signal for a delamination of length of 200 mm

3.2. A0 mode

Like SO mode, a beam with a length of 1200 mm and a 200 mm long delamination case was
examined using the numerical simulation under a condition of =50 kHz and N=5. The
transverse deflections (out-of-plane deformation) at various mesh points on the top surface
of the beam were used. Fig. 14 also shows the subtraction between the wave signals from the
intact and the delaminated beams, which can amplify the scattered wave signals from the
delamination. The typical sensor signal for accurately evaluating the arrival times of various
waves is shown in Fig. 15 with an enlarged picture for reflected waves from the
delamination.

Firstly, for the laminate with [010//906/906/010], at the time domain of 318 ps, two A0 mode
waves were excited by the actuator pair, which propagates to the left and right directions,
independently. The A0 mode wave propagating to the right direction arrives at the left end
of the delamination and then reflects from or transmits from the left end, as shown in Fig.
14(a), respectively. At 433 us, the transmitted A0 mode from the left end of delamination
passes through the right end. Fig. 14(b) shows the reflected wave from the right end of
delamination. By comparing Fig. 14(b) and Fig. 15 at the same time domains, we can identify
that the reflected A0 mode from the left end of delamination passes through the sensor. The
reflected SO mode due to mode change can also be identified. In principle, it is easy to
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Figure 14. Wave signal differences of intact and delaminated beams(A0 mode)

distinguish a SO from an A0 mode by using phase information of signals from the two
sensors. At 488 s, the reflected and transmitted waves at the right end of the delamination
separate to each other, as shown in Figs. 14(c). Also, the amplitude of the reflected wave is
much higher than that of the reflected wave at the left end of the delamination, confirmed in
Fig. 14(b). This phenomenon is similar to that obtained for SO mode. Fig. 14(d) shows the
transmitted and reflected waves at the left end of the delamination when the reflected wave
from the right end of the delamination arrives at the left end at 621 us. It is worthwhile
mentioning that although the amplitude of reflected wave from the right end of
delamination is very strong, the reflection at another end (left end) of the delamination can
significantly reduce the amplitude of the transmitted wave, which is expected to be
monitored by the sensors. Therefore, wave mode change and multiple reflections may create
complicated interactions between the A0 mode and the delamination.
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Figure 15. Sensor signal for delamination of 200 mm in length ([010//906/906/010])
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In Fig. 15, the amplitude of the reflected wave from the right end of the delamination is still
higher than that of the reflected wave from the left end. Similar results can be observed in
the laminate with [012//04/04/012]. In consequence, as shown in Table 2, more identified
delamination positions are close to the right end of delamination for the laminates with
[010//906/906/010] and [012//04/04/012]. This phenomenon is similar to the result obtained for SO
mode in the case of [010//906/906/010].

For the case of [010/90¢//906/010], the signals of two sensors are plotted in Fig. 16 with the
enlarged picture for the reflection from the delamination. In Fig. 16, there is no SO mode and
the mode change does not occur as the delamination is located on the mid-plane of the
laminates. In contrast to the cases of [010//906/906/010] and [012//04/04/012], it is interesting to
note that the amplitude of the reflected wave from the left end of delamination is higher
than that of the right end. Similar results are obtained in the case of [012/04//04/012].
Corresponding to Table 2, more identified delamination positions are close to the left end of
the delamination. The physical meaning of why the stronger reflection occurs at the
different ends of delamination for different delamination cases in Figs 15 and 16 is not clear.
The position of the stronger reflection seems to mainly depend on the following two factors:
bending stiffness of upper and lower delaminated layers and their difference, and Lamb
wave deformation mode.

4. Conclusion

A technique for identifying a delamination damage in cross-ply laminated composite beams
has been developed by using the zero-order mode of Lame waves. The delamination
position can be identified if the arrival time of the arrival time of a reflected wave from a
delamination and the wave propagation speed of Lame waves are known. One of the
advantages of this approach is the baseline data acquired from intact beams are not
required.

And, extensive finite element simulations have been conducted to investigate the interaction
of Lame waves with various delamination cases. For SO mode, when a single S0 mode
propagates into a delamination, mode change happens and reflected SO mode with high
amplitude is generated from the end point of the delamination where the waves propagate
out; for A0 mode, it has been found that the situation is more complex than S0 mode. For the
laminates with stack sequence of [010//906/906/010] and [012//04/04/012,], mode change also
happens and the reflected wave from the right end of delamination is slight higher than that
from the left end. However, for the case of [010/906//06/010] and [012/04//04/012], there is no
mode change when a single A0 mode passes through delamination, and the stronger
reflection from the delamination occurs at the left end of the delamination.
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