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ABSTRACT: In this article an attempt has been made to quantitatively assess the extent of
delamination in composite laminates, using time-of-flight of fundamental Lamb wave modes,
without recourse to baseline data from a healthy structure. An expression has been derived to
determine the delamination size, from group velocities of primary Lamb modes in the
sub-laminates and time-of-flight of transmitted A, signal and mode converted A, signal,
which is generated when A, mode propagates through a delamination. The effectiveness of
the expression, when group velocities of primary Lamb modes in the main laminate were used,
has been verified through numerical simulations carried out on a quasi-isotropic glass/epoxy
laminate with various delamination interfaces. The effectiveness of the expression has also
been verified experimentally, on two GFRP cross-ply laminates of [0/90/0] lay-up with 40 mm
and 50mm delamination sizes, using air coupled ultrasonic transducers. The predicted
delamination sizes were found to be in good agreement with the actual delamination sizes.
Using the proposed technique absolute identification of delamination is possible. A supple-
mentary equation for determining the minimum length of delamination has also been derived
and presented in the article.
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INTRODUCTION

T HE main reasons for extensive use of fiber-reinforced
plastic (FRP) composite materials in aerospace, mil-
itary and civilian structural applications are high specific
strength, modulus, corrosion resistance and excellent
fatigue performance. The most important damages in
composites are matrix cracking, fiber breakage, delami-
nation and fiber-matrix interface debonding. The reasons
for delaminations in composites can be attributed to the
weak interlaminar shear strength and the low out-of-
plane tensile strength compared to in-plane strength.
Accidental impacts by tools or any other hard objects
during maintenance and repair can cause delamination
in addition to operational hazards. Of the various types
of damage, delamination in particular causes a significant
reduction in compressive strength and stiffness.

The delaminations are sub-surface damages, which
can not be detected through visual inspection and
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hence ultrasonic non-destructive testing (NDT) methods
have to be used to locate these damages. The conven-
tional ultrasonic C-scan method is a point-by-point
inspection that is tedious and time consuming.
Further, conventional NDT methods are difficult to
use for the inspection of inaccessible portions of
structures.

Lamb waves are guided by the geometrical boundaries
to propagate long distances along the contours of the
specimen. These waves provide information about integ-
rity of the medium along the path. Hence, these waves
can be used for NDT as well as structural health mon-
itoring (SHM) of composite laminated structures.

Use of ultrasonic elastic waves for damage detection
in composite structures started in 1990s. Guo and
Cawley (1993) studied the interaction of S, mode with
delaminations in a cross-ply composite laminate. When
S, mode encountered a delamination in its propagation
path, a reflected wave was shown to be generated. It was
found that, when shear stress is zero at the delamination
interface, no wave reflection takes place. It was pro-
posed to use multiple tests, each with a different Lamb
mode for inspection of delaminations. Ip and Mai (2004)
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proposed an active diagnostic system that works in
pulse-echo mode. This diagnostic system does not
require baseline data for locating the edge of an asym-
metric delamination from a reference point in the com-
posite beam. Primary anti-symmetric Lamb mode (A,),
which was excited using a surface mounted piezoelectric
patch, was used. Accelerometer was used for monitoring
the response of the beam. Continuous wavelet transform
using Gabor wavelet was applied to decompose the
received signal from accelerometer. The location of the
delamination edge was found using time-of-flight (TOF)
of the reflected wave group. Toyama and Takatsubo
(2004) proposed an inspection technique using symmet-
ric Lamb mode (S,) to detect impact induced delamina-
tion in composite laminates. This technique requires two
line scans. Change in wave velocity and amplitude due
to delamination, were the criteria used for damage
detection. Su and Ye (2004) established a Lamb wave
based quantitative identification scheme for delamina-
tion in CF/EP composite structures using artificial
neural network (ANN). An intelligent signal processing
and pattern recognition (ISPPR) package was developed
to perform the identification, in which a multi-layer
ANN supervised by error back propagation (BP) was
trained using spectrographic characteristics extracted
from acquired Lamb wave signals. Duflo et. al. (2007)
characterized the defects in the bonding of carbon epoxy
composite laminates using Lamb waves. Air coupled
transducers were used to obtain C-scan images of the
transmitted signal when the plate was moving between
two air coupled transducers. Contact transducer and
laser interferometer was used for studying Lamb wave
propagation through the defect. The size and flaw area
were estimated.

Some studies were conducted (Toyama et al., 2002;
Dayal and Kinra, 1991; Tang and Henneke II, 1989;
Seale et al., 1998) to detect damage in composite lami-
nates by making use of Lamb wave method. These stu-
dies mainly focused on evaluation of damage based on
changes in Lamb wave velocity due to a reduction in the
stiffness of laminate. Guo and Cawley (1994), and
Valdes and Soutis (2002), determined the location of
delamination using the arrival time of Lamb wave
reflected at the delamination edge.

Karthikeyan et al. (2009) and Ramadas et al. (2009)
studied the interaction of primary anti-symmetric Lamb
mode with symmetric delaminations, both numerically
and experimentally, using non-contact ultrasonic trans-
ducers. It was found that when A, mode interacts with a
symmetric delamination, it generates a new mode, S,,
which is confined only to the sub-laminates, that is,
the delaminated region, and can be detected in the
main laminate through the mode converted A, mode
when the S, mode interacts with the exit portion of
the delamination.

Hayashi and Kawashima (2002) used strip element
method, proposed by Liu and Achenbach (1994) and
Liu et al. (1999), and numerically simulated Lamb
wave propagation in delaminated region in a cross-ply
laminate. Palacz et al. (2005) numerically analyzed,
using spectral finite element technique, propagation of
flexural-shear coupled wave in a delaminated multi-
layered composite beam. It was found that when the
delamination grows reflections from the first and
second tip of delamination appear.

It is evident from the above literature that for detec-
tion of delamination in composite structure, baseline
data from the healthy region is required. In this article
a strategy for detection of the extent of delamination
without recourse to baseline data from a healthy struc-
ture has been developed. This strategy has been imple-
mented on a numerically simulated quasi-isotropic glass/
epoxy laminate, with lay up [0/£45/90];, with various
delamination interfaces. The technique has been verified
experimentally on asymmetrically delaminated cross-ply
laminates. In the first part of this article, an expression
has been derived based on the interaction of primary
Lamb modes with delamination. In the second part,
numerical simulations on a quasi-isotropic laminate
with four different interface delaminations have been
carried out to check the effectiveness of the derived
expression. In the third part, experimental verification
was conducted using non-contact ultrasonic transducers
(NCU) (Bhardwaj, 2001) on cross-ply laminates [0/90/0]
with 40 mm and 50 mm delamination sizes. The derived
expression was used to estimate the sizes of delamination
created in cross-ply laminates. The estimates were found
to be in accord with the actual sizes of delaminations.

EXPRESSION FOR DELAMINATION LENGTH

It was shown (Karthikeyan et al., 2009; Ramadas
et al.,, 2009) that when A, mode is incident on the
entrance of delamination (E) in Figure 1(a), it splits
into two A, modes, and propagates independently in
each sub-laminate as A, A, wave groups. This wave
group, A,A,, reaches the exit of delamination (X), inter-
acts with it and transmits in the main laminate as
A ALA, wave group. During the interaction of A,
mode with ‘E’, it generates S, mode, which propagates
as A,S, wave group in the sub-laminates. This wave
group interacts with ‘X’, gets converted to A, mode
and propagates in the main laminate as A, S,A, wave
group. Since S, mode travels faster than A, mode,
A S,A, wave group always appears before the
A ALA, wave group at the receiver location.

The locations of transmitter and receiver are shown in
Figure 1(b). The length of delamination and distance
between transmitter and receiver are ‘D’ and ‘L’
(=L + L, + D), respectively. L; and L, denote distances
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Figure 1. (a) Schematic of Lamb mode propagation through delamination, (b) locations of transmitter and receiver, (c) specifications of

quasi-isotropic laminate.

between transmitter and entrance of delamination, and
between exit of delamination and the receiver respec-
tively. The group speeds of A, mode in the main and
the sub-laminates are V,,,, and V,,, respectively. The
group speed of S, mode in sub-laminate is V.

Let 7; and 7, be the arrival times of the first wave
group, A,SyA,, and the second wave group, A A A,
respectively, recorded by the receiver (R) at distance L
from transmitter (7), as shown in Figure 1(b). From
distance, time and velocity relations, the following two
expressions can be derived:

L, D L, L+ L, D

= + + = +—-— (D
VAom VSos VAom VAom VSos
L D L L+ L D

1y = 1 + + 2 _ 1 2 + ) (2)
VA om VA os VA om VA om VA os

Eliminating terms in brackets from both the expres-
sions, the following expression is obtained:

1 1
—t1 =D — .
& . ( VAUX VS()S) (3)

The above expression is an original contribution of
the authors, which was derived based on the interaction
of guided waves with a delamination. For estimation of

the size of delamination in a composite laminate,
using expression (3), the difference in arrival times of
A.S,A, and A A A, wave groups at the receiver
and group velocities of A, and S, modes in the
sub-laminates are required. Delamination divides
the main laminate into two sub-laminates. In the sub-
laminates, the wave groups A,A, and A S, modes prop-
agate independently. Since the lay up in each
sub-laminate is different, the group velocities of A,
and S, modes will also be different in the sub-laminates.
In the active diagnostic for detection of delamination
edge, proposed by Ip and Mai (2004), the change in
group velocity of Lamb mode in the sub-laminates was
not considered. The group velocity of Lamb mode in the
sub-laminate was assumed to be equal to that in the
main laminate.

In practice, since the interface of delamination is not
known, the group velocities of A, and S, modes in the
sub-laminates are not known. Expression (3) requires
the group velocities of primary Lamb modes in the
sub-laminates. One of the ways to approximate size of
delamination is by considering the velocities of Lamb
modes in the main laminate instead of those in the
sub-laminates. The effectiveness of the expression (3)
when replaced with the group velocities of the primary
Lamb modes in the main laminate has been verified on
quasi-isotropic laminate through numerical simulations
and on cross-ply laminate through experiments.
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VERIFICATION THROUGH NUMERICAL
SIMULATIONS

Numerical simulations have been carried out using
commercial FEM software, ANSYS, on a glass/epoxy
quasi-isotropic laminate with a fixed delamination size
of 50 mm, but at four different locations across the thick-
ness. There are eight plies with a lay up sequence of
[0/£45/90];. The specifications of laminate are shown in
Figure 1(c). Thickness of each ply and total laminate
thickness are 0.33mm and 2.64mm respectively. The
length of the laminate is 300 mm. The properties of
glass/epoxy lamina are shown in Table 1. In numerical
model, each ply has been modeled and their properties
assigned. The central frequency of excitation and number
of cycles were 200 kHz and seven, respectively. The exci-
tation pulse was a tone burst modulated with Hanning
window. The mode of excitation was A,. The element
used for modeling is an eight node plane strain element
with two translational degrees of freedom at each node.
The size of element was 0.33 mm in thickness direction
and 0.25mm in length direction. Attenuation was not
considered in numerical modeling. Delamination is mod-
eled by de-merging the nodes at delamination (Guo and
Cawley, 1993). Since A, mode has predominant
out-of-plane displacement, it was generated by giving
the excitation in z-direction. The separation distance
between the transmitter and receiver is 60 mm as shown
in Figure 1(c).

Initially, numerical modeling was carried out on the
quasi-isotropic laminate with zero delamination length.
A-scan obtained in this case is shown in Figure 2(a).
In this A-scan, there was only one wave group, that is,
A,. Four delaminations of 50 mm size have been modeled
separately, at various ply interfaces, in the numerical
model. The delamination locations are between plies
(1) [0] and [+45] (ii) [+45] and [—45] (iii) [—45] and [90]
(iv) [90] and [90]. Since we are interested in A, mode, only
out-of-plane displacement history was captured. A-scans
obtained at all four of the afore-mentioned locations, are
shown in Figure 2. When a delamination was introduced
in the laminate, there are two wave groups in the received
signals. The first and second wave groups shown in
Figure 2(b)—(e) are A,S,A, and A, A,A, modes, respec-
tively. Group velocities of A, and S, modes in the
quasi-isotropic main laminate are 1136.8 and 2551.3m/s,
respectively, as obtained from DISPERSE (Imperial
College, 2003). The arrival time of each wave group is
worked out by taking the peak of envelope fitted over
each signal. Based on arrival times of wave groups and

Table 1. Material properties.

group velocities of primary Lamb modes in the main
laminate, the delamination sizes have been predicted
and are shown in Table 2.

VERIFICATION THROUGH EXPERIMENTS
Fabrication of Specimen

Experiments were carried out on cross-ply laminates.
Two glass/epoxy laminates of [0/90/0] lay up, with dela-
mination interface between [0] and [90] plies were fabri-
cated using resin film infusion (RFI) technique. The
thickness of each ply was 0.33mm. In each laminate
there are three plies (two zero plies and one ninety
ply), so the thickness of each laminate is 0.99 mm. The
fabrication technique for [0/90/0] laminate with 50 mm
delamination length with delamination interface
between [0] and [90] plies has been described below.

A glass / epoxy cross-ply laminate of 0.99 mm thick-
ness with [0/90/0] lay up was prepared using RFI tech-
nique. A resin film was sandwiched between two plies.
Such sandwiches were placed one above the other till the
desired thickness was reached. A brass strip of 0.05 mm
thick, 50 mm width (delamination length) and 100 mm
length (80 mm length was kept inside the laminate,
remaining 20mm was projecting out) was inserted
between 90 and 0 degree plies from one of the sides of
the laminate. The brass strip was coated with poly vinyl
alcohol (PVA) for easy removal from the laminate after
curing. Sufficient bleeder was used to absorb any excess
resin. A vacuum bag was placed on the top and sealed
with a sealant tape. A thermocouple was placed on the
top of the job to continuously monitor the temperature
during curing. The job was heated at a rate of 2°C/min
up to 80°C, soaked for 30 min followed by heating to
120°C and soaked for 60 min. After completion of heat-
ing cycle, the job was allowed to cool to room temper-
ature. The brass strip was removed by subjecting to
four point bending. Thus a delamination of 50 mm
length was created in the laminate. The laminate was
cut into length and width of 400 mm and 300 mm respec-
tively. The lamina properties of this laminate are given
in Table 1.

The same fabrication technique (RFI) as described
above was used for making laminate of [0/90/0] lay up
with 40 mm delamination size. Delaminations intro-
duced in two laminates of [0/90/0] lay up, divided each
laminate into two sub-laminates, [0/90] and [0], at the
delamination region.

Material E1; (GPa) E,, (GPa)

G13 (GPa) p (kg/m®)

V13 V23

Glass/epoxy 44.68 6.90

0.280

0.355 2.54 1990
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Figure 2. A-scans from numerical simulations on [0/+45/90]s laminate: (a) with no delamination (intact), (b) with delamination interface

between plies 0, +45, (c) +45, —45, (d) —45, 90, and (e) 90, 90.

Experimental Set Up

The schematic experimental set up as shown in Figure 3,
consists of a signal generator, power amplifier, 100 MHz
A/D card, signal conditioner and a desktop computer.
The probes used were non-contact ultrasonic (NCU)

transducers with central frequency of 200 kHz, provided
by Ultran Group, USA. Probe holding fixtures were fab-
ricated to hold NCU probes attached to the scanner. The
angle of the probe with respect to the vertical was
adjusted as 21° (approximately), which is required for
generation of A, mode in the laminate. Pitch-catch
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Table 2. Arrival times of wave groups and predicted delamination sizes in quasi-isotropic laminate. Actual

delamination size was 50 mm.

Arrival time Arrival time

Predicted size using Predicted size

Delamination of wave group of wave group At=t; —t, main laminate group using sub-laminate
interface A.SoA, ty ps ALALA, tr ps nus velocities (mm) group velocities (mm)
[0] and [+45] 47.8 69.8 22.0 451 46.9
[+45] and [—45] 46.4 68.6 22.2 455 47.5
[—45] and [90] 46.6 68.8 22.2 45.5 47.7
[90] and [90] 47.5 69.4 21.9 44.9 441
PC with =
LabView program E
Ultrasonic .
pulser/receiver O o= RE—

Amplified signal NI-PXI 1033 chassis

! Received
signal

Pulse‘
900 V

—

Air-coupled
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Figure 3. Schematic of experimental set up.

arrangement was employed and a probe separation
(distance between the middle of the incident and receiver
ultrasonic beams on the test sample) of 60 mm was main-
tained for the experiments conducted on both the speci-
men with different delamination lengths. The excitation
pulse was a tone burst modulated with Hanning window.
The number of cycles in the excitation pulse was seven,
which corresponds to 35 ps.

A-scans from Experiments

The advantage of using NCUs is that a good A-scan
can be obtained even with presence of small waviness
on the laminate. In this study, the fundamental
anti-symmetric Lamb mode (A,) was chosen due to its
smaller wavelength compared to S, mode wavelength at
a given frequency and excitability using NCUs. A-scans
obtained for delaminations of 50 mm and 40 mm lengths
located between the transmitter and receiver are pre-
sented in Figure 4. In both A-scans, A,S,A, mode is
present.

“ &«——— Air-coupled

NI data acquisition card

"L Trigger signal

NI motion controllers card

Stepper motor
control

receiver

NI-stepper motor
power driver

Composite sample

For prediction of delamination sizes, A, and S, mode
velocities are required. In this case, the group velocities
are taken as those in the main laminate. The group velo-
cities of A, and S, modes in the main laminate, obtained
from DISPERSE, are 1149 and 3982m/s, respectively.
The peak of the video envelope, shown in Figure 4, was
taken as the representative time of arrival of the wave
group at the receiver. The predicted delamination sizes
from arrival times and group velocities from the main
laminate are shown in Table 3.

RESULTS AND DISCUSSION

When A, mode interacts with the delamination in a
composite laminate, there are two wave groups, A,S,A,
and A,AyA,, in the received signal. Based on the inter-
action of A, mode with the delaminations, expression
(3) has been derived, which estimates the size of delami-
nation. This expression requires the group velocities of
A, and S, modes in the sub-laminates and difference in
arrival times of wave groups A,S,A, and A, A A, at the
receiver. From expression (3) it is clear that the length of
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Figure 4. A-scans of [0/90/0] laminate: (a) 50 mm delamination and
(b) 40 mm delamination.

delamination is directly proportional to the difference in
arrival times of both wave groups. For estimating the
length of delamination, the locations of transmitter and
receiver with respect to the entrance and the exit of
delamination, L; and L, respectively, are not required.
If delamination length is more, the wave groups will
have more separation time, that is, At will be higher.
For smaller delamination length, there will be interfer-
ence between these two wave groups. The most impor-
tant aspect of the present study is that there is no need of
a reference from the healthy structure to ascertain the
extent of delamination, that is, to say the arrival time of
A, mode at the receiver in a healthy laminate is not
required.

Equation (3) holds good for any case and size of dela-
mination located across the thickness of laminate, as
long as it satisfies Equation (4) referred to hereunder.
If “T” is the duration of one cycle (7T'=1/f, where, ‘f is
central frequency of excitation) and if there are
‘n’ number of cycles in the excitation pulse, then
the total duration of excitation pulse = nT. The peaks
of wave groups, A.S,A, and A A.A,, can clearly
be identified if the difference in arrival times is greater

than or equal to ‘n7/2’. Based on this premise the fol-
lowing inequality can be written:

; t>nT
2 1=

1 1 nT
D - >
<VA05 VSos) -2

4
- ﬂ VSOA‘ VAos ( )
-2 VSOS - VAOS

Do — Vl( VS(IXVA().\‘ >
e 2f VSos - VAos )

D

As per Equation (4), the minimum delamination
length that can be found using this technique depends
on duration of excitation (number of cycles), frequency
of excitation and velocities of A, and S, modes. On
substitution of the excitation frequency, number of
cycles and A, and S, group velocities of quasi-isotropic
and cross-ply laminates in Equation (4), the minimum
delamination sizes work out to 35.8 and 28.2mm,
respectively.

The number of cycles and excitation frequency should
be selected in such a way that dispersion is minimal.
Techniques to separate out the A,S,A, and A A A,
wave groups may be adopted, when there is interference
between them. In this study, the distance between the
transmitter and receiver was 60 mm. This distance may
also be increased. In such a case, the amplitude of the
wave groups will reduce due to damping effects, but the
difference in arrival times of A A,A, and A S,A, wave
groups, does not change. It is possible to use A,S,S,
mode, except when the delamination is in a symmetric
location. In such a case the A,S,S, mode does not prop-
agate in the main laminate. Amplitude of A,S/,S, is
lower than A ,S,A, mode. A,S,S, mode can be detected,
if in-plane displacement time history is taken. In the
present work, we are capturing only out-of-plane dis-
placement, which corresponds to A, mode.

Wave groups A,A, propagate independently in both
the sub-laminates from entrance to exit of delamination,
undergo interference at the exit, and then propagate as a
single wave group. Same phenomenon happens with
A,S, wave group also. In quasi-isotropic laminate,
when the delamination was in the interface of [0]
and [+45] plies, the sub-laminates were [0] and [+45/
—45/90/90/—45/+45/0]. S, mode velocity depends on
in-plane stiffness in the direction of propagation. Since
[0] ply has higher in-plane stiffness, S, mode velocity is
higher in this ply. S, mode group velocities in these
sub-laminates are 4767 and 2432.1m/s, respectively.
The variations of S, mode velocity from the main lami-
nate to the sub-laminates [0] (thin sub-laminate)
and [4+45/—45/90,/—45/445/0] (thick sub-laminate)
are 86% and 4.6%, respectively. A, S, wave group in
thin sub-laminate propagates faster and reaches the
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Table 3. Arrival times of wave groups and predicted delamination sizes in cross-ply laminate.

Actual Arrival time Arrival time
delamination of wave group of wave group At=t, —t, Predicted
Laminate length in mm ASoA, t pus ALAGA, o ps pns size
[0/90/0] 50 40.0 72.0 32.0 51.6
40 455 73.0 275 44.4

Table 4. Group velocities of A, and S, modes in various thick sub-laminates and their
percentage variations with respect to group velocities of A, (1136.8m/s) and S, (2551.3m/s)
modes in the main laminate.

Thick A, mode S, mode
Delamination sub-laminate group Percentage group Percentage
interface lay up velocity variation velocity variation
[0] and [+45] [+45/—45/90,/—45/+45/0] 1135.8 0.0 2430.5 4.7
[+45] and [-45] [—45/90,/—45/+-45/0] 1139.1 0.2 2433.5 4.6
[—45] and [90] [90,/—45/+45/0] 1141.9 0.4 24341 4.5
[90] and [90] [90/—45/+45/0] 1143.0 0.5 2643.1 5.3

exit of delamination earlier than the one propagating in
the thicker sub-laminate. A,S, wave groups from both
the sub-laminates undergo interference at the exit of
delamination and propagate as a single wave group
in the main laminate. In the received signal, the peak
of A S,A, wave group occurs at 47.8 us. If the ampli-
tude of wave group A,S, is higher in [0] sub-laminate
then the peak should occur at 37pus (approximately).
This analysis indicates that the amplitudes of
wave groups propagating from the sub-laminates [0]
and  [+45/—45/90/90/—45/445/0] to the main
laminate are different. Since the peak corresponds to
the wave group A,S, propagating in the sub-laminate,
[+45/—45/90/90/—45/445/0], it is more appropriate to
use the group velocity of S, mode (2432.1 m/s) in this
sub-laminate, for prediction of delamination size. Group
velocity of S, mode in the main laminate is 2551.38 m/s,
which is 4.9% higher than that in [+45/—45/90/90/—45/
+45/0] sub-laminate.

Even when the delamination interface was between
other plies, a similar trend of robust transmission of
wave groups from the thick sub-laminate to the main
laminate has been observed. The arrival time of
A,S.A, wave group at the receiver for various delami-
nation interfaces as shown in Table 2, has been found to
correspond with the arrival times of A S,A, wave group
propagating in the thick sub-laminate.

The group velocities of A, and S, modes, worked out
from numerical simulations, in the thick sub-laminates
formed for various delamination interfaces, are compa-
rable with group velocities in the main laminates with a
maximum variation of 5.3% in case of S, mode when
the delamination is symmetric, as shown in Table 4. The
variations in A, mode velocities from the main laminate
and the thick sub-laminates are negligible. The predicted

delamination sizes in quasi-isotropic laminate, when
group velocities of the main laminate and sub-laminates
were employed in expression (3), are listed in Table 2.
The predictions made in both cases are in good agree-
ment with the actual values. The S, mode group velocity
in [0/4-45/—45/90] sub-laminate was estimated on the
basis of numerical simulations. A minor deviation in
this estimation may have resulted in a slight mismatch
in the estimation of delamination size.

From this discussion, it can be concluded that a good
approximation of delamination size can be made if the
main laminate group velocities are used in expression (3)
instead of the sub-laminate group velocities, which are
not known in practice.

In Figure 4(a) and (b), the experimental A-scans of
laminates with 50 mm and 40 mm delamination lengths
are shown. The arrival times of wave groups A S,A,
and A A A, for various delamination lengths and dela-
mination sizes predicted using expression (3), have been
shown in Table 3. The group velocities of primary Lamb
modes in the main laminate were used in expression (3)
for prediction of delamination sizes. The predicted dela-
minations sizes are in good agreement with the actual
values. The maximum error is 11% in the prediction of
40 mm delamination size.

However, it is clear that an approximate delamination
size can be predicted without baseline or healthy region
data and using A, and S, mode velocities in the main
laminate.

CONCLUSIONS

An attempt has been made to predict the size of dela-
mination using time of flight of mode converted wave
group, A,SyA,, and transmitted wave group, A A A,
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at the receiver in pitch catch mode without requiring the
baseline/healthy data. An expression, which gives the size
of symmetric and asymmetric delaminations, located in
between the transmitter and receiver, has been derived
based on the interaction of wave groups with entrance
and exit of delamination. This expression requires
group velocities of primary Lamb modes in the
sub-laminates. Instead of using primary Lamb mode
group velocities in the sub-laminates, group velocities in
the main laminate were used. The effectiveness of the
expression has been verified on numerically simulated
delaminations in a quasi-isotropic laminate. Experimen-
tal verification was also carried out on two cross-ply lami-
nates with 40mm and 50mm delamination sizes.
Experiments were carried out, using NCUs, to find out
the arrival times of wave groups, A,S A, and A,AA,, in
each laminate. The arrival times from experiments and
group velocities from DISPERSE were used in the
derived expression to determine the delamination sizes.
The predicted delamination sizes were found to be in
good agreement with the actual values. A supplementary
expression was also derived for determining the minimum
detectable length of delamination. The advantage of the
proposed technique is that the baseline or reference data
from a healthy specimen is not required for the prediction
of delamination size.
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