
Composite Structures 147 (2016) 197–210
Contents lists available at ScienceDirect

Composite Structures

journal homepage: www.elsevier .com/locate /compstruct
Laser Doppler imaging of delamination in a composite T-joint
with remotely located ultrasonic actuators
http://dx.doi.org/10.1016/j.compstruct.2016.03.039
0263-8223/� 2016 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: droymahapatra@aero.iisc.ernet.in (D. Roy Mahapatra).
G. Kolappan Geetha a, D. Roy Mahapatra a,⇑, S. Gopalakrishnan a, S. Hanagud b

aDepartment of Aerospace Engineering, Indian Institute of Science, Bangalore 560012, India
b School of Aerospace Engineering, Georgia Institute of Technology, Atlanta, GA 30332-0150, USA

a r t i c l e i n f o
Article history:
Received 16 November 2015
Revised 4 March 2016
Accepted 24 March 2016
Available online 25 March 2016

Keywords:
Lamb wave
Ultrasonic
LDV
Delamination
T-joint
Mode conversion
a b s t r a c t

This paper presents an experimental study on the interaction of ultrasonic guided waves with delamina-
tion in the web–flange interface of a co-cured, co-bonded composite T-joint. A complex interaction of
waves is induced, first, by one, and, later, by two piezoceramic wafer(s) bonded on the inner surface of
the flange. The flange surface velocity distributions are reconstructed from the scanning laser Doppler
velocimeter (LDV) measurements to study the effect of a delamination overlapping the web–flange
interface. The surface-bonded piezoelectric actuator(s) placed remotely on the flange produce primarily
anti-symmetric wave incidence to the delamination. A two-stage wave mode conversion process, one due
to the web and joint filler, and the other due to the delamination underneath the flange is observed. First,
we address the problem of identification of delamination by ultrasonic contrast imaging of the
web–flange interface using a single actuator. This study is extended further to enhance the ultrasonic
contrast imaging at the web–flange interface using a standing wave. A quantitative methodology based
on mode conversion strength is developed to monitor different structural features like free-edge,
web–flange interface and delamination. The results show the complex nature of the conversion of
flexural waves to in-plane waves through the deltoid and along the web–flange interface.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Integrally designed and fabricated composite structural joints
have several advantages such as a high strength to weight ratio,
very good endurance against fatigue and wear, good corrosion
resistance etc. Despite these advantages, quality control in the
manufacturing of composite joined structures is highly demanding
and subsequently the structure requires reliable inspection at peri-
odic intervals to detect possible defects. An assembly of complex
composite structures often requires efficient joining in the form
of T-joints or T-stiffeners. The usage of co-cured, co-bonded com-
posite T-joints in aerospace vehicles can result in a total reduction
of structural components (bolts/fasteners) by 30% compared to the
metallic structure [1]. The main part of the T-joint includes a
flange, web, and radius filler. In a typical composite stiffened air-
frame, the flange interfaces with the skin; the web provides an
interface for attachment of the substructure, and the radius filler
provides continuity of load transfer between the web and flange.
The T-joint transfers flexural, tensile, and shear loads from the skin
to the web besides acting as a stiffener to carry bending and buck-
ing loads directly. Particular design objectives involve, for example,
the prevention of skin buckling during wing loading, increase of
bending/torsional strength of the integral payload, a fuel tank
attached to the airframe, etc.

A survey of the aircraft industry highlights the cost of mainte-
nance per annum for ageing aircraft structures to the tune of about
one-third of the aircraft cost [2]. According to another survey [3],
about 90% of the aircraft structures skin inspections are conducted
using visual inspections [4] and remaining the 10% are conducted
using various other Non-Destructive Inspection techniques such
as dye penetration [5], eddy current [6], radiography [7], ultrason-
ics [8] etc. Reviews of the current state-of-the-art of various Non-
Destructive Inspection (NDI) techniques for composite structures
with their limitations can be found in Ref. [9] and further refer-
ences therein. Life extension of the ageing aircraft using embedded
Fiber Bragg Grating (FBG) based Structural Health Monitoring on
composite structures are described in Ref. [10]. The deployment
of the NDI techniques mentioned above are restricted by the nat-
ure of disassembly required for complex structural components,
geometry/material specific probes and associated attachments,
and the level of accessibility to the damage(s).
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http://dx.doi.org/10.1016/j.compstruct.2016.03.039
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Structural Health Monitoring (SHM) is the continuous, autono-
mous in-service monitoring of the physical condition of a structure
by means of embedded/contact/non-contact sensors with minimal
manual intervention [11]. It is aimed at assuring the structural
integrity of the aircraft, replacing periodic scheduled based main-
tenance to condition based maintenance. The key motivations for
SHM include gain over maintenance and design benefits. Mainte-
nance aspects are increasingly significant for the reduction of
Direct Operating Costs (DOC), since fuel bills, airport fees, etc. have
little potential in saving expenses. Reduction of Direct Mainte-
nance Cost (DMC) increases the availability of aircrafts. The moti-
vation to use SHM for innovative design approaches is the need
of the manufactures to offer aircraft with increased fuel efficiency.
SHM will be used to get new concepts for structural design, which
will lead to weight reduction for metal and composite structures
up to 15% on component level [12]. The final idea of SHM is to imi-
tate human nervous system.

In the present paper, we explore a newmethodology and exper-
imental results, which may be useful in addressing some of the
problems above, particularly for monitoring inaccessible features
and damage(s) in composite structures. Vibration/modal
analysis-based methods for the detection of small damage(s) are
less sensitive when compared to ultrasonic wave propagation
based methods [13]. Wave propagation-based diagnose using
ultrasonic guided waves have been demonstrated quite effectively
in metallic structures with cracks [14], fatigue damage [15],
corrosion [16] etc. and also for composites for debonding [17],
delamination [18–20], matrix cracking [21] etc. Ultrasonic wave
propagation in inhomogeneous and anisotropic media and the
application of the wave characteristic based finite element method
for efficient damage detection for Structural Health Monitoring
(SHM) have been developed (see Ref. [22] and references therein).
A mechanistic treatment explaining how guided waves are
influenced due to delaminations and cracks in composite beams
is discussed in Refs. [19,23,24]. This explanation helps in develop-
ing specialized schemes of damage detection.

Piezoelectric Wafer Active Sensors (PWAS) bonded on compos-
ite structures can be designed to perform integrated SHM using
Lamb waves [25]. Optimization studies involving actuator and sen-
sor configuration(s), types of excitation signals and procedures for
the diagnosis of pre-existing damage(s) such as delamination,
matrix crack(s), through thickness hole(s) etc. in test coupons have
been reported in Ref. [26]. The distributed sensing behavior of
piezoceramic patches embedded in composites subjected to static
and dynamic fracture has been studied in Ref. [27,28]. The delam-
ination of composite panels and joints due to impact loads is a
major concern. Low velocity impact damage has been identified
using the amplitude of the piezoelectric sensor signal [29]. Damage
in composites has been identified using distributed piezoelectric
transducers [30]. Ultrasonic signal focusing and steering in isotro-
pic plates by an array of transmitters using a delay-and-sum algo-
rithm have been reported in Ref. [31,32]. Due to the directional
dependencies of group velocities in anisotropic composites, the
slowness curve is not circular [33]. Furthermore, for dispersive
guided waves, there is a different slowness curve for each fre-
quency of every wave mode. Yan et al. [34] have demonstrated
that, for certain frequencies, the slowness curve for a specific mode
can be nearly circular, and under such a condition the delay-and-
sum algorithm can be applied to ultrasonically scan a probable
damage area. The effect of delamination in Carbon Fiber Reinforced
Polymer (CFRP) plates on the lobe pattern has been analyzed using
a linear phased array of piezoelectric transducers [35]. Ultrasonic
wave field imaging with non-contact LDV is another offline NDI
technique that can efficiently utilize actuator-induced ultrasonic
guided waves and the surface velocity scan data can be algorithmi-
cally analyzed, thereby minimizing physical hardware complexity
for focusing and steering ultrasound through probable damage
zones. The problem of detecting delamination in composites and
identifying the size, particularly when the delamination is in the
joint, is addressed in the present paper. This is a challenging
problem as nearby structural boundaries alter the propagation of
a guided wave. A brief summary of a damage diagnosis and struc-
tural wave field imaging using LDV is given below before we illus-
trate our scheme of delamination imaging in a composite T-joint.

While performing an ultrasonic C-scan of the joints, the ultra-
sonic wave is deflected in different directions, and, hence, the
received amplitude is less, leading to a dark area in the C-scan
image. By using non-contact ultrasonic sensors, the problems due
to liquid couplants or dry couplants and the associated variations
in signal sensitivity due to an impedance mismatch between the
couplant and the structure etc. can be avoided. Among the various
different laser-based techniques for vibration measurement, such
as holography, Electronic Speckle Pattern Interferometry (ESPI),
shearography, and laser Doppler velocimeter (LDV), we consider
LDV in our present research. One of the distinct advantages of
LDV is its high sensitivity to the high frequency vibration of opti-
cally reflecting surfaces. LDV-based studies involving small/large
area sensing and damage diagnose can be found in Refs. [36–43].
Vibration excitation at a single point using a physically wired
transducer and measuring the structural dynamic response at var-
ious points using LDV is commonly employed. Ultrasonic imaging
using non-contact laser excitation at multiple points and a struc-
tural dynamic response at a single point without scanning has been
demonstrated in metallic and composite structures by Sohn et al.
[41–43]. This method is based on the principle of the linear
reciprocity of ultrasonic waves. This reciprocity relation does not
hold when the wave path is not reversible. This irreversibility of
the wave path may be a factor if multiple dissimilar transducers
are used for actuation/sensing, or when the time windows of sens-
ing at various different points are different or when boundary scat-
tering appears in a certain propagation path that disturbs the
reciprocity of the wave field. Another practical limitation here is
the measurements involving boundary scattering due to which
the uniqueness of the wave path is lost. Alternatively, an ultrasonic
contrast-based imaging method is developed in the present study.
Subsequently, we propose the concept of a standing wave filter and
a Laplacian image filter that clearly improve the image contrast.
These are highly effective in regions where the waves experience
multiple reflections and transmissions from the defect boundary.
The technique poses certain limitations in cases where the defect
boundary overlaps with the structural features as in the case of a
delamination overlapping with the web–flange interface. In this
case, the defect boundary may not be clearly distinguished from
the structural feature boundary.

Frequency–wavenumber filtering is another approach where
boundary reflection may be separable if an accurate model of
boundary reflection is known [44]. The formulation of damage
indices based on strain energy and techniques like spatial decima-
tion and frequency–wavenumber filtering have been reported in
Ref. [45]. However, the ultrasonic contrasting of an inaccessible
zone in the rear-field for a complex-shaped structure poses signif-
icant challenges. The applications of wave filters are also limited as
they assume unidirectional propagation of a single wave mode at a
time, whereas structures like composite T-joints produce near-
field conversion of various wave components in various different
directions. The present effort is the first of its kind to resolve the
complexities involved and to quantify wave mode conversion near
the vicinity of a delamination.

The paper is organized as follows: first, the fabrication process
for a composite T-joint test specimen is described in Section 2.
The details of the actuation and sensing schemes are explained
in Section 3. The mathematical modeling background for the
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analysis of wave propagation and wave field images captured using
3D LDV are given in Section 4. Complex ultrasonic wave field inter-
actions due to the web and joint filler on the back face of the flange,
and those due to a delamination underneath the flange are ana-
lyzed in Section 5. The method of ultrasonic contrast enhancement
surrounding the web–flange interface and the delamination, using
the concept of standing waves in real time, is discussed next.
Standing waves eliminate the need for frequency–wavenumber fil-
tering of unwanted scattering of boundary features (web–flange
interface). The identification and classification of structural fea-
tures using ultrasonic guided wave mode conversion strength
and various possibilities are discussed in Section 5.

2. Test specimen of composite T-joint with delamination

In order to manufacture a composite T-joint, a mould is made
using high-carbon SAE 304 stainless steel. The different parts of
the disassembled mould are shown in Fig. 1(a). Proper clearances
in the mould accommodate resin over-flow during the manufac-
turing of the T-joint by the Resin Transfer Moulding (RTM) method.
The inner surfaces of the mould are coated with one-sided adhe-
sive film to prevent direct contact of the mould with epoxy and
for easy release of the specimen with a good surface finish.
Uni-directional glass fabrics having 0�, 45�, and 90� fiber orienta-
tions and required dimensions are cut (Fig. 1(c)). Resin (30 wt%)
Fig. 1. (a) Disassembled view of different parts of composite T-joint mould. (b) Assemble
contact with epoxy. (c) Uni-directional glass fibre fabric of required dimension cut from g
joint. (e) A static load is applied over the top of the assembled mould to ensure proper co
compaction. (g) The entire mould is enclosed within a vacuum bag for curing under high c
delamination overlapping the web–flange interface.
is applied and the fabric layers are stacked by the wet lay-up
method. E-glass fibers with Araldite 5052 resin system are used
for manufacturing co-cured co-bonded composite T-joint. Different
parts of the mould are then assembled (Fig. 1(d)) and the entire
mould is enclosed within a vacuum bag (Fig. 1(g)). The test
specimen is cured at room temperature in a vacuum bag for
24 h. In order to ensure proper compaction, a static load is applied
over the top of the assembled mould in addition to the differential
pressure due to the vacuum bag (see Fig. 1(e) and (f)). A Teflon
tape of dimension 50 mm � 30 mm � 0.25 mm is introduced at
the desired location to simulate a delamination underneath the
accessible side of the flange. The delamination is introduced
between third and fourth layers, underneath the accessible side
of the flange. It is at a depth of approximately 0.75 mm from the
accessible side of the flange. The delamination created in this
manner is marked in Fig. 3(c). The dimensions of the flange and
the web of the final test specimen (see Fig. 3(a)) are
260 mm � 125 mm � 2 mm and 260 mm � 75 mm � 2 mm,
respectively. The test specimen has a quasi-isotropic ply stacking
sequence (0/90/+45/�45)s both in the flange as well as in the web.

3. Experimental Setup

A 3D LDV (model PSV 3D 400 Polytec) having three independent
laser beams for Doppler measurement is used in the present
d view of the mould which is coated with one-sided adhesive film to prevent direct
lass fabric roll. (d) Assembled view of mould during manufacturing of composite T-
mpaction. (f) Schematic diagram showing application of static load to ensure proper
ompaction pressure at room temperature. (h) The final T-joint test specimen having



Fig. 2. The schematic operation of LDV measurement system synchronized with Controller and Data Acquisition System (DAQ).
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experiment. Its measurement principle is based on the Doppler
shift produced by an incident laser light and backscattered light
by the vibrating surface of the test structure when excited by ultra-
sound. According to the Doppler shift, the change in the wave-
length of the backscattered light is a function of the relative
velocity of the vibrating surface. The velocity of the vibrating sur-
face is obtained by measuring the change in the wavelength of the
backscattered laser light, which forms an interference fringe pat-
tern. Thus, LDV works as a non-contact ultrasonic sensor with a
long standoff distance. A motorized mirror on each of the three-
laser beam paths enable velocity time history to be measured
seamlessly over software-controlled grid-points on the structural
surface. Distinct measurements at two very nearby points is possi-
ble as the spot size of the laser beam is less than 10 lm, whereas a
typical bonded PWAS would occupy a much larger area. The veloc-
ity components along the three beam directions are transformed to
structural coordinates knowing the relative orientation of the
beams with respect to a workplane with the help of encoders.
LDV, being a non-contact measurement system, eliminates sensor
near-field signal distortion and damping as usually encountered
in bonded PWAS.

The maximum grid spacing for the measurement of velocity dis-
tribution on the surface of interest is taken as one-tenth of wave-
length (k). k is computed based on the frequency of excitation
and the group velocity dispersion curve for the composite speci-
men on which the scan is being done. This is obtained based on
a suitable model of wave propagation or experimentally. The Z
component usually refers to the surface normal direction while
the X–Y plane defines the surface. The accuracy of the signals is
primarily limited by the laser speckle noise.
The ultrasonic wave excitation hardware consists of an NI PXI-
6115 multi-channel A/D and D/A card, a voltage amplifier and
piezoelectric PZT actuator(s). A tone-burst voltage signal with pre-
scribed frequency content and amplitude is fed to the actuator. The
piezo actuator is of 15 mm diameter and 1.5 mm thickness and
bonded to the composite using an epoxy resin based adhesive.
The wave modes induced by the actuator consist of a dominant
fundamental antisymmetric (A0) component and a negligible fun-
damental symmetric (S0) component during the initial stage of
propagation. However, S0 components with significantly large
amplitudes are induced due to A0? S0 conversion in the compos-
ite due to the ply stacking and the material interfaces and delam-
ination. A schematic view of the experimental setup is shown in
Fig. 2.

4. Experimental procedure

Fig. 3 shows the composite T-joint with a coordinate reference
frame, position of the actuator, and a delamination and flange sur-
face with grid points for LDV measurement. The T-joint with the
actuator is placed on a mechanical fixture and the flange surface,
as marked in Fig. 3(b), is exposed to a laser beam. The surface being
scanned is the accessible surface (exterior of the integral skin) in
the desired application of interest. In the present experiment, the
grid for the scan consists approximately of 30,000 scan points with
0.9 mm spacing along both the X and Y directions for an A0 wave-
length of 11 mm and a signal carrier frequency of 100 kHz. A band-
pass filter with a narrow frequency band of 5 kHz is used. The
signal sampling frequency is set, 10 times greater than the excita-
tion frequency (signal carrier frequency). The details of various



Table 1
LDV measurement details.

Testing parameters Parameter values

Excitation frequency 100 kHz
Filter Bandpass filter (97.5–102.5 kHz)
Sampling frequency 2.56 MHz
Number of samples 1024
Sample time 400 ls
Pre-trigger 10% Sample time
Total scan points 30,761
Range of decoder VD-07 50 mm/s/V
Excitation voltage 40 V
Time delay between each trigger (dt) 5 s
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parameters like the number of samples, pre-trigger, and the type of
velocity decoder used in A/D settings are given in Table 1.

4.1. Ultrasonic signal characteristics

The signal frequency for interrogation is chosen considering
various factors. Most important among them are (i) the dispersion
characteristics of the scan region, and (ii) the Signal-to-Noise Ratio
(SNR). The type and shape of the diagnostic waveform selected is
decided based on the dispersive nature of the medium and the sep-
arability of the scattered packets depending on the size of the
structure. A five-cycle windowed sine signal (tone-burst signal) is
used for damage diagnostics (see Fig. 4) in the present study. A
Hanning window is used to concentrate a maximum of energy
around the desired carrier frequency. The narrower the bandwidth
of excitation, the lower is the dispersive effect distorting the wave
packet as it propagates in the composite. The tone-burst excitation
signal is generated periodically with repeating time windows to
Fig. 3. (a) Schematic showing dimensions of T-joint specimen with piezo wafer actuator a
T-joint test specimen with respect to LDV laser heads. (c) Detailed view of T-joint test sp
enable multiple measurements at each grid point and the sequence
is repeated over the entire grid. A suitable time delay is introduced
between each time window in this sequence. This avoids overlap-
ping measurements at each scan point, and provides sufficient
time for the reverberant waves to damp out.
nd delamination in the web–flange interface. (b) The Cartesian coordinate system of
ecimen with fiber orientation, delamination and piezo actuator. All units are in mm.



Fig. 4. (a) Five cycle tone-burst signal applied to piezo actuator. (b) Wave field visualization near the zone of piezo actuator at 56 lsec.
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4.2. Evaluating wave dispersion characteristics

Besides the direct estimation of group velocity dispersion
through experiments, it is often necessary to evaluate the disper-
sion characteristics and identify wave modes via mathematical
model-based estimates. This can help to eliminate various sources
of error such as composite manufacturing-related variabilities,
material inhomogenities, and surface measurement noise on the
reconstructed wave field. The averaging of velocity time history
by multiple measurements is also helpful to eliminate random
noise. Let us first consider the displacement field for in-plane
and transverse wave motion based on the classical plate theory
which gives the displacement field as

uðx; y; z; tÞ ¼ u0ðx; y; tÞ � z
@w0ðx; y; tÞ

@x
ð1Þ

vðx; y; z; tÞ ¼ v0ðx; y; tÞ � z
@w0ðx; y; tÞ

@y
ð2Þ

wðx; y; z; tÞ ¼ w0ðx; y; tÞ ð3Þ
where u, v ; w are the components of displacement at a material
point along the x, y, and z axes respectively. u0, v0 are the in-
plane displacements in the reference plane and w0 is the transverse
displacement defined at a point in the reference plane. The consti-
tutive model for orthotropic laminated composites can be
expressed as [46],
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where frg and feg are the stresses and strains (plane-stress approx-
imation in the x–y plane is made where the laminate is thin), and
Qij indicates the elastic constants in the plate coordinated after
rotation of the material reference frame. Applying Hamilton’s prin-
ciple, the governing equations are expressed as
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where the stiffness coefficients Aij, Bij, and Dij are functions of indi-
vidual ply properties, ply orientation etc. and are integrated over
the thickness as

½Aij; Bij; Dij� ¼
X
i

Z ziþ1

zi

Q ij½1; z; z2�dz ð8Þ

Similarly, the coefficients associated with the inertial terms are
expressed as

½I0; I1; I2� ¼
X
i

Z ziþ1

zi

q½1; z; z2�dz ð9Þ

where zi and ziþ1 are the Z-coordinates of the lower and upper sur-
faces of the ith layer. The frequency domain spectral form of the dis-
placement field is written in terms of time harmonic components,
and spatially periodic wave modes in frequency (x)-wavenumber
(k) space (22), that is,

u0ðx; y; tÞ ¼
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where i ¼
ffiffiffiffiffiffiffi
�1

p
, xn is the frequency at the nth sampling point, j

indicates the mode of the wave where the number of modes to be
determined from the characteristic equation in k–x, and kx, ky
are the wavenumbers in the x and y directions, respectively. The
characteristic equation can be expressed as
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A33ði; jÞ ¼ 0; i–3; j–3; A33ð3;3Þ ¼ �2D12 � 4D66 ð26Þ

A42ði; jÞ ¼ 0; i–3; j–3; A42ð3;3Þ ¼ �4D16 ð27Þ

A51ði; jÞ ¼ 0; i–3; j–3; A51ð3;3Þ ¼ �D11 ð28Þ

The analytical dispersion curve for the quasi-isotropic laminate
(0/90/45/�45)s used in the present work is shown in Fig. 5(a).
Experimentally measured velocities are compared and they show
good agreement. A five-cycle tone burst voltage signal is applied
to the piezoceramic actuator. The excitation signal characteristics
are shown in Fig. 5(b). The piezoceramic actuator converts voltage
signals into mechanical strain. This mechanical strain generates
elastic waves, which propagate throughout the thickness of the
elastic medium and are guided by boundaries over a long distance
with little amplitude loss. The procedure to compute effective near
field displacement in the neighborhood of the piezoceramic actua-
tor has been described in Ref. [47]. The near field structural
response at 100 kHz near the location of the piezoceramic actuator
has been captured using 3D scanning LDV (see Fig. 4(b)). The wave
propagates beyond the near field with the velocity in each direc-
tion dictated by the resultant wavenumber k, which is given by

k ¼ kx̂iþ kyĵ. î and ĵ are the unit vectors in the x and y directions,
respectively.

5. Results and discussions

5.1. Diagnosis with a remotely located single actuator

The piezoceramic actuator is located remotely at one end of the
T-joint (see Fig. 3). The wave field generated remotely by the actu-
ator scatters due to various structural features like free edge(s),
web–flange interface, and delamination. The response signal at
various grid points on the accessible face of the flange is acquired
using 3D LDV with the test setting mentioned in Section 4. The
wave field is visualized by interpolating a surface velocity response
measured from all the grid points for a particular time stamp. The
snapshots of guided wave fields at successive times are shown in
Fig. 6. The ultrasonic contrast in the form of alternating bands
(iso-contour lines) can be seen. The color bands indicate the veloc-
ity of the particle vibration on the surface of the flange. As dis-
cussed earlier, the piezoceramic actuator is excited in the
frequency regime where the A0 mode in the flange is predominant.

The initiation of an elastic wave by the actuator on the flange is
depicted in Fig. 6(a). Wave initiation is analogous to dropping a
stone in a pond. The wave propagates in the form of ripples or
wedges and the wave front shape is altered if the material is ortho-
tropic. The direct incidence of an A0 mode wave packet with a web
and joint filler on the back face of the flange has been shown in
Fig. 6(b) and (c). The traction-free structural boundary reflects
the entire wave packet. This reflected wave packet is superposed
with later incident packets (see top and left edges of Fig. 6(c)).
The overlap of the incident wave with the reflected wave expands
progressively (see Fig. 6(a)–(d)). Any sudden distortion/discontinu-
ity in the iso-contour wave field distribution of velocity in the
propagating wave packet indicates a change in material properties
(see Fig. 6(c) and (d)). Any change in the material stiffness can be
attributed to a local geometric anomaly, or (and) a structural
boundary/joint. The continuity of the fringe pattern is intact even
when the propagating wave encounters structural features like a
free edge and a web–flange interface. However, the region
enclosed by the rectangle in Fig. 6(c) and (d) depicts a series of dis-
tortions and discontinuities in the iso-contour of the velocity field.
A rectangular zone is clearly seen which indicates the actual loca-
tion of delamination. Fig. 6(c) and (d) show the progression of the
superposed incident and reflected wave packets from free edge(s),
structural boundaries and delamination at successive time
instants. The distortion and discontinuity of the iso-contour wave
field is a first-hand source of information for confirming the pres-
ence of damage and other structural features. Furthermore, the
damage severity could be quantified based on damage indices
[48,49] or spectral power flow [50]. Details regarding this will be
discussed later.

The presence of the embedded delamination in the laminate
splits the base laminate into two sub-laminates. Each sub-
laminate, both above and below the delamination, acts as a separate
waveguide. The wavelength is modulated due to the sub-laminate



Fig. 5. (a) Dispersion curve for quasi-isotropic laminate (0/90/45/�45)s. (b) Group velocity dispersion and signal characteristics used for ultrasonic wave excitation.

Fig. 6. Snapshots of surface velocity distribution on the flange at different time stamps (a) 66.4 lsec (b) 78.1 lsec (c) 84.4 lsec (d) 94.4 lsec.
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splitting by the delamination. The delamination depth is identified
by estimating the local wavelength modulation [19]. The local
wavelength is estimated along both the horizontal and inclined line
X and X0 respectively, which cuts across the delamination (see Fig. 6
(d)). The local wavelength variation at different time stamps is plot-
ted along both the horizontal and inclined lines X and X0, respec-
tively (see Fig. 7). The finding from the graph indicates the lowest
value of the local wavelength in the zone of the delamination.
Change in the local wavelength signifies change in local stiffness.
Tracking wavelength along any scan line enables to identify change
in the local stiffness either due to the structural boundary feature or
due to local flaw(s). Findings from the local wavelength estimation
along the horizontal (X) and inclined lines (X0) indicates that the tip
of the delamination is approximately at a distance of 50 mm from
the actuator and corresponding length and width of the delamina-
tion are approximately 50 mm (see Fig. 7(a)) and 20 mm (see Fig. 7
(b)), respectively. The T-joint was excited with predominant A0
mode whose incident wavelength is approximately, 11 mm. From
Fig. 7 it could be inferred that the local wavelength in the region
of the delamination is approximately half the incident wavelength.
The ratio of local wavelength to incident wavelength correlates
approximately to the ratio of square root of thickness of sub-
laminate to square root of thickness of the base laminate. The sur-
face of sub-laminate on which measurements are done is involved
in this correlation. The depth of the delamination is about 0.8 mm
from the accessible side of the flange. The increasing wavelength
on one-side of the delamination can be attributed due to the mode
conversion effect (from A0? S0 mode).



Fig. 7. Wavelength variation over time at different time snaps along (a) horizontal line X and (b) along inclined line X0 as marked in Fig. 5(d).

G.K. Geetha et al. / Composite Structures 147 (2016) 197–210 205
To analyze the non-stationary wave field, we compute the Root
Mean Square (RMS) of the velocity–time field distribution. On con-
sidering a simple laminated plate segment, the incident A0 dis-
placement field is given as

Wðx; tÞ ¼ ~we�ikxxeixt ð29Þ

where Kx �
ffiffiffiffiffi
x

p ffiffiffiffiffiffi
qh
D11

4
q

assuming a thin plate and ky ! 0 for a straight

wave front propagating in x .The tone burst excitation signal is
expressed as

Wðx; tÞ ¼ ~we�ikxxð1� cosxmtÞ sinxct ð30Þ
where xm is the modulation frequency, xc is the central frequency
(signal carrier frequency). The RMS of the displacement field is
expressed as

WrmsðxÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
t2 � t1

Z t2

t1

Wðx; tÞWðx; tÞdt
s

ð31Þ

where Wðx; tÞ is the complex conjugate of Wðx; tÞ, t1 and t2 are the
cutoff bounds of the time window. Let t1 ¼ 0 and t2 ¼ Tm, where
Tm ¼ 2p

xm
:

Further simplification gives

WrmsðxÞ ¼
ffiffiffi
3

p

2
j ~wj ð32Þ

where ~w is the incident wave amplitude (Eq. (29)). It is clear that
the RMS of the wave field over the scan area is invariant with
respect to space and time and only to a certain extent depends on
the cylindrical loss of the wave-energy. However, if a new wave
mode appears for some reason, it would create cross-correlated or
uncorrelated effects, which will disturb the above invariance prop-
erties of the RMS of the field. We now show an RMS image of the
wave propagation pattern in Fig. 8. The near field of the actuator
can be clearly seen. The stationary effect of the web–flange interface
and the delamination area are also clearly identifiable. The back-
ground, which is almost uniform, has the average intensity as
expressed in [32]. The fading away of the image from the actuator
can be attributed to cylindrical spreading loss and material damp-
ing. The color intensity in the RMS image gives an idea about the
scattering strength from the structural feature/defect, and can be
informative about identifying possible areas for further detailed
detection study.

The measurement accuracy of the proposed technique is crucial
for considering further investigation of its suitability in detection
of delamination in composites. Various uncertainties such as
measurement noise including effects of ambient lighting, temper-
ature, sample orientation etc., can influence measurement accu-
racy. We repeated the measurements by introducing
uncertainties in terms of random noise in the excitation signal
applied to the piezo transducer and in terms of detection threshold
defined with respect to measurement noise. Statistical data to
determine the sensitivity and probability of damage detection
(POD) has been demonstrated for plate with varying one-sided line
crack using optical and ultrasonic based inspection techniques
[51]. The POD curve helps to identify the sensitivity of the tech-
nique to determine a specific type of damage with a certain confi-
dence level. In the present experiment different batches of co-
cured co-bonded composite T-joint with varying damage sizes
are created. The size of delamination in the web–flange interface
vary from 5 mm to 20 mm. Scatter plot showing measured damage
size using the proposed technique for different test samples is
shown in Fig. 9. In the present experiment the% standard deviation
for detecting damage parameters for 5 mm, 10 mm, 15 mm, and
20 mm damages are 17.8%, 10.4%, 8.6% and 8.2%, respectively.
5.2. Ultrasonic contrast enhancement by standing waves

The ultrasonic contrast image surrounding the web–flange
interface and the delamination is enhanced using the concept of
standing waves. The standing wave eliminates the need of addi-
tional wave filtering techniques like frequency–wavenumber fil-
tering to be applied to the scan data. In the present experiment,
two remotely located actuators on the inner side of the flange
are used, which are equidistant from the web–flange interface
(see Fig. 10). Both the actuators are excited with a 5 cycle tone
burst signal (as detailed earlier) simultaneously. The flexural
waves from both the actuators propagate and scatter at the web–
flange interface leading to destructive interferential standing
waves (see Fig. 11(a)–(e)). A stronger X-component along the
web–flange interface propagates after these interference peaks
and the corresponding velocities are faster because of the in-
plane nature of this wave mode in the web underneath the flange.

The experiments have been conducted with similar test settings
as mentioned in Section 4. The full wave field excited by the two
actuators is visualized in the same manner as done earlier (see
Fig. 11). At the web interface of the flange, flexural waves from
the two actuators produce standing waves, which result in a longi-
tudinal wave component traveling through the deltoid [52,53] (see
Fig. 11(a) and (b)). The separated longitudinal waves are further
scattered with the transmitted wave into the delamination



Fig. 8. Root Mean Square (RMS) velocity distribution for wave propagation and scattering with excitation frequency of 100 kHz.

Fig. 9. Scatter plot showing measured damage size using the proposed technique
for different test samples.

Fig. 10. Enlarged view of T-joint specimen with multiple actuators bonded on the
back face of the flange to generate standing waves.
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beneath the flange (see Fig. 11(c)–(e)). The insight gained from this
experiment would help in developing a procedure to detect porous
regions, fiber breakage in the deltoid at the junction of the web and
flange, and the separability of waves in the presence of these other
defects and delamination together.

5.3. Wave mode conversion due to boundary features and
delamination

One of the important topics in guided wave analysis is the effect
of material/structural features on wave mode conversion. The
interaction of symmetric and anti-symmetric wave modes with
geometric features has been addressed in the literatures [54–57]
and the references therein. Depending on the geometrical pertur-
bations, the reflections of waves from an anomaly or structural fea-
tures, and the corresponding changes in the shape of the wave
packet have been analyzed in Ref. [55]. The interaction of symmet-
ric and anti-symmetric obstacles with guided waves has been
studied in Refs. [24,56,58–60]. For a rapid inspection of the struc-
tural components, it is advantageous to analyze signals from a few
selected scan points instead of scanning and analyzing the entire
area. One such methodology using mode conversion strength is
developed and discussed next which reduces the time and cost
required to scan the entire structure for structural feature identifi-
cation. The advantages of this method are that it is a baseline-free
method, and, hence, does not require measurements of the original
healthy structure. The identification of a structural feature or a
defect using an array of virtual measurement points is possible.
The method is suitable for monitoring the entire 360� around an
actuator. The monitoring of a large area using fewer measurement
points is also possible. The sparse scan points used in the analysis
of wave mode conversion strength are selected based on the fol-
lowing criteria.

(1) The scan points are selected at far field locations at a dis-
tance greater than or equal to 2kwith respect to source loca-
tion, where k is the wavelength of the propagating wave
corresponding to its carrier frequency.

(2) The scan points are spread equidistant from the actuator
along a circular arc (see Fig. 14(a)). This ensures that the
entire structure is covered using a compact arrangement of
virtual circular array.

At each selected scan point in the virtual circular array, the fol-
lowing steps are executed to determine the wave mode conversion
strength due to a delamination or other structural features.

Step 1 Measure velocity time histories at each scan point using
scanning LDV. The measured signal includes both the inci-
dent wave packet(s) from the actuator and the reflected
packet(s) from the various feature(s) (see Fig. 12(b)).



Fig. 11. Wave field visualization of velocity distribution for standing wave experiment at different time snaps of (a) 48.13 lsec (b) 55.23 lsec (c) 73.13 lsec (d) 84.13 lsec (e)
90.73 lsec.

Fig. 12. (a) Schematic diagram showing T-joint with various structural features and sparse grid points corresponding to free-edge (X1). (b) The first incident packet and the
corresponding reflected packet for the out of plane component from the sparse grid points, which are at distance of 2k with respect to actuator.
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Fig. 14. (a) Schematic diagram showing T-joint with various structural features, scan regions used for wave mode conversion strength calculation. (b) Comparison of wave
mode conversion strength among free-edge (X1), web–flange interface (X2) and delamination (X3) as marked in (a).

Fig. 13. (a) The extracted incident and (b) the reflected wave packet from sparse grid points corresponding to free-edge (X1) (as marked in Fig. 12(a)).
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Step 2 The incident wave packets and the reflected wave packets
(see Fig. 13) are separated out from the original time signal
using a moving window function. The width of the moving
window function is given by the width of the excitation
chirp signal.

Step 3 The center of the moving window in the time domain
(Tmov_window) at each scan point is decided based on (a)
group velocity (Cg) in that particular radial direction, and
(b) the Euclidean distance between the actuator and the
virtual sensing point (Lp). The center of the moving win-
dow at each scan point is given by
Tmov window ¼ Lp
Cg

ð33Þ
Step 4 The measured time signal in the moving window is con-
verted to a frequency domain signal for both the incident
packet and the reflected packet.
Step 5 The signal strength of the incident packet and the reflected
packet are computed by summing up the amplitude in the
frequency domain over the selected bandwidth. The band-
width corresponds to the frequency range of the modulat-
ing signal that is used for generating the tone burst
excitation signal.

Step 6 The wave mode conversion strength is estimated as
SMi!Mr ¼
Ŵðx;xÞr
Ŵðx;xÞi

�����
����� ð34Þ
where Ŵðx;xÞr is the signal energy in the frequency domain

corresponding to the reflected wave packet, Ŵðx;xÞi is that
of the incident wave packet, Mi and Mj are the incident and
reflected wave modes, respectively.
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Step 7 The mode conversion strength(s) is obtained at various
scan points, which are at various polar angles of the radial
line drawn outward from the actuator. (The angle h is mea-
sured in counter clockwise direction with reference to the
Cartesian coordinate system).

In the case of a free edge, it is observed that the mode conver-
sion strength (SA0–S0) decreases as the angles of oblique incidence
increase (see Fig. 14(b)). The direct incidence, having a maximum
energy of incidence at the free edge, occurs at 270�. As the angle
of oblique incidence increases, the path length from the actuator
to the free edge also increases accounting for increasing loss (cylin-
drical spreading and material attenuation). This, in turn, decreases
the amplitude of the reflected wave packet measured at the scan
point. The reflected signal energy is maximum when the path
length is lowest and the incidence is normal to the structural
boundary. In the case of the web–flange interface, the mode con-
version strength distribution is a bell-shaped curve (see Fig. 14
(b)) while moving along the radial arc from 70� to 105�. The peak
of the bell shaped curve occurs around 90� (normal incidence).
The two results above show that the mode conversion strength
increases to the maximum near normal incidence and decreases
as the obliqueness of the incidence increases. Any additional local
peak in the mode conversion strength apart from the peaks due to
structural features like a free edge and a structural joint, indicates
the possible presence of defects. This is verified when there is a
delamination in the web–flange interface. In the case of a delami-
nation in the web–flange interface, there are multiple peaks while
moving in angular positions from 5� to 25�. This indicates the pres-
ence of certain anomalies. The multiple peaks are due to the
delamination boundaries C and D (see Fig. 14(b)). Using this
method, it is possible to investigate the entire structure and differ-
entiate the structural features from the defects. Certain shadow
regions between the delamination boundary D and the web flange
interface are the limitations of this method. However, even with
that, the method seems to be quite feasible for the inspection of
integrally joined structure and where few scan points are sufficient
instead of scanning the entire area.

6. Conclusions

This paper addresses the problems of (a) diagnosis of a complex
composite structural joint like a co-cured co-bonded T-joint using
a non-contact scanning laser Doppler velocimeter (b) detection of a
delamination beneath the flange and along the web–flange inter-
face using remotely-located actuator(s) (c) ultrasonic contrast
enhancement using the concept of standing waves (d) mode con-
version strength based identification and classification of features.
The proposed technique is a baseline free technique. In this tech-
nique, a structural response is obtained only at a sparse number
of grid points compared to full field data acquisition. The sparse
grid points are in the form of a circular array, which is compact,
and the area of monitoring is large. Important observations regard-
ing non-contact guided wave ultrasonics in the composite are
brought out. The insight gained from this experiment would be
useful in developing a procedure to detect porous regions, fiber
breakage in the deltoid at the junction of the web and flange,
and to further study the separability of waves in the presence of
these defects and delamination together.
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