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Abstract
Ultrasonic inspection has been widely used to detect defects in composite materials
such as internal discontinuity, cracks, delaminations, inclusions, lack of bond etc.
However when the bonded specimen has small thickness, the echo from the defect
region makes it difficult to identify the echo from the unflawed· region. To overcome
these disadvantages, different statistical pattern recognizing classifiers can be
implemented efficiently to make an effective classification of the scanned data. Effort
is made to remove complications that arise due to unknown nature of interactions of
these materials with the acoustic wave In the present work waveforms obtained from
ultrasonic C-scans are classified for flawed and unflawed regions of the composite
domain by different pattern recognition classifiers. The classifiers include Least Mean
Square (LMS), Minimum Distance (MD) and the classification results are used to
generate C-scan images. Both time frequency domain features of the ultrasonic
signals are used.
Keywords: Ultrasonic C-scan, Composites, Classifiers, Time domain features,
Frequency domain features

1. Introduction
Two or more materials with very
different properties, when combined on a
macro-scale, form a composite material.
The different materials work together to
produce a new material, which combines
all of the properties of the component
materials. In case of composite materials,
internal material failure generally initiates
much before any change in its
macroscopic appearance or behavior is
observed. The internal material failure in a
FRP composite material may be observed
in many forms, separately or jointly, such
as (i) breaking of fibers, (ii) microcracking
of the matrix, (iii) separation of fibers
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from the matrix, and (iv) separation of
laminae from each other in a laminated
composite known as delamination.
Nondestructive testing/evaluation is
currently the most widely favoured method
of testing because of obvious reasons.
Utilities of NDT may be summarised as
follows.
1. Economic benefit through reduced
failures.
2. More efficient design.
3. Reduces the frequency of unscheduled
maintenance.
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4. Increase in the schedule maintenance
periods.
5. Automated
maintenance
evaluation of system is possible.

and

6. Suitable in material characterization.
7. Suitable in process characterization.
Ultrasonic testing is a versatile Nondestructive testing (NDT) method. By this
method surface and internal discontinuities
such as laps, seams, voids cracks,
blowholes, inclusions, lack of bond etc can
be effectively evaluated from one side of
the material (metallic or non-metallic)
being inspected. The technique basically
involves identifying an observable change
in the reflected echo. However when the
bonded specimen has small thickness, the
echo from the defect region makes it
extremely difficult to identify the echo
from the unflawed region. Moreover
difficulties are encountered when substrate
material properties have similar acoustic
impedance compared to the bonding
material.
To
overcome
these
disadvantages, different statistical pattern
recognizing classifiers can be implemented
efficiently to make an effective
classification of the scanned data. It has
been established that ultrasonic A-scan
technique can be a viable tool of ultrasonic
NDT for conventional as well as nonconventional materials. However proper
methodology and technique should be
evolved to extract relevant features from
the digitized waveform and use them for
effective classification of good and bad
regions in the scanned domain. For
conventional materials with known
behaviours, it may not be so difficult but in
case of unconventional materials having
anisotropy and heterogeneity such as the
composite materials, the matter may turn
out to be quite challenging. Such
complications arise due to unknown nature
of interactions of these materials with the
acoustic wave.
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Swamy et al [1] introduced an
automatic classification procedure based
on the least mean square (LMS) error
classifier to classify the ultrasonic A-scan
signal. This problem has been tackled
using a linear discriminant based classifier
to classify the signals from the specimen
as to whether they originate from an area
of a disbond or from a good region of the
specimen. Jean-Francois Chaix et al. [2]
studied the modeling of the backscattered
waves
and
their
experimental
measurement. Jidong Hou and Mark K.
Hinders [3] presented an automatic signal
classification technique based on a
dynamic wavelet fingerprint. David K.
Hsu, Dong Fei and Zhanjie Liu [4]
suggested a method which employed a
normal incidence longitudinal ultrasound
to perform a C-scan of ply interface or a
full wave form B-scan of the laminate and
extracted fiber orientation information
from the ultrasonic reflection caused by
structural imperfections in the laminate. D.
Datta, S. Samanta and P. Maity [5]
presented an automatic imaging procedure
from ultrasonic C-scan data. An
immersion type C-scan facility was
commissioned in-house and MS-Windows
compatible software was developed for
interactive data analysis and automated Cscan image generation.
2. Present Work
In the present work effort has been
made to classify waveforms from flawed
and unflawed regions of the composite
domain by different pattern recognition
classifiers. Fabrication of different types of
laminated composite plates with known
flaws was done in-house. Ultrasonic Cscan was performed on those fabricated
composites using the ultrasonic hardware
and relevant data acquisition software
interfaced with a personal computer as
shown in Fig. 1. Immersion type C-scan is
performed on composite laminates by
stepper motor controlled automated
movement of the transducer in raster
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fashion. Waveforms are classified with the
help of different types of classifiers such
as Least Mean Square (LMS), Minimum
Distance (MD) to identify their classes
based on both time and frequency domain
features. Finally an image of the scanned
domain is obtained using the classification
results.

Fig. 1: Photograph of ultrasonic C-scan
tank

noninvertible. The algorithms of the linear
discriminant function and MD classifier
will be introduced in the subsequent
paragraphs briefly.
3.1 Least Mean Squared Classifier

Let a set of n two-dimensional samples
x with n1 of those belonging to category A
and n2 belonging to category B. The stars
in Fig. 2 represent samples belonging to
category A and the triangle represents
samples belonging to category B. The
sample are said to be linearly separable if a
line (L) in the two dimensional plane as
shown in Fig. 2 can separate the samples
from the two categories. The same logic
can be extended to multidimensional
samples with the separating line being
replaced by a separating hyper-line (L).

In this work classification technique
with time domain features and frequency
domain features are used to generate
binary C-scan images of different
composite samples with known flaw.
Necessary software for extraction of the
time and frequency domain features from
the digitized waveform has been
developed.
Software
for
signal
classification and subsequent image
generation from the classification results
are also developed.
3. Classifiers
A classifier is an algorithm that takes a
set of parameters (or features) that
characterize objects (or instances) and uses
them to determine the type (or class) of
each object. The classic example in NDT
is distinguishing material behaviours. The
principal function of a decision-making
system is to yield decision concerning the
class membership of the input pattern with
which it is confronted. Conceptually the
problem can be described as a
transformation of set of function from the
input space to the output space, which is
called the classification space. In general,
the transformation of input data into class
membership are highly complex and
NDE-2006

Fig.

2: Schematic Representation of
Linearly
Separable
TwoDimensional Case

The linear discriminant function for
above problem is defined as

where, g(x) is a vector perpendicular to
the separating line L. It can be noted that
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Hence once the weight vector {a} is
determined the samples can be classified
as to belonging to category A or category
B based on the sign of the discriminant
function. For the linearly separable case
the vector {a} can be calculated using
iterative
techniques.
The
detailed
discussion may be available in listed
references.

Step 3: Estimation of distance of test
data from the means by the following
equations.

3.2 Minimum Distance (MD) Classifier

Step 4: Comparison of these distances
and making decisions for classification as
follows.

The minimum distance classifier is used
to classify unknown image data to classes
that minimize the distance between the
image data and the class in multi-feature
space. The distance is defined as an index
of similarity so that the minimum distance
is identical to the maximum similarity. The
following distances are often used in this
procedure.
Euclidian distance

It is used in cases where the variances
of the population classes are different to
each other. The Euclidian distance is
theoretically identical to the similarity
index.
Normalized Euclidian distance

The Normalized Euclidian distance is
proportional to the similarity index. In this
case only Euclidian distance is used for
calculation. The algorithm may be
summarized below:

1/ 2

d

Good
k

d

bad
k

2
 n
=  ∑ (X k − µ kGood ) 

 1

2
 n
=  ∑ (X k − µkbad ) 

 1

1/ 2

If for all k=1,2,3…….N, d kgood < d kbad
then classify to Good region. If for all
k=1,2,3…….N, d kgood > d kbad then classify
to Bad region. If for all k=1,2,3…….N,
d kgood = d kbad then it can not classify.
4. Results and Discussions
The specimen considered in this paper
is a Glass Epoxy Composite made from
glass cloth as a reinforced material. The
sample is a 32-ply laminate containing
impact damages made by allowing a cone
shaped body of mass 1 kg to fall through a
height of nearly 2m. The impact is
expected to create delamination in the
plies and the core region of the flaw is
apparently
visible.
A
region
of
40mmX40mm was earmarked around the
core region for scanning. A pictorial view
of the specimen with the domain
earmarked for scanning is shown in Fig. 3.
Other details of scanning are given in
Table 1.

Step I: Generation of feature matrix [x]
for training data pertaining to good region
as well as bad region and find out the
mean {µ}.
Step 2: Generation of feature matrix
[x]test for test data.
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Fig. 3: Photograph of Sample-I with Impact
Damage as a Flawed Region
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In the study, Peak amplitude, Rise time
and Fall time of the waveform are used as
relevant features for C-scan image
generation. An analysis of the present case
was done by standard classifiers and
respective C-scan images were obtained
using the classification results. For the
classification purpose the following
features are extracted form the waveforms:
•

The peak amplitude of the signal.

•

Rise time of the signal.

•

Fall time of the signal.

The features stated above are pictorially
depicted in Fig. 4. Fast Fourier
transformation (FFT) of the waveform for
frequency domain features is also done.
Amplitudes of 1.4 MHz, 1.56 MHz and
1.72 MHz frequencies are taken as
frequency domain features. Average
values of each harmonic for 30 training
location in the unflawed region and 30
training locations in the flawed region
were considered.

Fig. 4: Ultrasonic A-scan Signal shows
Different Features

In this analysis different C-scan images
are obtained by using standard classifiers
and binary classification technique. Figs. 5
and 6 show C-scan images of the sample
by LMS classifier using time domain
features and frequency domain features
respectively. In both the· cases the images
clearly visualize the core region of
damages by the dark spot. The tentative
location and orientation of core defect
region matches well with that of the
specimen. Similarly C-scan images
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through MD classifier using time domain
features and frequency domain features are
shown in Fig. 7 and 8 respectively. In case
of MD classification (Figs. 7 and 8), Cscan images obtained by both the features
are more or less same. Only there is a little
difference in shape.

Fig. 5: C-scan Image of Sample-I by LMS
Classifier using Time Domain
Features

Fig. 6: C-scan Image of Sample-I by LMS
Classifier using Frequency Domain
Features

Fig. 7: C-scan Image of Sample-I by MD
Classifier using Time Domain
Features
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Fig. 8: C-scan Image of Sample-I by MD
Classifier using Frequency Domain
Features

5. Conclusions
Following conclusions may be made
from the foregoing discussions:
1. Use of statistical classifiers may be
effective for quick identification of
defects in composites.
2. Frequency domain features play an
important role in identifying flaws.
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3. Performance of MD classifier seem to
be better than the LMS clsssifier.
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