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Abstract— In this paper we compare the effectiveness of the
time, wavelet and Hilbert Huang domain analysis of waveforms from
a Non Destructive Test (NDT) equipment. The analysis of the signals
from NDT systems is one of the most important activities since it
allows to locate the actual defects. Very often the echoes traveling
back to the sensors are superimposed with the signal from the
transducer. We analyze the waveforms obtained by couples of
sensors in order to extract the echoes and to recognize the points
were they originate. A preliminary numerical analysis has been used
to study the main features of the elastic waves propagations in
inhomogeneous materials

Keywords— Non Destructive Test, Hilbert Huang transform,
Magnetostrictive transducers and sensors, Ultrasonic waves, Wavelet
transform.

I. INTRODUCTION

LTRASOUNDS based techniques have been introduced

for long range NDT in different engineering fields [1],
[2]. In particular, in the case of plants with systems of pipes,
ultrasonic torsional waves, guided by the walls of the pipes
themselves, have been used to inspect portions of pipes up to
20 meters long. The presence of a defect in the structure
produces an echo detected by properly positioned sensors.
Although the position of the defects can be evaluated with
sufficient precision, very little can be said about the extension
and the shape that are, if necessary, investigated with other
techniques thus reducing the time needed to complete the
investigation.

We propose the same approach for the NDT analysis of
concrete or masonry walls; the first step would consist of the
inspection of a relatively large portion of the structure with the
aim of detecting and locate possible defects. The extension
and the shape of the defect can be subsequently investigated
by the use of the signal processing techniques on a narrow
zone.

The feasibility of a long distance inspection technique for
concrete structure based on the propagation of the elastic
ultrasonic waves has been investigated by the authors in
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previous papers [3], [4]. We will now focus on the analysis of
the signals detected by the sensors that is crucial to the
practical feasibility of the proposed approach.

The presence of a defect produces an echo traveling back to
the transducer. We can also consider the defect as a secondary
source that activates when the wavefront from the transducer
impacts the defect itself. The presence of superior modes
across the thickness of the wall (when its thickness is
comparable with the wavelength of the excitation) and the
multiple reflections between the boundary surfaces makes it
difficult to identify the echo in the waveform by sensor.
However, if the sensors are placed at two points close to each
other, it is possible to recognize the presence of a backward
traveling wave by performing a proper comparison of the two
waveforms. The knowledge of the arrival instants of the
backward waves on an array of couples of sensors makes it
possible to estimate the position of the defect. A correct
estimate of the arrival instant is then crucial for a good
performance of the triangulation algorithm that is usually
used.

The accuracy of the results produced by time domain
analysis of the couple of waveforms from the sensors may be
improved by performing further analysis in the wavelet and
Hilbert Huang domains.

In order to asses the validity of the proposed long range
inspection technique several numerical analysis of the
propagation of elastic waves have been performed both on
concrete and brick masonry walls. We simulated the action of
the transducer by imposing a tangential force on a small
portion of the surface of the walls. Magnetostrictive
transducers driven by known currents have been used in the
experimental campaign. The waveform shown in fig. 1 has
been used in all the simulations. The force is zero for instants
after 0.12 ms.

We considered a concrete wall 4 meters high (y direction),
1.5 meters long (x direction) with a thickness of 15
centimeters. The transducer is located in the centre of the
upper surface. It is 2 centimeters high and 10 centimeters long
and is able to transmit an x-directed force to the underlying
portion of the surface. Table | shows the physical constant
assumed for the concrete.

THEORETICAL ANALYSIS
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Fig. 1. Time waveform of the transducer driving current;
the transmitted force is proportional.

0.08 0.12

Elasticity modulus E=2.2E+10 N/m?
Poisson ratio v=0.15

Mass density p=2.4E+3 kg/m®
Damping on=5.0E-04 st
parameters ax=1.0 E-08 S
Lame parameters  £4=9.56 E+09 N/m?

A= 4.099E+09
Table 1. Concrete data.

Because of the symmetries only the upper half of the
structure has been simulated. We started by performing the
simulation of the propagation of an elastic wave on the wall
without defects [5], [6]. Successively we examined two
configurations characterized by the presence of defects of
different shapes and in different positions. Firstly we
considered a defect consisting of a void long 10 cm and high 3
cm that passes through the wall on its entire thickness. Two
positions have been chosen; the first one at the coordinates
x=0, y=1 (the middle of the shown portion of the geometry),
the second at at x=-0.4 and y=1.0.

Fig. 2. X axis component of the displacement at various
times instant for the wall with the void. The first image refers
to the wall with central void at 0.78 ms, the second to the void
in the left hand portion of the wall at 0.78 ms.

Figures 2 shows the color maps of the computed x-
displacement at properly selected instants. The effects of the
presence of the defects are evident. In particular it is possible
to recognize the presence of waves that travel from the defect
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backward to the transducer. TAIl these images provide
important information on the propagation of the elastic waves
in the structure under test. In particular it is possible to locate
the regions that are “lighted” by the transducer; this helps in
the choice of the positioning of the sensors. Obviously these
images are not available when performing a realistic
measurement as they would require a huge number of sensors
for their construction while the number of sensors seldom
exceeds ten. As the thickness of the wall is greater (about
twice) than the wavelength at 30 kHz, higher order modes
appear in the propagation of the elastic waves. The response
of the wall does not consist of a single pulse shaped similarly
to the excitation force traveling from the transducer but lasts
for a mach longer time than that shown in fig. 1. The
wavefront of the echo reflected by the defect is then
superimposed with the tail of the wave from the transducer
and this may hide the echo itself. What it is clear at a first
glance form fig. 2 it is very difficult to reconstruct by the
information taken by a reasonable humber of sensors.

I1l. EXPERIMENTAL SETUP

All the experimental data have been obtained by
measurements campaign performed by using the diagnostic
system MsS 2020® shown in fig. 3 with its transducer sensor

[71.

Fig. 3. The MsS 2020® system and its transducer sensor

This apparatus, based on magnetostrictive transducers and
sensors, is able to produce the propagation of transversal
guided waves in the frequency range 4-128 kHz. A nickel
strip is glued on the surface of the wall and is properly
magnetized by using a rare earts permanent magnet. A coil
driven by the system MsS 2020® is placed over the strip.
Because of the strong magnetostrictive properties of the
nickel, a current flowing on the coil is able to produce a
deformation on the nickel strip that is transmitted to the wall.
The operation of the can be reversed: a displacement of the
magnetized nickel strip is able to induce an electromotive
force at the terminals of the coil.

IV. MULTIPATH MODEL FOR WAVE PROPAGATION

Let us consider two points A and B as shown fig 4a. The
position of the transducer is known as well as the thickness of
the wall. We also assume the knowledge of the transverse
velocity of the elastic waves. Propagation is not purely
transversal, as a consequence the formula
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v :1/E/(2p(u+l)) could not be used as it represents only a

rough estimate. It is however possible to obtain a better
estimate of the velocity by a contextual measurement. In the
case of the presence of a forward traveling wave only it is
possible to relate the waveforms at points A and B; by
properly delaying the curve at point A it is expected to
become very similar to that at point B.
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Fig. 4. a) Experimental setup for the concrete wall; b)
schematic position of transducer, defect and sensors couple, c)
multipath model.

The presence of a backward traveling wave due to the echo
from the defect prevents this occurrence and, as a
consequence, may be used as a proof of the presence of the
defect.

The delay times may be evaluated by using a simple model
based on the different lengths of the multiple paths that exist
between the transducer and the sensors.

Let us consider the projection of the distance between the
two points on the direction connecting the center of the
transducer with S, the midpoint of A and B.

As = ABCOS ¢ (1)

If we recall the shape of the wavefront in the Figures 2, As
can be considered the distance between A and B as seen by
the transducer. Let us now consider the cross section of the
wall corresponding to the segment TS as shown in fig. 4b that
shows the direct path and a few other paths between the
transducer and the mid point of A and B. Let d, and dg be

the distances form the transducer to the projections of A and B

on TS respectively. The length of TS is dys =0.5-(d, +dg).

The delay of the direct path is Aty =(d,—dg)/v, (v is the
transversal velocity), that of the path #k is

At = (dx ~dg)00sB)/v; 6, =197 ((2Kt)/dr) (2)

as shown in fig. 4b.
These different (decreasing) delays are assigned to different

portions of the waveform by the following rule. At, is
assigned to the portion of curve that starts at time t, =1,/v
where |, is the length of the direct path (see fig. 4b) and lasts
AT =0.12ms sec (the time interval where the excitation is
not zero, as reported in fig. 2). At, is assigned to the portion
of curve that starts at time

t = 3)

2
I_k:2_k 2 d,+dg
vV oV 4k

and lasts AT =0.12ms (I, is the length of the path #Kk).

The correspondence built by this rule is a piecewise constant
function. Once a proper smoothing is performed, the curve of
the displacements at point A is accordingly shifted to obtain a
curve that is almost coincident with that at point B.

An example of the waveforms related to the concrete wall
with the void in the upper position and detected by a couple of
sensors at 70 and 73 cm from the transducer (aligned with the
transducer and the defect) are shown in figs. 5 and 6. The
curves in fig. 6 are coincident until the instant
T =1.3-10%sec. This means that at this instant the reflected
wave from the defect has reached the sensors couple after
traveling from the transducer to the defect and back to the
sensors: d,, =0y +dps =2.82=1-v=1.3-10"-2180. The
recognition of the arrival instant of the echo from the defect
by comparison of the time waveforms above shown may lead

to inaccurate results. The accuracy may be increased by
performing the product of the waveforms as in fig. 6
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Fig. 5. X-displacements at points A and B (vertical axis unit is volt)
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Fig. 6. Comparison of the x-displacements at point B and point A shifted
T, =(-0.75,0.0)
When the two curves are both of the same sign the product 3 T —(0.75.0.0
assumes positive values, while negative values are related to A 2 :( T )
the existence of a phase difference between the factors. The =D T, =(0.40,0.0)
improvement in the accuracy by using the product is not fully D, = (_075 1.80)
satisfactory. The analysis of the signals by the Hilbert-Huang . ; ! '
transform and by the wavelet transform will be investigated S D, 5(0-75'_1-0)
too. = FLET S 'S 4g o -0.75,0.70
‘ ' 1-0.75,073
V. DATA ANALYSIS s
. . - 0.45,-0.515
An experimental campaign has been performed on a D, S, =
concrete wall shown in fig. 7. 0.45,-0.555
The numerical results shown in fig. 2a describe with good |

approximation the interaction between the couple transducer
defect D2 T2; 2b is related to T3 D2. S1 denotes the couple of
sensors whose measured waveforms are shown in figs. 5 and
6.

Figure 8 shows the displacement at the sensors of the
couple in S2 when T2 is active. An inspection of the curves
shown in fig. 8 reveals a phase difference occurring for the
first time around t; = 0.8 ms. This occurrence may me
evidenced by considering the product of the curves as shown
in fig. 9. We see that the product assumes for the first time
negative values near t,.

Fig. 7. Dimensions of the concrete specimen and position of
the transducers, defects and sensors used in the experimental
measurements. The centre of the wall was assumed as the
origin of the coordinates.

A Dbetter localization of the instant where the phase
difference starts can be performed by comparing the sensors
waveform in the wavelet and in the Hilbert-Huang domains

8], [9].
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Fig. 8. X-displacements at sensors of the couple in S2 (vertical axis unit is volt)
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Fig. 9. Product of the displacements measured by the sensors.

Let us begin with the wavelet transform. We used
Daubechies wavelet on the interval with NV=6 vanishing
moments and compared the details the curves at different
levels. For a better understanding of the figures we report only
the portions of the curves in the interval 0.5-1.0 ms. The
occurrence of the phase difference can be acknowledged at all
the detail level with increasing resolution. In particular fig. 10
c) clearly shows the phase difference between the two signals

in the interval [0.73-107°, 0.8-107°].

0.03
—— Point A shifted

0.02} -—-Point B
= ;
o 0.01}
z
5 O
k<]
= -0.011
@
p=

-0.02¢ 7

0032 0.6 0.8 1

time [ms]
(@)
0.3 T I T
: | —— Point A shifted
0 2F —-—-Point B

=
[
2
e}
ksl
=
©
=l

0.8

0.7
time [ms]

(b)

0.6

Issue 4, Volume 1, 2007

331

—— Point A shifted
0.6¢ - ——Point B i
=
o
]
=l
o]
k<]
E
3
p=l
83 05 08 07 08 035 1
time [ms]
(©
—— Point A shifted
---Point B
=
= ok g L
T
=l
Fe]
‘S
= o e e e
o
=l

07 08 09
time [ms]
(d)

Fig. 10. Comparison of the blurred version (a) and of the
details of the signals (b-d)

0.6

The comparison in the Hilbert-Huang domain is carried on
by comparing the EMF for the two signals. As the EMF
functions of the form a(t)sin(p(t)) it is possible to define

instantaneous phase and frequency and this allows an accurate
location of the instants of phase variation of one signal with
respect to the other.

Figure 11 shows the comparison of the waveforms of the
first two EMFs of the signals that are those characterized by
the highest frequency content. The other EMFs contain low
frequency information and do not permit a sufficient focusing
on the time domain. Figure 12 shows the instantaneous
frequency of the EMFs of fig. 111. The phase variation of one
signal with respect to the other is clearly evidenced by the
peaks.
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Fig. 11. Comparison of the first two EMFs.
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Fig. 12. Comparison of the instantaneous frequency of the
first two EMFs

The rough estimate of t, =0.78ms obtained by the analysis
of the waveforms in the time domain has been refined by the
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use of the wavelet transform that allows a more precise
evaluation by considering together the figs. 15 ¢) and d) that
suggests the new estimate t, = 0.74ms. The analysis of the
instantaneous frequency content of the EMFs obtained by the
Hilbert-Huang transform provide a further estimate
t, =0.72ms that is the time instant where in both figures 17

a) and b) a strong phase variation of one signal with respect to
the other appears for the first time.

If, as shown in fig. 12, we consider the total distance
Dy =T,D, +D,S, =1.55m and assume v =2218m/s as the

velocity of the elastic wave (contextually measured) we find
by using the t, above estimated D, =V-t, =1.60m that is

meas
very close to D, .

This confirms the validity of the proposed approach based
on the Hilbert-Huang transform.

VI. CONLCUSION

A comparison between time, wavelet and Hilbert-Huang
domain analysis of data from ultrasonic nondestructive test for
concrete wall has been presented. The analysis performed by
using the Hilbert-Huang transform has demonstrated as the
more reliable one. Nevertheless a comparative analysis of the
results obtained by all the three examined techniques can help
in obtaining even more precise and reliable results..
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