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Abstract— Propagation of Lamb waves, generated and detected
using air-coupled piezoelectric transducers (0.1-1.0 MHz), is
visualized. Hence phase and group velocities are obtained. The
technique is first tested on plates (aluminum and carbon fiber
reinforced polymers –CFRP- plates). Then it has been applied to
un-cured CFRPs plates and curved surfaces: steel pipes and
vessels and to the curved section of CFRP beams. Two different
experimental set-ups are proposed: 1) use of monolithic
transducers and mechanical scans along the direction of
propagation, 2) use of a phased array linear transducer and an
electronic scan along the direction of propagation.
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INTRODUCTION.

Lamb waves have largely been used for the ultrasonic study
and inspection of plate materials. For fluid loaded plates, the
use of the Cremer’s or coincidence rule is one of the means to
generate and sense this kind of wave. Air-coupled ultrasounds
have been used many times in the past along with this
coincidence rule. It was used to study paper [1], to develop
tomographic techniques, [ 2 ], [ 3 ] to characterize materials
using a through transmission technique [ 4 ] to steel plates
using narrowband composite transducers [ 5 ] and as an
imaging technique [6]. In cylindrical shells, Lamb wave-like
propagation has also been studied: axial and circumferential
Lamb waves. Circumferential C-Lamb waves were first
studied under water coupling conditions, [7], [8] but, recently,
non-contact techniques are being used [9]. More recently, a
NDT technique based on the visualization of laser generated
Lamb waves has been proposed. [10].
In this paper, a visualization technique is proposed to
simultaneously determine group and phase velocities. Two
similar procedures have been tested. The first make use of
two single element transducers while the second uses a linear
array and one single element transducer..
II.

studied before curing (1.1 mm and 7.75 mm thick). Study of
uncured CFRP plates is especially important for two main
reasons: 1) contact with the plate is completely impossible
and, 2) use of Lamb waves can be questioned by the very low
value of material rigidity. Finally the technique has been
applied to three curved surfaces: 1) Steel pipe, in the axial
direction, (inner diameter 30.34 mm, wall thickness 1.5 mm),
2) Pressure steel tank in the circumferential direction (inner
diameter 150 mm, wall thickness 4 mm), 3) The curved
intersection of two glass fiber reinforced plates (9 mm thick
and at 45 degrees) of a beam for civil engineering
applications.
III.

VISUALIZATION OF LAMB WAVE PROPAGATION USING
AIR-COUPLED TRANSDUCERS. EXPERIMENTAL SET-UP.

A. Use of two single element transducers and mechanical
scan along the propagation direction.
A schematic representation of the experimental set-up is
shown in Fig.1. Total distance of the mechanical scan was 130
mm with a step of 0.5 mm. Three different pairs of transducers
(centre frequency at 0.25, 0.65 and 1.0 MHz) have been used
[11]. A Panametrics 5078 pulser/receiver has been employed.
As an example of the obtained measurements, Figs. 2.a and
2.b show a waterfall representation of the a-scans measured at
0.25 MHz with two single element transducers in 1.7 mm thick
aluminum and 2.1 mm thick CFRP. Differences between phase
and group velocities are clearly appreciated. The relatively
higher attenuation in the CFRP can also be appreciated.

MATERIALS.

An aluminum plate (1.7 mm thick) and three CFRP plates
(1.1, 2.1 and 7.75 mm thick) have been studied. In all cases
we compared measured and calculated phase and group
velocities. In addition, two CFRP plates have also been
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Figure 1. Schematic view of the experimental set-up to visualize Lamb wave
propagation in plates using two single element air-coupled transducers and
mechanical scan along the propagation direction.

a)

b)

Figure 2. Waterfall representation of the a-scans of the Lamb wave received
when the distance between transducers is increased (total scan distance: 130
mm, steps: 0.5 mm and 0.25 MHz. a) Aluminium, b) Cured CFRP.

B. Use of a single element transducer (receiver) and a linear
array (transmitter) .
A schematic representation of the experimental set-up is
shown in Fig.3. Centre is 0.75 MHz. The array has 32
elements, and the active aperture used is set to contain 5
elements. Aperture was electronically scanned along the array
length as shown in Fig. 3. A SITAU equipment developed by
DASEL has been used to drive the array and to electronically
scan the active aperture. As an example, Fig. 4 shows the
measured Lamb wave a-scans in the aluminum plate.

Figure 4. Waterfall representation of the a-scans of the Lamb wave received
in the receiver transducer when the distance travelled by the Lamb wave is
increased. Aluminum plate and linear array and sigle element transducers.

C. Curved surfaces.
Three different cases were studied. Axial propagation in a
steel pipe (inner diameter 30.34 mm, wall thickness 1.5 mm),
circumferential Lamb waves in a pressure steel vessel (inner
diameter 150 mm, wall thickness 4 mm) and propagation
across the curved intersection of two plates of glass fiber
reinforced plates (at 45 degrees) of a beam for civil
engineering applications. Thickness of these glass fiber
reinforced plates was 9 mm and on one side it was loaded with
a polyurethane foam. A schematic representation of the
experimental set-ups and tested materials is shown in Fig.5.
To illustrate the obtained measurements, Fig. 6 shows a
waterfall representation of the a-scans measured at 0.25 MHz
with two single element transducers in the aluminum pipe in
the axial configuration (see Fig. 5.a). Differences between
phase and group velocities are clearly appreciated.
a)

b)

c)

Figure 5. Schematic representation of the experimental set up for the study
of axial Lamb wave propagation ina steel pipe, circumferential Lamb wave in
a pressure vessel and Lamb wave propagation along in the curved section of a
beam.
Figure 3. Schematic view of the experimental set-up to using one aircoupled linear array (transmitter) and one single element (receiver).

IV.

DETECTION OF LAMB WAVES IN UNCURED CFRP.

The major problem in this case is the very large attenuation
coefficient. Figure 5 shows the comparison between received
signals after different distances travelled in the plate for the
cured 2.1 mm thick and the uncured 1.1 mm thick CFRP
plates. Estimated attenuation coefficients for the A0 mode in
the cured plate is 150 Np/m at 0.25 MHz, while it is 1000
Np/m for the uncured plate. Similar observation were possible
in the 7.75 mm thick uncured plate at 250 kHz. The main
restriction of this large attenuation coefficient refers to the
distance that the Lamb wave can effectively travel in the plate,
which is reduced to a few centimeters.
V.

Figure 6.
Waterfall representation of the a-scans of the Lamb
wave received in the receiver transducer when the distance travelled by the
Lamb wave is increased. Steel pipe and 0.25 MHz. Difference between phase
and group velocity is clearly appreciated.
Cured FRP plate

0

In both experimental set-ups the distance travelled by the
Lamb wave is stepwise increased. The incremental distance is
small enough so that both phase and group delay can be traced
as the distance is increased (see Figs. 2, 3 and 7). Phase delay
is determined directly from the variation in the time of arrival
of a point with constant phase in the received signal.
To determine group velocity we made use of the Hilbert
transform. Group delay is determined from the elapsed time
between the peak of the Hilbert transform of successive ascans. Figure 8 shows the time-displacement of the Hilbert
transform measured in the CFRP at 0.65 MHz as the distance
between transmitter and receiver is increased.
VI.

Amplitude (V)

-5

EXPERIMENTAL RESULTS.

First group and phase velocity of A0 Lamb wave were
measured at: 0.25, 0.65 and 1.00 MHz, then these values are
compared with theoretical dispersion relations. This is done
for aluminum and cured CFRP plates. Experimental and
theoretical values are in good agreement. This can be
considered as a validation of the technique. As an example,
comparison between experimental and theoretical data for
CFRP are shown in Fig. 9. The rest of the obtained
experimental measurements are collected in Table I.
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DETERMINATION OF PHASE AND GROUP VELOCITY.
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Figure 7.
A-scans of the Lamb wave received in the receiver
transducer when the distance travelled by the Lamb wave is increased in steps
of 5 mm.

Figure 8. Waterfall representation of the Hilbert transform of the Lamb wave
as the distance between transducers is increased. CFRP plate 0.65 MHz.
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