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Abstract— Less attention has been given to the inspection
using the first longitudinal guided wave mode due to its atten-
uative and dispersive properties at commonly used ultrasonic
guided waves (UGWs) operating frequency region (20–100 kHz).
However, the first longitudinal guided wave mode has higher
flaw sensitivity due to having a shorter wave length and having
higher number of non-axisymmetric wave modes at a given
frequency. This enhances the capabilities of advanced UGW
techniques which require higher number of non-axisymmetric
modes. This study has been performed to investigate the potential
of mode purity and flaw sensitivity of the first longitudinal guided
wave mode compared with other axisymmetric modes in the
UGW operating frequency region. Numerical and experimental
investigation have been conducted to investigate pure excitation
and flaw sensitivity of the first longitudinal guided wave mode. It
has been validated that the first longitudinal guided wave mode
can be used in the UGW inspection effectively in isolation by
adopting transducers with out-of-plane vibration. This reduces
the cost and the weight of the UGW inspection tooling. The
flaw sensitivity of the first longitudinal guided wave mode has
been investigated by aid of an empirically validated UGW
focusing technique. Under the studied conditions in this paper,
the first longitudinal guided wave mode has ∼5 times higher flaw
sensitivity compared with the second longitudinal guided wave
mode and ∼2.5 times higher than the first torsional guided wave
mode. This enhances the capability of UGW flaw detection and
sizing.

Index Terms— Pipeline inspection, ultrasonic guided waves,
compression transducers, first longitudinal guided wave mode,
ultrasonic guided wave focusing.

I. INTRODUCTION

RESEARCH on UGW inspection has expanded over
recent decades including the use of low frequency ultra-

sound to screen large specimens e.g. pipes. Pipelines are
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widely used to transport energy products such as natural gas
and crude oil. As pipelines age, corrosion flaws can develop
and it is therefore important to find techniques to inspect them
efficiently. Pipelines in the industries are commonly inacces-
sible and insulated. Because of that, UGW inspection has
become more attractive as a non-destructive testing technique
in the past two decades. Guided wave based techniques offer
the advantage of full volume inspection from a single test
location. However, there is a clear need to achieve higher flaw
sensitivity to enhance the inspection resolution.

The UGW technique works on elongated geometries with
a constant cross-section, e.g. pipes. The sound generated in
these geometries is constrained to propagate along the axis of
the body, and similarly return back to the generation position
when an impedance change (discontinuity) is encountered.
UGW exist because there is a medium between boundaries
for the wave to propagate. These boundaries are said to
form a ‘waveguide’. Depending on the waveguide geometry,
material properties and the excitation frequency, the possible
number of wave modes will vary. UGW can be used to inspect
engineering structures e.g. plates, rods, rails and pipes and this
study is focused on UGW inspection of pipelines.

Nomenclatures for identifying guided wave modes in cylin-
drical structures are essential as there are a high number
of wave modes with varying displacement characteristics.
The nomenclature used throughout this study was suggested
by Meitzler [1] and popularized by Silk and Bainton [2].
According to this nomenclature, vibration modes in cylin-
drical structures are based on the following format, X(n,m).
X represents the character to denote whether the vibration
modes are longitudinal and axisymmetric (L), torsional and
axisymmetric (T ), or non-axisymmetric (flexural) (F). The
n is a positive integer giving the identification of harmonic
variations of displacement around the circumference and m,
again a positive integer, is to indicate the incremental order
of the modes of vibration within the wall. In typical pipeline
sizes and test frequencies (20-100 kHz) the three axisymmetric
guided wave modes that can be excited are L(0,1), L(0,2)
and T(0,1) [3]. Longitudinal axisymmetric wave modes are
denoted by L(0,m) and torsional axisymmetric wave modes are
denoted by T(0,m). Non-axisymmetric flexural wave modes
are denoted by F(n,m). Furthermore, the torsional wave mode
has circumferential displacement, whereas the longitudinal
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Fig. 1. Phase velocity dispersion curves for a nominal 8 inch schedule 40
(outer diameter: 219.1mm and wall thickness: 8.18mm) steel pipe.

wave modes have axial and radial displacement (generally the
L(0,2) has predominantly axial displacement and the L(0,1)
has both axial and radial displacement) [2], [3].

The resolution of the UGW inspection is affected by the
dispersion and the attenuation of the wave modes. Dispersion
of UGW can occur as they propagate through the test structure.
Dispersion can limit inspection resolution because of losses
in signal amplitude relative to the noise level. Also, the level
of dispersion in a particular wave mode will affect the data
interpretation as the reflection can become distorted [4], [5].
The so-called dispersion curve graphs illustrate the wave
velocity in relation to the frequency (or wavenumber) with
separate curves for each of the existing wave modes in a
frequency region. With regards to pipe wave modes, each
of the axisymmetric modes has a family of flexural wave
modes. Fig. 1 illustrates the phase velocity dispersion curves
for a nominal 8 inch schedule 40 steel pipe (outer diameter:
219.1mm and wall thickness: 8.18mm) calculated using the
RAPID (Rapid Automated Pipe Dispersion Curve Generator)
software [6]. In Fig. 1, black lines represent the axisymmetric
modes present in the UGW typical operating frequency region
(20-100kHz) and blue lines represents family of flexural wave
modes. As shown in Fig. 1, the T(0,1) wave mode is non-
dispersive at all frequencies and the L(0,2) wave mode is
non-dispersive at some frequency regions (20kHz-100kHz in
this example). Because of that, T(0,1) and L(0,2) are the
modes that are most commonly used UGW wave modes
for inspection. The L(0,1) mode can be dispersive [7] and
attenuative [8] in the frequency regions commonly used for
UGW inspection. For this reason the L(0,1) wave mode
has gained less attention for UGW inspection in favour of
T(0,1) and L(0,2).

Early research into the use of first longitudinal UGW
mode in cylindrical structures has been performed by
Silk and Bainton [2]. They studied cylindrical guided wave
modes [9], [10] and reported their equivalence to lamb waves.
They studied the behaviour of the L(0,1) propagation and also
the L(0,1) propagation around a bend (U-form). Attenuation of
L(0,1) has been studied by Na and Yoon [8]. They studied the
attenuation effect with different fluids in the pipe and presented
the attenuation curves based on the numerical calculations.

They also observed that the attenuation is considerably low in
the frequency region of 20-100kHz. Dispersion of the first two
longitudinal modes, L(0,1) and L(0,2) wave modes were stud-
ied empirically in a cylindrical structure filled with liquid [7].
They observed that the dispersion curves of the L(0,2) wave
mode dramatically alter when there is a liquid filled in the
structure but there is less change for the L(0,1) wave mode.

The factors to be considered for selecting a wave mode
for UGW inspection as a probing mode are, dispersion,
attenuation, excitability, and sensitivity [5], [11]. This study
will investigate the potential of using L(0,1) for the inspection
of pipelines. There are research performed to study and
counteract for dispersion [4] and attenuation [8] of the L(0,1)
wave mode. Based on this knowledge, it is be possible to
obtain a sufficient test range with the L(0,1) wave mode for
UGW inspection. With the current knowledge on the level of
attenuation in L(0,1) and dispersion compensation techniques,
the L(0,1) wave mode can be used as a probing mode for the
UGW inspection. However, in the literature no attention has
been given to study the potential of purity of excitation and
flaw sensitivity of L(0,1).

In the present paper, properties and behaviour of the L(0,1)
wave mode are examined and the advantages and disadvan-
tages of its use in pipeline inspection are discussed with con-
centration on mode purity and flaw sensitivity. Investigation on
pure excitation (mode purity) and high resolution (flaw sensi-
tivity) of the L(0,1) wave mode is performed and compared
with L(0,2) and T(0,1) numerically. The numerical results are
validated empirically by aid of a 3D-Laser Doppler Vibrome-
try (3D-LDV) [12] experiments for quantitative measurements.

The paper is organized as follows: Section II, reviews
the current UGW transducers. Then the Finite Element
Analysis (FEA) on the excitation of the L(0,1) in isolation
and the flaw sensitivity are documented in Section III.
The experimental results and the discussion are reported in
Section IV followed by the conclusions.

II. ANALYSIS OF THE CURRENT UGW TRANSDUCERS

The ability to effectively excite and isolate the desired
wave modes evidently affects the data interpretation of the
UGW inspection. The piezoelectric Thickness-Shear Trans-
ducers (TSTs) are the most commonly used commercial
transducers for the UGW inspection. The TSTs are used to
excite an in-plane vibration that will give rise to a propagating
wave mode. If the TSTs are aligned axially, they excite
the longitudinal guided wave modes (those possible for the
operating frequency). For example, a 40kHz excitation tone-
burst on a nominal 8 inch schedule 40 steel pipe will generate
L(0,1) and L(0,2). Whereas, if the TSTs are aligned circumfer-
entially, torsional wave modes are excited (again those which
are possible for the operating frequency). The excitation of
two modes in the longitudinal transducer alignment compli-
cates the inspection results, so conventionally another axially
separated rings of transducers are used to suppress spurious
wave mode (L(0,1) wave mode) [13]. A 3D-LDV experiment
has been performed to analyse the waveforms generated by the
commercially available UGW TSTs. A laboratory experiment
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Fig. 2. (a) 3D-LDV experimental setup. (b) Schematics of the area scan.
(c) Schematics of the line scan.

has been performed on a nominal 8 inch schedule 40 steel
pipe (outer diameter: 219.1mm and wall thickness: 8.18mm).
The waveforms generated by a ring of [13] commercial UGW
transducers (aligned both longitudinally and circumferentially)
are monitored by 1.5m away from the excitation. The experi-
mental setup is illustrated in Fig. 2-a.

A Teletest® Focus pulser/receiver [13] has used for excita-
tion and a Polytec PSV-400-3D-M [12] scanning laser vibrom-
eter was used to obtain 3D-LDV measurements of the vibration
of the pipe surface. The 3D-LDV is equipped with three laser
sensor heads in order to detect the 3D motions caused by
the UGW propagation. The laser can detect the displacement
and the surface velocity of propagating sound waves with
a continuous analogue voltage output that is proportional to
the target velocity component along the direction of the laser
beam [14]. Hardware used is controlled by a PC so that the
data acquisition is automatic. The pipe is resting on two pipe
rollers and they are made out of rubber to minimize their
influence on the waves propagating in the pipe.

Scanning length is calculated by the following formula
in order to capture the full length of the waveform. Given
the phase velocity for the L(0,1) mode, Vph, excitation
frequency, f , and number of cycles of the excited wave, n,
the pulse length, L, can be written as,

L = n(
Vph

f
) (1)

Therefore, the length of the line scan should be equal or greater
than L.

In reference to cylindrical coordinate system, displacement
of a wave propagating in the axial direction z can be expressed
as [9]:

Ur = cos (kz + ωt) cos (mθ)

Uθ = cos (kz + ωt) sin (mθ)

Uz = sin (kz + ωt) cos (mθ) (2)

where Ur , Uθ and Uz are the radial, circumferential and axial
displacements in reference to the cylindrical coordinate system
respectively, m is the circumferential order of the mode, k is
the wave number, t is time, and ω is angular frequency.

To illustrate the difference between the two orientations of
the transducers and behaviour of the waveforms generated,
an area scan has been performed to cover 90° of the pipe
circumference (Fig. 2-b) along a length of 0.95m of the struc-
ture. Ten cycles 40kHz Hann-windowed pulse has been applied
using 24 evenly spaced transducers around the circumference.
Fig. 3-a shows the measured waveforms as generated by
circumferentially aligned TSTs and demonstrates the received
wave mode has pure circumferential displacement (time of
arrival of T(0,1)). Two wave modes are observed in Fig. 3-b
on the respective time of arrivals of L(0,2) and L(0,1)
(as indicated by blue and red dashed vertical lines respec-
tively). The L(0,2) wave mode has predominantly axial dis-
placement (according to Fig. 3-b, it is displaced only in
U3 direction) and the L(0,1) wave mode has both axial and
radial displacements (according to Fig. 3-b, it is displaced
in both U1 and U3 directions). Axially aligned TSTs gen-
erates in-plane vibration (Fig. 4-a) which leads to excite both
L(0,2) and L(0,1) due to the axial particle displacement of both
modes. At these frequencies L(0,2) has relatively low out-of-
plane displacement. It is expected that an out-of-plane vibra-
tion would significantly bias the excitation of L(0,1). There-
fore a transducer with a compression/out-of-plane vibration
(Fig. 4-b) should preferentially excite L(0,1) in isolation. In
section III-A, FEA has been conducted to investigate the
potential of exciting the L(0,1) wave mode in isolation. The
excitation of L(0,1) in isolation is vital to ease the data
interpretation as L(0,2) is a faster (higher velocity) wave mode
than L(0,1) (refer Fig. 1).

III. FINITE ELEMENT ANALYSIS

The FEA has been performed to study the potential of
exciting L(0,1) in isolation and to achieve high defect sensi-
tivity with focusing due to the presence of a larger number of
flexural modes compared to T(0,1) and L(0,2). With increased
complexity of geometries and analysis, the analytical calcu-
lations are no longer practical [15]. A 3D model was built
using ABAQUS/EXPLICIT version 6.13 Finite Element (FE)
software [16]. A hollow cylinder was modelled as a nominal
8 inch schedule 40 steel pipe (outer diameter: 219.1mm and
wall thickness: 8.18mm) with an axial length of 2.5m. The
material properties used for steel were assumed as follows:
Density (ρ) = 7830kg/m3, Young’s modulus (E) = 207GPa
and Poisson’s ratio (V) = 0.3. A linear eight node brick
element (C3D8) has been used to reduce the computation
time. Number of elements was calculated to use at least 8
elements to represent the smallest wavelength in the oper-
ating frequency. This type of mesh refinement has been
adequately used in previous studies [17], [19]. Equally spaced,
24 circumferential points were selected for transmission and
reception. To avoid reflections from the free edge of the pipe,
an absorption region was used as shown in Fig. 5 without
modelling a lengthier pipe for computational efficiency.
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Fig. 3. 3D-LDV experimental results of waveforms generated by commercial UGW transducers aligned (a) circumferentially and (b) axially (normalized to
the highest amplitude) U1, U2, and U3 represents radial, circumferential and axial displacement, respectively, caused by the applied vibration. Blue dashed
lines represents L(0,2) wave mode and red dashed lines represents L(0,1) wave mode. These waveforms were monitored 1.5m away from the transmission
position.

Fig. 4. Schematics of the vibration direction and electron arrangement of
(a) thickness shear piezoelectric element and (b) compression piezoelectric
element.

The absorbing boundary was achieved by use of the ’infinite
element’ ((ABAQUS element type CIN3D8) [16].) in Abaqus.
This consists of elements defined over semi-infinite domains
with suitably chosen decay functions [20]. The vibration of
the incident pulse propagates continuously in to the absorption
elements without any reflection.

A. Excitation of the L(0,1) in Isolation

As explained in sections I & II, the T(0,1) mode has cir-
cumferential displacement. Whereas, L(0,2) has predominantly
axial displacement and L(0,1) has radial displacement and low
axial displacement [2], [3]. Based on wave mode behaviour,

Fig. 5. Layout of the finite element model.

Fig. 6. Applied load (a) shear vibration and (b) compression vibration.

the T(0,1) wave mode can be excited in isolation by circum-
ferentially aligned TSTs. Whereas, the L(0,2) wave mode can
be generated by a longitudinally aligned TSTs. Due to the
axial (in-plane) displacement of L(0,2) and L(0,1), commercial
TSTs excite both wave modes which means an additional ring
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Fig. 7. Monitored waveforms generated by (a) circumferential vibration, (b) longitudinal vibration, and (c) compression vibration. U1, U2, and U3 represent
radial, circumferential and axial displacement, respectively, caused by the applied vibration. Blue dashed lines represents L(0,2) and red dashed lines represents
L(0,1). These waveforms were monitored 1.5m away from the transmission position.

of transducers are required to suppress spurious wave mode.
These additional rings of transducers increase the cost and
weight of the commercial tooling.

Based on the experimental results in Section II, a FE
model was performed to study the waveforms generated by
current commercially available UGW transducers by applying
in-plane shear vibration circumferentially and longitudinally as
illustrated in Fig. 6-a. Then another FE model was performed
to study the waveform generated by applying compression
vibration (out-of-plane) as illustrated in Fig. 6-b. For this spe-
cific example, a 40 kHz, 10-cycle Hann-windowed pulse was
excited at transmitting points 0.5m away from the pipe edge.
The generated waveforms in the FE models were monitored
1.5m away from the transmission (Fig. 5). Excitation was
applied using equally spaced 24 points around the circumfer-
ence to suppress non-axisymmetric guided wave modes and
transmit only the axisymmetric modes in the UGW frequency
region.

Fig. 7 illustrates the predicted time domain data from
the FE models and displacement caused by each transducer
arrangement (in-plane circumferential, axial vibration
and out-of-plane vibration, respectively). The FE results
in Fig. 7-a and 7-b agrees with the displacement measured
by the 3D-LDV in Section II (Fig. 3). Fig. 7-a illustrates
the waveforms generated by circumferentially aligned shear
vibration. Pure T(0,1) wave mode was excited due to the T(0,1)
been the only axisymmetric wave mode with circumferential
displacement in the UGW operating frequency region
(20-100kHz). Fig. 7-b, illustrates the waveforms generated
by longitudinally aligned TSTs. Both L(0,1) and L(0,2)
were generated due to the axial displacement in both modes.
Furthermore, it is evident from the Fig. 3-b and Fig. 7-b that
the L(0,2) wave mode has predominantly axial displacement.

Fig. 8. Variation of the number of flexural wave modes with corresponding
frequency of a nominal 8 inch schedule 40 (outer diameter: 219.1mm and
wall thickness: 8.18mm).

Therefore compression (out-of-plane) transduction suppresses
the L(0,2) wave mode and transmit the L(0,1) wave mode in
relative isolation (Fig. 7-c). Based on this there is no need
for additional rings to suppress the L(0,2) wave mode and
data interpretation will be easier due to the mode purity.

B. Resolution of the L(0,1) Wave Mode (Flaw Sensitivity)

The main objectives of the structural inspections are to
achieve high sensitivity for anomalies present in the structure
under inspection. One way to enhance the sensitivity is through
sound energy focusing at a predetermined region of the
structure. The sound energy focusing is a method of tuning



LOWE et al.: INSPECTION OF CYLINDRICAL STRUCTURES USING THE FIRST LONGITUDINAL GUIDED WAVE MODE 711

Fig. 9. Polar plots of the FE result of stresses achieved in AF technique on a nominal 8 inch schedule 40 (outer diameter: 219.1mm and wall
thickness: 8.18mm) steel pipe at the axial focal position (normalized to the maximum amplitude of all the 3 cases).

ultrasonic energy at a targeted point of the structure under
inspection [21]–[26]. The technique works by superimposing
an axisymmetric wave mode with a number of flexural wave
modes to create a focal spot at the desired location. Focusing
is achieved by timed transmission of each mode using time
delays and scaling factors, such that the modes coalesce
at one point in time at the focal point. The sound energy
can also be focused as a post processing focusing technique
(Synthetic Focusing) [27]. The performance of the energy
focusing techniques depends on the number of flexural modes
in the operating frequency [28]. Every axisymmetric wave
mode (X(0,m)) has an associated family of flexural wave
modes (F(n,m)) as appear in blue in Fig.1. For a given
frequency (20-100kHz), the L(0,1) wave mode has a higher
number of associated excitable flexural wave modes compared
to L(0,2) and T(0,1). Therefore, the L(0,1) wave mode and its
family of flexural wave modes has the potential to provide
greater sensitivity for anomalies [28], [29].

Dispersion curves for a nominal 8 inch schedule 40 (Fig. 1)
steel pipe has been used to illustrate the higher number of
flexural wave modes associated with the L(0,1) mode. The
number of flexural wave modes at a range of frequencies have
been recorded for each of L(0,1), T(0,1) and L(0,2) wave mode
families. This is shown graphically in Fig. 8. In all considered
frequencies (typical UGW operating frequencies), the L(0,1)
wave mode has four times more flexural wave modes than
the L(0,2) and two times more flexural wave modes than
the T(0,1) wave mode. The higher numbers of flexural wave

modes are likely to result in better sensitivity when applying
L(0,1) to a focusing technique [22]. This indicates that, there
are potentially beneficial properties of the L(0,1) wave mode
to increase the defect amplitude and achieve higher flaw
sensitivity of UGW inspection.

Additionally, there has been research presented recently on
the possibility of using UGW to determine the circumferential
and through-wall extent of flaws [30]. The performance of
these flaw sizing techniques are limited to the number of
reflected flexural wave modes. Therefore, having a higher
number of flexural wave modes in the L(0,1) family can
extends the potential capability of the flaw sizing techniques.

An empirically validated Active Focusing (AF) tech-
nique [29], [31] has used to compare the focal point resolution
of L(0,2), T(0,1) and L(0,1) wave modes. The layout of the
FE model is illustrated in Fig. 5. The focusing parameters
were calculated for all the probing modes (T(0,1), L(0,2)
and L(0,1)) by applying scaling factors and time delays for
a 10-cycle 40kHz Hann-windowed pulse [31].

The focusing parameters for the probing modes were trans-
mitted at 24 equally spaced points individually using three
different FE models and monitored at the focal point 1.5m
away from the transmission point. Applying time delays and
scaling factors will excite all the modes in the respective
family of flexural modes at the point of interest. All the modes
will superposed and generate a focal spot. Fig. 9 illustrates
the normalized FE results of the monitored focal spot for all
the probing modes. The displacement amplitude of the focal
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Fig. 10. (a) Commercial TST element and compression element. (b) Assem-
bled compression transducer.

point around the circumference using the monitoring points
(refer Fig. 5) are plotted (polar plot) for all the probing modes
considered. According to FE results in Fig. 9, applying the
L(0,1) wave mode for an energy focusing technique enhances
the flaw sensitivity of UGW inspection by approximately
2.5 times compared to T(0,1) and by approximately 5 times
compared to L(0,2). These results exhibit higher potentials of
using the L(0,1) wave mode for inspection of pipelines.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Laboratory experiments have been performed on a nominal
8-inch schedule 40 steel pipe (outer diameter: 219.1mm and
wall thickness: 8.18mm) to validate the FE model results in
Section III-A & B. Same experimental setup illustrated in
Section II (Fig. 2) has used for the experimental validation
of exciting L(0,1) in isolation and demonstrates the high
flaw sensitivity of L(0,1). Hann-windowed 40kHz pulse has
been applied using circumferentially evenly spaced TSTs
and compression transducers. Compression transducers were
manufactured by Smart Material Corp [32] using “1-3 random
fiber composite” piezo-ceramic elements for the dimension
(13mm × 3mm × 1mm, width, height and depth respectively)
which can be fit in the backing block of the current commer-
cial TSTs. So these transducers can be used with the existing
UGW inspection tooling. The random fiber composites are
chosen due to the reduced acoustic impedance, high coupling
factor and the random element distribution yield increased
spurious mode suppression due to the random spacing [32].
Furthermore, 3D-LDV has used to scan along a 0.95m line
on the pipe surface and pipe has rotated 24 times with
15° intervals (Fig. 2-c) using pipe rollers to gain 24 indi-
vidual line scans at different circumferential positions.
Hann-windowed 40kHz AF focusing parameters (L(0,1) and
T(0,1)) has applied for excitation.

There is a good agreement with the predicted FE results
in Section III and experimental results measured by the
3D-LDV displacement derived from different circumferential
positions and area scans. The experimental validation of FEA
in Section III-A are illustrated in Fig. 3 and 11. It represents
the surface velocity of the waveguide at a fixed point in
time caused by the excitation of 40kHz Hann-windowed
pulse circumferentially evenly spaced 24 axially aligned
TSTs (Fig. 3-b) and compression transducers (Fig. 11).

Fig. 11. 3D-LDV experimental results of waveform generated by
compression transducers.

Fig. 12. 3D-LDV experimental results of focal point monitored by applying
AF technique for (a) L(0,1). and (b) T(0,1).

The measured particle displacement of the waveguide
that were measured by the 3D-LDV correlates with the
predicted displacement from the FE models in Section III-A
with a good agreement. Based on these results, the most
adequate way to excite the L(0,1) wave mode in isolation
for pipe inspection is using transduction with compression
vibration. The L(0,2) wave mode is suppressed due to the
out-of-plane vibration (there is no axial particle displacement
Fig. 4-b & 11). Therefore, there is no requirement of
additional rings of transducers to suppress the L(0,2) wave
mode. This reduces the cost and weight of UGW inspection
tools. Fig. 10 photographically illustrates the difference of
commercial TST element and compression element.

Corresponding experimental validation of the FEA in
Section III-B are illustrated in Fig. 12 which were measured by
3D-LDV line scan experiment. The transmitted AF focusing
parameters were monitored at 1.5m away from the trans-
mission. The derived focal point information for L(0,1) and
T(0,1) are compared in Fig. 12. The L(0,2) wave mode has
not been considered as it has low focal amplitude (Fig. 9)
due to having fewer number of flexural wave modes. The
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amplitude of the AF focal point FEA results and corresponding
experimental validation illustrates that the L(0,1) wave mode
has approximately 2.5 times amplitude gain than the T(0,1)
wave mode and approximately 5 times than the L(0,2) wave
mode.

V. CONCLUSION

The aim of the work presented was to study the poten-
tial of adopting the L(0,1) wave mode for UGW inspection
of pipelines. In the past, less attention has been given to
the UGW inspection using the L(0,1) wave mode due to
its dispersive and attenuative properties. However, dispersion
could be counteracted by selecting an appropriate frequency
and/or dispersion compensation techniques [4]. Attenuation
is considerably low at 20-100kHz frequency regions so it is
possible to create the test with low attenuation [8]. Therefore,
a combination of careful frequency selection and application
of appropriate signal processing procedures make inspection
with the L(0,1) wave mode a viable prospect.

In the present paper it was demonstrated that, under the
investigated conditions, application of the L(0,1) wave mode
for UGW inspection can enhance the flaw sensitivity of
approximately 2.5 times compared to the T(0,1) wave mode
and approximately 5 times compared to the L(0,2) wave mode.
This results exhibits higher potentials of using the L(0,1) wave
mode for UGW inspection of pipelines. This enhances the
capabilities of UGW flaw detection and sizing. Furthermore,
suitable transduction technique has been proposed for exciting
the L(0,1) wave mode in isolation. It was validated that the
out-of-plane transducers are capable of exciting the L(0,1)
wave mode in isolation. This eliminates the need of having
additional rings of transducers to suppress L(0,2). This reduces
the cost and weight of UGW inspection tooling.
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