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Inspection of overhead transmission line cables is performed using various non-destructive testing tech-
niques, such as visual, temperature, and eddy current-based inspection; yet each of these techniques
have their respective shortcomings and safety concerns. The use of ultrasonic guided waves as a non-
destructive testing technique is well established for simple geometries such as plates, pipes, and rods.
However, its application for multi-wire cables is still in development. In this study, ultrasonic guided
waves excited by a shear mode transducer collar are utilised as a defect detection technique for unten-
sioned aluminium conductor steel reinforced cable specimens. The identification and analysis of wave
propagation for a broad range of frequencies is performed using a laser scanning vibrometer, and the
effect of defect size on wave propagation is studied. Signal processing algorithms, such as wavelet denois-
ing and time scaling, are then deployed for inspection quality enhancement and analysis under noisy con-
ditions. Results yield an extended range of defect detection coverage in pulse echo configuration; with
successful detection of defects that correspond to a 4.5% reduction in the cable’s cross sectional area;
and up to 24% improvement of signal-to-noise ratio.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction layers had structural failures [6]. The consequences of a structural
Multi-wire cables are extensively used in a broad spectrum of
engineering applications to meet various demands; such as load
carrying in bridges, cranes, and elevators; post-tensioning in con-
crete structures; and electricity transfer in power grids. Overhead
Transmission Line (OVTL) cables span long distances and form
the backbone of the energy distribution grid. Throughout their ser-
vice life time, OVTL cables are influenced by various effects such as
operational factors (applied tensile stress and voltage stress) and
environmental factors (wind-induced vibrations, icing, melting,
and lightning strikes). Those factors, especially if the specimen
has structural imperfections due to faulty manufacturing, can
result in structural failures such as broken insulators, loose earth
conductors, mechanical failures (twisted/ruptured/broken wires),
and corrosion [6,29]. Structural failures have been reported to start
emerging in the aluminium layers first [2]. In some cases, however,
the steel core is reported to be intact even though the aluminium
failure in OVTL cables is reported in [2], where the failure of Alu-
minium Conductor Steel Reinforced (ACSR) cables left 67 million
people under a power blackout in Brazil. Therefore, a reliable and
fast inspection system, preferably an automated one with mini-
mum human involvement, is desirable.

Certain Non-destructive Testing (NDT) techniques have
emerged and have been widely used to provide pre-emptive mea-
sures against structural failures. Airborne and on-ground visual
inspection performed by trained personnel is one of the first meth-
ods devised for structural maintenance of OVTL cables. It requires
extensive care from personnel [28] and it is subject to regulations
[31]. Manual visual inspection, however, is time-consuming, prone
to human errors and has associated health hazards; primarily for
airborne inspections where helicopter crashes have resulted in loss
of lives [12]. In order to avoid human error and reduce health haz-
ards, recent inspection methods have used different techniques to
automate inspection systems. Automated visual inspection sys-
tems have been developed which apply image processing algo-
rithms on videos/images acquired by either installed camera
systems or airborne image acquisition systems. The efficiency of
those methods relies heavily on the quality of the acquired images,
and thus on the quality of the camera and the stability of the aerial
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Fig. 1. Photo of cable cross section.

24 M.K. Yücel et al. / Applied Acoustics 122 (2017) 23–34
vehicle [15]. Temperature inspection methods have been proposed
in [30,32], where infrared cameras were used to collect images of
the power line components to detect corona effects triggered by
structural discontinuities. Eddy current-based systems for the
inspection of OVTL cables are reported in [16,34], where eddy cur-
rents are utilised for the detection of broken strands and corrosion
on an OVTL cable. Kasinathan et al. has described the utilisation of
fibre optic cables for temperature monitoring of OVTL cables to
extract structural integrity information [14]. Radio and audible
noise monitoring to acquire structural health information has also
been proposed for OVTL cables [22]. In order to increase inspection
range and quality, some studies have also utilised advances in
robotics for the inspection of OVTL cables. The use of robotics,
however, has its respective disadvantages, such as complexity in
design, maintenance of robots, electromagnetic interference to
communication systems of remote controlled robots, optimisation
of weight and line tracking abilities for unmanned aerial vehicles
[15]. In order to tackle design complexity, human errors, and
health hazards associated with the abovementioned methods,
Ultrasonic Guided Wave (UGW) based NDT methods have been
investigated.

UGW based NDT techniques have been utilized for the interro-
gation of various multi-wire cable structures, and studies related to
guided wave characterisation and defect detection in multi-wire
cables have emerged. Xu et al. utilised magnetostrictive transduc-
ers to generate UGW for defect detection in seven-wire steel pre-
stressing cables [13], and also investigated guided wave-based
defect detection of 31 and 37-wire stay cables [35]. Liu et al. stud-
ied the optimisation of magnetostrictive transducer configuration
to enhance guided wave inspection quality [20]. Studies have also
emerged focusing on the possible effects of various factors that
affect the wave propagation in multi-wire cables. Rizzo et al. stud-
ied ultrasonic wave propagation in seven-wire steel strands and
analysed the changes in wave propagation with progressive loads
applied on the cable [25]. Liu et al. also analysed the effects of tem-
perature on wave propagation in multi-wire steel strands and
related the wave propagation velocity variations to temperature
changes [19]. The emphasis was also given to ACSR cables in sev-
eral UGW based NDT studies. Haag et al. investigated guided wave
propagation in ACSR cables with the aim of understanding energy
transfer between wires, and formulated a computationally efficient
energy-based model to predict the wave propagation in a simpli-
fied two-rod system with friction contact [9]. Branham et al.
reported the feasibility of defect detection in ACSR cables with
two different transducer coupling schemes and an understanding
of attenuation and dispersion in ACSR cables [5]. Gaul et al.
reported an overall feasibility analysis of the use of guided waves
for damage detection in ACSR cables with an emphasis on the
reflection of wave packets at structural discontinuities with vary-
ing geometry and size [8]. In one of the latest studies, Baltazar
et al. investigated the changes in guided wave propagation in ACSR
cables in the presence of a defect, and reported that the energy of
the flexural modes changes when a defect is introduced and this
change can be monitored for defect detection [3]. However, the
abovementioned studies have not investigated the inspection effi-
ciency for long OVTL cables under noisy (i.e. measurement noise,
random noise, etc.) conditions.

The detection of defects in noisy environments, spatially over-
lapping echoes coming from closely spaced defects and the effects
of dispersion phenomenon on wave propagation in interrogated
media have been problematic for UGW applications, and raised
the necessity of signal processing methods for inspection quality
enhancement. Time-frequency analysis, deconvolution-based
approaches, split spectrum processing, pulse compression [11],
sparse signal representations, empirical mode decomposition
[36], frequency warping [21] and wavelet transforms have been
used for ultrasonic NDT applications [37]. Various studies have
reported the use of advanced signal processing algorithms for the
analysis of wave propagation and defect detection for multi-wire
cables. Rizzo et al. utilised Discrete Wavelet Transform (DWT) to
extract wavelet domain features for enhanced defect characterisa-
tion in multi-wire strand structures [27], and also reported the
strength of DWT-based denoising in defect detection [26]. The
wavelet transform has also been utilised to achieve good time-
frequency representation quality for defect detection in ACSR
cables, as reported by Salazar et al. in [10].

The design of a reliable and efficient NDT system requires thor-
ough understanding of the wave propagation in the medium of
concern. Evaluation of transducer coupling and respective analysis
of wave propagation should be performed to achieve optimal
results. In reference [17], the authors presented a study on the
use of dispersion compensation for increasing the inspection range
for ACSR cables using UGW. To accomplish this, the wave propaga-
tion on an untensioned 26.5 meter long Bear 325 ACSR cable was
investigated. It was found that the UGW signal consisted of a single
wave mode, the longitudinal L(0,1) wave mode, which propagated
along individual outer aluminium wires of the cable. While this
gave good understanding of the wave propagation over long
lengths of cable, it did not investigate wave propagation for short
lengths of the cable or across the cable’s cross section.

The current paper builds on the work presented in reference
[17] by investigating the wave propagation on shorter lengths of
untensioned cable and also across the cross section of the cable.
In addition to this, the effects on the UGW signal of adding masses
and different depth cuts to the cable are investigated. Following
this, improved localisation of defects using wavelet de-noising is
investigated. Section 2 provides information about the cable and
the hardware used in this work. Section 3 presents the experimen-
tal set up and necessary theoretical information for wave propaga-
tion characterisation. The effect of adding masses and introducing
defects is investigated in Section 4. The results of wavelet denois-
ing and time scaling algorithms applied to the experimental results
are presented in Section 5. Section 6 provides a discussion on some
limitations of this work and areas for future research. Finally, a
conclusion is provided in Section 7.

2. Experimental procedure

2.1. Cable information

ACSR cables are among the most widely used power transmis-
sion line cables. They are made of twisted aluminium and steel
wires. The diameter of the individual wires and number of wires
forming the cable vary between different ACSR cables. The cable
used in this study, which has the codename Bear 325, has an over-
all diameter of 23.45 mm and consists of an inner core composed
of seven steel wires, which are covered in anti-corrosive grease,



Table 1
Cable information.

Material No. layers Wire diameter [mm] Number of wires Other features

Steel 1 3.4 7 Core diameter: 10.05 mm
Aluminium 2 3.4 Inner layer: 12 Surface pitch: 300 mm

Outer layer: 18

Fig. 3. Diagram illustrating the geometry of the LSV scan grid (a) on the end of the
cable (both steel and aluminium layers), (b) a rectangular grid on the side of the
cable covering multiple wires, and (c) a line scan along an individual wire.

Fig. 2. Photos of the transducer collar which contained six shear mode PZT
transducers that were mounted around the circumference of the cable.
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and two outer layers of 12 and 18 aluminium wires respectively.
Fig. 1 illustrates the cross sectional of the cable. The wire strands
are twisted into a helical shape with each layer being twisted in
the opposite direction.

Measurements where made using two different lengths (2 m
and 26.5 m) of ACSR cables, which were not under tension. These
specimens have the same structural properties (diameter, material,
pitch, wire configuration, etc.). Table 1 provides information with
regards to the structure of the cable under investigation.

2.2. NDT hardware

The transducer collar that was designed and manufactured for
this study is illustrated in Fig. 2(a). The collar consists of six
shear-mode Lead Zirconate Titanate (PZT) broadband transducers
with sufficiently flat response in the frequency range of concern
(up to 500 kHz). These transducers were aligned to excite vibration
in the longitudinal direction of the cable. Since these were shear
transducers, no coupling agent was used. Instead springs were
used to push the transducers against a thin sheet of aluminium
that was wrapped around the cable. The spring force used was
not measured.

The transducer collar was connected to a Teletest Focus [23], a
commercially available Long Range Ultrasonic Testing (LRUT) sys-
tem. A 1 MHz sampling frequency was used for both Transmit (TX)
and Receive (RX). The resulting acquired data was then transferred
to a computer for analysis and post-processing in MATLAB. The
time window used for measurements ranged from about 2 to
55 ms depending on the length of the cable and the number of
echoes from the end of the cable that were being used for analysis.
Power gain levels varied with experiments; 20 dB for Laser Scan-
ning Vibrometer (LSV) experiments and 37 dB for defect detection
experiments. The signals used for driving the transducers ranged
from broadband pulses to Hann-windowed 10-cycle tone burst sig-
nals with different centre frequencies ranging from 20 to 400 kHz.

A PSV-400 PolyTec LSV1 was used to measure the signal
propagating along a 2 m long ACSR cable specimen. This was a 3D
vibrometer which allowed the vibration in three dimensions to be
measured. To improve the signal measured by the vibrometer, the
cables were treated by coating them with reflective powder.
The transducers were driven with a range of transmit signals. The
resulting signals were sampled at evenly spaced scan points on the
surface of the cable. Three types of scan grids were used in this work,
see Fig. 3. The number of scan points was optimised in the scan area
to have appropriate resolution. LSV measurements were repeated 70
times at each scan point and were averaged to improve the Signal-
to-Noise Ratio (SNR).
3. Characterisation of wave propagation

In order to achieve optimal defect detection and localisation
using UGW, characterisation of the wave propagation in the struc-
ture of interest is necessary. In this context, since aluminium layer
inspection is emphasised, identification of the optimal excitation
frequency for energy concentration in the aluminium layers is
1 http://www.polytec.com/products/vibration-sensors/scanning-vibrometers/.
important. Moreover, for accurate defect localisation, the UGW
modes propagating along the cable must be identified and their
respective group velocity dispersion curves calculated. In this
section, the abovementioned information is sought using LSV
experiments.

3.1. End of cable LSV scan measurement

The first LSV scan was performed on the end of the two meter
long cable, see Fig. 3(a). This was performed to investigate the opti-
mal excitation frequency for the hardware used and the penetra-
tion of the signal through the cross section of the cable.

http://www.polytec.com/products/vibration-sensors/scanning-vibrometers/


Fig. 4. Image (a) shows a LSV velocity map in dB (0 dB is 1 m/s) for vibration of the wires in the Z axis direct at the end of the cable for broadband MLS excitation. Plots (b)
show the velocity FFT for a single scan point in the aluminium layer (shown as a blue rectangle).
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Transducers were driven with a broadband (up to 500 kHz) Maxi-
mum Length Sequence (MLS)2 pulse excitation signal. The resulting
signals measured across the end of the cable were analysed using
LSV software and MATLAB. Fig. 4(a) shows a velocity map obtained
for all scan points for a single frequency. This map shows that for this
frequency the wave energy is strongest in the aluminium layers.

Fig. 4(b) shows the velocity Fast Fourier Transform (FFT)
obtained from the signal measured at a single a scan point in an
aluminium layer. It can be seen that wave energy is high for the
frequency range between 200 and 300 kHz. For this hardware, this
frequency range would appear to be optimal for UGW testing of
this cable. However, it should be noted that this frequency depen-
dant gain may be related to the gain of the pulser-receiver hard-
ware. Future work should investigate this frequency dependant
gain in more detail.
Fig. 5. LSV 3D-velocity values in dB for transmit frequencies of (a) 20 kHz, (b)
125 kHz, and (c) 250 kHz at the times when each signals’ velocity value was at its
peak.
3.2. Wave mode identification

The presence of wave modes and the dynamics of wave propa-
gation on the outer wires was investigated using LSV scans on the
side of the cable. A rectangular scan grid was used. The transducers
were excited with Hann-windowed 10-cycle tone burst excitation
signals for a range of frequencies and also a broadband MLS pulse.

Fig. 5 shows LSV 3D velocity maps for 20, 125, and 250 kHz
excitation, while Fig. 6 provides plots of the corresponding velocity
time traces for a single scan point. It can be seen that the 250 kHz
excitation frequency resulted in larger amplitude signals than
those obtained for 20 or 125 kHz. This result correlates with the
results from Fig. 4(b). Fig. 5 also shows that the ultrasonic waves
tend to propagate along individual wires, though some limited
transfer of energy between wires could be seen. It may be that
the wires with higher amplitude signal were those in direct contact
with transducers. However, this was not confirmed experimentally
at the time by following the individual wires back to the
transducers.

The propagation of the wave through individual wires rather
than the cable as a whole means that the ultrasonic velocity of
the ultrasonic waves along the cables length will be lower than
that along individual wires. For a cable with a length L ¼ Nt, the
2 https://au.mathworks.com/matlabcentral/fileexchange/22716-kasami-
sequences–m-sequences–linear-feedback-shift-registers.
actual distance travelled by the waves, the helical length, may be
calculated using

LHelical ¼ N
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4p2d2 þ t2

q
ð1Þ

where N is the number of turns, t is the pitch, and d is the diameter
of the helix. From here onwards, time-of-arrival calculations are
calculated with the helical length correction taken into account.

3.2.1. Analysis of wave propagation using short time Fourier
transforms

Investigation of the wave modes propagating along the cable
was performed using LSV measurement of the signal resulting
from a broadband (up to 500 kHz) MLS pulse transmit signal.
Fig. 7 shows Short Time Fourier Transform (STFT) (spectrogram)

https://au.mathworks.com/matlabcentral/fileexchange/22716-kasami-sequences--m-sequences--linear-feedback-shift-registers
https://au.mathworks.com/matlabcentral/fileexchange/22716-kasami-sequences--m-sequences--linear-feedback-shift-registers


Fig. 6. Graphs of the LSV measured velocities, for the circled point on the cable shown in Fig. 5, in the Y axis direction for (a) 20 kHz, (b) 125 kHz, and (c) 250 kHz.

Fig. 7. Graphs show the Short-Time Fourier Transform of the energy velocity for broadband MLS pulse excitation with theoretical arrival time curves for aluminium wires
overlaid for; (magenta line) direct arrival and first echo of L(0,1), (black line) T(0,1), and (green line) F(1,1) in the (a) X, (b) Y, and (c) Z axes directions. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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representations of the velocity time trace for the circled vibrome-
ter scan point shown in Fig. 5. Overlaid are theoretical arrival time
curves calculated using the group velocity dispersion curves for the
single wire case obtained using Disperse3 software.

The velocity values show that four distinguishable wave pack-
ets are received by the vibrometer. The first wave packet appears
to be the fundamental longitudinal wave mode. The second wave
packet could be the torsional or flexural wave mode since both
3 http://www.imperial.ac.uk/non-destructive-evaluation/products-and-services/
disperse/.
modes have similar theoretical arrival times. Nevertheless, the sec-
ond wave packet appears to be the flexural mode since the lower
frequency region (<100 kHz) of the second wave packet approxi-
mately follows the theoretical arrival time curve of the flexural
wave mode. The third and fourth wave packets also appear to fol-
low the fundamental longitudinal and flexural modes’ theoretical
arrival time curves. However, in the Y axis direction, the flexural
wave mode appears to have been more strongly attenuated and
another echo of the longitudinal wave mode is apparent.

The received wave packets have their energy spread over the
spectrum, mainly between 50 and 400 kHz. The most powerful fre-
quency component in the spectrum is also observed to be between

http://www.imperial.ac.uk/non-destructive-evaluation/products-and-services/disperse/
http://www.imperial.ac.uk/non-destructive-evaluation/products-and-services/disperse/


Fig. 8. Experimentally measured dispersion curves in the wave number frequency domain for the (a) X, (b) Y and (c) Z directions. Overlaid are the theoretical dispersion
curves, for aluminium rods of the same diameter as the wires, which were calculated using Disperse software.
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200 and 300 kHz. The flexural wave mode is attenuated more than
the longitudinal mode. Therefore, in contrast with the findings of
[3], the longitudinal mode is more appropriate for defect detection.

3.2.2. Wave number frequency domain analysis of wave propagation
The previous section provided an indication of the wave modes

which were propagating along the 2 meter long cable. However, a
more quantitative analysis was required. Therefore, the dispersion
curves were experimentally measured using the 2D Fourier Trans-
form technique presented by Alleyne and Cawley [1]. Since the
ultrasonic waves propagate through individual aluminium wires,
a LSV line scan was made along a single wire using evenly spaced
scan points, see Fig. 3(c). The transducers were excited with a
broadband MLS pulse (up to 500 kHz) excitation signal. The result-
ing signal measured at each point was used to create a time-
distance domain matrix where the nth row consisted of the signal
measured at the nth scan point. This was converted to the wave
number-frequency domain using a two dimensional Fast Fourier
Transform (2D-FFT). The resulting matrix was plotted as a 2D
image, see Fig. 8 (colored data).4 This provides experimental mea-
surement of the dispersion curves. Overlaid over this are the theoret-
ical wave number dispersion curves for a single aluminium wire.
These were obtained by converting the single wire phase velocity
Vph dispersion curves to wave numbers k using

k ¼ x
Vph

; ð2Þ
4 For interpretation of color in Fig. 8, the reader is referred to the web version of
this article.
where x is the angular frequency.
Fig. 8 shows good agreement between the theoretical disper-

sion curves for a single aluminium wire and the experimentally
measured curves. Moreover, Figs. 8 and 7 show that the fundamen-
tal longitudinal mode is the most pronounced mode, whereas the
fundamental torsional is non-existent except in the X-direction.
The fundamental flexural mode is received, though it is more
attenuative and dispersive. Therefore, the fundamental longitudi-
nal mode is the best wave mode for defect detection. From here
onwards, only the fundamental longitudinal mode excitation is
considered.

4. Added mass and defect detection analysis

UGW-based NDT systems are able to detect defects because
reflections of ultrasonic guided waves occur when they encounter
a structural discontinuity. Structural discontinuities can exist in
different forms. In cylindrical structures, structural discontinuities
lead to changes in Cross Sectional Area (CSA), either positive or
negative. This could take the form of masses added to the cable
or reduced mass in the form of corrosion or broken cables. The fol-
lowing two sections describe experiments performed looking at
the effect of changing the CSA on UGW by adding masses and a
cut to the cable.

4.1. Masses attached to the cable

Reflections of UGW occur when they encounter changes in CSA.
Therefore, adding masses to a cable allows defects to be simulated
at different locations on the cable without damaging the cable. This
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is in contrast to a cut, which is permanent. Adding masses also
allowed the effect of different structures such as spacers to be
investigated. Spacers are structures which are used to separate
groups of cables at regular intervals along a cable span.

The signals received when attaching masses to a cable was
investigated using a 26.5 m long ACSR cable in pulse-echo config-
uration. Individual aluminium wires were cut from another cable
specimen and attached around the circumference of the cable
and tightened with a clip, as illustrated in Fig. 9(a). The cross sec-
tion of the cable was approximately doubled by adding this mass,
though the exact amount added was not measured. Initially a sin-
gle set of aluminium wires were attached 23 m from the trans-
ducer collar. Afterwards, a second set of aluminium wires were
attached 5.5 m from the transducer collar. A representative dia-
gram of this experimental setup is shown in Fig. 9(b). The excita-
tion signal used to drive the transducers was a Hann-windowed
10-cycle single tone burst excitation. A frequency sweep was then
performed between 20 and 350 kHz to find the best frequency for
UGW testing.

Fig. 10(a) shows the time domain representation for 220 kHz
signal with one set of masses attached. Echoes from the mass
and the cable end are visible. The Root Mean Square (RMS) values
of the echoes that were reflected from the masses were acquired
for various frequencies. These were obtained using a fixed-sized
window, which was used to localise and calculate the RMS values
of the echoes. For different frequencies, the window was shifted to
Fig. 9. Photo (a) shows a set of masses (short lengths of wire) attached to the 26.5 m cab
pulse-echo measurements.

Fig. 10. Graph (a) and (c) show the time domain responses for respectively one mass (22
(b) and (d) show the measured reflection echo RMS vs. frequency for respectively one a
allow for the change in group velocity of the longitudinal wave
mode with frequency. Fig. 10(b) shows RMS values vs. frequency
for one set of masses attached around the cable. In line with the
LSV analysis results, the RMS peak is observed to be between 200
and 300 kHz, and the peak is located at 220 kHz.

Fig. 10(c) shows an example of the time domain signal for two
masses attached to the cable. The corresponding RMS values for
each mass echo vs. frequency are shown in Fig. 10(d). The echo
from the first mass (located 5.5 m from the transducers) has a
higher RMS value due to its proximity to the transducers whereas
the echo coming from the second mass has a lower RMS value.
Both RMS values have their peaks between 200 and 300 kHz, which
is similar to the results for only one mass attached to the cable. The
RMS peaks of the two mass echoes are not at the same frequency.
The echo from the first mass peaks at 250 kHz whereas the echo
from the second mass peaks at 240 kHz.

The resolution of defect detection (the minimum distance that
two defects can be separated and still be resolved in the signal)
was investigated and found to be approximately 1.5 m. This dis-
tance was used in the following section when deciding where to
put a cut in the cable for real defect detection analysis.

4.2. Saw cut in the cable

A defect was introduced into the cable in the form of a trans-
verse saw cut. This cut was machined into the cable at a distance
le. Diagram (b) shows the location these masses relative to the transducer collar for

0 kHz excitation) and two masses (250 kHz excitation) attached to the cable. Graphs
nd two masses.



Fig. 11. Photo (a) shows the 6.5 mm deep, 1 mm wide saw cut in the cable and diagram (b) shows the location of the cut.

Fig. 12. Graphs (a) and (b) respectively show the 250 kHz excitation response for a 2.5 mm and 6.5 mm deep cut. The defect echoes are circled in these plots. Graph (b) shows
the reflection echo RMS vs. frequency for a range of cut depths, while (d) shows the cut depth vs. echo RMS information obtained for 250 kHz excitation.

Fig. 13. Plot showing the aluminium and steel wires in the cable. The red line
indicates how much of the cable would be cut through for a 4 mm deep cut. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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of 25 m from the transducer collar, as shown in Fig. 11. The cut
depth was gradually increased from 2.5 mm to 6.5 mm, which cor-
responds to approximately 4.5–30.7% reduction in CSA of the cable.

Fig. 12(a) and (c) shows the time domain representations for the
2.5 and 6.5 mm cuts at 250 kHz. The 2.5 mm deep defect (4.5%
reduction in CSA) is detected and the 6.5 mm cut (30.7%) is also
detectable. Moreover, the resolution of defect detection is less than
1.5 m. Fig. 12(b) indicates that the cut reflection echoes have their
peak amplitudes at 250 kHz, which is in line with the results of the
previous section. Smaller cut depths, on the other hand, have their
amplitude peaks at slightly higher frequencies (260–275 kHz
range). Therefore, 250 kHz was chosen as the base frequency for
the analysis of the cut depth - echo RMS relationship, which is pre-
sented in Fig. 12(d). This plot shows an increase in echo strength
with cut depth. The sudden jump in the RMS of the echo shown
in Fig. 12(d) for a cut depth greater than 4 mm may be due to
the fact that three wires would have been completely cut through
at this depth, see Fig. 13.

The variations in the frequencies where defects have their peak
values suggest that there is a dependence on defect size and type, a
phenomenon that was also apparent in the previous section. This
information, although not investigated in this study in depth, could
potentially be utilised as features for a more detailed defect
characterisation technique. In compliance with the frequency
compromises mentioned in this section and the previous section,
250 kHz was decided to be the best frequency for all defect types
and sizes for accurate and long range defect detection. However,
again it should be noted that this frequency dependence may still
be related to the hardware used and should be investigated further
in future work.
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5. Signal processing

In the previous section, we saw that small defects could be
detected in the 26.5 m long cable. However, the received signals
had long-duration dead zones and noise. The noise observed in
the received signals could be coherent to the transmit signal and
may be caused by unwanted reflections caused by the air gaps
and non-linear contact between individual wires. Alternatively,
the signals can be corrupted with non-coherent noise, such as mea-
surement noise and noise generated by arbitrary sources. Aside
from the fact that noise corruption can degrade defect detection
quality, it can also reduce inspection range. In order to address
the aforementioned problems, wavelet denoising and time scaling
techniques are proposed to improve the SNR and inspection range,
respectively.

5.1. Wavelet denoising

Wavelet denoising is a popular technique tailored for signals
that have a sparse representation in the wavelet domain [7]. This
sparsity is exploited in a way that once the original noise-
corrupted signal is transformed into the wavelet domain, high-
valued wavelet coefficients would correspond to the reflection
echo whereas low-valued wavelet coefficients would correspond
to the noise. Through applying a suitable threshold value to wave-
let coefficients, noise can be eliminated and a purer reflection echo
can be reconstructed by applying inverse wavelet transform.

Among many mother wavelets discussed in the signal process-
ing literature, the Daubechies class mother wavelets are reported
to have good correlation with ultrasonic reflection echoes of vari-
ous structures [24,26]. In this study, the mother wavelet was cho-
sen based on its ability to detect the smallest defect (2.5 mm)
introduced in the experiments. An empirical analysis yields that
the db45 mother wavelet with 5 decomposition levels produces
the best results, with hard thresholding scheme and fixed form
threshold selection rule. Fig. 14 shows the results obtained using
wavelet denoising for the smallest cut depth (2.5 mm) at the peak
frequency of 260 kHz.

The wavelet denoising was able to successfully pick up the
defect echoes for the two smallest cut depths. The detection of
these small defects indicates that the deeper cuts would be
detected as well, since these cut echoes would ideally have the
same correlation with the chosen mother wavelet (unless the
defect geometry or type is different). The smallest cut depth signals
are illustration in Fig. 14. In addition to the cases shown in Fig. 14,
the abovementioned wavelet denoising parameters managed to
detect defects of varying depths and also denoise the signal.

Quantitative analysis of the performance of wavelet denoising
was performed using SNR calculations. The SNR was defined for
the signal xðtÞ as [24],

SNRpeak ¼ APeak

r
ð3Þ
Fig. 14. Graphs show the (a) original and (b) wavelet denoised time traces obtained us
defects are circled.
where APeak is the peak amplitude of the echo from the defect and r
is the standard deviation. The signal without deadzone is defined as,

xðtÞ ¼ 0; t < s
xðt P sÞ t P s;

�
ð4Þ

where s represents the time limit of the dead zone defined within
the time interval [0,s]. In this study, based on observations made
on the raw signals, oscillations up to s ¼ 3 ms were chosen to be
the dead zone and filtered as shown in Eq. (4).

The SNR values are calculated for all cut depths with and with-
out wavelet denoising, and the results are illustrated in Fig. 15(a).
For further analysis of wavelet denoising, an Additive White Gaus-
sian Noise (AWGN) based study was conducted. Firstly, the signals
acquired from various cut depths were corrupted with various
levels of AWGN. Those noise-corrupted signals are then denoised
using a wavelet denoising scheme. As the effect of AWGN might
not be deterministic, we repeat the ‘‘corrupt-then-denoise” proce-
dure a hundred times (once for each cut depth and AWGN level) to
achieve a statistically meaningful result. We then analyse the SNR
values to assess the success rate of detection. The average SNR val-
ues were obtained after repetitive noise corruption and denoising
process and the results are illustrated in Fig. 15(b). We lastly devise
an SNR threshold value empirically. For the signals that have lower
SNR values than the threshold, the technique fails to detect the
reflection echo. For the signal that have higher SNR values, the pre-
sented technique manages to detect the echoes. This value is also
visualised in the said figure (the grey horizontal line) to provide
better understanding to the readers.

The wavelet denoising, based on the results shown in Fig. 15(a),
consistently improves the SNR values of the signals where the
average improvement is around 4–6 dB (around 24% improve-
ment). The results illustrated in Fig. 15(b) indicate that as the noise
power increases, defects fall under the noise level and cannot be
detected. The small-depth defects fall under the noise level quicker
than deep defects and, therefore, they become unresolvable easier
(i.e. lower AWGN levels). For instance, the 250 kHz response of the
2.5 mm cut, as shown in Fig. 15(b), can only be detected under the
lowest AWGN level (10 dB). Relative to its depth, the 6.5 mm cut
can be detected with a higher AWGN level (�5 dB). Fig. 16 shows
two representative results of denoising analysis for the 2.5 and
6.5 mm cut depths using 250 kHz excitation. While the wavelet
method identifies both the cut and end of the cable in Fig. 16(b)
and (d), it can be seen that it struggles to do so for the higher noise
level case show in Fig. 16(f).

Fig. 16(b) and (d) have some components that are not filtered
but have smaller wavelet coefficients than the defect. Ideally, the
threshold value should be as close as possible to the defect’s wave-
let coefficient so that any component that has a lower coefficient
falls under the threshold level and gets filtered. However, manual
selection of thresholds with respect to the defect size is not possi-
ble since that would require visual identification of the defects and
threshold value selection must be done accordingly. In this section,
ing 260 kHz excitation signal for the 2.5 mm cut. The echoes corresponding to the



Fig. 15. Graphs show the SNR vs. cut depth for (a) the original signals and (b) the
original signals corrupted by various levels of AWGN and then denoised using
wavelet denoising. The grey line indicates the detection threshold.
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however, the automated technique managed to extract defects and
improve the signal SNR accordingly, albeit not as efficiently as a
manual threshold selection would have done.

The defects have remained detectable depending on their
depth. It should also be kept in mind that in the case of ACSR
cables, as mentioned earlier, coherent noise is quite severe. There-
fore, additional noise would degrade the signals more severely.
Considering the length of the evaluated cable specimen and its
Fig. 16. Graphs showing the time traces obtained for the 2.5 mm deep cut for (a) origin
shown are the time traces obtained for the 6.5 mm cut for (d) original, (e) under �5 dB
used for both cut depths was 250 kHz.
respective attenuation, wavelet denoising performed adequately
under additive noise.

5.2. Time scaling

The UGW inspection range is often limited by the attenuation
that the wave experiences as it propagates through the media.
Time-corrected gain, where gain is increased with time, is a conve-
nient way to address the attenuation problem. This, however, is
limited by the available hardware.

An alternative approach is to use post processing to scale the
received signal to correct for the effects of attenuation [38]. Let
gðtÞ be a received signal sampled at time t. An exponential scaled
version of this signal yðtÞ can be calculated by

yðtÞ ¼ gðtÞ ea t ð5Þ
where a is a positive constant that needs to be selected with respect
to the attenuation experienced by the propagating wave.

The signals should be processed before being scaled to remove
DC offset of the signal to prevent this being amplified by the scal-
ing operation. Fig. 17 illustrates the results of the time scaling tech-
nique applied on the signal abtained for the 275 kHz excitation and
the 4 mm deep cut, where a was set to 260.

In Fig. 17(a), a small echo right after 0.02 s can just be seen.
Using the group velocity of the longitudinal wave mode at
275 kHz, this small echo may be identified as the second echo from
the cable end. After time scaling, illustrated in Fig. 17(b), the sec-
ond and third cable end echoes become pronounced.

In Fig. 17(c), the time scaled signal is also denoised using wave-
let denoising, using the same parameters as in the previous sec-
tions, and a reasonable SNR improvement is visible. It can be
seen in this figure that, although time scaling can correct for some
effects of attenuation, it also has the effect of exponentially scaling
the noise in the signal with time. In any case, seeing the third cable
end echo indicates that inspection range is theoretically tripled and
an ACSR cable of 78 m length could in fact be inspected with the
current hardware. However, it must also be noted that conclusive
results with regards to the successful inspection of a 78 m long
al, (b) under 10 dB AWGN and (c) under 10 dB AWGN and wavelet denoised. Also
AWGN and (f) under �5 dB AWGN and wavelet denoised. The excitation frequency



Fig. 17. Graphs show the time traces obtained with 250 kHz excitation and the 4 mm cut for (a) original, (b) time scaled, and (c) time scaled and wavelet denoised.
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cable can only be presented after the evaluation of a cable with
that length. However, a preliminary framework is laid out here
and it can be applied on very long specimens and optimised
accordingly.
6. Discussion

This work has been performed using cables which were not
under tension and did not have any voltage applied to them. In
reality, these cables would be under high tension and be at high
voltages. It has been shown that tension can change the wave
propagation on multi-wire cables by pushing the strands closer
together providing more transfer of ultrasonic energy between
wires [4,33,18]. Also, the presence of high voltages will be likely
to result in ultrasonic and electrical noise due to corona discharges
and vibration. More work is required to investigate ultrasonic
guided wave testing for ACSC under these types of real life condi-
tions. In particular, the effect of tension on ultrasonic wave propa-
gation on ACSR cables should be investigated.
7. Conclusion

A new defect detection system that utilises UGW is proposed
for inspection of ACSR cables with an aluminium layer inspection
emphasis. The wave propagation on an untensioned 2 meter long
Bear 325 ACSR cable was studied. Fundamental longitudinal and
flexural (and also possibly torsional) wave modes were observed
on this shorter length of cable. However, for longer propagation
distances (the 26.5 m long cable), only the longitudinal wave mode
was observed. Excitation frequencies between 200 and 300 kHz
were found to have good concentration of energy in the aluminium
layers, and the wave modes present in this frequency band are
shown to have similar group velocity dispersion curves with the
single-wire aluminium case. However, it should be noted that this
frequency response may be related to the specific hardware used.
Defect detection using the fundamental longitudinal wave mode
at an experimentally identified frequency (250 kHz) managed to
detect defects corresponding up to about a 4.5% reduction in CSA
for a 26.5 m long ACSR cable. An increase in echo strength with
cut depth was observed. Wavelet denoising was applied to the
experimental signals and a SNR improvement of up to 24% was
achieved. Wavelet denoising under additive noise was analysed
and its associated limitations outlined. The time scaling technique
was proposed and it successfully managed to increase inspection
range approximately up to 78 m. It is also shown that time scaling
and wavelet denoising works well together, but optimisation is
required. More work is needed to investigate the wave propagation
for ACSR cables under tension and at high voltages.
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