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Abstract 
Multi-wire cables are commonly used in many civil engineer structures. Particularly in the 
case of power lines, Aluminium Conductor Steel Reinforced (ACSR) cables are frequently 
used. The ACSR cables can be exposed to sea side or industrial atmospheres and these 
conditions could lead to the deterioration or the corrosion of the cable. Ultrasonic Guided 
Waves (UGW) testing has been proved as a potential technique for its implementation as a 
SHM system of the cables. The present paper investigates the performance of dry-couple 
piezoelectric transducers with two configurations for the inspection of the cables using L(0,1) 
and T(0,1). The ability of these two vibrational modes for the detection of notches has been 
investigated through a scattering analysis in the peripheral wires of a 4 meter “Dog” ACSR 
cable specimen. This analysis has been carried out in a wide range of frequencies to obtain 
the optimum frequency range for these two modes, as well as an attenuation investigation in 
this frequency range. A 3D laser vibrometer has been used for the reception of the signals as 
well as for area displacement examination. The results show the superior capabilities of 
L(0,1) for the inspection of the cables with respect to T(0,1) as well as the effect of the 
excitation frequency in the wave propagation behaviour of the wave in the cables. 

Keywords: Aluminium Conductor Steel Reinforced (ACSR) cables, piezoelectric 
transducers, Ultrasonic Guided Waves (UGW), Short Time Fourier Transform (STFT). 
 

1. INTRODUCTION: 

The use of multi-wire cables is extensive in many civil engineer structures, such as bridges, 
power line cables or concrete structures. In particular, overhead conductors, one of several 
types of multi-wire cables, play an important role in the transmission and distribution of 
electrical energy around the world. Most of these installations have been working for more 
than 60 years and are therefore reaching middle age [1]. These cables can be exposed to sea 
side or industrial atmospheres, conditions that could lead to the deterioration or the corrosion 
of the cable. The failure of these power line cables will normally lead to significant 
inconveniences. For these reasons, different methods have been used for monitoring or 
inspecting the condition of cables in order to prevent their failure [2]. Amongst these 
techniques, ultrasonic guided waves (UGW) have shown great potential as a possible cost 
effective long range SHM solution. 

Several investigations into the use of UGW testing in multi-wire cables have been published 
in recent years. Some of the multiple challenges occurring in UGW testing of these structures 
have been previously presented in different papers, such as the influence of the mechanical 
contact among the wires on the wave propagation, the energy transfer between them 
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produced by this contact and the helical geometry effect on wave propagation [3][4][5]. For 
these reasons the selection of the most convenient mode and frequency range plays a key role 
in the case of multi-wire cables, as in many other applications. P. Rizzo et al. studied the 
wave propagation in seven-wire steel strands where propagation parameters such as 
attenuation and dispersion of L(0,1) and F(1,1) were analysed at a level of the individual wire 
of L(0,1) and F(1,1) [6]. This analysis reported the high attenuation of the waves in multi-
wire cables compared with the single wire case, caused by the interwire contact, although this 
behaviour varied depending on the propagation mode and frequency. The differences in the 
displacement mode shapes of L(0,1) and F(1,1) explained the differences in their propagation 
behaviour. The fact that for L(0,1) the axial displacement is predominant over the radial 
makes it the most suitable mode for its use in multi-wires, especially at higher frequencies 
(over 100 kHz) where the displacement is confined to the centre of the wire. J. Xu et al. 
studied the influence of the energy exchange among the wires at different frequencies for the 
detection of multiple flaws along a multi-wire steel strand for L(0,1) [7]. As in the previous 
case, they concluded that the energy leakage between wires decreases while the frequency 
increases and they used this factor for the detection of multiple flaws in the same wire at low 
frequencies (50 kHz). Later, A. Baltazar et al. studied wave propagation in a multi-wire cable 
made of aluminium and steel [8]. The interwire mechanical contact effects on the wave 
propagation together with the mode coupling were analysed. The energy exchange between 
the wires was related to the radial displacement at the surface of the wires. According to this 
study, the mechanical coupling was more severe for higher radial displacements.  

Due to the previously presented propagation characteristics of L(0,1), most of the published 
works in the field have focused almost exclusively on the use of L(0,1). Although some of 
these investigations include F(1,1) in their analysis, the study of the propagation of T(0,1) as 
an alternative to the use of L(0,1) has not been reported.  

Regarding the transducer technology used for the transmission and reception of the signals, 
two principal alternatives have been employed in these previous investigations, 
magnetostrictive and piezoelectric transducers. The use of magnetostrictive transducers, 
mounted surrounding the cables, has been reported for the cables’ inspection in relation to the 
capability of wave generation on the complete cross-section of the cable [9]. However the use 
of these transducers implies two main restrictions: firstly the tip of the cable must be 
accessible to allow the transducer to be mounted; secondly their reported range of inspection 
has not been proved to be as powerful as in the case of piezoelectric transducers [10]. 
Alternatively, dry couple piezoelectric transducers have been reported to be the most 
convenient solutions regarding the range of inspection. M. Legg et al. employed these 
transducers for long range inspection, achieving a scanning distance of up to 26 meters [10]. 
In this work 6 transducers distributed around the cable mounted on a collar were used for the 
generation and reception of the UGW. However, the effect of the orientation of the 
transducers with respect to the axis of the cable was not studied. 

The present paper studies T(0,1) as a possible alternative to the extended use of L(0,1) for the 
inspection of multi-wire cables. A series of experiments are presented for the analysis of the 
wave propagation in the multi-wire cables with the purpose of contributing to the design of 
an SHM solution for the monitoring of these structures. This analysis focuses on two of the 
three fundamental modes, L(0,1) and T(0,1) at frequencies below 400 kHz. Different 
transducer configurations have been employed and the excitability of these modes is studied 
with the use of a 3D laser vibrometer. Then, the performances of these configurations are 



studied on a 4 meter length cable specimen. Finally, the influence of mode shape of L(0,1) in 
the wave propagation behaviour in the multi-wires is studied by analysing its propagation 
behaviour on a specific area at different frequencies with the use of the 3D laser vibrometer. 

This paper has the following structure: Section II introduces the use of UGW testing in 
cables. Guided waves propagation properties in multi-wire cables, dispersion curves and 
propagation modes are also discussed. In Section III the different experimental cases are 
presented with the corresponding setup employed in each case. The results of these 
investigations are presented in Section IV.  

 

Figure 1: Multi-wire “Dog” cables, made of an aluminium external layer (6 wires) and an internal steel core 
 (7 steel wires).  

2. THE USE OF UGW TESTING ON MULTI-WIRE CABLES 

Multi-wire cables are structures made of multiple wires rolled up in a helical geometry 
(Figure 1). They are normally made of an internal core compound of one or multiple wires 
surrounded by one or multiple peripheral layers of wires twisted around the core. These 
characteristics make them a suitable waveguide for the implementation of UGW testing, with 
a clear long propagation axis similar to the case of pipes or rods [15]. However, the presence 
of multiple wires touching each other at different locations, the helical geometry of these 
wires, and the different material and diameters of the wires; make this a challenging 
investigation.  

By using UGW testing, three vibrational modes could be propagated in this kind of structure; 
longitudinal, flexural and torsional. The dispersion curves of an aluminium rod of the same 
diameter as the external wires’ diameter are presented in Figure 2. This study focused on the 
use of the 3 fundamental modes, L(0,1), F(1,1) and T(0,1), at frequencies below 400 kHz. 
This research focused exclusively on the propagation of the wave in the peripheral wires and 
the influence of the steel core was not included in the analysis. As was previously mentioned, 
the displacement behaviour of these three modes exerts a large influence on the wave 
propagation in the multi-wires. The displacement components, using a cylindrical coordinate 
system (r, Ɵ, z) can be expressed as ��, �Ɵ and ��, where 権 is the longitudinal axis of the rod. 
The displacement of the different modes corresponds to [4]: longitudinal (�� ≠ ど,  �Ɵ = ど, �� ≠ ど), torsional (�� = ど, �Ɵ ≠ ど, �� = ど) and flexural (�� ≠ ど, �Ɵ ≠ ど, �� ≠ ど). 

 

Figure 2: Cable geometry diagram (left). Dispersion curve for an aluminium rod of 4.71 mm diameter (right). 
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In previous investigations in the field, the transducers’ principal excitation direction was 
orientated to the longitudinal axis of the complete cables [10]. In this way a mismatch 
between this excitation direction and the longitudinal axis of each individual wire was 
produced (Figure 2). The angle between the multi-wire cables axis and the axis of the wires is 
called � equal to: � = tan−怠 岾態�眺椎 峇 = など.のど deg   (1) 

where � =  ど.なは m is the pitch of the helix and � = ね.ばに mm the ratio of the helix. The 
influence of the transducer orientation on the propagation behaviour and mode activation is 
studied in following sections. In order to study the defect detection capabilities of the 
different modes the reflection coefficient was obtained by using the following equation 
employed in the study of wave propagation in multi-wire cables [7]:  潔岫�岻 =  �妊妊−匂賑肉賑迩��妊妊−��� ∗  怠怠待�岫肉岻�/迭轍    (2) 

where 潔岫�岻 [%] and �岫�岻 [穴�/�] are the reflection coefficient and the attenuation 
coefficient respectively at �. �椎椎−��聴 and �椎椎−�勅捗 are the peak values of the first passing 
signal (FPS) and the returning echo from the defect respectively. The wave attenuation 
coefficients at different frequencies and test configurations were determined using equation 
(3) where �椎椎−勅�ℎ墜 represents the peak values of the returning echo from the end of the 
healthy wire [6]. These equations are used later in this paper in order to obtain the reflection 
coefficients of the different configurations. 

�岫�岻 =  怠待 log  [�妊妊−賑迩ℎ任�妊妊−��� ]�        (3) 

3. EXPERIMENTAL PROCEDURE AND SETUPS 

A Teletest® signal generator unit and Teletest® shear transducers were used in this work. 
Ten cycles Hann-windowed tone burst were used as excitation waveform at different 
frequencies. The information provided by the dispersion curves was used in order to calculate 
the Time of Arrival (ToA) of each mode. An algorithm was implemented in Matlab® with 
the different ToA of each mode to improve the mode identification. 

 

Figure 3: Three attaching configurations diagram (I II and II from left to right).  



   

 

Figure 4: Experimental setup diagrams: First (top left) pulse echo configuration with one transducer; Second 
(top right) Shear transducer as transmitting and 3D laser vibrometer receiving, pitch-catch configuration; Third 

(bottom) pitch-catch configuration with two transducers. 

In the first stage of these experiments, in order to study the influence of the orientation of the 
transducer with respect to the direction of the wire, three different configurations were used 
(Figure 3). A dry coupled shear piezoelectric transducer with a pulse-echo configuration was 
used on a single wire (Figure 4, top right). This wire was previously removed from a 4 meter 
multi-wire cable in order to avoid the wave propagation influence of the contact between the 
wires in the analysis. The helical geometry shape was kept to maintain the propagation 
conditions as close as possible to that of the multi-wire cables’ case. In order to study the 
defect detection capabilities of two of the three previous configurations (I and III) a defect 
was introduced. As in the previous case, a dry coupled transducer was used for the generation 
of the signals; while, for the signal reception a 3D laser vibrometer was employed. The 3D 
laser vibrometer provides information about the displacement of multiple points in Cartesian 
system 岫捲, 検, 権岻, where 捲 was oriented as the axial direction of the cable, 検 the radial 
displacement and 権 the torsional displacement. To study the defect detection capabilities with 
these two configurations at different frequencies, a 50% cross-section transversal saw cut was 
introduced into the wire. The setup configuration is presented in Figure 4. Both 
configurations (I and III) were then tested on a 4 meter multi-wire cable with a pitch-catch 
setup. Finally in order to study the influence of the frequency into the wave propagation of 
L(0,1) a specific area of the cables was scanned with the use of the 3D laser vibrometer. 

 

4. RESULTS  

4.1. Case I. Transducer attaching configuration influence study 

Figure 6 shows the received signal for the three attached configurations previously presented. 
The results show the different excitability of the three modes for each configuration. For the 
case of L(0,1) and T(0,1), where the corresponding ToA is marked with a vertical red and 
black lines respectively the optimal angles for the excitation of L(0,1) and T(0,1) are 
configuration I and III  respectively due to the principal excitation direction of the transducers 



[11]. Configuration II , where the three fundamental modes are received, has been dismissed 
as a possible inspection configuration due to the fact that the presence of the three modes 
complicates the signal analysis and the energy is distributed between these modes instead of 
being focused on one single mode. For the case of F(1,1) non-clear wave packages were 
received, which could have been produced by the poor sensitivity of the transducer for this 
mode. Further analysis of this mode propagation behaviour is presented in later sections. 

 

Figure 5: Pulse echo signals with three different attaching configurations: Configuration I at 0° angle (top 
signal); Configuration II at 45° angle (middle signal); configuration III at 90° angle (bottom signal). 

4.2. Case II. Scattering analysis of reflection coefficients of T(0,1) and L(0,1) 

The use of a 3D laser vibrometer not only improves the mode interpretation due to the 
identification of the displacement behaviour of each mode, but also reduces the influence of 
the sensor sensitivity in the received signal for the different modes. A series of experiments 
were carried out at different frequencies. Figure 7 shows the received signals with and 
without the presence of a 50% saw cut defect with the attaching configuration I at a 
frequency of 50 kHz. The returning echo from the defect for L(0,1) is clearly detected 
(mainly axial displacement, red colour), and the mode conversion of this echo from L(0,1) to 
F(1,1) is also received.  

Figure 8 (top) shows the received signal for configuration III at 50 kHz, where the FPS of the 
three fundamental modes were received. As shown in Figure 8 (bottom), at 150 kHz the 
propagation velocities of T(0,1) and F(1,1) are similar and the waves of both modes are 
superposed. In order to illustrate this fact and study the presence of both modes, a Chirp 
signal was used as excitation waveform and a short time Fourier transform (STFT) was 
carried out. Figure 9 (right) presents the STFT of the signal where the propagation of both 
modes can be identified.  

 



 

 
Figure 6: Received signals at 50 kHz before (top) and after (bottom) defect introduction using configuration I. 

Red, blue and green signals represent x, y and z displacement respectively. The corresponding ToA of the 
different echoes are shown by vertical discontinued lines: red for L(0,1) FPS, defect echo and returning echo 

from the end respectively; blue for F(1,1) FPS and mode converted retuning defect echo.  

 

 

Figure 7: Received signals with configuration III at 50 kHz (top) and at 150 kHz (bottom). 

 

 
Figure 8: Top: STFT of received signal with the use of Chirp as an excitation waveform with 25 kHz as initial 
frequency and 125 as final frequency, using configuration III. Bottom: Reflection coefficients for L(0,1) (blue) 

and T(0,1) (black) at different frequencies.  



With the information provided by the previous experiments, the reflection coefficients were 
calculated. To do this, Equations 2 and 3 were used for T(0,1) and L(0,1) defect reflected 
echoes. The results are shown in Figure 10. 

4.3. Case III. Multi-wire wave propagation study  

A new series of experiments was carried out on a 4 meter length multi-wire cable using a 
single transducer for the wave excitation at different frequencies with a pitch-catch setup, as 
is illustrated in Figure 5 (left) using configurations I and III. Figure 11 shows the best results 
regarding echo reception from the end of the multi-wire for both configurations. The FPS 
signal and the returning echo from the end of the cable were received in both cases. However, 
for the configuration I, L(0,1) a third echo is also received which corresponds to the opposite 
end of the cable. 

 
Figure 9: Received signals on a 4 meter length multi-wire cable configuration I (left) at 50 kHz and II (right) 

at 250 kHz. 

Due to the longer range found for L(0,1), the influence of the frequency in the wave 
propagation of this mode was investigated using configuration I. Figure 12 shows the 
received signal at 50 kHz and 150 kHz received with the 3D laser vibrometer. In order to 
address the influence of the frequency in the propagation behaviour an area scan was carried 
out with the use of the 3D laser vibrometer.  

 
 

Figure 10: Received signals on a 4 meters length multi-wire cable with attaching configuration I at 50 kHz 
(top) and 150 kHz (bottom). 

 

Figure 13 shows two area scans, where the velocities (mm/s) of more than 800 points mesh 
are represented on a colour scale. As is shown in this figure, the wave, corresponding to the 
FPS at 50 kHz spreads over the neighbour wires, whereas at 150 kHz, the energy mainly 
stays in the active wire. This effect is related with the radial displacement differences of 
L(0,1) mode shape at higher frequencies, where the displacement is confined to the centre of 
the wire.  



         

Figure 11: Area scan of the surface displacement of a multi-wire cable corresponding to the propagation of the 
FPS at 50 kHz (left) and 150 kHz (right). 

5. CONCLUSIONS 

A series of experiments have been presented through the previous cases of investigation. The 
results obtained in case I, where three transducer configurations were used on a single wire, 
showed the influence of the attaching orientation of the transducers in the excitability of the 
different modes. From the three configurations used, two (I and III) were chosen as the 
optimal configuration for the propagation of excitation of L(0,1) and T(0,1).  

In case II, in order to study the defect detection capabilities of these two modes a defect was 
introduced into the wire. The results of these experiments show the capabilities of both 
configurations for the defect detection, as well as the presence of T(0,1) and F(1,1) at 
frequencies where both modes have similar group velocity.  

In case III a 4 meter long multi-wire sample was inspected with the use of both previous 
configurations. By comparing Figures 11 and the results of case I, Figure 6, the considerable 
influence of the contact between the wires in the wave propagation and the high attenuation 
of the returning echoes for the different modes becomes clear. Figure 11 also showed the 
potential of using T(0,1) for the inspection of multi-wires where a distance of more than 6 
meters is successfully inspected with a single transducer. However for the same setup 
configuration, the performance of L(0,1) was superior regarding length of inspection (more 
than 8 meters). In case III the results of the scanning of an area of the cable for the 
propagation of L(0,1) are also presented. The results agree with the findings of previous 
research in the field that has studied the influence of frequency in the wave propagation 
behaviour of L(0,1) and concluded that the energy exchange between wires decreases when 
the frequency increases. These results suggest the use of high frequencies in order to achieve 
further distances. 

The previous results have studied the use of a single transducer attached to one of the wires 
for the wave excitation. For its application the present results will be implemented in the 
design of a multi-transducer collar for long range application.  In this research T(0,1) has 
been proved as a possible alternative for the use of L(0,1) in specific cases where its lower 
group velocity or non-dispersive behaviour could benefit the method. Further investigation 
will study this possibility. 
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