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Abstract

Power line structures made of multi-wire cables are normally subject to adverse environmental conditions that can affect their integrity. The applicability of several techniques has been studied as a possible structural health monitoring solution. Amongst these, Ultrasonic Guided Waves have shown great potential. The complex geometry of the multi-element cable structures complicates the waves’ propagation behaviour and therefore the signal analysis, making the monitoring of the structural integrity of the cables a challenging task. This research presents the enhancements obtained through the use of a specially designed multiple transducer collar for the inspection of the wires. The waves’ excitation capabilities of the system are experimentally evaluated under different axial unload and load tension levels. The influence of these conditions on wave propagation is analysed. The results show the technique’s long range capabilities as well as its limitations and will thereby contribute towards the design of a future structural health monitoring system.
1.  Introduction

Multi-wire wire cables are commonly used for many different civil engineering structures. Among them, power line cables are one of the most common applications. Many of these structures have been installed for many years subject to adverse environmental conditions. This factor can affect the structural integrity of the cables. Currently different non-destructive testing techniques are employed in order to inspect the cables. Some of them, such as visual inspection by helicopter, involve the need for a highly trained operator, which could be costly and potentialy hazardous to human lives. For these reasons, in recent years, ultrasonic guided waves have been studied as a possible solution for the inspection of the structural integrity of the cables. 

Ultrasonic guided waves are commonly applied in many different NDT and condition monitoring structures, such as pipes, rods, plates and many others [1]. Different researchers have studied the use of UGW applied on power line cables. Although the multi-wire cables are potentially a good waveguide for the propagation of guided waves with a clear longitudinal axis, the study of UGW on this type of structure is a complex task. Previous investigations have studied the principal challenges of the use of UGW in the multi-wire, these being the complex geometry and the mechanical contact among the wires. These two factors complicate the wave propagation analysis. An additional factor, not always considered in these studies, is the influence of the load conditions on the wave propagation. One of the pioneers in the study of the guided wave propagation in multi-wire cables was Kwun et al. who studied this in steel strands [2]. In this experimental investigation, the propagation of L(0,1) was studied at different frequencies under different tensile load conditions using magnetostrictive transducers. The tensile loading effect on the wave propagation of longitudinal wave mode was studied. A highly attenuated frequency range was found in the frequency spectrum, the center frequency of this range was called notch frequency. This frequency range was found to be related with the axial load applied to the strands. Rizzo et al. analysed the wave propagation in multi-wire cables in two investigations [3][4]. First, the propagation of the wave was studied focusing on the displacement generated by the different wave modes through a spectrogram analysis. In this investigation the propagation behaviour of L(0,1) and F(1,1) was considered. Later, they studied the wave propagation effect of the progressive load conditions on multi-wire strands. This was studied as a level of the individual wires and the completed seven steel strands. Their results showed the higher attenuation of the waves in the multi-wire cables compared with the single wire case. This behaviour was related with the inter-wire contact and the different wave mode shapes of L(0,1) and F(1,1). However these investigations focused on the study of prestressing strands where all the wires are made by steel. Later, Baltazar et al. studied the wave propagation in power line cables made of aluminium and steel [5]. By using short time Fourier Transform (STFT) technique, analysed the effect of the mechanical contact between the wires on the wave propagation behaviour. The energy exchange between the wires was reported to be related with the radial displacement at the surface of the wires. However, these investigations have used short length power line cables under no axial tension conditions. Legg et al. analyses the wave propagation in a long range scenario with the objective of increasing the range of inspection [6]. In this investigation, dispersion compensation and attenuation compensation was used in order to increase the SNR of the signals. The results prove the long range achieved with this technique. However, in this work the long power line cable sample was placed on the floor with no axial load. 

This paper studied the propagation of ultrasonic guided waves on a power line cable sample under different axial tension values. An experimental setup was designed and built in order to reproduce conditions close to those of the power line cables once they have been installed. The propagation of L(0,1) was studied under different load conditions with the use of two specially designed collars for the wave mode excitation of L(0,1). A wide frequency range is studied in order to find the most convenient frequencies of L(0,1) for each tension condition. Chirp excitation and STFT analysis was used in order to determine the energy content of the transmitted waves at different frequencies. 

2. UGW applied in power line cables
Guided wave propagation in multi-wire cables is a complex matter due to the complexity of their geometry, helical shape, and multi-element presence. For this reason, the selection of the wave mode of interest and the frequency range are two key factors. The range of inspection considered by most researchers has been 20-400 kHz where only lower order wave modes could be excited. Three wave modes can be propagated in this frequency range: L(0,1), T(0,1) and F(1,1). The dispersion curves have been calculated for a rod of the same diameter as one of the peripheral wires of the cable. This has been done with the use of Disperse®. 

As in many other applications, for the case of power line cables, the wave mode and frequency selection is an important matter due to the fact that the objective is to achieve the maximum possible range of inspection. As was mentioned, several investigations have studied and compared the propagation of different modes on power lines [3][5][7]. Their results proved the superior wave propagation properties of L(0,1) over F(1,1). For this reason, this study has exclusively focused on the use of this wave mode as the wave mode of interest. 

Regarding the transducer selection, some authors have opted for the use of magnetostrictive transducers [8]. Although the use of these transducers is appropriate for the excitation of the longitudinal wave mode, the results regarding the range of inspection proved the superior performance of the piezoelectric transducers [6]. This study has used piezoelectric transducers mounted on a collar that applies the necessary load force to each of them. The collar has been designed in order to optimise the excitation of L(0,1) wave mode, reducing the energy employed in the excitation  of the other two wave modes according to the previous investigation carried out by Malo et al. [7]. 
2.1  Axial tension influence into the waves’ propagation 
The axial load condition of the multi-wires has an important influence on the wave propagation of the wires. As was reported first by Kwun et al. [2] and later by Rizzo et al. [4] the load condition affects the contact between the wires which also affects the wave propagation properties. They reported that as the load increases, the contact also increases and the energy leakage is higher. It was shown that the load conditions play a key role in the frequency range selection due to the fact that, as the axial load increases, the missing frequency moves to higher frequencies. However, this study was only carried out on steel strand cases and not on power line cables which are normally made of two different materials, an external layer of aluminium wires and a steel core covered in anti-corrosive grease. The presence of the grease may affect the energy transmission between the signal and the internal core [6], and this effect can be increased as the axial load increases. 
3.  Experimental procedure 
A specially designed setup has been employed in the work described in this paper. This setup allowed different axial load conditions to be applied to a 50 meter long multi-wire cable. The type of multi-wire cables used in these experiments was an aluminium conductor steel reinforced (ACSR) cable. The specific type of ACSR cables was a “Dog” cable which is made of a single external layer of aluminium wires (4.72 mm diameter) and a steel core with a smaller diameter (1.72 mm) (Figure 1). The steel core of these cables, as well as other ACSR cables, is covered in anti-corrosive grease.
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Figure 1 “Dog” multi-wire cables sample
As described in Figure 2, the cable was attached at both edges to two smaller diameter tension cables that were also attached to two small poles using thimbles, hooks and brackets. Another two poles, with a cable roller installed on top of them, were located in the proximity of these two poles in order to increase the height of the cable. A crane scale was implemented in one of the edges in order to measure the applied axial tension to the multi-wire cables. In order to be able to vary the tension, a cable tensioner was located next to the crane scale. This allowed for easy control of the load conditions of the cables. 
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Figure 2 Setup diagrams, complete view diagram of the setup (top), crane scale (blue) and cable tensioner (red) locations diagram. 
In order to study the influence of the load conditions on the propagation of the waves, a pitch catch configuration was employed with the use of two multi-transducer collars, for 5 meters distance between them. Conventional 10 cycles Hann-windowed excitation waveforms were used on a frequency range of [10-320 kHz] for each 10 kHz. A sweep was carried out in a frequency range of [10-320 kHz] for each 10 kHz. The cable tensioner was used to gradually increase the axial tension between measurements. The load was measured with the crane scale and the range selected was [0 to 280 kg] for every 40 kg. In addition, chirp excitation signals were used at different frequencies content in order to study the energy content of the propagated waveforms. 

4. Results
A single signal is first illustrated in Figure 3 which corresponds to the received signal for a 5 meter distance between collars. In the signal a wave-packet is received at around 1.5 ms, which corresponds to L(0,1) wave mode. The rest of the waveforms present in the signal are not of interest to this study and are therefore considered coherent noise.
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Figure 3 Received signal at 20 kHz with a pitch catch configuration with 5 meters distance between collars
Figure 4 shows the results of the sweep measurements where the peak values of each frequency have been extracted at different axial load levels and illustrated as a single matrix. In this figure, the x axis represents the axial load, the y axis represents each of the frequencies measured during the sweep and the coloured bar represents the amplitude of the response.  The figure illustrates how at 0 kg axial load, for the specific transducer collar used, the maximum values are received at frequencies close to 210 kHz. As the load conditions increase, the amplitude values of the signals are reduced in the completed range of inspection with the exception of 20 kHz excitation frequency.

[image: image5.png]N
I
x~
-
o
c
o
S
o
o
[y

150
Axial load, kg




[image: image6.png]



Figure 4 Peak values of a sweep at [10-320 kHz] for every 10 kHz for different load levels [0-280 kg] for every 40 kg.
In order to study the effect of the increase of the axial load on the wave propagation in the time domain, Figures 5 (top and bottom) illustrate the signals obtained at 210 kHz, the excitation frequency which produces the maximum peak value at 0 kg and at 20 kHz, the excitation frequency which produces the maximum peak value under high axial load conditions. Figures 5 (top and bottom) illustrate both frequencies’ responses under different load levels (top figure at 210 kHz and bottom figure for 20 kHz).  For the 200 kHz case, the amplitude of the signals is reduced while the axial load level is increased. This behaviour is not repeated at 20 kHz, where between 80 to 280 kg, the signals increase the amplitude as the load increases. 
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Figure 5 Received signals at 210 kHz (top) and 20 kHz (bottom) for different load levels, [0-280 kg] for every 40 kg.

According to the this analysis, for power line cables under axial load, the waves are attenuated especially at some frequency ranges. But this behaviour is not repeated at 20 kHz. To study the energy transfer in a wide range of frequency, a series of experiments were carried out with chirp excitation waveforms. STFT was used in order to analyse the propagation of the waves on the time and frequency domain. Figure 6 shows the results for three different chirp waveforms, with the following range of frequencies: A) [10-100 kHz] B) [100-200 kHz] C) [200-300 kHz]. These experiments were carried out under two different tension load levels: Left at 40 kg and right for 200 kg.  Figures 6 A (left and right), show how the increment in the tension for the range of [10-100 kHz] the transmitted energy is highly reduced in the complete spectrum with the exception of [10-30 kHz] range. Figures 6 B (left and right), also show the high energy losses of the complete spectrum where the signals are almost totally attenuated. Figure 6 C (left and right) also show high energy leakage but thanks to the fact that in this range the signals propagate with higher amplitudes, especially at 210 kHz, the signals are still received.
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Figure 6 STFT of the received signals at 40 (left figures) and 200 kg axial load (right figures) by using different chirp excitation waveforms: A) 10-100 kHz chirp waveform; B) chirp 100-200 kHz chirp waveform; C)  200-300 kHz chirp waveform.
5. Conclusions
This paper has presented an experimental case where the propagation of guided waves in the ACSR cables has been studied under different axial load conditions. A series of experiments have been carried out on a wide range of frequencies in order to analyse the optimal frequencies regarding propagation range. In order to study the influence of the tension on the wave propagations, a specially designed setup was used that allowed the application of different axial load levels on a long length cable. 

First, a sweep analysis was presented that showed the peak values of the responses at different frequencies and axial load levels. The results showed how at low axial load conditions, the most convenient frequency regarding transmitted energy was 210 kHz. As the axial load increases, the transmitted energy decreases for the complete frequency range studied with the exception of 20 kHz, where the signal increases its amplitude as the axial load increases. This behaviour was also shown in the time domain analysis of both frequencies. A STFT analysis was performed with different chirp excitation waveforms that confirm the previous results. These results showed that, for the inspection of the ACSR cables using UGW, the most convenient frequency for long range inspection was 20 kHz. The results showed that by increasing the axial load, the transmitted energy decrease. When the axial load increases, the contact between the peripheral and the internal wires also increases, causing produces an increase of the energy leakage between them. Futher investigation need to be done to explain why at 20 kHz the transmitted energy increases as the axial load level increases. The authors also recommend further analysis regarding the range of inspection and defect detection in the same conditions. 
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