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Abstract. The paper describes a magnetic flux leakage measurement system fitted 

to the geometry of a special wire rope with reduced diameter (nominal diameter of  

5 mm), with very good inspection sensitivity and signal-to-noise ratio for the 

characterization of wear due to bending over sheave (BoS) fatigue and for the 

detection of flaws in wire ropes worn from use in hoisting applications. 

On the one hand it is possible to magnetically characterize the level of wear 

due to BoS fatigue in wire rope segments subjected to different numbers of bends, 

from hundreds up to some million bends. The behaviour profile shows that the wear 

leads to an increasing exponential magnetic behaviour, with a sudden strong slope, 

which is correlated with the trend of the breaking mechanical strength with respect 

to the number of bends.  

 On the other hand, in wire ropes worn from use in hoisting applications it is 

possible to detect and count areas with broken wires not only on the surface of the 

wire rope, but also within the wire rope. Moreover, various examples prove the 

capability of the magnetic inspection system to identify areas of wire rope which are 

most deteriorated according to conventional criteria based on visual inspection.  

 

1.Introduction  

Monitoring and controlling the integrity of metallic wire ropes used in hoisting applications 

is a major concern because they deteriorate over time due to bending and tensile stresses, in 

addition to stresses caused by the wire rope coming in contact with other elements of the 

system, such as pulleys. In order to assure that wire ropes will not fail during their useful 

lives, they are removed from service according to discard criteria defined by standards, and 

based on experimental and statistical studies related to the wear of wire ropes. Some criteria 

are very conservative and determine a maximum number of cycles for which a wire rope 

can operate in a system. Some others determine the maximum amount of broken wires per 

unit length counted by visual inspection (usually with the help of a wipe pushed against the 

rope), after which the wire ropes have to be removed from operation. But sometimes, by 

applying these criteria users do not take advantage of the complete lifecycle of wire ropes, 

which can also lead to dangerous situations. Therefore, it is necessary to establish objective 

discard criteria which reflect the actual degree of wear of the wire rope monitored in 

service environments. There is also an increasing need to monitor wire ropes in operation 

so that they can be removed from service before becoming a safety hazard. 

More info about this article: http://ndt.net/?id=19343
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Electromagnetic non-destructive testing methods, specifically those based on 

magnetic flux leakage (MFL) techniques, are widely used in industry to inspect and 

monitor the evolution of wear in wire ropes. These methods help to increase the security 

and the lifecycle of the wire ropes. Some instruments have been developed for inspection of 

special wire ropes with reduced diameter (including Intron Plus, Rotesco, AMC 

Instruments and Laboratory Roman Martyna) [1, 2, 3]. However, magnetic inspections with 

good sensitivity to flaw detection are difficult for wire ropes of this kind.  

This paper presents an inspection system based on the MFL technique, fitted to the 

geometry of a special wire rope with reduced diameter (5 mm nominal diameter). The aim 

of the present work is twofold: first, to study the evolution of wear due to bending over 

sheave (BoS) fatigue, which is a kind of fatigue that can be found in wire ropes used in 

hoisting applications, and establish the critical point of accelerated wear of this special wire 

rope. Second, to determine the number of broken wires by non-destructive means to 

establish an objective discard criterion based on data of wire ropes worn from use in 

operating hoisting applications. 

The paper is organised as follows. First, we describe the measurement system and 

the samples. Then the results obtained from a set of wire ropes subjected to BoS fatigue and 

with wire ropes worn from use in real hoisting applications are presented. The paper 

finishes with the conclusions drawn from this work.  

2. Magnetic Flux Leakage Measurement System and Test Bench 

The operating principle of the MFL method for detecting flaws in metallic wire ropes is 

illustrated in Fig. 1a. The wire rope is homogeneously magnetised close to saturation. 

Broken wires, abrasion or corrosion will generate localized discontinuities in the magnetic 

flux lines through the wire rope [4]. Changes in the magnetic leakage fields are detected, 

recorded and analysed to detect broken wires, using magneto resistive sensors located near 

the surface of the wire rope. 

A schematic representation of the magnetising and sensing head developed and 

implemented by the authors [5] is shown in Fig. 1b. It is composed of a set of powerful 

permanent magnets, which are supported by cross-shaped metallic blocks. By using a set of 

yokes, the permanent magnets are joined to create a closed magnetic circuit around the wire 

rope. The geometry and dimensions of the system were optimized through simulations with 

FLUX® commercial finite element software to achieve the highest sensitivity and signal-

to-noise ratio (SNR) with the measurement system [6].  

The head has two groups of magneto resistive sensors. Each group has four sensors 

located around the perimeter of the wire rope and separated from each other by a 90º angle, 

which measure the magnetic leakage fields near the wire rope surface. One group measures 

the longitudinal component of the magnetic field (“longitudinal sensors”) and the other the 

radial component of the magnetic field (“radial sensors”). 

 

a)  b)

Fig. 1. a) Operating principle of the MFL method and b) sketch of the magnetising and sensing head. 
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Fig. 2 shows a sketch of the measurement system. The magnetising and sensing 

head is designed with a hinged opening so it can be installed in any environment without 

disassembling the wire rope, and allowing the wire rope to pass through the system. The 

collection of data is achieved using a NI USB-6211 data acquisition module from National 

Instruments. The module is connected to a PC and controlled by an application 

implemented with the LabVIEW® software; signals are processed through code 

implemented with the MatLab® software. The performance of the system, in terms of 

sensitivity to detection of flaws, signal to noise ratio (SNR), repeatability and effect of the 

test speed were previously reported [5].  

In order to carry out controlled tests with different wire ropes, the measurement 

system was installed in an automatic test bench. Fig. 3a and 3b show the automatic test 

bench and an enlarged view of the measurement system mounted in the bench. The test 

bench allows testing wire ropes up to 17 m in length by passing them through the 

measurement system, applying constant tension, and keeping an approximately constant 

distance between the sensors of the measurement system and the surface of the wire rope. 

 

 

 
Fig. 2. Sketch of the measurement system composed of magnetising and sensing head, USB-6211 module and 

PC. 

 

a)  b)  

Fig. 3. a) View of the test bench for the automatic inspection of wire ropes and b) enlarged view of the 

measurement system mounted in the test bench. 

3. Samples Analysed  

The rope analysed is a 5 mm nominal diameter single layer stranded steel wire rope 

(6x19S-IWRC) [7]. Several wire rope samples with different features were used in this 

study, and they are described in the following: 

3.1 Samples 1 to 6  

The set of samples 1 to 6 consist of 6 steel wire ropes of 15 m in length, which were taken 

from the same production reel. They were subjected to BoS fatigue at different levels of 

wear in a custom-made accelerated BoS fatigue test bench. BoS fatigue commonly takes 

place in wire ropes for transport, where the wire rope supports a constant tensile stress and 

passes over one or several sheaves. 

Magnetising/sensing head USB-6211 module PC 



4 

The BoS fatigue test bench is composed of two traction sheaves connected to a 

traction system and four deflection sheaves. This way the operating conditions of the wire 

rope in a real application are simulated, causing fatigue wear in less operation time [8]. The 

consecutive forth and back motions of the wire rope in the test bench are called “a cycle”. 

Fig. 4a and 4b show two drawings of the test bench with the wire rope at the beginning of 

the forth (Fig. 4a) and back (Fig. 4b) motions, respectively. When the traction sheaves 

complete a cycle, different segments of the wire rope have passed over varying numbers of 

sheaves, and therefore they have been subjected to distinct numbers of “bends”. 

Table 1 includes the identification of the samples (1F to 6F), the number of cycles 

to which they were subjected in the BoS fatigue test bench, the different segments in the 

samples, the number of sheaves each of the segments passed over and the number of bends 

to which each segment was subjected. 

 

a)  b)  
Fig. 4. Sketch of the segments (“Segm.”) of the wire rope in the fatigue test bench a) at the beginning of the 

forth motion and b) at the beginning of the back motion. 

 
Table 1. Features of the set of samples 1F – 6F subjected to BoS fatigue. 

Sample 
Cycles 

(*103) 
Segments** 

Number 

of 

sheaves 

Number 

of bends 

(*103) 

Sample 
Cycles 

(*103) 
Segments** 

Number 

of 

sheaves 

Number 

of bends 

(*103) 

1F 0.1 

1 1 0.1 

4F 134 

1 1 134 

2, 4, 5 2 0.2 2, 4, 5 2 268 

3 3 0.3 3 3 402 

2F 0.5 

1 1 0.5 

5F 500 

1 1 500 

2, 4, 5 2 1.0 2, 4, 5 2 1000 

3 3 1.5 3 3 1500 

3F 3.0 

1 1 3.0 

6F 1500 

1 1 1500 

2, 4, 5 2 6.0 2, 4, 5 2 3000 

3 3 9.0 3 3 4500 
** Segments 1’, 2’, 3’, 4’ and 5’ have the same number of sheaves and bends as the segments 1, 2, 3, 4 and 5, respectively. 

 

3.2 Samples 7 and 8 

Samples 7 and 8 are steel wire ropes of 16.3 m and 12 m in length, respectively. They were 

subjected to 300·103 and 490·103 cycles of wear in different real applications and were 

tested by the magnetic inspection system after removing them from the applications. 

4. Magnetic Characterization of Wear in Wire Ropes Subjected to Bending over 

Sheave Fatigue (BoS fatigue) 

Firstly, samples 1 to 6 were measured in the initial state of new wire rope before being 

subjected to BoS fatigue. After the samples were subjected to different levels of wear in the 

fatigue test bench (Table 1), they were measured again. Fig. 5a and 5b show an enlarged 

view of the signal of a longitudinal sensor (located in the 0º position) in the 0 – 6500 mm 

section, in tests carried out on sample 6 before and after being subjected to 1.5·106 cycles. 
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Fig. 5. Enlarged view of the signals of the longitudinal sensor 0º in the 0 – 6500 mm section, obtained with 

sample 6 a) before being subjected to BoS fatigue and b) after being subjected to 1.5·106 cycles. 

 

When the wire rope is new, the amplitude of the signal remains at a constant range of 

oscillation around ± 20 mV. However, when the wire rope is subjected to fatigue, pulses in 

the signal with considerable amplitude variations appear. The amount and amplitude of the 

pulses increase as the number of bends to which each segment has been subjected also 

increases (segments 1 to 3 in Fig. 5b). This behaviour was also observed in the signals of 

the radial sensors. 

In order to obtain a representative value of each group of sensors, the integral value 

of the sum of the four sensors (of every group) was calculated. Fig. 6a and 6b show an 

enlarged view of the integral values of the longitudinal signals calculated for 100 mm 

intervals (AL) in the 0 – 6500 mm section, for samples in Table 1. The AL values of sample 

6F (1.5·106 cycles) exhibit considerable variation along its length and within a segment 

[between 1 and 8 V·mm], compared to sample 5F which has lower AL values [between 1 

and 4 V·mm], and to samples 1F to 4F [less than 2.5 V·mm]. 

The integral value of the total length for each segment (AL-seg) was also calculated 

to relate the longitudinal integral values with the number of bends to which each segment 

of the wire ropes had been subjected. This parameter results from averaging the 

longitudinal integral values calculated at 100 mm intervals within each segment. Fig. 7a 

shows the longitudinal integral value with respect to the number of bends for the set of  
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Fig. 7. a) Integral value of the longitudinal signals calculated for each segment (AL-seg) produced in the set of 

wire ropes subjected to BoS fatigue, with respect to the number of bends to which each segment was 

subjected and b) example of the behaviour of the breaking mechanical strength with respect to the number of 

bends [9, 10]. 

 

segments of the samples analysed. Two phases can be clearly identified; in the first, when 

the number of bends supported by each segment is less than 1.0·106, the AL-seg value 

remains approximately constant and below 0.5 V·mm. In the second phase, when the 

number of bends is larger than 1.0·106 the AL-seg value increases considerably, and reaches 

values of up to 1.54 V·mm when the number of bends is 4.5·106. The behaviour observed 

shows that in this kind of wire rope the wear due to BoS fatigue has an increasing 

exponential behaviour in the magnetic signals, in which the initial degradation process is 

slow and approximately constant. But, after 1.0·106 bends the degradation accumulates 

causing an avalanche effect [9, 11], which accelerates the increase in the level of wear as 

the number of bends increases. This exponential behaviour corresponds to the inverse 

behaviour of the breaking mechanical strength with respect to the number of bends  

(Fig. 7b) [10, 12]. The correlation found between the magnetic characterization of the wear 

and the mechanical parameter makes it possible to define an objective discard criterion for 

the wire ropes by completely non-destructive means. 

As the set of samples analysed in this section showed no evidence of broken wires 

on the surface, a destructive test was carried out to observe the broken wires within the wire 

rope and their distribution. A length of 90 mm was cut from segment 3 of sample 6F; the 

strands were unrolled and a rigorous visual inspection was carried out. An average of 6 

broken wires per strand was found in the outer layer of strands, while the wires of the inner 

layer and the core were found in good condition [9]. 

5. Inspection of Steel Wire Ropes Worn from Use in Real Applications 

Steel wire ropes worn from use in real applications were also inspected. Fig. 8 shows an 

enlarged view of the longitudinal signal (VLsum – resulting from the sum of the four 

longitudinal sensors VL) in a section of sample 7. The signal presents a considerable 

amount of positive and negative pulses in localized areas, with different amplitude values. 

These pulses in the signal were detected and counted using an algorithm for pulse detection 

(red and orange points in Fig. 8). The algorithm detects pulses with amplitudes larger than a 

threshold value, defined according to the background signal obtained with new wire ropes 

without flaws. Many of the positive and negative pulses were found at the same positions 

where broken wires were visible on the surface of the wire rope. Some other pulses 

corresponded to positions where there were only broken wires inside the structure of the 

wire rope non visible from the surface with a conventional visual inspection. 

 

1st phase 
1st phase 

2nd phase 

2nd phase 
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Fig. 8. Enlarged view of the longitudinal signal (VLsum) in the 2000 – 2800 mm section of sample 7. 

 

Fig. 9a and 9b show the comparison of the count of pulses detected in the magnetic 

signals and the count of broken wires identified by means of visual inspection for each 

metre of samples 7 and 8. The count of pulses (magnetic detection) and broken wires 

(visual inspection) show a similar trend along the length of the wire, which proves the 

capability of the magnetic inspection system to also identify the areas of the wire rope 

which are most deteriorated according to conventional criteria based on visual inspection.  

In most of the intervals analysed the count of pulses is larger than the amount of 

broken wires. This is due to the fact that magnetic signals provide information not only 

about the broken wires that can be seen on the surface of the wire rope, but also about 

internal defects in the wire rope. Thus, by properly adjusting the threshold value to detect 

pulses in the magnetic signal and establishing a relation between the count of pulses and 

visible broken wires, the magnetic inspection system can be also a very useful tool to define 

an objective discard criterion for wire ropes worn from use in hoisting applications. 
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Fig. 9. Number of pulses in the magnetic signal counted by the algorithm, and number of broken wires 

identified by visual inspection in a) sample 7 and b) sample 8. 

6. Conclusions 

In the present work three magnetic parameters have been considered from the inspection 

system based on the MFL technique: the integral value of the sum of the four longitudinal 

signals calculated for 100 mm intervals (AL), the representative integral value of the total 

length for each segment of the fatigue test bench (AL-seg) and the count of pulses for each 

metre of the wire rope representative of broken wires. The first two parameters make it 

possible to characterize the level of wear in wire ropes segments subjected to different 

numbers of bends in a BoS fatigue test bench. The third parameter can be used to detect 

areas with broken wires not only on the surface (external), but also within the wire rope 

(internal). Therefore, with this non-destructive magnetic inspection system the condition of 

the wire rope can be constantly monitored and an objective discard criterion can be defined 

for small diameter metallic wire ropes used in hoisting applications. 
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