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Abstract: Steel wire rope is essential to many rope transport devices. As steel ropes are used, they
become damaged, the identification of which is often very difficult or time-consuming. The criteria
for retiring steel wire ropes are rigorous—sometimes, ropes that remain fit for further operation
are replaced. This article aims to define a novel method of identifying the condition of steel ropes
based on their residual magnetic field measurements and their potential use in other industries
in the event of damage. This article presents a methodology for detecting discontinuities in steel
ropes, which allows for determination of their suitability for further operation. The work uses a rope
as a load-bearing element of a personal lift. The initial signal was recorded with a SpinMeter-3D
magnetometer. The obtained results were subjected to the extraction of features, the analysis of which
allowed identifying the damage. The obtained results enable us to conclude that this procedure is
crucial in the context of sustainable development.

Keywords: steel wire ropes; diagnostics; nondestructive testing; passive magnetic method; residual
magnetic field; personal lift

1. Introduction, Aim, and Scope
1.1. Use of Steel Wire Ropes

Wilhelm Albert produced the first steel wire rope in 1834. Today; it is widely used in
lifting, traction systems, and transportation. Different types of steel wire ropes are used as a
tensile load for various applications in industry and civil engineering. The major equipment
includes ropeways, lifts, oil rigs, mine hoists, personal lifts, and cable-stayed bridges. The
ropes are made of several steel strands twisted on the central core to improve the axial
strength, stiffness, and bending flexibility, thus increasing the mechanical properties. They
are usually made of many structures. So, in the context of mechanical strength, steel
wire ropes are typically analyzed for strain and stress [1]; hence, research on wire ropes
is essential. The fatigue strength depends on the crack propagation in the wire rope’s
internal and external cross sections and its ability to withstand abrasion and plasticity after
extended use [2].

1.2. Magnetic Methods to Diagnose Steel Wire Rope Damage

Some authors [3] have conducted nondestructive testing and discussed the discard
criteria, emphasizing the importance of internal damage. The study of the broken wires,
most often used in lifts and hoist ropes, used electromagnetic nondestructive methods. To
determine the failure criteria of wire rope, there are recommendations to conduct a yearly
magnetic test. Other researchers [4] who have inspected the wire ropes commonly used in
the gas, oil, and mining industries concluded that electromagnetic nondestructive methods
have potential and could be helpful to develop the failure and discard criteria [5]. In [6],

Sustainability 2022, 14, 14641. https:/ /doi.org/10.3390/su142114641

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su142114641
https://doi.org/10.3390/su142114641
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-1948-3319
https://orcid.org/0000-0002-6916-683X
https://orcid.org/0000-0002-6577-4707
https://orcid.org/0000-0002-4732-6732
https://orcid.org/0000-0001-6320-9539
https://doi.org/10.3390/su142114641
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su142114641?type=check_update&version=2

Sustainability 2022, 14, 14641

20f12

the authors presented an innovative diagnostic procedure for ropes using passive magnetic
methods. The changes in the magnetic induction near the rope, determined by the analysis
of the electromagnetic properties, may be caused by changes in the metallic cross section
(cracks, corrosion, and/or abrasions) and wear (fatigue). However, the presented method
required knowledge of the tested object’s initial and defect state. The authors of [7] noted
the change in the strength of the tested object depending on the degree of damage. The
division of the research into three stages made it possible to conclude that in the event of
damage to more than half of the cross section, the rope’s strength dropped drastically. The
authors of [8] applied eight wire rope defect signal analysis methods. In their conclusions,
they suggested that it was necessary to use a comprehensive approach, looking for various
analytical techniques to identify the damage. In [9], the Ye-Duyi damage model was used
to predict the damage to the wire rope core, while the Weibull distribution was used to
estimate its reliability. The results were promising but still required a lot of work and
verification. The fatigue analysis of steel ropes shown in [10] was also critical. It showed
that the diameter of the rope decreased with increasing fatigue wear. However, the damage
propagation increased dramatically after exceeding 60,000 cycles of fatigue work. Ref. [11]
showed that the interwire pressures influenced the fatigue demand in both new and existing
wire ropes. Pitting corrosion led to higher local stress amplification with regard to uniform
corrosion. Many authors have also tried to create a continuous signal analysis algorithm
for online identification. In [12], an acquisition signal based on Labview was developed
that enabled continuous measurement. This algorithm required some finetuning.

1.3. Other Methods of Diagnosing Steel Wire Rope Damage

Apart from magnetic methods, there have also been attempts to analyze the signal
using induction thermography [13]. In Ref. [14] presented a different approach to detecting
local wire rope defects. The proposed method characterized wire rope surface images with
a smaller number of feature dimensions and provided a good distinction between different
types of rope surface defects. The images were collected and then broken into pieces
that were small enough and contained enough reflection information. The segmented
images were then binarized. The binarized images were also denoised and morphologi-
cally smoothed. Finally, a special algorithm was proposed as a classification method to
detect local faults. Techniques using longitudinal guided waves have also been developed.
Defect detection, in this case, was accomplished by analyzing the wave velocity and time.
The experiment confirmed that as the stress increased, its natural frequencies increased.
However, this method is very complicated and time-consuming [15].

1.4. Problems with the Diagnosis of Steel Wire Rope Damage

Another problem encountered in the diagnosis of wire rope damage is the determina-
tion of the location of the defect on the cross section. The authors of [16] proposed placing
a dozen sensors around the perimeter of the rope’s cross section. The largest problem
arose from guiding the rope. Therefore, it is necessary to conduct further analyses in this
area. A significant challenge is to assess the technical condition of ropes in polyurethane
matrix or steel belts. This topic was taken up in [17]. The proposed method of active
analysis was more expensive and less environmentally friendly. Diagnosing steel ropes
is an important part of sustainable development, due to the disposal of used steel ropes.
Only in [18] did the authors propose a way to reuse the used steel ropes from personal lifts.
The work examined the properties, and it was concluded that the steel ropes could be used
as reinforcement of concrete instead of steel bars.

1.5. Aim of the Work

The criteria for retiring wire ropes vary from country to country [19], which may result
in replacing ropes that are fit for further use in a different country or application. In the
event of damage, it is imperative to manage the used rope properly. This article aims to
develop an algorithm for wire rope damage detection based on the features extracted from
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the magnetic induction components measured near the rope. The traditional magnetic
method of wire rope testing is based on formatting the magnetic field from an external
source and analyzing the magnetic flux leakage caused by discontinuities [20-24]. The
method we propose uses residual magnetic fields (self-magnetic flux leakage), which result
from the action of the magnetomechanical effects changing the electromagnetic properties
of the material. In addition, self-magnetic flux leakage is caused by the mechanical and
structural inhomogeneities of the material [25-27]. A detailed analysis of the standard
features of the diagnostic signal, gradient, and TKEO [28] is carried out, and a new fault
identification method is introduced.

2. Experimental Details
2.1. Examined Object: Steel Wire Ropes

The examination was conducted using three different diameters and constructions of
steel wire ropes (Table 1).

Table 1. Details of the ropes.

No. of the Rope 1 2 3

Cross section

06.5 mm ©5.1 mm
25.0 mm (metalic part) 4.0 mm (metalic part)

7 x 19W + IWRC(7 x 7) 6 x 19S + IWRC(7 x 7)
coated coated

Diameter 26.0 mm

Construction 6 x 19S + IWRC(7 x 7)

Rope no. 1 was a steel wire rope without a polyamide casing. The remaining two ropes
were covered with polyurethane material. This solution is used in industry to increase the
adhesion of the ropes to the friction wheel, thus increasing the friction. Each rope had a
different structure and number of strands—research on this will be the subject of other
studies. We selected this combination of ropes due to the different diameters of the metallic
cross section of the individual ropes: no. 1: 6 mm, no. 2: 5 mm, no. 3: 4 mm (Figure 1).

Figure 1. Examined steel wire ropes: rope no. 1 in the middle, rope no. 2 at the top, and rope no. 3 at
the bottom.

2.2. Measurement Details

For the measurement of the magnetic field, the SpinMeter-3D was used [29]. The
SpinMeter-3D uses the phenomenon of tunnelling magnetoresistance (TMR) [30-32]. Figure 2
shows the sensor with the system of measuring axes. The magnetic sensor was placed on
a test strand. Each rope was cut into pieces 700 mm long, and loops were formed at the
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ends so they could be attached to the test stand (Figure 1). The measuring range of each
rope was 300 mm. Each rope realized a reciprocating movement with a speed of approx.
3 mm/s. The measuring range of the steel wire rope is marked with yellow. The room
where the measurement was performed did not contain other ferromagnetic elements that
could affect the measurement result. The measurement consisted of two stages. In the first
part of the measurement, each steel wire rope in the delivery state was installed on the
stand. The SpinMeter-3D was positioned 10 mm (in the z-direction) and 0 mm (in the x-
and y-directions) from the magnetic sensor (Figure 2).

I

‘ Movement rope direction

SEensor (vew from above)

Axis of defect

Measurement range Rope

300

z
= | Initial state

ﬁ\ SENsor (side view)

ol

© 3 . . !
- - ENSOT (side view) T
e @* State with damage

X

N

1

Figure 2. Measurement system: initial (delivery) state and state with damage.

The three components of induction were recorded ten times for this state. The mean
of all values was used for the final analysis. Then, centrally in the middle of the rope, a
discontinuity was introduced (we cut the rope) to a depth of approx. 2 mm (Figure 3). All
recorded signals for the rope with discontinuity are marked as _p.

Figure 3. Introduced damage to the rope.

For this state, the magnetic sensor recorded a signal at a distance of 10 mm (in the
z-direction) and 0 mm (in the x and y directions).

3. Results

The results of the obtained measurements are shown in Figures 4-14. Figure 4 shows
the recorded signals for the initial state, and Figure 5 shows the signals for ropes with
introduced discontinuity. Figure 6 shows the difference AB; in the values between the
signal for damaged ropes B; p and their initial state B; (AB; = B; p — B;). Figures 7-9 show
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B; [uT]

B; [uT]

AB; [uT]

the distribution of gradients for the induction components: Byx, Byy, and B.z. Similarly,
Figures 10-12 show the TKEO analysis for the induction components: By, By, and B;.
Figure 13 illustrates the signal modules calculated as |B| = \/ BxByx + By-By + B;*B;. On
the other hand, in Figure 14, one can observe a new variable not encountered before in
diagnostics, determined by the product of the signals from all three induction components
By = ByBy-B..
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4. Discussion
4.1. Interpretation of Charts

Figures 4 and 5 show the distribution of the induction components along with the
measuring range. Figure 4 relates to the initial state. Figure 5 shows the rope’s condition
with damage. The difference in the induction components’ distribution for almost every
axis is apparent. This confirmed the results presented in [6]. Figure 6 shows the difference
in the level of the magnetic induction for the initial state of the rope and the state with
the introduced damage. We found the most significant changes in the distribution of the
induction components near the tested rope for the By and B, components. The values of
the maximum differences AB, and AB; for all the tested ropes are shown in Figure 15.

Figures 7-14 show a comparative analysis of the signal with and without failure.
Figures 7-9 show the distribution of the gradient of the induction components. There is a
clear influence of the defect on the distribution of the gradient values, which increased in
the immediate vicinity of the introduced defect. The most significant differences appeared
for the grad B, _p and grad B, p; grad B, p showed no significant changes. The maximum
values of the gradients for all the tested ropes are shown in Figure 16.
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Figures 10-12 show the distribution of the TKEO values obtained for the induction
components. The TKEO analysis yielded a clear peak for the B, p signal that can be used for
detection discontinuity. This is an essential supplement to the diagnostic signals presented
before.

Figures 13 and 14 show the product of the three signals and the value of the resultant
vector.

Figure 14 shows two extremes in the course of the product of the induction components
measured on the surface of a defective rope and other extremes in the study of a rope
without a defect. For all the ropes, there was a clear picture of discontinuity.

4.2. Analysis of the Results

Regardless of the initial state of the wire rope magnetism, the damage caused a change
in the measured signal. For ropes no. 1 and no. 2, the diagnostic signal was evident; for
rope no. 3 there was a lot of noise. This was most likely due to the minor diameter of
the metallic cross section. Further research will allow us to determine whether the rope
structure could have caused this result. The signal’s shape resembled a peak for the x
component (tangent along the measurement direction). The y component (the tangent
perpendicular to the measurement direction) was also a peak but with a value several times
smaller. On the other hand, the z-component signal (normal) resembled a sine waveshape.

The gradients of the individual signals took the same shapes, with the difference,
however, that the waveforms oscillated around the 0 value axis. The gradient distribution
allowed the measured signal to be independent of the initial state.

The TKEO energy analysis, mainly based on the x and z signals, allowed us to identify
the area with the most noticeable changes. However, this signal was not unambiguous,
although it helped to analyze it.

Determining the modulus of signals based on all three components was very promis-
ing. For all the measurements carried out, this analysis indicated damage.
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The most promising diagnostic signal seemed to be the product of all three components,
which has not been used before. This signal was unambiguous and did not raise any doubts.
The signal of the y-component turned out to be very important in this case. As discussed
earlier, its changes were negligible. However, these slight changes appeared just in the area
of damage, and in the rest of the measurement, it assumed values close to 0. This was a
crucial component because it allowed resetting the signal with no changes and emphasizing
the signal with the damage.

5. Conclusions

1. The use of the phenomenon of tunneling magnetoresistance in diagnosing the tech-
nical condition of wire ropes is promising. Passive magnetic diagnostics is much
more energy-efficient than active techniques. It does not require generating an ex-
ternal magnetic field and consuming energy. Reduced energy consumption leads to
environmental sustainability.

2. Theinduction component distributions along the rope length were measured with and
without a defect. Comparing the obtained results showed that the difference in the
values near the defect for almost every component was apparent. This confirmed the
results presented in [6]. Even without knowing the initial state, the magnetic anomaly
caused by the discontinuity of the material gave a sufficiently strong diagnostic signal
to enable its detection.

3. We found that the values of the induction components were an important diagnostic
parameter. Visible changes were observed in the induction gradient for the x and z
components. Additionally, there was a clear peak in the TKEO analysis for the By p
signal.

4. We introduced the product of the magnetic field induction components measured on
the rope surface By; = By-By-B;, which was an excellent diagnostic signal, giving a
clear image of the discontinuity in the signal distribution.

5. A comprehensive approach using many features of the diagnostic signal is the basis
for developing a new passive magnetic method for evaluating the defectoscopic
condition of steel ropes.

To summarize, the skillful diagnosis of wire ropes can impact sustainable development
in two ways: firstly, ropes that reach their service life, and are suitable for further use, may
have a longer service life. This affects the sustainable development of the environment
and allows for economic savings. Secondly, it is essential to find possible uses for the
used wire ropes in other industries. Instead of discarding them, we could use them for
further work. As for personal lifts—the ropes of higher shafts, in the event of damage at
extreme distances, could be used for other—lower shafts. The approach mentioned in [18]
is also innovative, where steel ropes could be effectively used as an element in concrete
reinforcement.

The presented results were qualitative in nature. Future work will focus on the analysis
of the possibility of developing quantitative relationships between the defect size and shape
and its magnetic signature.
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