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Abstract: Steel wire ropes, as key load-bearing components, suffer from significant wear and broken wire damage
during their service period, which poses a serious threat to operational safety. Addressing the issues such as the single
excitation method in traditional eddy current detection methods, the large noise interference from the phase wave, and
the low accuracy of damage quantitative identification, this paper proposes a new non-destructive testing method that
combines a dual-level excitation structure with signal processing. Firstly, a dual-level excitation structure composed of
three asymmetric magnetic poles on the left, middle, and right sides was designed. By using differentiated permanent
magnet grades (N35/N52/N52) and a 60 mm magnetic pole spacing, two independent intervals with significantly
different excitation intensities (up to 7.7%) were formed within the steel wire rope, effectively reducing mutual
interference. Subsequently, through finite element simulation analysis, the influence of magnetic pole parameters on the
excitation effect was investigated, and a signal processing method based on offset superposition and sliding average
filtering was proposed to effectively suppress periodic phase wave noise. Experimental results show that this method
established a high-precision cubic polynomial quantitative model between the number of broken wires and the peak-to-
peak value of the eddy current signal (coefficient of determination R? = 0.995), and compared with existing detection
devices, the error rate of broken wire identification was significantly reduced from 51.3% to 13.3%. This research
provides an effective technical means for the precise quantitative identification of wire rope wear and broken wire
damage, especially composite damage.
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1 INTRODUCTION

As a key load-bearing component, wire rope is widely used in major engineering fields such as elevators, mines, and
bridges. Its safe operation is directly related to the safety of life and property [1]. However, in the complex service
environment, wire ropes are prone to local damage such as wire breakage and wear due to fatigue, wear and corrosion.
These damages will significantly reduce their bearing capacity and even cause catastrophic accidents. Therefore, it is
necessary to carry out regular and effective non-destructive testing of wire ropes to detect early damage in time. Among
many non-destructive testing methods, the principle based on magnetic flux leakage testing has become the mainstream
technology for wire rope testing because of its high sensitivity to ferromagnetic material defects and its applicability to
on-site environments [2]. However, the traditional single excitation structure has significant limitations: on the one hand,
the magnetic field generated by it is uniform, and it is difficult to effectively distinguish the periodic ' wave ' noise
caused by the structure itself from the real damage signal. On the other hand, the single excitation intensity makes the
response characteristics of different types or degrees of damage not rich enough, which limits the accuracy of
quantitative identification. Therefore, it is necessary to develop a non-destructive testing device and method for wire
rope with a new excitation structure to realize the detection of wire rope wear and broken wire damage, provide
effective data support for quantitative identification of wire rope damage, and finally provide help for accurate
prediction of wire rope lifespan.

The wear and fracture of the wire rope is one of the main reasons for the decline of its service performance. Cruzado et
al. used laboratory fretting test and finite element simulation technology to explore the wear form and wear rate
between steel wires under different loads and cross angles [3—5]. Wang solved the fretting fatigue parameters of steel
wire rope under different terminal conditions by using dynamics, and explored the wear and crack propagation behavior
of steel wire under different parameters [6—8]. Liu et al. studied the wear degradation of fatigue properties and structural
strength of wire ropes by performing tensile fatigue and fracture tensile tests on wire ropes with different degrees of
wear [9]. Chang et al. used a self-made test device to explore the sliding wear behavior of wire rope under different
service conditions [10-11], and analyzed its wear mechanism and residual strength. Wang et al. explored the fretting
fatigue wear behavior of wire rope in corrosive environment [12], and found that the synergistic effect of corrosion and
fatigue would aggravate the wear of steel wire.
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In the field of wire rope damage detection, in order to overcome the inherent limitations of traditional electromagnetic
excitation methods in sensitivity, spatial resolution and working condition adaptability, scholars have carried out
systematic and in-depth research on excitation mode optimization, sensor innovation and multi-physical field
information fusion. In order to analyze the quantitative detection of broken wire of wire rope, Mzurek et al. carried out
the research on the detection of wire rope by using geomagnetic field [13], and analyzed the influence of sensor
arrangement on the defect detection results. Zhang et al. proposed a new method for quantitative detection of internal
and surface defects of wire ropes by improving the shortcomings of induction coil magnetic flux detection and Hall
sensor magnetic flux leakage detection [14]. Yan et al. proposed a simple magnetic flux leakage detection circuit based
on the magnetic field measured by a single Hall sensor and two methods of using the iron core as the skeleton of the
detection coil group to enhance the strength of the magnetic flux leakage signal when the wire rope is defective [15-16].
Based on Hall sensor and magnetic flux leakage detection method, Liu et al. carried out experimental research on local
broken wire defects of wire rope [17], designed a detection device, and compared and analyzed the influence of
different filtering methods on the detection results. Zhang et al. designed a small detector with simple structure [18],
convenient installation, light weight and good portability, and used the instantancous phase solution and wavelet
analysis in Hibert transform to eliminate the interference waveform. In order to improve the recognition rate of
magnetic flux leakage detection, Zhang et al. fused the magnetic image converted by the magnetic flux leakage
information on the surface of the wire rope with the visible image of the wire rope [19], and achieved good results. At
the same time, Zhang et al. proposed a method to further improve the recognition rate of wire rope defects by extracting
the color moment and texture features of the pseudo-color magnetic flux leakage defect image of the wire rope and its
color infrared defect image [20-21]. Liu et al. found that the algorithm based on the reshaped sine function transform is
the most suitable for quantitative modeling of steel wire rope and defect signal recognition by comparing a variety of
magnetic flux leakage imaging algorithms [22]. Gabor filtering, morphological filtering and small target extraction are
used for magnetic flux leakage image processing and feature extraction, and a new type of magnetic flux leakage
imaging and defect quantitative recognition method is proposed. In addition, Cao et al. studied the application of eddy
current testing technology in non-destructive testing of wire ropes [23], proposed a wire rope broken wire identification
method based on radial basis function neural network, and developed an experimental eddy current sensor and a
computer measurement system. Aiming at the problem of weak signal in non-destructive testing of steel wire rope
defects by magnetic flux leakage detection method in electromagnetic interference environment. Based on the magnetic
flux leakage method, Peng et al. proposed a method for identifying the damage width of multi-channel fusion wire rope
of Hall sensor array [24], which improved the detection accuracy of wire rope damage width. Pawel et al. systematically
studied the resolution of 'passive magnetic method' in nondestructive testing of wire rope [25]. It is found that this
method can find the surface defects of the wire rope, but when the defects are too close, the signals will interfere with
each other and it is difficult to distinguish. Lu et al. combined magnetic flux leakage detection and infrared thermal
imaging methods to improve the accuracy of wire rope broken wire damage identification based on fusion features [26].

Due to the limitations of traditional electromagnetic excitation methods, many scholars have turned their attention to
alternative physical fields, and systematically carried out research on non-destructive testing of steel wire ropes based
on multi-field coupling of heat, sound, and light. Feng et al. developed a set of 'portable energization-infrared imaging
'automatic detection system for measuring the corrosion rate of galvanized steel wire [27]. By heating the old steel wire
and collecting the surface temperature rise, a cubic polynomial model of ' corrosion rate temperature rise ' was
established. It was found that the higher the temperature, the heavier the corrosion. In order to further improve the
accuracy of wire rope damage detection, according to the corrosion damage characteristics of wire rope, Neslusan et al.
analyzed the relationship between Barkhausen noise parameters and corrosion depth of wire rope, and studied the non-
destructive detection method of wire rope corrosion state by using Barkhausen noise [28]. Aiming at the problem that
the actual service environment of wire rope is harsh, the noise is large, and the defect data is many and complex, Zhang
et al. proposed a new flaw detection method based on convolutional denoising autoencoder and isolation forest [29],
and verified its effect. Larson et al. used CCD camera to realize the recognition and detection of steel wire surface
scratches [30]. Zhou et al. proposed a new method of wire rope damage detection based on texture features by
extracting features from the surface image of wire rope [31]. Chen et al. designed a wire rope broken wire damage
detection system based on magnetic leakage and visible light [32]. Through MEEMD-wavelet denoising, guided image
filtering fusion magnetic signal, WTCAE positioning visible light defect and quantitative recognition of fusion image,
the sensitivity and accuracy of broken wire recognition and positioning are significantly improved. Artificial
intelligence has become the underlying engine that enables various technologies. Whether it is processing visual images,
magnetic signals, or fusion features, deep learning has significantly improved the level of automation and intelligence
of detection. Huang et al. constructed an automatic identification framework for surface damage of steel wire ropes
based on convolutional neural networks (CNN) [33]. The study verified the effectiveness of deep visual features in
detecting surface defects of steel wire ropes, but it was only applicable to visible surface damages in the laboratory and
could not detect internal defects. Zhou et al. established a steel wire rope damage detection framework based on deep
learning [34]. This framework significantly improved the intelligence and accuracy of damage detection through image
preprocessing and deep convolutional neural networks.

Therefore, this paper proposes an innovative two-stage excitation structure and asymmetric magnetic pole design. This
structure adopts different grades of permanent magnets for specific arrangement, aiming to actively construct two
independent intervals with significantly different excitation intensities on the steel wire rope, thereby generating two
different intensity leakage magnetic field signals due to the same damage. Based on this, corresponding signal
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processing algorithms were developed, which effectively suppress the sheave wave noise through signal superposition
and filtering. Finally, through the finite element simulation of the system, experimental calibration, and comparative

tests with existing equipment, the proposed method was verified to improve the wear and broken wire damage of the
steel wire rope

2 WIRE ROPE EXCITATION STRUCTURE AND EXCITATION SIMULATION ANALYSIS

2.1 Two-Stage Excitation Structure Design

The material of wire rope is carbon steel with high permeability. The material of wire rope is carbon steel with high
permeability. In this paper, an innovative design of two-stage excitation structure is adopted, which is composed of Nd-
Fe-B magnets and magnetic boots arranged by left, middle and right magnetic poles according to certain rules. Among
them, two independent excitation intervals are formed between the three groups of permanent magnets and the magnetic
boots, and different grades of magnets are used. The two-stage excitation structure includes a magnetic shoe (soft
magnetic material) and a NdFeB magnet, as shown in Figure 1. At the same time, in order to prevent the permanent
magnet from rotating along the central axis due to the repulsion of the magnetic poles, a stopper is added at both ends of
the permanent magnet, which is fixed to the magnetic boot through bolts.

Magnetic boot

Excitation permanent magnet

Figure 1 Dual-Stage Excitation Structure Diagram

In order to realize the convenient opening and closing of the device to load and unload the wire rope, the excitation
structure adopts a double excitation circuit, as shown in Figure 2. The six NdFeB magnets are semi-annular, group 1
and group 3 are radially magnetized, and group 2 is axially magnetized. Among them, the bipolar polarity of group 1 is
internal N and external S, the bipolar polarity of group 2 is left S and right N, and the bipolar polarity of group 3 is
internal S and external N. The permanent magnet group 1, 3, magnetic boots and the measured wire rope form an
overall magnetic induction line loop. Because of the axial magnetization of the permanent magnet group 2, the whole
loop is divided into two independent intervals. In this magnetic circuit, there is an air gap A between the wire rope and
the excitation structure, and the air gap A determines the size of the reluctance in the main magnetic circuit, so the air
gap A should be reduced. This chapter mainly focuses on the design of 6 x 19 + FC wire rope (diameter 10 mm) to
ensure that the air gap range is 1-2 mm and reduce the influence of air gap on the excitation effect.
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Figure 2 Schematic Diagram of Magnetic Poles and Magnetic Field Lines in a Two-Stage Excitation Structure
2.2 Finite Element Simulation of the Excitation Effect of the Two-Stage Excitation Structure

According to the new two-stage excitation structure model, a simplified ANSYS Maxwell finite element model is
established. The simplified two-stage excitation structure is shown in Figure 3.
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Figure 3 Simplified Finite Element Simulation Model of the Two-Stage Excitation Structure

The simulation analysis is based on a fixed magnetic pole spacing of 60 mm, and the permanent magnet group 1 is set
to three different grades (N35, N40, N52) NdFeB permanent magnets, and the excitation intensity distribution cloud
diagram of the wire rope is obtained as shown in Figure 4. It can be found that there is a part of the area where the
magnetic induction intensity decreases below the permanent magnet group 2. The area is due to the cancellation of the
magnetic induction lines, so that the part of the steel wire rope in the group 2 is demagnetized to a certain extent and re-
excited in the next interval to reduce the excitation effect of the previous interval.
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Figure 4 Cloud Charts of Magnetic Field Distribution Produced by Different Grades of Permanent Magnets and Curves
of Magnetic Induction Intensity Variation of Steel Wire Ropes: (a) N35, (b) N40, (c) N50

Table 1 shows the relationship between the permanent magnet grade and the excitation intensity. It can be found that
when the permanent magnet group 1 adopts the N50 grade Nd-Fe-B magnet, the excitation intensity between the
permanent magnet group 1 and 2 is the strongest, followed by the N40 grade Nd-Fe-B magnet, and the N35 grade Nd-
Fe-B permanent magnet, the excitation intensity between the permanent magnet group 1 and 2 is the weakest. It can be
seen from the curve of the magnetic density of the steel wire rope that when the permanent magnet group 1 adopts the
N35 grade NdFeB magnet, the peak value of the left excitation area is 40.4 T, the peak value of the right side is 43.5 T,
and the intensity difference is 7.7 %. When the permanent magnet group 1 used the N40 grade NdFeB magnet, the left
peak was 42.3 T, the right peak was 44.3 T, and the intensity difference was 4.7 %. When the permanent magnet group
1 used the N50 grade NdFeB magnet, the left peak was 45.1 T, the right peak was 45.4 T, and the intensity difference
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was 0.7 %. At the same time, when the permanent magnet group 1 adopts the N35 brand permanent magnet, the
demagnetization intensity ratio is 34.7 %, when the N40 permanent magnet is used, the demagnetization intensity ratio
is 34.3 % ; when using N50 permanent magnet, the demagnetization intensity ratio is 33.9 %.

Table 1 Correspondence between Permanent Magnet Types and Excitation Strength

Brand Left-side excitation .nght—.s ide . Demagnetization E.XCItat.l on Difference in
name intensity (T) excitation Intensity intensity (T) intensity demagnetization intensity
(M difference
N35 40.4 435 26.4 7.7% 34.7%
N40 423 443 27.8 4.7% 34.3%
N52 45.1 45.4 29.8 0.7% 33.9%

In summary, when the permanent magnet group 1 adopts the N35 grade Nd-Fe-B permanent magnet the permanent
magnet group 2 and 3 adopt the N52 grade Nd-Fe-B permanent magnet), the maximum difference in the excitation
intensity between the left and right excitation intervals is 7.7 %. Therefore, using this permanent magnet grade
distribution scheme, a relatively large difference in excitation intensity can be obtained, and then two kinds of damage
leakage magnetic fields with obvious intensity differences can be formed, thus providing a basis for subsequent leakage
magnetic field detection and two intensity signal identification analysis. Under this condition, the demagnetization
effect of permanent magnet group 2 is more obvious than that of the other two cases, which makes the interval with
strong excitation ability on the right side have less influence on the left interval, and avoids the mutual interference
between the two excitation intervals to a certain extent, so that the excitation results are more reliable. Therefore, three
sets of permanent magnets are used in the two-stage excitation structure: permanent magnet group 1 (N35), permanent
magnet group 2 (N52), and permanent magnet group 3 (N52).

In addition, the magnetic pole spacing is set to 60 mm, 80 mm and 100 mm respectively, and the magnetic field
distribution cloud diagram and the magnetic density change curve inside the wire rope are obtained, as shown in Figure
5 Moreover, the corresponding relationship between the magnetic pole spacing and the excitation intensity is obtained,
as shown in Table 2.
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Figure 5 Magnetic Field Distribution Diagrams and Steel Wire Rope Magnetic Induction Intensity Change curves
Resulting from Different Magnetic Pole Spacings: (a) 60 mm, (b) 80 mm, (c) 100 mm

Table 2 Relationship between Magnetic Pole Distance and Excitation Intensity

. Left-side Right-side . Excitation Difference in
Magnetic pole o LT . Demagnetization . . .
ap (mm) excitation excitation intensity intensity (T) intensity demagnetization
£ap intensity (T) (T) difference intensity
60 40.4 43.5 26.4 7.7% 34.7%
80 45.5 46.5 28.3 2.2% 37.8%
100 43.8 46.9 28.3 7.1% 35.4%

In the three groups of simulation results, the excitation intensity of the wire rope section in the excitation structure is
supersaturated, and there are two excitation intervals between the permanent magnet group 1,2 and the permanent
magnet group 2,3, and the excitation intensity is different. In the two excitation intervals, there is an obvious
demagnetization area, indicating that the magnetic pole spacing does not essentially affect the magnetic field
distribution. Through the magnetic density cloud diagram, it can be seen that with the increase of the magnetic pole
spacing, the magnetic induction intensity of the wire rope increases first and then decreases. When the magnetic pole
spacing is 60 mm, the maximum difference of excitation intensity is 7.7 %. When the magnetic pole spacing is 80 mm,
although the wire ropes on both sides of the excitation interval produce higher excitation intensity, the excitation
intensity difference is only 2.2 %, which is much smaller than the intensity difference of 7.7 % when the magnetic pole
spacing is 60 mm, and also smaller than the intensity difference of 7.1 % when the magnetic pole spacing is 100 mm.
Therefore, the magnetic pole spacing of 60 mm has better excitation intensity difference. In addition, the proportion of
demagnetization intensity under the three magnetic pole spacings is 34.7 %, 37.8 % and 35.4 %, respectively, showing a
trend of increasing first and then decreasing with the increase of spacing. Since the demagnetization intensity ratio is a
secondary factor in the measurement of excitation effect, although the demagnetization intensity ratio is greater than the
demagnetization intensity ratio when the magnetic pole spacing is 80 mm and 100 mm, the excitation intensity
difference is given priority. Considering the influence of structural size and increasing spacing on the volume and mass
of the whole device, the 60 mm magnetic pole spacing is selected as the design parameter of the device.

Based on the above results, two fracture defects with a spacing of 1 mm and a depth of 0.6 mm, 1 mm and 1.6 mm were
set on the surface of the steel wire rope to simulate the concentrated wire breakage damage of the steel wire with a
surface diameter of 0.6 mm, 1 mm and 1.6 mm, respectively. The damage model is imported into the simulation
software to obtain the magnetic induction intensity cloud diagram and the magnetic field intensity change curve of the
wire rope surface, as shown in Figure 6. The two-stage excitation structure generates two excitation intervals with
different magnetic induction intensity on the wire rope, and on this basis, a certain intensity of leakage magnetic field is
generated at the fracture. It can be seen from the figure that the darker the color in the magnetic induction intensity
cloud diagram indicates the stronger the magnetic induction intensity at this place. The cloud image at the right fracture
in the above cloud diagram is obviously darker, indicating that the right fracture corresponding to different fracture
depths has different leakage magnetic fields than the left fracture. The specific amplitude of the leakage magnetic field
can be seen from the curve changes in the figure. The numerical results are shown in Table 3. It can be seen from the
change of leakage magnetic field amplitude that with the increase of fracture depth, that is, the diameter of simulated
broken wire, the change of leakage magnetic field amplitude also increases gradually. This result is consistent with the
simulation results obtained based on the magnetic dipole model. It can be judged that the simulation results are
consistent with the theoretical analysis.
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Figure 6 Simulation Results of Leakage Magnetic Field for Wire Rope Damage: (a) Fracture Depth of 0.6 mm, (b)
Fracture Depth of 1 mm, (¢) Fracture Depth of 1.6 mm
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Table 3 Relationship between Fracture Depth and Leakage Magnetic Field Intensity of Damage
Breakage depth Peak-to-peak value of the left-side leakage magnetic =~ Peak-to-peak value of the right-side leakage magnetic

(mm) field (T) field (T)
0.6 20.1 20.5
1 228 24.9
1.6 35.6 439

3 SIGNAL EXTRACTION AND RECOGNITION OF WIRE ROPE WEAR

3.1 Suppression of Stock Wave Noise Signals

Due to the repeatability of the wire rope structure, it will show a periodic signal after excitation, but the amplitude is
weak. The structure of the wire rope itself leads to the generation of the wave signal, which will interfere with the
detection of the damage signal. Therefore, this paper superimposes the two signals with different intensities collected by
the two-stage detection module, and superimposes the two intensity signals generated at the same position. The signal
can be superimposed by Egs. (1), (2) and (3):

XiTX; )
Xi=%(l=l, 2, o ,m) )
L
_L 2
T @
nD
dy=— 3
N, ©)

Where i is the pulse sequence number corresponding to the signal, m is the maximum number of pulses, n0 is the offset
pulse interval in ps, | is the sensor spacing in pm, dO is the acquisition distance corresponding to each pulse in um, d is
the diameter of friction wheel in um, n0 is the number of encoder pulses.
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Since the offset superposition method cannot guarantee the complete elimination of the signal spikes generated by the
random noise signal, the moving average filtering algorithm is used for further noise reduction processing. The moving
average filtering algorithm performs averaging processing within a certain sampling period. In this method, N
consecutive values are used as a cyclic queue. The data obtained by each sampling follows the queue ' first in, first out'

principle, and then the average value of N data is calculated, which is used as the sampling value, as shown in Eq. (4):
n—m-+1 +Xnfm+2Jr .. -+Xn*1 +Xn

£ (x)=2 )

m
Where fn (x) is the output signal value of the nth sampling period, xn-m + 1, xn-m + 2...., xn is the signal value in the

current sampling period.

Figure 7 is the damage signal waveform diagram under different sampling numbers. It can be seen from the diagram
that although there is no obvious wave signal in the original superimposed signal, there are still sharp points. After the
sliding average filtering with a sampling number of 5, the signal cusps are effectively removed, and the peak-to-peak
value is affected to a certain extent. When the sampling number is 8, the curve is smoother when the relative sampling
number is 5, but the peak-to-peak value is affected by the filtering algorithm, which is reduced to a certain extent. When
the sampling number is 12, the smoothness of the curve is not much different from that when the sampling number is 8,
but the peak-to-peak value changes significantly and the weakening degree is large. If the damage degree is light and
the peak-to-peak value of the damage signal is low, the damage signal may be removed by the filtering algorithm,
which affects the damage identification. Therefore, the sliding average filtering method with a sampling number of 5 is
used to further reduce the noise of the damage signal after offset superposition.
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Figure 7 Noise Reduction Results for Different Sampling Numbers: (a) Superimposed Signal, (b) Sampling Number 5,
(c) Sampling Number 8, (d) Sampling Number 12

3.2 Extraction and Calibration of Damage Detection Signals

The typical value of the damage signal is determined by simulating the broken wire damage and measuring its signal.
The intact wire rope is taken as the basic part of the test, and the defects with a depth of 0.6 mm, 1.2 mm, 1.8 mm, 3
mm, 6 mm and a width of 1 mm are processed by EDM etching in the middle of the wire rope section, as shown in
Figure 8. It contains 3, 6, 13, 24, 36 external broken wires respectively.
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(] ”

Figure 8 Sample of Steel Wire Rope Damagé: (a) 3 Broken Wires, (b) 6 Broken Wires, (¢) 13 Broken Wires, (d) 24
Broken Wires, (¢) 36 Broken Wires

The wire rope damage sample and the intact wire rope are respectively extracted by the detection device, and the result
surface diagram and contour map are extracted, as shown in Figure 9. It can be seen from Figure 9 (a) that the leakage
magnetic field of the intact wire rope is evenly distributed, and the signal intensity difference is small. Due to the
structure of the wire rope itself, the signal image shows a certain regularity, but the expression of the strand wave signal
is not obvious after suppression. Figure 9 (b) corresponds to the wire rope damage is shallow, the number of broken
wire is less, the damage signal is not obvious in the figure, but by determining the maximum value of the damage signal,
the size and location of the damage signal can be determined. It can be seen from the figure that the damage occurs near
the No.6 sensor, the damage of the wire rope corresponding to Figure 9 (c) occurs below the No.5 sensor. Due to the
deepening of the damage depth of the wire rope, the intensity of the magnetic flux leakage field is improved, and the
circumferential range extends to the No.4 and No.6 sensors. In Figure 9 (d), the damage depth is deepened, the number
of broken wires is increased to 24, and the peak and trough of the signal are obvious, which mainly occurs under No.4
and No.5 sensors. At the same time, the leakage magnetic field extends to the bottom of No.1, No.2, No.3 and No.6
sensors, that is, the leakage magnetic field is affected around the damage. In Figure 9 (e), the damage depth is 3 mm,
and the damage width is almost the same as the diameter of the wire rope. Therefore, the damage signal is shown in the
area below the No.4, No.5 and No.6 sensors, and the No.1, No.2 and No.3 sensors can collect the leakage magnetic field
signal at the same time. The amplitude of the damage signal in Figure 9 (f) is large. It can be clearly seen in the figure
that compared with the first four kinds of deep damage, the span of the leakage magnetic field signal increases greatly,
and the No.1, No.2 and No.3 sensors collect strong leakage magnetic field signals at the same time. This is because the
damage with a depth of 6 mm has exceeded the radius of the wire rope, and a certain leakage magnetic field is
generated on the undamaged surface of the wire rope.
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Figure 9 Damage Signal of Standard Sample: (a) Intact Steel Wire Rope, (b) 3 Broken Wires, (c) 6 Broken Wires, (d)
13 Broken Wires, (¢) 24 Broken Wires, (f) 36 Broken Wires

3.3 Quantification of Steel Wire Rope Wear Detection Signals
After the peak-to-peak statistics of the damage signal generated by each damage, the results are shown in Table 4.

Table 4 Peak-to-Peak Values of Broken Wire Damage Signals
Number of external broken wires Peak-to-peak value (V)

0 0.012
3 0.014
6 0.042
13 0.065
24 0.113
36 0.297

Due to the special structure and surface morphology of the wire rope, there is no linear relationship between the peak-
to-peak value of the damage signal and the number of broken wires. Therefore, the peak-to-peak value of the obtained
damage signal and the number of external broken wires are fitted by second-order polynomial and third-order
polynomial respectively. The original change curve and the fitting curve are shown in Figure 10.
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Figure 10 Curve Showing the Peak-to-Peak Value of the Damage Signal Varying with the Number of External Broken
Wires

The function relationship between the number of external broken wires and the peak-to-peak variation of the leakage
magnetic field signal obtained by fitting with a second-order polynomial is as follows:
£(x)=0.0271142.23353x10*x+1.9307x10~*x> )
The coefficient of determination R2 is 0.966.
The function relationship between the number of external broken wires and the peak-to-peak variation of the leakage
magnetic field signal obtained by fitting with a third-order polynomial is as follows:
£,(x)=0.00407+0.00883x—4.88021x 10 *x?+1.30157x10 x> 6)
The coefficient of determination R2 is 0.995.
From the curve changes in Figure 10, it can be seen that the coefficient of determination R2 of the second-order
polynomial fitting function is 0.966, which is lower than the coefficient of determination 0.995 of the third-order
polynomial fitting result. The function curve obtained by the third-order polynomial fitting is monotonically increasing,
and the slope of the curve decreases first and then increases with the number of broken wires, which is consistent with
the conclusion obtained from the test results. Therefore, Eq. (6) is used as a quantitative identification function.

4 WIRE ROPE FRACTURE AND BROKEN WIRE TEST
4.1 Design of Magnetic Field Leakage Test for Wire Rope Wear Detection
Using the self-made wire rope sliding friction and wear tester, different degrees of damage were generated on the

surface of 7 wire ropes, and the damage morphology is shown in Figure 11. Through observation, it is found that the
number of broken wires of these seven worn wire ropes is 5, 3, 5, 6, 6, 5, respectively.

(g) NSt — —
Figure 11 Damage Detection Sample: (a) Sample 1 has 5 Broken Wires, (b) Sample 2 has 3 Broken Wires, (¢) Sample
3 has 5 Broken Wires, (d) Sample 4 has no Broken Wire, (¢) Sample 5 has 1 Broken Wire, (f) Sample 6 has 1 Broken
Wire, (g) Sample 7 has 5 Broken Wires

The test mainly detects the wear and broken wire damage caused by friction and wear on the surface of the wire rope.
Firstly, the damage signal of the prepared wire rope sample is extracted by using the designed wire rope nondestructive
testing device (as shown in Figure 12). Secondly, according to the signal processing method, the damage signal is
processed by offset superposition and noise reduction. Then, the width of the wear scar is judged according to the
obtained signal, and the number of broken wire damage is judged by the fitting function relationship. Finally, the
damage detection results obtained from the test are compared with the actual observation values to determine the
accuracy of damage signal identification and functional relationship.
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Figure 12 Non-Destructive Testing System for Steel Wire Ropes: (a) Non-Destructive Testing Device for Steel Wire
Ropes, (b) Non-Destructive Testing System for Steel Wire Ropes

4.2 Design of Magnetic Field Leakage Test for Wire Rope Wear Detection

Based on the above test device and sample, the signal acquisition and processing of 7 damaged wire rope samples are
carried out to obtain the peak-to-peak value of the damage signal, and the damage signal surface diagram of 7 groups of
samples is shown in Figure 13. Figure 13 (a) - (g) corresponds to the damaged sample a-g in turn. It can be seen from
the diagram that there will be obvious signal intensity changes at the place where the damage occurs, and the degree of
damage determines the degree of damage signal intensity change. In addition, the change trend of the signal can be
intuitively seen by the degree of surface fluctuation in the surface map. In addition, the leakage magnetic field signal of
the worn steel wire rope has a certain degree of periodic fluctuation. The surface diagram is expressed as a wavy surface,
but the period is less than the wave signal. The analysis shows that the reason for this phenomenon is: in the friction and
wear testing machine, it is necessary to apply pre-tightening force to the wire rope to maintain the tension and bending
state. After the test, the wire rope is removed from the test machine. At this time, the wire rope is restored from the tight
bending state to the relaxed state. At this time, the pre-tightening force disappears, resulting in a certain degree of
rebound of the wire rope, resulting in strand relaxation and wire-to-wire spacing.
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Figure 13 Results of Non-Destructive Testing on Test Specimens: (a) Specimen 1, (b) Specimen 2, (c) Specimen 3, (d)
Specimen 4, (¢) Specimen 5, (f) Specimen 6, (g) Specimen 7

The statistical results obtained by extracting the peak-to-peak value of the damage signal are shown in Table 5. It can be
seen from the table that the size of the peak-to-peak value is directly related to the number of broken wires, but the
peak-to-peak values measured between the same number of broken wires are not exactly the same. The main reason is
that during the preparation of the sample, after the friction and wear test, although there are broken wires, at the same
time, different degrees of wear damage occur around the broken wires. There are differences in the length, width and
depth of the wear marks, so there are some differences in the peak-to-peak value of the leakage magnetic field signal.
Moreover, it can be found that there is a certain deviation between the number of broken wires obtained by fitting and
the actual number of broken wires. The main reason for the deviation is that friction and wear and broken wire damage
will produce leakage magnetic field at the same time, and the sample is prepared by friction and wear testing machine.
The friction and wear and broken wire damage are concentrated in the same position. The leakage magnetic field
signals generated by the two kinds of damage are superimposed on each other, so that the number of broken wires
obtained by fitting the measured peak-to-peak signal is higher than the actual number of broken wires. In addition, since
the fitting function relationship is obtained by numerical calculation and fitting of the test data, the function fitting
method itself has a certain error, which is determined by the method itself and the data sample size, so there is a certain
deviation in the judgment of the number of broken wires. On the other hand, the error of the measurement results is
caused by the leakage magnetic field caused by the wear damage except the broken wire. It can be seen from the results

that the more the number of broken wires, the greater the error of the results, which indicates that the degree of wear
damage is more serious, which is consistent with the results of observing the damage morphology.

Table 5 Test Results of Damaged Samples
Number  Actual number of broken wires

Peak-to-peak value (V)

Detection value  Error
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1 5 0.045 6.32 26.4%
2 3 0.027 3.08 2.7%
3 5 0.046 6.43 28.6%
4 6 0.049 6.77 12.8%
5 6 0.056 7.65 27.5%
6 6 0.056 7.65 27.5%
7 5 0.046 6.43 28.6%

In order to further explain the damage detection performance of the non-destructive testing device, the detection device
and method of this paper are compared with the existing non-destructive testing device. Two wire ropes of the same
specifications were selected. Before the start of the test, two damages were artificially manufactured on the surface of
the wire rope (see Figure 14). Among them, the No.1 damage was three broken wires at a position of 9 m, the No.2
damage was 11 broken wires and severe wear, located at 10.5 m.

Figure 14 Damage Morphology of the Sample

Figure 15 shows the test results of the two detection devices. It can be seen from Figure 15 (a) that a total of four
damages were detected by this type of non-destructive detector. Among them, damage 3 at 10.5 m corresponded to
No.2 damage in Table 6. However, the detected damage amount was only 0.57 %, and the diameter shrinkage
equivalent was only 0.03 mm, which was quite different from the actual damage situation. And three broken wires at
No.l damage were not detected. In the other three damage locations, no obvious rust damage was found after manual
inspection. The non-destructive testing device for wire rope developed in this paper is more accurate in identifying the
damage of wire rope No.1 (3 broken wires). Due to the bending deformation at one end of the broken wire, the fracture
shape is irregular, and the distribution of the leakage magnetic field signal is complex, so the axial fluctuation area of
the damage signal wire rope is large. The wear damage of No.2 is identified as 12.1 broken wires, and the number of
broken wires is more than the actual number of broken wires. This is because the wear damage is serious and the wear
area is large, which leads to the high detection result. Due to the large wear range of No.2 damage along the axial
direction of the wire rope, the figure shows that there is a high signal amplitude area before the peak value of the
damage signal.
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Figure 15 Comparison of Results of Non-Destructive Testing Devices for Steel Wire Ropes: (a) Non-Destructive
Testing Product for Steel Wire Ropes, (b) The Device Developed in this Paper

Through the above comparative tests, it can be seen (Table 6) that the existing non-destructive testing instrument of this
type of wire rope still has a low accuracy in the quantitative detection results of wire rope damage, and there are certain
errors and missed detection and wrong detection. The error rate is as high as 51.3 %. The non-destructive testing device

and method studied in this paper have high accuracy in the detection of wire rope wear damage and broken wire, and
the error is reduced to 13.3 %.

Table 6 Statistical Results of Damaged Steel Wire Rope Detection
Number Type of injury Degree of injury Detection result Error
1 Fracture of wire 3 broken wires 3.4 broken wires  13.3%
2 Wear, broken wires 1.2 mm, 8 broken wires  12.1 broken wires 51.3%
5 CONCLUSIONS

This paper presents a dual-stage excitation structure employing asymmetric magnetic poles and differentiated grades of
NdFeB magnets, coupled with a corresponding signal processing method, aiming to achieve and enhance the accuracy
of non-destructive testing for wear and broken wire damage in steel wire ropes. The main conclusions are as follows:

1. The innovative design and optimization of the dual-stage excitation structure significantly improve the magnetic
excitation effect and damage identification capability. By adopting an asymmetric magnetic pole arrangement

composed of left, middle, and right pole sets with a specific grade combination (N35/N52/N52), combined with a 60

mm pole spacing, two independent excitation intervals with a significant difference in magnetic excitation intensity (up
to 7.7%) are formed within the steel wire rope.

2. The grade of the permanent magnets and the magnetic pole spacing are key factors affecting the distribution and
difference in magnetic excitation intensity. Using N35 grade magnets with a 60 mm spacing results in the largest
intensity difference between the left and right excitation intervals. Simultaneously, the generated demagnetization zone
helps form two independent excitation environments for damage, thereby optimizing the contrast of leakage magnetic
field signals.

3. The signal processing method based on offset superposition and sliding average filtering effectively suppresses strand
wave noise interference. By superimposing the two intensity signals collected by the dual-stage detection module, the
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periodic strand wave noise and random spikes inherent to the wire rope's structure are significantly eliminated,
enhancing the signal-to-noise ratio and identifiability of the damage signals.

4.By preparing and testing steel wire rope samples with varying damage degrees, a third-order polynomial quantitative
relationship between the number of broken wires and the peak-to-peak value of the leakage magnetic field signal was
established (coefficient of determination R? = 0.995). Compared to an existing testing device, the method proposed in
this paper reduces the error rate in broken wire identification from 51.3% to 13.3%, significantly improving the
accuracy and reliability of damage identification, especially demonstrating superior performance in detecting combined
wear and broken wire damage.
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