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Abstract: The self-magnetic flux leakage (SMFL) detection technique has great potential in the
corrosion detection of bridge stay cables due to its advantages of small testing equipment, high
accuracy, and fast testing rate. However, the vibration effect in the cable’s SMFL detection is unclear.
To address this, the influence of vibration on the magnetic field distribution of cable structure is
analyzed theoretically. According to the theoretical model, the effect of vibration on SMFL detection
primarily manifests as displacement changes (displacement-added magnetic field) and defect shape
changes (deformation-added magnetic field). SMFL detection experiments are conducted on steel
strands. The results demonstrate that the displacement-added magnetic field exhibits statistical
characteristics in the form of a normal distribution, fluctuating around the zero value. The impact
of the deformation-added magnetic field on SMFL is linearly correlated with the corrosion ratio c.
Moreover, a corrosion characterization index A was proposed and has an excellent linear fit with the
corrosion ratio c. The index A effectively improves the accuracy of corrosion detection and provides
early warning for the maintenance of cable structures.

Keywords: stranded steel; cable structure; vibration; corrosion; self-magnetic flux leakage

1. Introduction
1.1. Motivation

In recent years, cable-stayed bridges were rapidly promoted and applied worldwide
due to their beautiful appearance, high-crossing capacity, and relatively low construction
cost [1]. As the primary force-transmitting component of cable-stayed bridges, the per-
formance of the cable directly affects the reliability of the bridge’s structural system [2-5].
Due to the prolonged exposure of cables to external conditions, they are susceptible to vari-
ous environmental factors, such as ultraviolet radiation, high temperature and humidity,
acid rain, as well as the combined effect of cyclic loads. As a result, different degrees of
damage, such as protective coating erosion, water penetration, and corrosion or breakage of
internal steel wires, can occur in the cable system [6-9]. Existing research and engineering
practices showed that the performance degradation of a cable often begins with sheath
breakage and corrosion of high-strength steel wires [10,11]. Therefore, the research on
diagnostic techniques for assessing the service condition of cables was a focal point of
attention in both the engineering and academic communities [12].

Non-destructive testing methods became the fastest-growing inspection method due
to their ability to assess structural conditions without causing direct damage [13]. The
main non-destructive testing methods for detecting defects in cable structures include
ultrasonic-guided wave testing [14], acoustic emission testing [15], magnetostrictive-guided
wave testing [16], and magnetic leakage testing [17]. In addition, the cables’” internal steel
wires/strands are ferromagnetic materials, and the magnetic leakage phenomenon occurs
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in the damaged areas. The magnetic leakage signal in these areas is not hindered by the PE
sheath of the cable and exhibits a strong correlation with cable corrosion and wire breakage.

Therefore, among the various non-destructive testing methods for cable structures, the
self-magnetic flux leakage (SMFL) testing technique is increasingly recognized and valued
by experts and scholars due to its advantages of small testing equipment, high accuracy,
and fast testing rate [18,19]. However, this method is prone to interference from spatial
magnetic fields, the PE sheath, and external environmental factors [20]. Therefore, it is
of great scientific significance and potential engineering application prospects to research
the spontaneous magnetic leakage testing method for detecting wire corrosion in cable
structures under the coupling effect of multiple factors in natural bridge conditions [21-23].

1.2. Literature Review

In the past few decades, SMFL testing for wire corrosion in cables received significant
attention from experts and became a research hotspot. The research focus was primarily
on the characterization mechanism of magnetic leakage, diagnostic methods for wire
corrosion, magnetic signal acquisition, analysis methods, as well as studies on SMFL
imaging and inversion methods [24]. For example, Shi [25] reviewed the mechanisms of the
magnetic memory effect, influencing factors of magnetic signals, and evaluation methods
for magnetic memory damage over the past decade. Qiu [26] derived the theoretical
framework for SMFL testing of parallel steel wires/strands, based on the magnetic dipole
model. Xia [27] simplified the defective region as a sector shape for the case of continuous
corrosion of multiple wires in the outer layer of parallel wire ropes. They derived a three-
dimensional spatial model for spontaneous magnetic leakage by combining magnetic
charge density theory and the magnetic dipole model [28].

Experts and scholars have conducted numerous basic experiments while conducting
spontaneous magnetic leakage theory characterization research. For example, Fernandes
found that the corrosion region evaluated with the SMFL typically matched the actual corro-
sion observed by visual inspection. They used SMFL to detect the remaining cross-sectional
area of a corroded prestressed steel strand [29]. Qu [30] proposed a method of quantitatively
evaluating the corrosion width of a steel bar using the intersection point of SMFL curves.
They offered a novel way of predicting corrosion width with better accuracy. Singh [31]
developed a flexible giant magnetoresistance (GMR) sensor array for the magnetic leakage
detection of steel wire ropes, and conducted preliminary binary image imaging exploration
of wire break defects. Ren [32] studied the effect of initial magnetization on the magnetic
memory signal for the quantitative testing of SMFL detection. Xia [33-35] developed a
logistic model to analyze the eigenvalue of the SMFL signal and thus quantitatively as-
sessed the corrosion of steel strands. Shi [36] determined the effects of the load, defect size
and lifting height on the magnetic signals. A theoretical model was applied to solve stress
concentration problems in demonstrating the feasibility of the model in early diagnosis.
Le [37] proposed a method of simulating the magnetic field distribution in magnetic flux
leakage detection using a deep neural network. In terms of quantitative characterization
of corrosion morphology, Xu [38] developed an indirect method for describing the corro-
sion morphology by injecting 60 mL of red ink into the cracked sheath of the old cable
removed from a bridge and observing the distribution of the red ink within the cable body
after two days. Additionally, Li [39] utilized a high-resolution three-dimensional contour
measurement device to obtain geometric point cloud images of the steel wire surface, and
through digital image processing techniques they derived relevant statistical features of
the corroded pits on the steel wire surface. This method provides a feasible and reliable
approach for accurately quantifying the corrosion morphology.

Inspired by the literature review, the diagnosis of corrosion and broken wire status
in tensioned suspension cables based on the spontaneous leakage magnetic detection
technique is feasible, and significant progress is made in existing research. While some
challenges and issues still need to be addressed, the above research on detecting the corro-
sion of cable structures using SMFL technology mainly focused on the testing technique.
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However, the effects of the environment on natural structures were ignored. The high
accuracy of SMFL detection technology, for instance, is easily affected by the external
environment [40,41]. The cable undergoes continuous vibrations due to alternating loads,
including the vibrations caused by bridge structures, vehicle loads, wind-induced vibra-
tions [42,43], and rain-wind-induced vibrations [44]. The deformation of the cable structure
differs from its static state, which inevitably influences corrosion measurement [45], as well
as the stability and accuracy of the data. Precisely measuring the corrosion of bridge cables
has become an urgent task for making maintenance decisions. Analyzing the impact of
vibration on the measurement is also of critical scientific research significance. Therefore,
the paper aims to study the influence of the vibration on the SMFL detection of cable
corrosion, analyze its influencing mechanism, and find effective methods to reduce the
impact of the vibration.

1.3. Contribution

In this study, the vibration characteristics of the corrosion distribution of cable struc-
tures using SMFL technology were theoretically interpreted. Both vibration simulations
and SMFL tests were performed on corroded steel strands through experimental analysis.
The characteristics of the magnetic field distribution under vibration conditions and the
effect of vibration on SMFL detection were analyzed. Finally, a characterization index for
cable structure corrosion was proposed based on the theoretical model and experimental
results. The main contributions of this paper concerning the published literatures are
summarized as follows:

(1) In terms of theory, the influence of vibration was analyzed based on the existing
two-dimensional magnetic dipole model for rectangular corroded defects. The two-
dimensional magnetic dipole model under vibration conditions was derived, and a
theoretical model for the additional magnetic field under vibration was established.
The original theoretical model was optimized.

(2) In terms of application, this study goes beyond the previous ideal experimental
conditions by considering the cable’s vibration effects generated by the coupling
action between the environmental and alternating loads. Through empirical analysis,
the impact of this vibration effect on the detection of leakage magnetic flux was
assessed. This assessment lays the foundation for the accurate diagnosis of cable
corrosion and wire breakage under varying environmental and load conditions.

(3) In terms of diagnostic methods, an evaluation index A for cable corrosion under
vibration conditions was proposed. This index effectively reduces the influence of
vibration and improves the accuracy of cable corrosion diagnosis.

1.4. Organization of the Paper

The rest of this paper is organized as follows. In Section 2, the principle of spontaneous
leakage magnetic flux detection is introduced, and optimizations are made based on the
original two-dimensional magnetic dipole model. In Section 3, experimental tests on the
spontaneous leakage magnetic flux detection of corroded steel strands under vibration
conditions are conducted. In Section 4, the impact of vibration on the corrosion-induced
leakage magnetic flux signals is analyzed from multiple perspectives. The evaluation index
suitable for assessing the corrosion of steel strands under vibration conditions are proposed.
The last section outlines some main conclusions.

2. Theoretical Background

According to the principle of SMFL detection, a galvanized steel strand, serving as a
ferromagnetic material, produces a magnetic leakage field on its corroded surface. This
field can be understood as the vector sum of several types of magnetic fields [46], as
illustrated in Figure 1. When the cable is undamaged and stationary, the magnetic field
measured by the magnetic detection instrument is only the vector sum of the environmental
magnetic field Bg and the self-induced magnetic field B;. Hence, the measured magnetic
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induction intensity Bg is expressed as Equation (1). However, when the cable experiences
radial vibrations, the displacement variation leads to an increase in the magnetic field of
the measured signal, Consequently, the magnetic induction intensity measured during
vibration can be expressed as By, as shown in Equation (2). Once a corrosion defect occurs
within the cable structure, a corrosion SMFL emerges near the defect and continuously
changes under the influence of vibrations. The magnetic induction strength at rest, Bs_c, can
be defined as presented in Equation (1), whereas the magnetic induction strength during
vibration, By.c, is expressed in Equation (2).

Bs = Bg + By — BS—C = Bg + Bc(C) (1)

By = Bs + ABy(0) — By_c = Bs + ABy(c) + Bc(c) 2

where By is the environmental magnetic field. By is the structural self-induced magnetic
field. B¢(c) is the corrosion self-magnetic flux leakage. Bs, Bs.c are the magnetic induction
at rest. By, By.c are the magnetic induction during vibration, corresponding to the intact
structure and the corroded structure. ABy(0), ABy(c) are the magnetic field increments
affected by the vibration effect (c is the corrosion ratio).

Enviromental magnetic field By

4 i, ¢
N Steel strand SE
7

* Increment magnetic field AB,
Corrosion SMFL B,

===
— =TT

N )
Corrosion

Figure 1. Magnetic field distribution of cable structure.

Figure 1 shows the different degrees of displacement and defect shape changes during
the vibration of the steel strand, which will cause the change in magnetic induction intensity.
ABy/(0) and ABy/(c) are the increments of the magnetic field under the influence of vibration.
To analyze the effect of vibration on the magnetic field and its varying behavior, two types
of magnetic field increments are defined: One type is the magnetic field increment caused
by displacement change, denoted as ABY® and described by Equation (3). This increment
is termed the displacement-added magnetic field. The other type is the magnetic field
increment caused by defect deformation, represented as ABY¢f and outlined in Equation (4).
This increment is referred to as the deformation-added magnetic field.

ABY® = By — Bs = ABy/(0) (3)

ABYf = By_c — Bs_c — ABYS = ABy/(c) — ABY (4)

2.1. Displacement-Added Magnetic Field

The steel strand vibrating under external load excitation can be regarded as an Euler
beam, which only considers the bending deformation and ignores the effects of shear defor-
mation and moment of inertia. Assuming the displacement function u(x,t) of the strand
vibration response is known, Point P along the axial position x; experiences an external
magnetic induction Bp. A two-dimensional overall coordinate system, xoz, is established in
this plane. Additionally, a local coordinate system, xj0z1, is established, where the x; axial
aligns with the axial direction of the strand, and the z; axis is perpendicular to it, as shown
in Figure 2.
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Figure 2. Schematic diagram of displacement-added magnetic field.

The angle between the local coordinate system and the overall coordinate system is
denoted as 0. Consequently, B, can be expressed as the vector sum of the two magnetic
fields in the x-axis and z-axis directions. Assuming that the magnetic field component By,
in the x-direction follows a specific functional relationship Bpy = fm(x), and the magnetic
field component Bp; in the z-direction satisfies another specific functional relationship
Bp: = fn(y), the external magnetic induction Bp at the point P(x1,0) in the local coordinate
system x10z; is described by Equation (5). During the vibration of the steel strand, point P
moves to P’ at time ¢, where the location of P” becomes (x1, u (x1, )). The magnetic induction
strength at P’, denoted as Bp  can be determined as Equation (6).

[ fm(x1 x cos®)
Bp = {fn(xll x sine)} ®)
~ [fn(x1-cos® — u(xy,t) - sind)
By = {fn(xll -sin 6 + u(xll, f) - cos 9)} (6)
is . ABJs | fm(x1-cos® —u(xq,t)-sinf) fn(x1 - cos )
ABYS = B,, — B, = {ABgis] = [fn(xll.sinﬂ—i—u(xll,t) .Cosg)} - {fn(x;sin())] (7)

The displacement-added magnetic field ABY* can be approximated by Equation (7).
It can be seen that the increment of the magnetic induction intensity ABYS caused by the
change of the vibration displacement of the steel strand is mainly related to the magnetic
field strength around the steel strand and the vibration response displacement function.
Combined with the knowledge of structural dynamics, it is known that the vibration
response displacement function u (x, t) of the steel strand is a periodic function. Therefore,
in a relatively stable geomagnetic field, the displacement-added magnetic field will fluctuate
due to the periodicity of the displacement function.

2.2. Deformation-Added Magnetic Field

ABf reveals the defective deformation effect of steel strands during vibration, and
the characteristic law of ABY¢f under the vibration state is analyzed based on the magnetic
dipole model. Suppose there is a rectangular defect with a width of 2a and a depth of
hg at position xg of the strand at rest, as shown in Figure 3, then a right-angle coordinate
system, xoz, is established at the center of the defect surface. On both sides of the defect,
positive and negative magnetic charges are uniformly distributed. At a particular point Q
in space, the magnetic field magnitudes Hp and Hp generated by all the magnetic charge
microelements on surfaces A and B can be expressed as Equations (8) and (9). According to
the magnetic field superposition principle, the magnetic induction intensity at point Q can
be expressed as Equation (10).

= hth
H. — (Hax) _ M(c, HY) arctan =L +2arctan %‘i o o
A7 \Hy) T om 1ip Geta) (o)

(x+a)>+h?
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Figure 3. Schematic diagram of the shape change of the defect.

When the strand vibrates at a certain moment t, the depth of the rectangular defect
remains constant, while the corrosion width expands to 24’, as depicted in Figure 3. The
defect cross-section still remains perpendicular to the central axis and satisfies the assump-
tion of flat cross-section. The coordinate transformation of the magnetic charge unit of A’
and B’ during the vibration process is obtained by Equation (11). Their respective magnetic
field strengths H,' and Hp' generated at point Q can be calculated by Equation (12). The
total magnetic induction strength By at point Q is calculated by integrating Equation (13).

R is the radius of the strand. Mj is the bending moment at the damage. EI is the
bending stiffness of the section at the damage. k is the curvature of the central axis. yg and
Uy are the vacuum permeability and relative permeability of the material, respectively.

2
Al(x1,21) = A’(—a — %,21) = A/ (a(R+z1)a ”a(;zo’t) — a,zl)

2 (11)
B'(x2,22) = B (“ + 7QMO(§1+ZZ),22) =B (a — a(R+ z) Tidx0) ”aﬂj‘;"”,zz)
x+a—ak(R+z
o VG ora) )
Ho — ( Hax ) _ Mis 0 M [ h—z
A Hpr, an(r/P 1 T 27 [etra—ak(R+z1) P+ (h—z1 2
0 (12)
132 x —a+ak(R+ zp)
— 0 1+(uk) dy h
Ho — ( ) Mds 0= M| —2
B HB’Z 27-[(r2’)2 2 27-[_h0 [x7a+ak(R+Zz)]2+(h*ZQ)2
H /e Hp/ + Hy,
By = popurHg = mw( QZ) = Moptr (HA’ + Hy, ) (13)
ABYf =By — B (HQ/X B HQ") (ABg‘lef> (14)
= ;) — = =
Q Q HoHr HQ’Z _ HQZ ABglef

The difference between the measured magnetic induction intensity of the Q-point
in the vibrating and stationary states is defined as the deformation-induced additional
magnetic field ABY¢f see Equation (14). Equations (8)—(14) demonstrate that the self-leakage
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magnetic field generated by corroded defects is mainly related to the measurement distance
gn & y y
h, defect depth hy, and defect width a. To further analyze the influence of k, hy, and a on
the leakage magnetic field of defects, MATLAB 2021a software was used for numerical
simulation of the defect leakage magnetic field By in the vibrating state. The results of
these simulations are presented in Figure 4.
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Figure 4. Theoretical distribution law of By : (a,b) are the x-axial component and z-axial component
under various depths; (c,d) are the x-axial component and z-axial component under various widths;
(e,f) are the x-axial component and z-axial component under various distances.

Figure 4 demonstrates that both components of By, and By, possess symmetry,
and the extremum and zero-crossing phenomena in the curve conform to the general
distribution law of the SMFL method. Figure 4a—d indicate that the magnetic field intensity
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is positively correlated with defect depth kg and defect width a. Figure 4e f indicate that the
magnetic field intensity is negatively correlated with the measurement distance h. k, hp, and
a do not alter the distribution pattern of the magnetic field, but only affect the extremum.
In fact, different degrees of hy and a represent varying section loss rates of the steel strand,
indicating different levels of corrosion. Therefore, in the subsequent experimental study;,
the degree of corrosion in the steel strand (denoted as c) is used to represent the differences
in defect width a and depth k. This theoretical model also serves as a guiding principle for
the subsequent experimental research.

In summary, the alterations in magnetic field distribution within the strand during
vibration can be categorized into two main aspects. First, the displacement of the strand
leads to incremental magnetic induction intensity (ABY) at the measurement point, which
is primarily influenced by the stability of the surrounding magnetic field. Under relatively
stable geomagnetic conditions, ABY will exhibit fluctuating changes. Second, the defect
size undergoes varying degrees of change due to the vibration, resulting in an increase in
corrosion self-magnetic flux leakage. This increase, denoted as ABIf, is primarily deter-
mined by the defect’s size. The above simplified theoretical model effectively explains the
impact of vibration on SMFL and provides the theoretical foundation for the following tests.
Moreover, the model highlights the significance of both the stability of the surrounding
magnetic field and the size of the defect in defining the incremental changes observed in
the magnetic field distribution during vibration.

3. Methodology and Experiment

The experimental objective is to investigate the characteristics of SMFL in corroded
steel strands under vibration and examine the effects of vibration on SMFL detection. As
shown in Figure 5, experiments were conducted for tension, corrosion, vibration, and signal
acquisition. The signals were collected subsequent to the corrosion process.

q

|
}
|

dwind [10 911309]

Handheld signal

e1sapad uoIsua I,
—

| | |
| collector il Shaker il |
—_ 1 1 1
= 2 I | ! |
27 | | |
g s I I |
@ | | |
[=9 1 | T I T I
b —_ — — — — — SIT - l_ _— e b — — — — — L —_ — Y — —
Tension area lgna gﬁ%l ISTUON v/ibration area  Corrosion area

Figure 5. Schematic of the test work platform.

3.1. Preparation and Tension

The experiment material was a smooth steel strand (1 x 7®5). The strand had a
nominal diameter of 15.20 mm and a single length of 7 m. Table 1 provides the chemical
components and material properties of steel strand specimens. The relative permeability of
steel strand y = 2000, and the saturation magnetization intensity Ms = 1 x 10° A/m.



Sensors 2023, 23, 7130 9 of 23
Table 1. Chemical components and material properties of steel strand specimens.

Material Tensile Nominal Elasticity Weicht Eloneation Yield Load

Proportion Strength Diameter Modulus & 8 Fp0.2

Values 1860 MPa 15.20 mm 195 GPa 1.101 kg/m >3.5% >229 kN
Chemical C si Mn P S Cu
compositions
Proportion 0.8-0.85% 0.12-0.32% 0.6-0.9% <0.025% <0.025% <0.2%

Four groups of experiments were performed in Table 2; 1# specimen was conducted to
explore the effect of measuring distance on SMFL; 2# and 3# specimens were conducted to
investigate the effect of corrosion degree on SMFL under different excitation conditions;
and 4 # specimen was not corroded, and the purpose is to explore the effect of the change
in displacement of the strand on the magnetic measurement in the vibration state.

Table 2. Specimen grouping.

Corrosion Loss Measuring
Number Ratio ¢ Frequency f/Hz Current I/A Distance d/em
1# 4%, 8% 5 10 1,23
2# 2%, 4%, 6%, 8% 10 2,3,4,5 1
3%, 6%, 9%, 12%,
3# 15% 5,8,10 5 1
4# 0% 5,8,10 2,3,4,5 1

To simulate real-life bridge conditions, the strand was intentionally corroded after
being subjected to a tensioning force. Given that the length of the tensioning platform
is 6 m, each strand was set to a length of 7 m to ensure an ample tensioning area. The
team’s tensioning platform, demonstrated in Figure 5 as the “Tension area”, was primarily
responsible for the tensioning work. The tensioning force is set to 70 kN.

3.2. Specimen Corrosion

Due to the long length and prior tensioning of the strand specimen, weighing the
specimen itself was inconvenient. Therefore, in this experiment, the degree of corrosion of
the steel strands was controlled using electrochemical corrosion and the empirical formula
for the theoretical corrosion rate, denoted as c. Presented as the “Corrosion area” in Figure 5,
the specimen to be corroded was placed in 5% NaCl electrolyte solution. A water-absorbent
cloth was placed at the position to be corroded and immersed in the electrolyte solution.
Moreover, the positive pole of an external power supply was connected at the specimen
end. A carbon rod was placed in the solution to connect the negative pole of the power
supply to form a complete electrochemical corrosion closed circuit.

By applying Equation (15) and setting the constant DC power supply’s current
=04 A, the corrosion degree c of the specimen could be determined. The actual corrosion
effect of the steel strand specimen is shown in Figure 6. It is found that with the increase
of corrosion time, the area of the corrosion section of the steel strand was significantly
reduced.

Ampe Mg, It oIt
= = = 2. 1 -5 1
c - TFAI 63 x 10 i (15)
where [ is the current size, t is the corrosion time, ! is the strand corrosion width. Mg, is
the atomic molar mass of Fe, Mg, = 55.85 x 1073 kg/mol. n is the transfer of electrons in
the anodic reaction, n = 2. F is the Faraday constant, F = 96,485 C/mol. A is the theoretical

weight of the strand per meter, A = 1.101 kg/m.
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Figure 6. The actual corrosion effect of the specimen.

3.3. Specimen Vibration and Magnetic Signal Acquisition

A modal exciter (Chongqing, China, Sa-jz005) was placed at the middle of the specimen
to excite the steel strand to simulate the cable vibration generated by external loading during
service. A low-frequency signal generator was used to simulate the sinusoidal signal of the
cable vibration. A power amplifier drove the exciter. The modal exciter was a permanent
magnet electric modal one. When the power amplifier supplied variable-frequency current
to the moving coil, the exciting force is shown in Equation (16).

F=BIL (16)

where B is the average magnetic induction strength, I is the instantaneous value of the
current supplied by the power amplifier, L is the effective length of the coil wire. Therefore,
the output frequency of the signal generator controlled the vibration speed, whereas the
output current of the power amplifier controlled the exciting force.

In order to distinguish the magnetic leakage signal before and after the vibration of
the steel strand, three types of magnetic signal were recorded in the experiments: initial
magnetic signal Bg (without corrosion), stationary magnetic signal Bs.c (The corrosion
rate is ¢), and vibrating magnetic signal By.c (The corrosion rate is c). When the corrosion
degree c = 0, the vibrating magnetic signals By.c (0) = By.

The magnetoresistive sensor (HMR 2300) was used to obtain the magnetic field dis-
tribution of the specimens. The resolution of the sensor was 67uGs with 10-157 sampling
points per second, and the output ranged from —2Gs-2Gs. In the magnetic field measure-
ment system, the magnetic sensor was carried by the positioning device to move freely
on the structure’s surface. The measurement area has a length of 40 cm, divided into
41 measurement points, each point is 1 cm away from the other, as shown in Figure 7.
The magnetic sensor has three directional components (abbreviated as By, By, and B;) and
only the tangential (By) and normal (B;) components are needed for the measurement.
The lift-off height d is the distance between the magnetic sensor and the surface of the
specimen and the measurement heights of this experiment are 1 cm, 2 cm and 3 cm. During
the vibration, the magnetic field data were collected three times at each data point. The
Scanning scheme of magnetic field signals is shown in Figure 7.

Scanning path
> 3cm S
2cm < B, Sensor
TJ; d_L= lcm | /Bx
— o —
Data point Corrosion area

hoNoRo Xo Re Xo Xo Ko T 00000000 ﬁ:

L —>{lemle— _l B,

|‘ 40cm 'l Cross section

Figure 7. Scanning scheme of magnetic field signals.
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4. Results and Discussion

The experiment results are analyzed to investigate the difference in the SMFL of
the corroded steel strand between vibration and static states, while the interference of
the external magnetic and geomagnetic fields needed to be eliminated. To achieve this,
Equation (17) is applied to eliminate the effects caused by the environmental magnetic
field and the structural self-induced magnetic field. Subsequently, 1# specimen (corrosion
ratio c = 8%) is taken as an example and its distribution laws of the corrosion SMFL are
shown in Figure 8.

Bc = Bs_c — Bs 17)

410 F 3p— Self—mag% flux leakage B, —260
3 B / B=Bs —B; 2
E-420 | % Q270
- g 7 g
g H-t6 —=-280
- N |
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= —440 5 10 15 20 25 30 35 4 ©
:én £-300
<-450 EJJ
E S-310
E-160 £
b £-320
@
B

£-470 2-330
= === Initial magnetic signal B —&— ]nitial magnetic signal B

—480 F . . _ L . ..

8 . . == Corrosion magnetic signal B . 340 . . =—e— Corrosion magnetic signal B
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
X /cm x /cm
(a) (b)

Figure 8. Calculation of the SMFL of corrosion damage: (a) tangential magnetic signal;
(b) normal magnetic signal.

It can be found from Figure 8 that the tangential component curve has a minimal
value in the center of the corrosion region. On the other hand, the normal component
curve crosses the zero point and has two extreme values in the corrosion region. There is a
notable correlation between the extremum points and the corrosion area, which aligns with
the outcomes obtained from the magnetic dipole model [26].

4.1. SMFL in Vibration and Stationary States

In order to investigate the distribution characteristics and evolution law of cable
structures’ self-magnetic flux leakage (simplified as “corrosion SMFL"”) under vibration and
stationary states, the effects caused by the environmental magnetic field and the structural
self-induced magnetic field are eliminated by Equation (17). The following paper analyzes
the characteristics of the corroded SMFL under vibration and stationary states from two
aspects: different lift-off heights and corrosion degrees. Where, B¢ and B. corresponded to
the stationary state and vibration state of cable structure. B¢y and B¢, corresponded to the
tangential and normal components of the corrosion SMFL curve in stationary state. BY,
and BY, corresponded to the tangential and normal components of the corrosion SMFL
curve in vibration state.

4.1.1. Different Lift-Off Heights

Considering the spatial nature of the self-magnetic flux leakage (SMFL) field gener-
ated by the defect, it is essential to note that the signal strength of this field is affected by
the sensing locations. The theoretical analysis indicates that the SMFL of corrosion dam-
age obtained by different lift-off heights of the testing equipment is different. Therefore,
the 1# specimen is taken as an illustration. The distribution curves of SMFL field under
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the same corrosion condition but in different measuring lift-off heights are analyzed and
shown in Figure 9.

As shown in Figure 9, on the one hand, the corrosion SMFL in the vibration state has
similar characteristics to the stationary state. The SMFL curves for various lift-off heights
all demonstrate signal extremes near the corrosion area (highlighted by the gray line box).
In the Bcy and BY, curves, each signal curve under different lift-off heights displays
consistent behavior, where the signal strength of the magnetic field changed reciprocally
to the distance. Specifically, The higher the lift-off height, the lower the signal strength.
In the Bc; and BY, curves, the magnetic signals are also inversely proportional to the
lift-off heights. Two extreme points emerge on each side of the corrosion area, while
one intersection point is identified at the center of the corrosion area. The experimental
results are consistent with the numerical simulation results presented in the previous
theoretical section.

Corrosion SMFL/mGS
r
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] 20 —
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Figure 9. Corrosion SMFL with different lift-off heights.

On the other hand, although the corrosion SMFL in the vibration state has similar
characteristics to the stationary state, there are still varying degrees of fluctuations which are
particularly significant at the curve’s inflection point. With the increase of the measurement
lift-off heights, the B¢ and B\é curves tend to be flatter, resulting in a smaller extreme value
near the corrosion area. This feature indicates that the influence of the measurement lift-off
heights on the SMFL curve is similar for both vibration and stationary states. To mitigate
the impact of the measurement lift-off heights on the SMFL detection, the sensor should be
as close as possible to the measured part during the detection and choose the appropriate
measurement distance.

4.1.2. Different Corrosion Degrees

To explore the characteristics of the SMFL in different corrosion degrees of the strand
under vibration and stationary states, the 2# specimen is taken as an example and the
results of the analysis are shown in Figure 10. Bck and B¢, corresponded to the tangential
and normal components of the corrosion SMFL curve.

From Figure 10, it is evident that the corrosion SMFL signals in the vibration state
fluctuate around the stationary SMFL curve and follow a similar trend with it under
different corrosion degrees. The changes in the SMFL curves under different corrosion
degree are obvious. As the corrosion degree increases, the peak of the tangential and
normal components of the corrosion SMFL curve increases significantly, indicating that the
extreme value of the curve is positively correlated with the corrosion degree. The normal
component B¢, and B, curves display double polar points and cross the zero threshold,
while the B\C/Z signals have an overall upward shift based on the B¢, curve. In the B¢y and
BY, curves, the SMFL signals with different corrosion degrees have obvious intersection
points near the corrosion area.
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Figure 10. Corrosion SMFL with different corrosion degrees.

The width Ax of the two intersection points is greater than the width of the corrosion
area, which is about twice the corrosion width [33]. Through the location and width of Ax,
it can be qualitatively determined regarding the location and width of the corrosion area.
The extreme value point is positively correlated with the degree of corrosion, which can
be used to characterize the degree of corrosion. The relationship between the degree of
corrosion of steel wire ropes and their self-induced magnetic leakage signals also agrees
with the results of numerical simulation.

In summary, the extreme point of the SMFL curve is negatively correlated with the
measured lift-off height and positively correlated with the corrosion degree. The corrosion
SMFL signals in the vibration state fluctuate around the stationary SMFL curve and have
the same trend and characteristics. In order to analyze the fluctuation characteristics of
the SMFL signals in the vibration state and to explore the impact of vibration on the
quantification and localization of the corrosion area, the two aspects will be discussed later:
vibration displacement effect and vibration deformation effect.

4.2. Analysis of the Vibration Effects on SMFL
4.2.1. Displacement Effects (ABY)

Theoretical analysis demonstrates that the uncorroded strand is only affected by dis-
placement change during vibration. Therefore, the 4# specimen is taken as an example and
its displacement-added magnetic field ABYS can be derived from Equation (3). Figure 11
presents the statistical characteristics of normal (ABgis) and tangential (ABgis) components
of the ABY signals under different excitation currents, represented as a violin diagram. In
this diagram, the white vertical line represents the magnetic signal range from 1/4 to 3/4.
The yellow vertical line represents the average value and the area of the violin represents
the distribution interval and size of this set of data. It can be seen from Figure 11 that
the curves of the ABY signals fluctuate up and down with no apparent change pattern
and 50% of the magnetic signals are concentrated within —1-1 mGs. The overall signals
exhibit a “high in the middle and low on both sides” pattern, remaining within the 5 mGs
range. This feature indicates that the fluctuation of the ABY* signals is slight because the
external magnetic induction intensity around the steel strand in the experiment chamber
is relatively stable. Therefore, the variation in the ABY signals is mainly affected by the
vibration amplitude. The displacement-added magnetic field only fluctuates up and down
in a small range when the vibration amplitude of the steel strand is not significant.

Figure 11 reflects that the form of ABY x is “narrow and high” and the shape of
ABZS is “wide and flat”, indicating that the normal component of the ABY signals is
more discrete than the tangential component. To assess the fluctuation of the data set,
the variance s? of 4# specimen is calculated by Equation (18). The results are depicted in
Figure 12. Figure 12a—c represent the variance results of the excitation frequency of 10 Hz,
8 Hz, 5 Hz. It can be shown from Figure 12 that the variances of ABJ®® are approximately
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0.2 mGs? greater than those of ABY®, indicating that the degree of fluctuation of the normal
component is greater than that of the tangential component. This phenomenon can be
attributed to the experimental setup, which applies radial vibration to the strand in the
same direction as the normal component of the magnetic signals. Consequently, the normal
displacement of the strand is larger than the tangential displacement. The results show
that the strand vibration has a more pronounced impact on the normal component of the
magnetic signal.

|
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Figure 11. Displacement-added magnetic field of 4# specimen: f = 8 Hz.
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where x; is the value of tangential and normal components of ABdiS, X is the mean of the
set of data, n is the quantity of data in the group.
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Figure 12. Variances of AB%* and AB%* of 4# specimen under different excitation conditions:
(a)f =10Hz; (b) f =8 Hz; (¢) f =5 Hz.

Considering the fluctuation of ABY%, Figure 13 analyzes the statistical distribution law
of ABYS under other excitation conditions in the form of a histogram. Where 3 denotes the
range of ABYS, each data group is divided into intervals of 0.1 mGs and F is the frequency of
each interval. Similar to Figure 11, the overall magnetic signals are “high in the middle and
low on both sides”, mainly distributed around the zero value. The statistical distribution of
the data at different excitation frequencies has no obvious variation pattern, but all show
characteristics of normal distribution. The maximum frequency corresponds to the data
distribution interval fmax around “0”, which indicates that the data’s fluctuation range
is small.
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Figure 13. Statistical histogram of ABYS of 4# specimen under different excitation conditions:
(a)f =10 Hz I = 2A-5A; (b) f =8 Hz I = 2A-5A; (c) f = 5 Hz I = 2A-5A.

When the external magnetic induction intensity around the strand is stable, the mag-
nitude of the displacement-added magnetic field is mainly influenced by the vibration
amplitude. The ABY signals fluctuate up and down around the zero value with the statis-
tical characteristics of a normal distribution. The effects of displacement on SMFL are small,
but the normal component fluctuated more. Therefore, the subsequent analysis would be
carried out only for the tangential component.

4.2.2. Corrosion Defect Deformation Effects (AB™)

Figure 1 shows that the corrosion SMFL is generated when the strand is corroded. It is
shown from Figure 3 that the defect width changes when the strand vibrates, which affects
the magnitude of the SMFL. To investigate the influence law of defect deformation on the
SMEFL during vibration, the 2# and 3# specimens are taken as examples. The analysis is
carried out only for the tangential component of SMFL because the stability of the tangential
component is better. Figure 14a,c show the SMFL at different corrosion degrees, where ng
and B¢y corresponded to the vibration and stationary states of the strand. Figure 14b,d are
the results of the vibrating magnetic signals minding the static magnetic signals, which
included the ABJ, as shown in Equation (19). The absolute value of ABy, poles is shown
in Equation (20).

ABy, = BY, — Bc, = ABY® + ABJ! (19)

11 = |AByx(min)| (20)
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Figure 14. Corrosion SMFL and AByy of 2# and 3# specimens under different corrosion degrees:
(a) and (b) are 2# specimens; (c,d) are 3# specimens.

From Figure 14a,c, it is evident that the SMFL curves of the strand exhibit a strong
correlation with the corrosion degree. The vibration magnetic signals are consistent with
the variation pattern of the stationary magnetic signal, fluctuating around the stationary
SMFL curve. Figure 13b,d show that the ABy, signals oscillate near the zero value in
the uncorroded region spanning from 0-15 cm and from 25-40 cm. This indicates that
the displacement changed mainly occur in the uncorroded region, consistent with the
characteristics of the ABY. In the vicinity of the corroded region, ABy, displays a more
prominent variation with obvious extreme values, indicating an increase in defect width
during vibration. From the relationship graph of n-c, it is seen that the extreme value of
ABy, is larger as the corrosion degree increases and has a linear correlation. It means that
the greater the degree of corrosion, the greater the effect of vibration on SMFL.

On the other hand, Figure 13b,d also reveal that when the degree of corrosion of the
steel strand rope ranges between 2% and 10%, the peak value of ABy, does not exceed
10 mGs, and in the non-corroded area, ABy, fluctuates within the range of —5 to 5 mGs.
ABy, represents the difference in magnetic signal between vibration and static station,
indicating the influence of vibration. These experimental results demonstrate that the
impact of vibration on magnetic flux leakage detection is correlated with the degree of
corrosion. The greater the degree of corrosion, the greater the influence of vibration,
primarily reflected in the fact that the deformation-added magnetic field is greater than the
displacement-added magnetic field.

The relationship between 1 and c for the remaining excitation conditions of specimens
2# and 3# is illustrated in Figure 15a—e. There is an excellent linear relationship between n
and c for different excitation conditions, demonstrating that n increased with the increase
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of corrosion degree c. Due to some specific errors in the experiments, certain working
conditions do not confirm this linear relationship. The results of all conditions are fitted to
Figure 15f. From the fitting result, the linear relationship between n and c is well fitted with
a fitted regression rate R = 0.87. The corresponding linear equation is shown in Figure 15f.
Considering that n represents the difference between vibration and rest at the extremes of
the tangential component of the SMFL curve, it follows that this difference increases with
the corrosion ratio. The extreme value of the SMFL curve is often used to characterize the
corrosion degree of the strand, and the greater the corrosion degree, the greater the error in
describing the corrosion in the vibration state.
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Figure 15. Relationship of 1 and c for the remaining excitation conditions of specimens 2# and 3#:
(a,b) are 2# specimens; (c—e) are 3# specimens; (f) is the fitting result of 1 and c.
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In summary, the effect of vibration deformation on SMFL is more significant than
that of vibration displacement and increases with the increase of corrosion degree. If the
extreme point of the SMFL curve is used as the characteristic value to characterize the
corrosion degree, there will be a large error. Therefore, it is necessary to reduce the influence
of vibration on corrosion characterization as much as possible and to seek the characteristic
value suitable for corrosion characterization under the vibration state.

4.3. Characterization Index of SMFL under Vibration

According to the analysis of the vibration effects on SMFL in Section 4.2, it is evident
that the tangential component of SMFL exhibits higher stability. Consequently, the charac-
terization index for corrosion is selected from the tangential component curve. As shown
in Figure 16, M, N and P are the extreme value points on the SMFL curve. The experiment
results show that points M, N are located on both sides of the corrosion area, with the width
of the two intersection points (Ax) being approximately twice the width of the corrosion.
Furthermore, the extreme value point P is positioned at the center of the corrosion area and
exhibits a linear correlation with the degree of corrosion. Considering the vibration effects
on the minima P of the SMFL curve, the three characteristic points (M, N, P) are used as
cut-off points to analyze the characterization value of the corrosion degree.

Bxlﬂwo/w %\ """"" \\N

Byj-1/2 (B +Byp)

-—Q.
aat L T S D'

Figure 16. Schematic diagram of magnetic characteristics parameter.

In previous studies on the characterization model for corrosion in cables, only the
magnetic signal values at points M, N, and P were used as reference points to construct
indicators [20]. However, the theoretical and experimental research results mentioned
earlier found that the magnetic signals between points M and N fluctuate to varying
degrees due to vibration. Furthermore, as the degree of corrosion increases, the fluctuation
at the extremum point P also becomes larger. Therefore, considering only the magnetic
signals at these three reference points can lead to significant errors in determining the
degree of corrosion. Therefore, this study incorporates the magnetic signals between points
M and N into the construction of the characterization indicator. The average value is
taken to reduce the influence of signal fluctuations, resulting in the construction of the
characterization indicator A as expressed in Equation (21).

In Figure 16, By; = By1, By = By, Q is the midpoint of M and N,Bqg = 1/2(By1+ Byn).
The magnitude of the magnetic signal at any point between M and N is By;. The index A is
constructed and its expression is presented in Equation (21).

Bxi - %(Bxl + an)

A=t - 1)

It
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To verify the correlation between index A and corrosion degree c, the 2# and 3#
specimens are taken as examples and the index A under different corrosion degrees is
calculated by Equation (21). At the same time, the indicators mentioned in document [20]
are also calculated using the vibration state magnetic signals of specimens 2# and 3# in this
study. These calculated indicators are denoted as A’. The purpose is to compare whether the
indicators A proposed in this paper are more accurate than those in previous research. The
results are shown in Figure 17. Figure 17a,b are the calculation results of the characteristic
index of specimen 3#. Figure 17¢,d are the calculation results of the characteristic index of
specimen 2#.
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Figure 17. Correlation between parameters A and corrosion ratio c¢: (a,b) were 3# specimens;
(c,d) were 2# specimens.

It is shown from Figure 17 that the relationship between the index A and the corrosion
degree c can be approximately regarded as a linear relationship, satisfying the equation
A =a+Db xc, where a is the slope of the fitted straight line and b is the intercept of the fitted
straight line. To assess the potential of index A for corrosion detection in cable structures
under vibration, the fitting effect of the equation is analyzed. This analysis includes both
the significance test and the fitting test. The significance test of the regression equation is
usually the F test. The principle is to decompose the total sum of squares of deviations into
regression sums of squares and residual squares and see how many regression sums of
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squares and residual sums of squares are included in the total sum of squares of deviations.
Its specific expression was determined by Equation (22).

) (22)

where i (; —y)? is the regression sum of squares, i (y; — 4;)? is the residual sum of
squareé.fl =

Fu(1, n — 2) is the critical value, when F > F,, the regression equation is significant.
To illustrate the fitting effect of the regression line, the goodness of fit R? of the regression
equation is further calculated. The results are shown in Table 3. Figure 17 and Table 3 show
that the four groups of data all satisfied P < 0.05, so the regression equation is significant.
In fact, for the univariate linear regression, the significance of the regression equation
is equivalent to the test of the regression coefficient. R? values of all samples are more
significant than 0.95, indicating that the data in the working stage with cracks had a higher
linear relationship.

Table 3. Linear fitting parameters.

Number F P R?
3#-A 854.155 0 0.99
3#-A’ 366.208 0 0.96
2#-A 146.569 0.0067 0.98
2#-A’ 664.068 0 0.95

Furthermore, the calculation results of R? in Table 3 indicate that the calculated results
of indicator A in specimens 2# and 3# exhibits a superior performance compared to A’. This
indicates that indicator A possesses a stronger correlation with corrosion level. Indicator A
can reduce the influence of vibrations to some extent. Therefore, using the characteristic
parameter A for corrosion characterization is feasible and it can provide more accurate
determination results.

5. Conclusions

Taking the corrosion of steel strand under vibration as the focus of this study, the
change of magnetic leakage signal of corroded steel strand under vibration was analyzed
theoretically and the concept of additional magnetic field was put forward. The existence
of additional magnetic field was verified by experiments and its variation characteristics
were further analyzed, which provided a new idea for cable corrosion detection in practical
engineering. Based on the test results, the correlation between magnetic characteristic index
and corrosion degree was analyzed, and the main conclusions were as follows:

(1) The corrosion SMFL signal in the vibration state fluctuated around the stationary
SMEFL curve, exhibiting similar trends and characteristics. The extreme point of the
SMFL curve was negatively correlated with the measured lift-off height and positively
correlated with the corrosion degree.

(2) The influence of vibration on magnetic field distribution of cable structure was defined
as the displacement-added magnetic field (ABYs) and the deformation-added magnetic
field (ABf). The tangential components of both have good data stability. AB%S
followed a statistical normal distribution, fluctuating around zero value, and had no
obvious relationship with excitation current and frequency. The effect of ABYf was
mainly related to the degree of corrosion. The larger the degree of corrosion, the greater
the impact of ABYf. When the external magnetic induction intensity was stable, the
increment of magnetic field intensity change was mainly determined by ABY.
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(3) Combined with the characteristics of SMFL curve under vibration and the influence
of ABYS and ABY®f on the SMFL curve, a corrosion index A was proposed. Moreover,
through testing and analyzing, the index A exhibited a strong linear fit with the degree
of corrosion (with R? values greater than 0.97 in all cases) and can reduce the influence
of vibrations to some extent. Using index A for corrosion characterization was feasible
and can provide more accurate determination results.

In summary, considering the influence of vibration effect on magnetic leakage detec-
tion, this study proposed a suitable characterization index for cable corrosion detection
under vibration. This approach effectively improved the accuracy of cable corrosion detec-
tion. However, this method is also affected by environmental magnetic field, magnetization
difference of specimens and other factors and the influence of temperature on magnetic
leakage detection was not taken into account. These questions would be the focus of future
research.
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