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Abstract. This study investigates the impact of the trailing effect on the accuracy of crack
detection under high-speed conditions. Finite element simulation analysis was used to explore the
effects of the trailing effect on the magnetic field distribution on the rail surface and compare the
signal intensity and sensitivity at different detection positions. The optimal detection position with
higher signal intensity and sensitivity was identified, and a probe structure suitable for
electromagnetic non-destructive testing at high speeds was proposed. Experimental results show
that at a detection speed of 20.0 m/s, this probe structure effectively quantifies cracks deeper than
1.0 mm, with relative errors and standard deviations within 10 %.
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1. Introduction

Rolling contact fatigue (RCF) crack on the top surface of rail is one of the main hidden dangers
in the safety of high-speed railway. In order to solve this problem, many researchers have carried
out related research work [1-5]. Among them, J. Wilson et al. [6] used eddy current pulse thermal
imaging (ECPT) technology to detect RCF cracks on the rail surface. However, in order to ensure
that the position of the crack is fully heated and avoid image blur, the detection speed is limited.
Gao Yunlai et al. [7] combined magnetic line of force detection (MFL) with ECPT, and proposed
a multi-physical electromagnetic and thermal imaging detection method, which can effectively
detect the natural cracks on the top surface of the rail, and has high imaging resolution and
sensitivity. Wu Yingchun et al. [8-9] studied the velocity effect in the electromagnetic thermal
imaging detection of rail RCF cracks, and found that in the process of dynamic thermal imaging,
the eddy current on the rail surface will produce a shadow effect, which will affect the distribution
of temperature field, and then affect the imaging of cracks. Feng Jiefan et al. [10] studied the
detection of rail RCF micro-cracks and hidden defects by eddy current pulse thermal imaging,
analyzed the detection signals of cracks of different sizes in frequency domain and time domain,
and enhanced the image features of cracks by normalized difference and other classical algorithms.
In addition, many institutions, such as University of Electronic Science and Technology, Nanjing
University of Aeronautics and Astronautics, China Academy of Railway Sciences, have jointly
carried out the research and development of multi-physical rapid detection instruments for rail
RCF cracks, and achieved fruitful results [11-12]. Literature [13-14] designed a rail surface
adaptive bearing mechanism based on magnetic force line detection, and built a rail surface
damage detection system, which was verified by hand trolley and rail inspection car. Gao Bin et
al. [15] built the electromagnetic thermal imaging detection system, and tested it on the laboratory
turntable and the actual rail, and then used the tensor decomposition algorithm to process the
detection signal under the velocity effect, which can effectively identify the crack characteristics.
These researches provide some technical support for the detection of rail RCF cracks and have
certain significance for ensuring the safety of high-speed railway.

Although some progress has been made in the quantitative detection of RCF cracks in
high-speed rail, the realization of rapid on-line quantitative nondestructive testing of RCF cracks
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in high-speed rail still needs to be further studied. At present, some detection technologies are
limited by the method and principle of detection speed, so they cannot achieve fast on-line
inspection. At the same time, in the rapid non-destructive testing of high-speed rail, due to the
improvement of testing speed, the speed effect will have an impact on the quantitative
identification of RCF damage, and may lead to missed detection and misdetection of cracks. In
order to ensure the safe operation of high-speed railwayj, it is very necessary to use non-destructive
testing (NDT) technology to detect RCF damage, railway failure and health status of in-service
rail.

Therefore, based on the DC electromagnetic nondestructive testing technology, the influence
of the shadow effect on the magnetic field distribution on the rail surface is analyzed by finite
element simulation. Aiming at the magnetic field distribution as a reference, we aim to optimize
the detection signal strength and sensitivity, propose the optimal probe structure for fast moving
conditions, and apply it to the rapid quantitative detection of rail RCF cracks. This research result
provides an important basis for the development of probe structure with high sensitivity and high
signal strength to realize the rapid and quantitative detection of rail cracks.

2. Simulation research on the optimal detection position
2.1. Establishment of finite element simulation model

When there is a relatively fast motion between the probe and the specimen, the distribution of
the moving eddy current and magnetic field in the specimen will change due to the existence of
the drag effect, which is significantly different from that of the magnetic field and eddy current in
the static state. at this time, the best detection position is also changed. In order to study the best
detection position in the state of fast motion, the finite element model is established according to
the modeling method of reference [16], as shown in Fig. 1. The thickness of the rail specimen is
set to 14.0 mm. In order to find the best detection position, 12 detection points are arranged under
the excitation coil, in which the detection point P, is the location of the magnetic sensor in the
traditional eddy current testing. In the simulation, the magnetic induction intensity X axis
component B, and magnetic induction intensity Y axis component B, at the detection point
P;-P;; are obtained respectively to carry out research. In addition, in order to study the distribution
of the magnetic field on the surface of the specimen under the probe, a straight line L, is drawn
on the surface of the specimen below the excitation coil, and the comprehensive magnetic
induction intensity B on the line is extracted. The lift-off setting is 1.0 mm and the DC excitation
is 0.1 A. The physical and geometric parameters of the specimen and the excitation coil are shown
in Tables 1-2.
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Fig. 1. Finite element simulation diagram
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Table 1. physical and geometric parameters of the excitation coil

Materials 'Inner Qutside Height Number Electr.ic' Relatiyg
diameter diameter of turns conductivity permeability
Copper 10.0 mm 15.0 mm 8.0 mm 500 58.0 MS/m 1
Table 2. Physical and geometric parameters of the specimen
Materials Length Thickness Electric conductivity Magnetic permeability
1008 section steel 250.0 mm 8.0 mm 2.0 MS/m 1000

2.2. The influence of shadow effect on the quantitative detection of cracks

According to the simulation model in Fig. 1, this chapter first studies the influence of shadow
effect on the quantitative characterization of cracks in DC electromagnetic nondestructive testing.
When there is no crack on the surface of the specimen, the magnetic induction intensity B, on Ly
is obtained, and the relative position curve between B, and the excitation coil is drawn, as shown
in Fig. 2.
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Fig. 2. Relative position curve of B, and excitation coil at different speeds

It can be seen from Fig. 2 that at low speed (0.1 m/s), the value of By is small, and the moving
eddy current is close to zero. With the increase of speed, the B, value increases significantly, and
the magnetic field distribution on the specimen surface changes due to the influence of the shadow
effect: the B, value increases gradually from right to left inside the excitation coil and reaches the
maximum at the left edge of the excitation coil (below Ps); the minimum value of B, appears at
the right edge of the excitation coil (below P;,); on the outside of the excitation coil, the B, value
decreases as it moves away from the excitation coil. In addition, when the speed is more than
5.0 m/s, the B, value behind the phase motion of the excitation coil (left) is much larger than that
of the front (right) of the excitation coil.

According to the magnetic field distribution on the surface of the specimen without crack
obtained in Fig. 2, the influence of drag effect on quantitative electromagnetic nondestructive
testing of crack is studied. When there are cracks on the surface of the specimen, the B, and by
values at different positions and speeds are extracted for study, as shown in Figs. 3-6. Among
them, P, is the traditional eddy current testing position; P and P;, correspond to the detection
positions of the maximum and minimum magnetic induction intensity in the specimen,
respectively; and P is the detection position behind the movement of the excitation coil, which
is used to study the shadow effect. The width of the crack is 0.8 mm and the depth is 2.0 mm.

Comparing Figs. 3-6, we can see that with the increase of speed, the baseline value of B,
increases gradually, while that of B), decreases gradually. However, due to the existence of the
shadow effect, the magnetic field distribution on the specimen surface changes, resulting in
differences in the baseline values of magnetic induction intensity at different detection locations,
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and the change trends of AB, and AB,, values obtained at different detection sites are obviously
different: in Figs. 3 4 6, the values of AB, and AB,, increase with the increase of speed.
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Fig. 3. The relationship between the position of the probe and the magnetic induction intensity at Py
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Fig. 4. The relationship between the position of the probe and the magnetic induction intensity at Pg
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Fig. 5. The relationship between the position of the probe and the magnetic induction intensity at P;,
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In Fig. 5, with the increase of speed, the value of AB, hardly changes, but the value of AB,,
decreases gradually, which is obviously different from that of Py, P; and P;;. Combined with
Fig. 2, we can see that with the increase of speed, the shadow effect is more obvious, the maximum
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magnetic induction intensity in the specimen appears below the Py point, while the magnetic
induction intensity at the P;, is the smallest, and with the increase of the testing speed, the
dynamic eddy current is more concentrated on the surface of the specimen, that is, the skin effect
is more obvious, resulting in poor characterization of cracks at P;,.
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Fig. 6. The relationship between the position of the probe and the magnetic induction intensity at Py,
3. Selection of the best detection position under the condition of fast motion
3.1. Crack detection signals of different depths at each detection point

In order to study the relationship between crack depth and magnetic induction intensity at each
detection point, the detection signals are selected when the detection speed is 20.00 m/s, crack
width is 0.8 mm and depth is 0.5 mm-12.0 mm. The relationship curves between B,, B), and probe
position at different depths from P, to P;; are obtained respectively. Figs. 7-12 shows the curves
of By, By, and crack depth at different crack depths at Py, P3, Ps, Pg, Py and Py 4, respectively. The
crack center corresponds to the X axis 10.0 mm.
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Fig. 7. The curve of the relationship between the position of the probe and the magnetic
induction intensity at the Py when the detection speed is 20.00 m/s
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It can be seen from Figs. 7(a)-12(a) that there are significant differences in the variation trend
of detection signals with crack depth at different detection points: in Figs. 7(a)-9(a), the baseline
value of B, increases in turn and reaches the maximum value at Ps, while in Figs. 10(a)-11(a), the
baseline value of B, gradually decreases to a negative value.
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Fig. 8. The curve of the relationship between the position of the probe and the magnetic
induction intensity at the P; when the detection speed is 20.00 m/s
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Fig. 9. The curve of the relationship between the position of the probe and the magnetic
induction intensity at the Ps when the detection speed is 20.00 m/s
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Fig. 10. The curve of the relationship between the position of the probe and the magnetic
induction intensity at the Pg when the detection speed is 20.00 m/s

There is an abrupt change in B, at the crack, and the B, at P,-P5 increases with the increase of
crack depth, while at Pg-P; 4, with the increase of crack depth, the increasing trend of B, gradually
slows down, even showing that B, increases at first and then decreases with the increase of crack
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depth (as shown in Fig. 10(a) and Fig. 1(a)). The change trend of P;, is consistent with that of
Py-Ps Figs. 7(b)-12(b) shows that in Fig. 7(b)-9(b), the baseline value of B, increases at first and
then decreases, while in Figs. 10(b)-11(b), the baseline value of B,, decreases in turn; at the crack,
B,, changes sharply, and By at Py-Ps increases with the increase of crack depth. At Pg-P,q, with
the increase of crack depth, B, gradually slows down with the crack depth, while at P4, B,
decreases with the increase of crack depth. The B,, at P;; also increases with the depth of the
crack.
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Fig. 11. The curve of the relationship between the position of the probe and the magnetic
induction intensity at the P;, when the detection speed is 20.00 m/s
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Fig. 12. The curve of the relationship between the position of the probe and the
magnetic induction intensity at the P;; when the detection speed is 20.00 m/s

3.2. Determination of the best detection location

In order to obtain the best detection position, the AB, and AB,, values of crack detection signals
at different depths at each detection point are extracted, and the AB, and AB,, values are fitted with
the crack depth, as shown in Fig. 3. Because of the poor fitting relationship between the AB, and
AB,, values at Py and Py, points and the crack depth, it is not shown in Fig. 13. In Fig. 13, the
ordinate represents the strength of the detection signal, and the rate of change of the fitting curve
with depth represents the sensitivity of the detection signal, and the greater the rate of change, the
higher the sensitivity of the detection signal. It can be seen in Fig. 13 that there is a good quadratic
function relationship between the values of AB, and AB,, at each detection point and the crack
depth, and the linear correlation coefficients are all above 0.99.
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Fig. 13. Fitting curve of difference peak value and crack depth at each detection point

In Fig. 13(a), the detection sensitivity and signal intensity of each detection point are arranged
from low to high as follows: Pg < P, < Py < Py < P; < P, < P; < P, < P;, that is, affected by
the shadow effect, the detection sensitivity and signal strength of the detection point on the left
side of P, are increased in turn, while at the detection point on the right side of P,, the detection
sensitivity and signal strength are weakened in turn. The detection signal strength and sensitivity
are the highest at Ps point. The detection sensitivity of P;; position is between P, and Pg, but
because the P;; position is far away from the excitation coil, the detection signal strength is lower
than that of Py and Ps.

The order of detection sensitivity from low to high in Fig. 13(b) is as follows: Pg < P; < Py <
Py < P; < P, < P; < P, < Py, which is the same as that in Fig. 13(a). The detection sensitivity
and signal strength of P;; position are the same as those described in Fig. 13(a). Considering the
strength and sensitivity of the detection signal, the Ps point can be determined as the best detection
position.

4. Analysis and discussion of experimental results

In order to verify the simulation results, the structure of the probe designed in this paper is
shown in Fig. 14. In this experiment, eight Hall sensors numbered 0%, 1%, 2# and 3" are used to
convert the magnetic induction intensity signal in the X axis direction into the voltage signal V,
output, and the Hall sensors numbered 0%, 1, 2" and 3" are used to convert the magnetic induction
intensity signal in the ¥ axis direction into the voltage signal }, output. Among them, probe 1 and
probe 3 are traditional probe structures. In the simulation, the magnetic sensor is replaced by the
detection point, but in practice, the volume of the magnetic sensor needs to be taken into account.
Therefore, when designing probe 2 and probe 4, the Hall sensor 2% and 2" are as close to the edge
of the excitation coil as possible (that is Pg). It should be pointed out that during the rotation of
the turntable, the order in which the cracks pass through the Hall sensors in probe 2 (or probe 4)
is 0%, 1%, 2* and 3” (or 0%, 1%, 2" and 3%).

In order to further determine the best detection position, According to the previous analysis, it
can be seen that placing the Hall sensor at point P; is the best detection position. The gap between
the Hall sensor and the excitation coil and track surface is 1 mm. each Hall sensor is arranged
according to its placement position in Fig. 14, and the change trend of AV, and AV, output of each
Hall sensor at different speeds is plotted, as shown in Fig. 15. In the Figure, the Abscissa shows
the placement position of each Hall sensor near the probe; the ordinate reflects the AV, and AV,
values of different depth cracks obtained by each Hall sensor, the ordinate value indicates the
strength of the detection signal, and the different ordinate values corresponding to the same
Abscissa value reflect the resolution of the Hall sensor to the crack depth.
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Fig. 15. Output values of Hall sensors at different speeds

As can be seen from Fig.15 (a), with the increase of speed, the position of AV, at 0%, 1* and 3*
increases slightly at the position of the Hall sensor, while the position of the Hall sensor increases
significantly at the Hall sensor position. In addition, AV, does not increase uniformly at all
detection positions with the increase of velocity, but increases significantly in the opposite
direction of the probe movement direction (near the Ps position), that is, the shadow effect
appears. In Fig. 15(b), when the crack depth is 0.5 mm and 1.0 mm respectively, the difference of
the AV, value of each Hall sensor is small; when the crack depth is 2.0 mm, 4.0 mm and 6.0 mm,
it is obvious that the AV, value of the 1* Hall sensor increases significantly with the increase of
velocity, and the AV}, value of the 0" and 3* Hall sensor increases slightly. However, at the position
of the 1 Hall sensor, except for the crack with a depth of 0.5 mm, the AV}, value decreases with
the increase of V. This is due to the fact that with the increase of velocity, the drag effect becomes
more and more obvious, and the magnetic field moves in the opposite direction to the probe, so
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that the AV, value of the position of the 1* Hall sensor decreases.

According to the above research, when there is a rapid relative motion between the probe and
the specimen, the optimal probe structure is shown in Fig. 16, in which probe 5 is used to detect
AV, and probe 6 is used to detect AV,,. Fig. 16(a) shows that the probe moves at a certain speed

and the specimen is still; Fig. 16(b) shows that the specimen moves at a certain speed and the
probe is at rest, which is suitable for crack detection of fast-moving metal components.

tz tz

v

a) Probe moves, sample b) Probe still, sample moves
Fig. 16. Schematic diagram of the best probe structure

Fig. 17 shows the fitting curves of crack depth and detection signal at different speeds. It can
be seen from Fig. 17(a) that there is a quadratic function relationship between crack depth and AV,
(AV), and the correlation coefficients are 0.994 and 0.996 respectively. Comparing the two curves
in Fig. 17(a), it can be seen that AV, is more sensitive to the change of crack depth. Fig. 17(b)
shows the same trend, with a correlation coefficient of 0.996 for both curves. In addition, Fig.17
shows that the sensitivity of AV, (AV},) to crack depth is higher at 20.0 m/s than that at 10.0 m/s.
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Fig. 17. Fitting curve of detection signal and crack depth at different speeds

The fitting formula in Fig. 17 is inverted in order to realize the quantitative characterization of
cracks in engineering practice, as shown in Table 3. In the table, d; and d, are the standard crack
depth and the measured crack depth respectively, and d,. is the relative error between the standard
crack depth and the measured crack depth.

As can be seen from Table 3, except for cracks with a depth of 0.5 mm and 1.0 mm (blackbody
thickening), the relative errors of other crack depths are all less than 10 %.The main reason for the
higher relative error of the crack depth of 0.5 mm and 1.0 mm is that the signal strength of the
shallow crack detection is lower, and it is more easily affected by vibration lift and noise signals,
especially the crack with the depth of 0.5 mm. Compared with the inversion results in literature
[17], the inversion accuracy of crack depth at the best detection location is greatly improved,
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especially when V, is used to invert the crack depth, it is further proved that the probe has better
detection ability at the best detection location. At the same time, compared with the static PEC
detection of literature [18], the probe structure can detect deeper RCF cracks under the condition
of fast motion.

Table 3. Inversion results of crack depth

V=10m/s V=20m/s
dy (mm) | dp (mm) | d;. (%) | dy (mm) | d (mm) | d; (%)
0.5 0.65 30 0.5 0.61 22
1.0 0.83 17 1.0 0.88 12
AV, (mV) 2.0 1.88 6 2.0 1.92 4
4.0 4.16 4 4.0 427 6.75
6.0 5.93 1.17 6.0 5.84 2.67
0.5 0.62 24 0.5 0.63 26
1.0 0.87 13 1.0 0.84 16
AV, (mV) 2.0 1.86 7 2.0 1.90 5
4.0 4.25 6.25 4.0 4.16 4
6.0 5.84 2.67 6.0 5.89 1.83

5. Conclusions

This study examined the impact of the trailing effect on the magnetic field distribution and
detection signals within the rail, identifying the optimal detection position for magnetic sensors in
high-speed conditions. Based on these findings, we proposed an electromagnetic non-destructive
testing probe structure suitable for detecting RCF cracks in rails. Experimental results show that
at a detection speed of 20.0 m/s, the probe can effectively quantify crack depth when the crack
depth is greater than 1.0 mm, with both relative error and standard deviation within 10 %.
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