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Abstract. This paper used a magnetic flux leakage (MFL) method compatible with steel structures to analyze quantitative
change in a leakage signal due to defects on the surface of a railroad. A numerical simulation using a two-dimensional finite
element method (2D-FEM) was used to analyze MFL signals from defects on the railroad. An experiment was then carried out
to investigate the capability of the MFL-based non-destructive evaluation (NDE). We also focused on the velocity effect of the
MEFL signals by analyzing the magnetic hysteresis phenomenon. The quantitative change in leakage signals was determined by
selecting depth of the defect and inspection velocity as parameters in a simulation and in an experiment. The MFL signals
obtained showed variations that were simultaneously affected by inspection velocity and defect depth. MFL-based damage
detection in a railroad is conclusively confirmed to be sufficiently feasible within the range of operational speeds of an
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inspection train.
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1. Introduction

Recently, various methodologies and inspection
techniques have been used to inspect local damage in
critical members of structures to overcome the limitations
of whole-structure monitoring. In particular, non-destructive
testing (NDT) for structural health monitoring (SHM) has
been widely used to inspect and assess the structural
condition with regard to damage.

Railroads are vital components of railway services and
must withstand and distribute the weight of a train to the
ground. A railroad has the advantage of producing small
vibrations due to the considerably high stresses on relatively
small areas at which wheels of the train make contact.

However, stress can create plastic deformation on the
railroad, resulting in various types of damage (Sawadisavi
2010). Damage to the railroad spreads rapidly to the entire
structure as time passes and can lead to disasters, including
derailments in severe cases (Barke and Chiu 2005).
Accordingly, it is important to detect damaged rails at an
early stage (Dey ef al. 2016, Fadaeifard et al. 2013).

Magnetic flux leakage (MFL) is a widely used
conventional NDE technique that can be applied for high-
speed inspections. The method is applicable to many types
of steel structures, including railroads, pipelines, and plate-
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like structures (Zhang et al. 2009, Shi et al. 2015, Kim et al.
2018, Kim and Park 2017, 2018).

Many studies have been conducted to develop damage
detection methods of steel structures using MFL-based
NDE. Those studies have verified the feasibility of using
the technique to detect damage to target objects. In most
cases, however, the specimens used for damage detection
were limited to pipelines and plate-like structures (Ahmad
et al. 2015, Arifin et al. 2015, Feng et al. 2017, Tsukada et
al. 2010). Few studies have used railroads as target objects
(Chen et al. 2011).

Although the MFL method is highly capable of
detecting damage, it is still fraught with problems when
used in conjunction with high-speed inspection because
damage detection was carried out in a static state in most
previous studies (Lukyanets et al. 2003, Sun and Kang
2010, Al-Naemi et al. 2006). Static-state damage detection
can bring about difficulties in interpreting MFL signals
obtained through an inspection. Moreover, several previous
studies presented differing opinions regarding variations in
the magnitudes of MFL signals when considering the
inspection velocity (Wang et al. 2014, Li et al. 2006).

In addition, some investigations of MFL signals
obtained from damaged structures have used numerical
simulations based on two-dimensional (2-D) or 3-D models
with the finite element method (FEM) but have not
performed experimental studies (Wu et al. 2015, Dutta et al.
2009). However, results without experimental verification
can produce an inaccurate diagnosis of the damage.
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This paper presents a simulation and experimental study
using an MFL-based NDE technique. The damage detection
capability was investigated for the railroad under different
inspection velocities. To identify the magnitude of the MFL
signals due to the presence of damage and variation in
inspection velocity, a 2-D FEM model was produced. The
analyses were performed using the transient analysis
method. An experimental study was then conducted with
MFL-based NDE equipment. Finally, the damage detection
capability for the railroad and the effect of the inspection
velocity on the MFL signals were verified by comparing the
results of the simulation and the experiment.

2, Principle of the MFL-based NDE Technique
2.1 Principle of sensing MFL signals

Leakages in magnetic fields occur on the surface or
subsurface of a ferromagnetic material when the local
thickness is significantly reduced. In Fig. 1(a), there are no
magnetic flux lines over the surface of the specimen, so
they cannot reach the sensor. In Fig. 1(b), however, there is
a reduction in the thickness of the specimen, which results
in an internal magnetic field that allows the flux lines to
leak from the surface around the defects (Cho 2011,
Bubenik ez al. 1992). The leaked flux can be detected by a
Hall sensor, which consists of a transducer for which the
output voltage varies in response to the applied magnetic
fields (Ramsden 2006). Consequently, the leakage signal is
acquired in the voltage output (Park ef al. 2014).

2.2 Velocity effect on MFL signals

When the acquired MFL signals are interpreted, the
velocity effect on the signals is crucial in that it can change
the magnitude of the signals. This can lead to
misinterpretations of signals when estimating the level of
damage.

The changes in MFL signal due to the increase in
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Fig. 1 Principle of MFL-based damage detection

velocity can be easily understood in terms of the
magnetization process, as represented by the following Eqs.
(1) and (2).

M = y,H (1)
B=puo(H+M)=py(1+x,)H =pH 2

Here, M, H, B, ¥%,, Mo, and p represent the
magnetization of the ferromagnetic material, the magnetic
field strength, the magnetic flux density, the magnetic
susceptibility, the permeability of air, and the permeability
of the material, respectively (O’Handley 1999).

If magnetic fields are applied to a ferromagnetic
specimen and the applied fields are revoked from it, the
specimen retains magnetism. The residual magnetism is
related to migration of the magnetic domain wall (Jiles and
Atherton 1984, Hauser 1994, Cullity and Gragam 2011).
However, if magnetization is considered as a dynamic
process, the total time of the magnetization will decrease
due to the increase in velocity. A decrease in magnetization
time can cause a reduction in magnetic susceptibility, which
is a dimensionless proportionality constant that indicates the
degree of magnetization of a material in response to an
applied magnetic field. Therefore, the permeability of the
material decreases with susceptibility based on Eq. (2).

The decrease in permeability has an important
implication regarding the amount of magnetic flux flowing
into the ferromagnetic material. The amount of flux flowing
under the surface decreases due to the decrease in
permeability. This phenomenon can be explained by Ohm’s
law, which describes current flows. Similar to the way an
electric field causes an electric current to follow the path of
least resistance, a magnetic field causes magnetic flux to
take the path of least magnetic reluctance (Nilsson and
Riedel 2008). Thus, the leaked flux on the surface defects of
the material increases due to the increase in velocity.

3. Numerical simulation
3.1 Simulation setup

As illustrated in Fig. 2, the model is set up in 2-D, with
X-Y coordinates representing the cross-section of the MFL
probe and specimen. Table 1 shows the properties of the
simulation model that comprises a magnetization part and a
sensing part. A magnetic bridge (magnetization part)
incorporating a yoke and two permanent magnets with
different poles were modeled so that the flux lines traveled
through the structures. Steel was adopted as the
ferromagnetic material for the yoke and the specimen, as it
has a non-linear B-H curve that can account for the
magnetic hysteresis phenomenon.

The sensing part containing the Hall sensor is in the
middle between the two permanent magnets.

A railroad specimen was also modeled. However, it
includes only the head of the rail because that is where the
sensor is located. Moreover, the magnetic fields induced by
the magnets seldom affect the lower part of the rail.

In this simulation, defect depth (d) and inspection
velocity (v) were chosen as parameters to investigate the
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Fig. 2 Simulation model of railhead and magnetization part

Table 1 Properties of the simulation model

Components Properties
Materials Neodymium (NdFe 35)
Permanent Permeability 1
magnets Conductivity 6.25e¢5 S/m
Coercivity -8.9¢5 A/m
Materials Carbon steel
Magnetizer Permeability nonlinear B-H curve
Conductivity 2e6 S/m
. Materials Steel 1008
spi?ien Permeability nonlinear B-H curve
Conductivity 2e6 S/m
Materials Rectangular air slot
Defect Permeability 1
Conductivity 0 S/m

changes in MFL signals due to changes in those parameters.
A transient analysis was adopted to reflect the relative
movement between the magnetization part and the
specimen. For the parameters, the depth of the defect and
the inspection velocity ranged from 1 to 5 mm and from 1
to 3 m/s, respectively. These velocities are within the range
of the movement speed of the linear movement device for
the experiment.

The Hall sensor used to detect the MFL signals senses
the y component of the magnetic flux density (B). Hence,
the MFL signals obtained in the simulation were presented
in terms of the y component of the magnetic flux density

(By).
3.2 Magnetic flux density due to defects

The simulated MFL results due to the increases in defect
depth and inspection velocity are shown in Figs. 3-5, where
the values of the x axis and y axis on the graph represent the
position of the Hall sensor from the center of the defect and
the By, respectively.

All of the simulated MFL signals indicate the same
pattern in which the magnitude of By initially decreases
noticeably, after which there is a rapid increase. Therefore,
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Fig. 3 By due to change in depth (v =1 m/s)

the By curves have two peak values on both sides of the
position of the Hall sensor. To indicate the magnitude of
MFL signals quantitatively, the vertical distance between
two peaks (By, pp), commonly called peak to peak value (P-
P value), has been utilized as an index in this study.

The change of magnetic flux density from the
simulation analysis was identified due to the change of
defect depth with inspection velocity 1m/s and is plotted in
Fig. 3.

At the same velocity condition, greater leakage
magnetic flux is generated with increasing depth of damage.
Therefore, the extracted By value quantified from the
magnetic flux signal increased stepwise from 0.15 mT to
0.577 mT when damage depth increased from 1 mm to 5
mm.

MFL signal magnitudes and variations were also
obtained at a higher inspection velocity. Thus, the results of
the two inspection velocities of 2 m/s and 3 m/s were
obtained, as correspondingly illustrated in Figs. 4 and 5.

Even at inspection velocities of 2 m/s and 3 m/s,
identical curve shapes are shown for the case where v = 1
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Table 2 Numerical value of By, due to changes in d and v

(mT)

- v (m/s) 1 ) 3
1 0.150 0.202 0.262
2 0.251 0.309 0.360
3 0.362 0.408 0.469
4 0.468 0.512 0.570
5 0.577 0.624 0.680
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Fig. 6 By, due to changes in depth and velocity

m/s. Also, as in the case of 1 m/s, simulation results in 2
m/s and 3 m/s showed the same pattern, in which By
increases as the depth of damage becomes deeper. In
addition, under the same damage depth condition, a greater
By value was detected as inspection velocity increased.
Table 2 and Fig. 6 present the numerical values of By, for
each damage depth and inspection velocity case.

In Table 2 and Fig. 6, the By, values showed a pattern
that increases linearly with an increase in depth of the
defect. And the By, values increased at all defect depth
levels due to the increase in diagnostic velocity condition.
Consequently, through the results of the MFL-based
simulation, the increase in magnitude of the detected
magnetic leakage signals was confirmed according to the
increase in damage depth and inspection velocity.

4. Experimental study
4.1 Experimental setup

As shown in Fig. 7, the test setup for the MFL-based
railroad damage inspection consists of a 14-ch sensor head
equipped with a magnetization part and a sensing part, a rail
specimen, a compact data-acquisition (DAQ) device, a
terminal board, a linear movement device, and a laptop
computer. The compact DAQ and terminal board were
correspondingly used for data acquisition and signal
processing, and the obtained data was then analyzed using
the laptop computer. To investigate the velocity effect, a
linear movement device was specially designed and
fabricated for the railroad damage inspection. The relative
velocity between the specimen and the sensor head was
generated by a controller that causes the sensor head to
move linearly on the specimen at a constant velocity of
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Fig. 9 Specifications of rail specimen and fabricated
damage

1 m/s to 3 m/s, which are the same velocity conditions used
in the simulation analysis.

The sensor head comprises the magnetization part and
the sensing part, which have the same configuration as in
the simulation model, as shown in Fig. 8. The number of
sensing channels of the sensor head is 14, and each sensing
channel has a Hall sensor to measure the magnetic flux
signal and a set of permanent magnet yoke to magnetize the
rail specimen.

The rail specimen was used for damage inspection, and
the various size damages were formed artificially on the rail
head as shown in Fig. 9. The length of the rail specimen
was | m, and width and height of the rail head were 65mm
and 49 mm.

Five cracks with depths ranging from 1 to 5 mm were
produced along the rail specimen in the same manner as in
the simulation. The width and the length were fixed at 1.5
mm and 40 mm, respectively. The damage was located at
regular intervals of 50 mm. A side view and the dimensions
of the damage are illustrated in Fig. 10.

Each Hall sensor had a hall element that was
perpendicular to the surface of the rail head so that the y
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Fig. 11 MFL signals obtained from 6 channels

component of the MFL signals could be detected by the
Hall effect. The measurement was repeated 25 times, and
the sampling frequency was 5 kHz each time.

4.2 MFL voltage due to defects

The magnetic flux signals collected from the multi-
channel MFL sensor head are shown in Fig. 11. In this
study, signals from only 6 sensing channels passing through
the upper surface of the rail head where the damage is
located were used for the experiment.

In Fig. 11, four (from Ch. 2 to Ch. 5) of the six channels
showed damage signal patterns similar to those in the
simulation. Therefore, the mean value of the signals from
four channels was calculated and used for each case of
damage. These calculations were also adopted for the
remaining velocity cases.

The MFL signals measured at each damage depth are
superimposed and plotted on Figs. 12-14 for each
inspection velocity condition.

The magnitudes of the y component of the MFL signals
showed patterns analogous to the results of the simulation.
Two peak values were also found in the curve, as in the
simulation, and the vertical distance between the two peaks
(MFL,;) increased with depth of the defect, while the
horizontal distance between the two peaks did not change.
The results at inspection velocity of 2 m/s and 3 m/s are
illustrated in Figs. 13 and 14, respectively.

The magnitudes of the MFL signals were different
significantly when the inspection velocity was 2 m/s and 3
m/s, but the shape of the MFL signals was maintained.
When the velocity was increased to 2 m/s and 3 m/s, the
output voltage that reflect the magnetic flux was measured
higher than 1 m/s velocity condition at all damage depth
condition.

The MFL signals obtained from all inspection cases
were compared to each other. The P-P value for each
velocity and depth condition was extracted. Each P-P value
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was the average of 25 experiments. These are shown in
Table 3 and Fig. 15.

Similar to the simulation results, the P-P value increased
proportionally as the depth of damage increased. The P-P
value of MFL also increased regularly as inspection
velocity increased.

As shown in Table 3 and Fig. 15, results of the
experimental study showed signal patterns pertaining to the
magnitude of MFL signal analogous to the simulation
results.

Table 3 Experimental results of By p, due to changes in d

and v (V)
4 v (m/s) 1 ) 3
1 0.104 0.098 0.123
2 0.183 0.207 0.242
3 0.282 0.334 0.357
4 0.380 0.461 0.530
5 0.438 0.545 0.625
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5. Comparison between the simulation and
experimental results

Through simulation analysis and experimental verifica-
tion of the previous section, it was confirmed that it is
possible to diagnose railway damage using a leakage
magnetic flux technique. It was also confirmed that the
magnitude of the MFL signal increases with damage depth
and inspection velocity.

A comparison analysis between the results of the
simulation and the experiment was carried out to investigate
the trend of change in MFL signals due variations in depth
of the defect and inspection velocity. For accurate
quantitative comparisons, the units of the two results were
matched through the normalization process.

Normalization process by multiplying constant values
was conducted by changing the normalized magnitude of
MFL signal to 1 when the defect had a depth and inspection
velocity of 1 mm and 1 m/s, respectively.

Table 4 presents the relative values calculated for the
remaining cases in the simulation and experiment, where
the value indicates the normalized magnitude of MFL,,.

Through a relative comparison, the experimental results
were shown to be more sensitive to depth variation of
damage than the simulation results. Also, the influence of
inspection velocity was greater in the experiment.

Table 4 Normalized magnitude of MFL signals

d v (m/s)
(mm) 1 2 3

1 1.000 1.347 1.747

2 1.673 2.060 2.400
Simulation 3 2.413 2.720 3.127

4 3.120 3.413 3.800

5 3.847 4.160 4.533

1 1.000 0.947 1.187

2 1.762 1.988 2.331
Experiment 3 2.714 3.213 3.428

4 3.657 4.430 5.092

5 4.209 5.236 6.005

*The value is ‘1’ when d and v are 1 mm and 1 m/s, respectively
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Fig. 16 Normalized P-P value and multiple linear regression
plane of the simulation analysis
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Fig. 17 Normalized P-P value and the multiple linear
regression plane of the experiment

To identify trends in depth and velocity for each analysis
method, normalized P-P values (NPP) and multiple linear
regression planes are shown in Figs. 16 and 17. The
multiple regression equations were derived as Eqs. (3) and

(4).
NPPq;,, = 0.7031D + 0.3554V — 0.0627 3)

NPPgyp = 1.058D + 0.4701V — 0.9666 @)

Comparing Figs. 16 and 17 and Egs. (3) and (4) shows
that the change rate of normalized P-P value with increasing
depth of damage is larger in the experimental study (1.058)
than in the simulation (0.7031). In addition, sensitivity to
inspection velocity was 0.4701 in the experimental study
and 0.3544 in the simulation, indicating that the influence
of the inspection velocity was more sensitive in the
experimental study.

Comparison of experimental and simulation results
showed that the two approaches had similar trends in the
correlation of depth of damage and inspection velocity.
However, some difference in the degree of sensitivity was
observed between the two approaches, indicating the need
for a calibration algorithm to correct this.

6. Conclusions

This study conducted a numerical simulation and an
experimental investigation using an MFL-based NDE
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technique. The following can be stated based on the
findings of the study.

e The capability of MFL-based railroad damage
detection was confirmed through signals obtained
from defects near the railhead.

e The magnitude of MFL signals was verified to
depend on the characteristics of the damage and the
inspection velocity in the simulation study.

e B, in the simulation study increased due to changes
in depth of the defect or inspection velocity.

e The signal magnitude of MFL voltage in the
experimental study showed signal patterns similar to
those in the simulation.

e The MFL signals increased by 453.3% and 600.5%
in the simulation and the experiment, respectively,
according to the variations in depth of the defects
and inspection velocity.

In this study, the possibility of MFL-based railroad
diagnosis was confirmed through simulation and
experimental studies. The results of the simulation and
experimental study were in good agreement regarding the
MFL signal pattern, though there were some differences in
the amount of MFL signals. This illustrates that damages on
the railroad can be accurately detected through the MFL
signal generated on the damaged point.

Since the sensitivity of the MFL signal varies depending
on the size of the damage, quantitative diagnosis and
determination of the presence or absence of damage are
possible using the MFL technique. In addition, since there is
a difference in sensitivity of the signal due to the influence
of inspection velocity, railroad diagnosis must consider the
velocity. Therefore, it is necessary to develop a calibration
method that can compensate the effect of velocity.

To develop an MFL-based NDE technique from the
conclusions in this study, further research is currently
underway to quantify the MFL signals so that a damage
index can be drawn. In addition, algorithms to classify the
damage type using a pattern recognition technique, which is
increasingly being used in many applications, are in
development. As a concluding remark, we put forward that
the findings from this study can be applied to characterize
and visualize damage on various types of steel structures
such as steel beams and wire rope.
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