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ABSTRACT 

Eddy current testing is a nondestructive testing method, which is used to detect discontinuities and defects in conductive 
materials. Using this technique, two different types of artificial defects in a railhead were evaluated in order to analyze 
the relationship between different types of defects and eddy current signals, and to obtain data on the size of the rail 
surface defects and crack location. The actually used rail sample was also studied. Surface cracks and defects were 
clearly observed as amplitude and phase changes of detected signals. This study succeeds in quantitatively analyzing 
and discriminating the damage types. 
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1. Introduction 

The constant increase of railway use and loading capac- 
ity, the contact between the wheels of the trains and the 
rail becomes more frequent, which increases the rail load. 
This makes the rail surface prone to fatigue and damage. 
If this surface damage is not addressed, it is likely to 
evolve into transverse cracking and horizontal cracks 
internally. In order to avoid accidents, human casualties, 
and loss of service, the early nondestructive safety 
evaluation of rail surface becomes very important. 

Nondestructive testing is one of the most important 
testing methods. The following are some nondestructive 
testing methods applied in rail flaw detection. Although 
visual detection is the simplest and oldest method used in 
rail flaw detection, it is time consuming and subjective, 
which may lead to erroneous conclusions. Currently, the 
most popular rail testing methods are the ultrasonic and 
the eddy current testing methods [1-6]. Ultrasonic testing 
involves the reflection of acoustic waves to detect inter- 
nal defects [7,8]. It is quick, extremely reliable, and 
reaches deep into the structure. However, the display of 
the ultrasonic testing results is not easy to understand; 
moreover, this method often requires treatment of the 
surface under examination. 

Detection methods in rail testing have been recently 
developed. The ultrasonic testing of the weld of inside 
the rail head is advantages in accuracy and intuition, but 

it is incapable to detect the defect on the surface or near 
the surface [9]. The detection method which combines 
ultrasonic wave and eddy current tests has been also 
studied. This testing method uses multiple sensor probes 
and is able to detect the rail flaws inside and on the sur- 
face of the rail track. But, its analytical performance on 
the degree and type of flaws is unsatisfactory [10]. The 
high-speed flaw detection using eddy current can evalu- 
ate the location and extent of the rail damage. However, 
it has been difficult in intuitively displaying the different 
types of rail defects [11]. 

The research described in this paper aims to distin- 
guish and quantitatively analyze the types of surface de- 
fects. In this study, we listed three representative rails for 
eddy current testing. One of the rails had a surface defect, 
and it was used to test the sensitivity of the amplitude of 
the eddy current signal to the hollow surface of the rail. 
The second rail had an artificial side crack, and it was 
used to test the sensitivity of the eddy current signal 
phase to the crack. Finally, the third rail was in actual use 
with a rugged surface and cracks. 

2. System Configuration and Inspection  
Methods 

An inspection system of rail flaws used in this study in- 
cluded a detection coil and an excitation coil, which 
formed an eddy current sensor probe shown in Figure 1.  
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Figure 1. Dimension of eddy current sensor probe. 
 
Two eddy current sensor probes were used. One was for 
detecting the signal from a rail. It was positioned on a 
tested sample and scanned along the rail length. Another 
was for reference. It was positioned in air far from a 
sample. Two detection coils in each sensor probe were 
connected in a differential circuit, which was common 
technique in magnetic sensor. The controller (Kaisei En- 
gineer Co., Ltd.) supplied an excitation current to a series 
connection of two excitation coils and amplified a signal 
from the detection coils. 

The width of the railhead was 65 mm; thus, the detec- 
tion coil in the sensor probe could not effectively evalu- 
ate the entire plane of the rail top. Therefore, the position 
of the sensor probe was varied in five different positions 
along the width as indicated in Figure 2. The scan speed 
of the sensor probe was 2.5 mm/s and the data acquisi- 
tion rate was 8 point/s (3.2 point/mm). The frequency of 
the exciting magnetic field was 5 kHz. 

3. Results and Discussion 

3.1. Artificial Defect 

Eddy current testing was performed on a railhead with a 
hollow surface (a concave shape). The artificial hollow 
was prepared using a grinding machine. The dimension  

of the depressed elliptic was 30 mm × 75 mm as shown 
in Figure 3(a). The thickness (depth) was 0.6 mm, which 
was maximum at around the center of the hollow. The 
sensor prove was scanned along the rail at the center po- 
sition (0 mm in Figure 2). 

Figures 3(b) and (c) show the amplitude and phase 
changes in the detection signal from this artificially 
damaged rail. It was found that the amplitude was sig- 
nificantly changed at the position of the hollow, but that 
the phase signal was almost constant. The phase should 
be also changed by the surface hollow, but its change 
ratio is small compared with the amplitude change. 

During rail testing, due to the presence of the artificial 
flaw, the relative distance between the excitation coil and 
the eddy current loop generated at the sample surface at 
the artificial flaw increases. The eddy current intensity at 
the artificial hollow is reduced than that at the defect-free 
area. Therefore, at the location of the artificial flaw, the 
reverse magnetic field generated by the eddy current is 
reduced and the detected amplitude is smaller than that at 
the defect-free area. The phase of the detected signal 
does not directly related to the current intensity changes 
of eddy current, so the phase change is negligible. It is 
concluded that the amplitude of detected signal changes 
according to the uneven surface, whereas that the phase 
does not change in the testing system used in this study. 

3.2. Artificial Cracks 

This section describes the flaw detection of artificially 
prepared side cracks of different sizes. The locations and 
sizes of the simulated cracks are shown in Figure 4(a). 
These cracks were positioned at 5 mm below the sample 
surface. The surface was flat throughout the sample. 
These dimensions were 20 mm × 50mm, 40 mm × 50 
mm, 60 mm × 50 mm. The thickness of the crack was 
constant at 2 mm. The sensor probe was scanned along  

 

 

Figure 2. Position and scanning direction of eddy current sensor probe on railhead. 
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Figure 3. (a) Schematic of artificially hollowed railhead; (b) 
and (c) amplitude and phase changes of detection signal 
from the railhead. 

the rail at the edge (+32 mm in Figure 2) of the railhead 
as shown in Figure 4(a). 

Figures 4(b) and (c) show the amplitude and phase 
changes of detection signal for three simulated artificial 
side cracks, respectively. The amplitude change attrib- 
uted to the existence of the artificial side crack was not 
significantly observed. The amplitude should be princi- 
pally affected by the inside cracks, but its change ratio 
was small. As for the detected phase signal, there were 
significant changes in the range of 55 - 80 mm, 165 - 225 
mm, and 288 - 346 mm. These positions agreed with the 
positions of side cracks. 

Because of the existence of cracks, the eddy current 
cannot maintain its original circular path, but bypasses 
the cracks. When the conduction path of the eddy current 
in the presence of cracks is longer than that without the 
cracks, the increase of the bypass path results in the delay 
in phase of eddy current. It is found that the phase varia- 
tions of the three cracks differ in position. This is due to 
the difference in crack sizes. 

The eddy current density is mostly localized at the 
railhead surface due to the skin effect. A skin depth, δ 
depends on the exciting field frequency, f as described by 
the following formula: 

1

πf



                 (1) 

where μ and σ are permeability and conductivity of a 
sample, respectively. Using a relative permeability of μr 
= 500 and σ = 4.8 × 106 S/m for cast steel material of rail, 
the skin depth is 0.145 mm at a frequency of 5 kHz. It is  

 

 

Figure 4. (a) Three artificially prepared side cracks of different sizes; (b) and (c) amplitude and phase changes of detected 
ignal from the rail head. s 
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considered that the cracks positioned at the 5 mm below 
the sample surface can not be detected because of this 
thin skin depth. If the sensor prove was scanned along 
the rail at its center line, the cracks can not be detect. But 
in case that the sensor prove was scanned along the rail 
edge (+32 mm in Figure 2), the magnetic field could 
reach the side cracks through the air space of the side of 
the sample rail. This magnetic field distribution in the air 
space was modulated by the existence of the side cracks, 
which resulted in the detection of the side cracks posi- 
tioned at much deeper than the skin depth. 

3.3. Surface Damage and Crack in Actually Used  
Rail 

In this section, the eddy current testing of an actually 
used rail is discussed. The sample rail had a rugged sur- 
face with thin cracks as shown in Figure 5(a). In this test, 
five positions of the sensor probe were examined as in- 
dicated in Figure 2. The sensor probe was scanned at 

 

 

Figure 5. (a) Photo and schematic images of actually used 
rail sample, (b) and (c) amplitudes and phase changes of 
detection signal of actual rail. 

each line of +32, +16, 0 (center), −16 and −32 mm from 
the center line of the rail length direction. 

Figures 5(b) and (c) show the testing results of the 
amplitude and phase changes for the actually used rail- 
head sample, respectively. The railhead had cracks of 30 - 
60 mm and a hollow on its surface. The hollow was ap-
proximately elliptic shape of 40 mm × 110 mm. The am-
plitude change was clearly observed at the position of the 
hollow in case of the probe scan at −16, 0 and +16 mm 
lines. When the sensor probe was scanned along the rail 
edge at +32 and −32 mm, the amplitude change did not 
change due to the existence of the follow. It was be- 
cause that the follow was positioned at the railhead cen- 
ter with its width of about 40 mm. The maximum depth 
of the hollow was approximately 0.6 mm at the center 
and the amplitude change was maximum in the probe 
scan at the center of 0 mm. These detected signals of 
amplitude change were plotted as a function of the posi- 
tion of the railhead as shown in Figure 6. The shape and 
size of the hollow are realized by both 3D and 2D images 
of the figure.  

Significant phase changes due to the surface cracks 
were observed for the probe scan at +16 and 0 mm, 
which agreed with the position of the cracks. The phase 
was slightly changed at +32 mm, but was not at −32 mm. 
This was because that the position of the cracks was lo- 
calized at the edge (+32 mm side) of the railhead as 
shown by Figure 5(a). The phase change was observed 
at the position of 40 - 80 mm for the probe scan at −16 
mm. It was presumably because of existence of cracks or 
damages which could not found by visual inspection or 
ultrasonic testing. As this phase change was not ob- 
served in other scan lines of +32, +16, 0 nor −32 mm, the 
unidentified crack or damage was considered to be local- 
ized around the line of −16 mm. The peak positions of 
phase changes for scan lines of +32, +16, 0 and −16 mm 
were plotted as shown by the left schematic in Figure 7. 
 

 

Figure 6. 3D and 2D images of detected signals of amplitude 
change as a function of the position of the railhead surface. 
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Figure 7. Schematic and photographic images of a crack on 
the actually used rail sample. 
 
The plotted points indicated by open circles in the figure 
are located on the actual crack identified by visual in- 
spection (shown by the right photograph in the figure). It 
is significant to detect thin cracks on the railhead surface, 
because ultrasonic testing can not detect the surface 
cracks. The surface cracks may develop to inside of the 
rail. 

From obtained results of the rails with artificial defects 
of two different types, it is found that analysis of changes 
in amplitude and phase of detected signals can accurately 
identify hollow and cracks of rail surface. This impro- 
vement develops the nondestructive testing of rail and 
other structural materials in identifying defects and dis-
tinguishing their types. 

4. Conclusions 

The eddy current testing of railhead was reported. The 
testing results of two railhead samples with artificially 
prepared defects indicated that the amplitude change in- 
duced to the detection coil corresponded to the surface 
roughness, and that the phase change corresponded to the 
surface cracks. Based on this characteristic, cracks and 
defects of an actually used rail sample were examined. It 
was found that the hollow and the surface cracks were 
clearly detected as the amplitude and phase changes, re- 
spectively. The detected signal indicated the existence of 
other defects, which were not identified by visual inspec- 
tion or ultrasonic testing. This is significant development 
on eddy current testing, which is obtained from a large 
quantity of experiments and effective analytical methods 
in signal processing. 

These experimental results will be examined by nu- 
merical analysis using finite element method. The opti- 
mization of sensor probes and measurement with various 
exiting frequency will be also expected to improve the 
detection sensitivity and accurately. 
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