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Abstract

The railroad rail support trains and contributes to their operation. Internal and surface defects occur on the rail due to various 

combinations of causes including fatigue loading and cyclic tension and compression among others from the deterioration of 

the rail along with the temperature differences of seasonal changes. Surface defects such as head check, shelling, and squats 

start out in the rail head and become internal defects due to poor maintenance, ultimately resulting in rail failure. In order 

to prevent rail failure, it is important that defects are identified through nondestructive evaluation (NDE) in advance and to 

carry out maintenance techniques including grinding. NDE methods include MFL, EMAT, and ECT, and among these, the 

ECT method is a representative method with excellent detection sensitivity that nondestructively inspects metal surfaces such 

as rails and pipes using an electromagnetic field. Also, since the defect signal is obtained as an electrical signal, the depth, 

length, and width of defects can be assessed using a defect evaluation algorithm. This study investigated the field applica-

bility and future practical use of the 16 channel eddy current testing equipment and defect evaluation algorithm developed 

in this study. Therefore, the field applicability of the equipment and defect evaluation algorithm was investigated through 

the detection of artificial defects with varying size and depth. Afterwards, future practical use was evaluated by inspection 

of areas of rail that are in use and with naturally occurring surface defects and analysis of their size (length, width), depth, 

and phenomena.
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1 Introduction

With rapid advancement in industries related to transpor-

tation, the deterioration of existing infrastructure such as 

railways and roads has been pointed out as a safety issue. In 

particular, rails are composed of artificial structures includ-

ing the sleeper, roadbed, and ballast, which distribute the 

loading applied on the rail, and have the important role of 

supporting trains that are responsible for the transportation 

of numerous people and goods [1–3]. Therefore, damage 

on a national scale including human casualties and eco-

nomic loss can occur when the safety of the rail, the most 

important component of the track, is not guaranteed [2–4]. 

Defects of the rail are largely categorized into internal and 

surface defects, and factors that can cause surface defects 

include degradation, temperature differences due to seasonal 

changes, fatigue loading due to the passing tonnage of trains, 

and contact with foreign objects (ballast flying, snow and 

ice, etc.) between the wheel and rail during train operation 

[5, 6] Due to these factors, surface defects such as squats, 
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shelling, and head check occur, and research is actively car-

ried out on the prevention of accidents such as train derail-

ment caused by rail rupture using nondestructive and main-

tenance methods including grinding and overlay welding 

[5–7] Various nondestructive techniques are studied in order 

to establish maintenance standards for the early detection of 

surface defects, and nondestructive methods used on rails 

in the field include ultrasonic testing (UT) and eddy cur-

rent testing (ECT). As UT is a contact type method that is 

mainly used to detect internal defects, the non-contact type 

ECT is appropriate for the inspection of rail surface defects. 

In ECT, alternating current is applied to a coil sensor to 

produce a magnetic field, which produces an eddy current 

due to electromagnetic induction as the surface of the test 

specimen is approached [8, 9]. The eddy current distributed 

on the test specimen surface is established in the opposite 

direction of the magnetic field produced by the coil sensor, 

and thus when defects or nonuniform areas exist, the dif-

ference in the magnetic fields produced by the coil and the 

test surface results in variations in the impedance and elec-

tromotive force [10–12]. Therefore, information on defects 

such whether defects exist and their sizes and depths can be 

obtained through the electrical signal variation such as the 

impedance between the test surface and the coil sensor [13, 

14]. Eddy current equipment for rail inspection today are 

entirely imported from overseas, and therefore repairs in the 

case of malfunctions are costly and time consuming. Thus, 

not only are inspections unable to take place during repairs, 

but users lacking expert knowledge of eddy currents have 

difficulty in acquiring accurate data regarding defects using 

the inspection program that only expresses results using 

1-dimensional signals such as the Lissajous plane, phase, 

and amplitude along with the complicated defect evaluation 

program. Also, there is the inconvenience of having to move 

the data after completion of the inspection to a dedicated 

analysis computer for characterization of the presence of 

defects and their sizes. In the case of the existing inspection 

equipment, four sensors are arranged vertically and the angle 

of each sensor is adjusted by the user to set the equipment at 

the desired inspection location of the rail head; if the defects 

are not located within the inspection range, detection is thus 

difficult and the defect detection rate decreases. Therefore, 

a 16 channel eddy current inspection device was developed, 

which uses 16 sensors to inspect the entirely of the rail head, 

and user convenience was taken into consideration, provid-

ing real-time 2D images during the inspection to determine 

whether defects are present along with 3D images of the 

inspection location to obtain accurate information regarding 

the shapes and sizes of the defects. In this study, the 16 chan-

nel eddy current inspection equipment was used to verify 

the field applicability of the equipment through an analysis 

of the defect location based on the 2D and 3D inspection 

images of artificial defects of varying sizes and depths and 

through the developed defect evaluation algorithm for defect 

size and depth analysis. Furthermore, practical use of the 

equipment was shown for three natural defects on rail that 

is currently in operation.

2  Experimental Setup

2.1  Setup of the 16 Channel Eddy Current 
Inspection Equipment and Experiment Method

Figure 1 shows the multi-channel eddy current inspection 

equipment, which is placed on top of the rail and scans the 

rail surface as the operator pushes the equipment forward. 

The equipment is composed of the eddy current system, 16 

channel sensor jig, inspection and analysis program, and 

main power system. The eddy current system inputs the 

voltage and frequency necessary for the operation of the 

sensors and performs processing and storage of the acquired 

signal and the encoder signal. The inspection and analysis 

program is composed of calibration, 2D, amplitude, Lissa-

jous plane, 3D, and defect sizing. The 2D image, ampli-

tude, and Lissajous plane are displayed in real-time during 

the inspection, and the location and approximate size of the 

defect can be identified. Accurate information on the defect 

can be obtained from the estimated defect length, width, 

and depth results through the 3D image and defect sizing, 

which utilize the location of defect detection and data after 

completion of the inspection. The 16 channel sensor jig has 

four wheels that act as a guide along the side of the rail for 

stability when the equipment is placed on top of the rail, and 

each sensor has a suspension system to maintain uniform 

lift-off when the equipment is placed on top of a nonuniform 

rail surface due to deterioration. The sensor arrangement is 

4*4 and ceramic pads of the same 0.5 mm thickness were 

attached at the bottom of the sensors to prevent damage to 

the sensors. The main power system provides power to the 

eddy current system and display panel.

2.1.1  The 16 Channel Eddy Current Sensor

Figure 2a shows the sensors of the eddy current inspec-

tion equipment. As can be seen in the figure, the sensors 

are divided into two groups with eight channels each and 

they are connected to the eddy current system. Each sen-

sor was manufactured as connector types for convenient 

repair. Figure 2b shows the plus (+) point sensor, which is 

a differential sensor fabricated in a plus (+) shape where 

each layer is wound in a crisscrossing manner. The dif-

ferential sensor is composed of two receiving sensors, and 

each received signal is simultaneously affected and can-

celled out, resulting in the output signal level of 0. Hence, 

they are not significantly affected by lift-off and noise, and 
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defect detection in the circumferential and axial directions 

are possible [15, 16]. The sensors have an external diam-

eter of 8 mm, wire diameter of 0.1 mm, total of four layers, 

operating frequency of 300 kHz, applied voltage of 7Vpp, 

and lift-off of 1 mm. Additionally, the intervals between 

the left and right sensors were 0.16 mm and the intervals 

between the forward and behind sensors were 3 mm.

2.1.2  Experiment Configuration

Figure 3 shows a schematic diagram of the process all the 

way to the defect evaluation using the data obtained from 

the eddy current system from scanning the rail. Excitation 

of the ECT sensor is carried out through the frequency and 

voltage inputted from the 16ch ECT system. The sensor 

Fig. 1  Configuration of the multi-channel eddy current equipment

Fig. 2  Multi-channel eddy cur-

rent sensor: a 16ch eddy current 

sensor and b plus (+) point 

sensor
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produces a magnetic field using the excitation, and after 

calibration to maintain uniform sensitivity, the target rail 

is scanned for inspection and data are acquired through the 

ECT system. The acquired raw data undergo signal process-

ing to obtain information regarding defects using the 16ch 

signal, 2D image, and Lissajous plane, which appear in real 

time through the acquisition program. Also, the sizing of the 

defect is conducted including the length, width, and depth of 

the defect through the 3D image and defect evaluation algo-

rithm for accurate defect analysis. Approximate sizing of 

defects during use is possible in the development equipment, 

and for precise analysis, it is possible through the developed 

defect evaluation algorithm program after defect detection 

is completed.

2.1.3  Calibration of the 16ch ECT Sensors

Figure 4 shows the calibration method of the 16ch eddy 

current sensor and a slit defect of 1 mm width and 3 mm 

depth was made cutting through in the direction transverse 

of the rail head surface. Before calibration, defects appear 

like the sensor arrangement, and since the plus point sensor 

is made by hand, the 16 resistors are not the same, so there 

is a difference in sensitivity. Therefore, by using the balanc-

ing and calibration functions in the program, the sensitivity 

of the sensor is made the same. After calibration, it appears 

the same as the shape of the defect, and it can be seen that 

the sensitivity of the sensor is the same with the red line in 

the middle. Calibration test specimens of varying rail sizes 

(50 K, 60 K, UIC60) were prepared and data were recorded 

after calibration. Thus, calibration does not have to be per-

formed for every inspection as the calibration data for the 

corresponding rail that are stored in advance can be loaded 

and used.

2.2  Test Specimens with Artificial and Natural 
Defects

In order to check the applicability of the defect evaluation 

algorithm, 8 artificial defects in the shape of a rectangle 

with different sizes and depths were manufactured on the 

UIC60 rail used in high-speed craft as shown in Fig. 5a. As 

shown in Fig. 5b, the four defects on the left had the same 

depth but varying vertical and horizontal dimensions while 

the four defects on the right had the same dimensions but 

varying depths that increases in 2 mm intervals. The defects 

were fabricated at locations at least 360 mm from the edges 

on both sides in order to prevent the edge effect. The defects 

were distanced 50 mm apart from each other for accurate 

analysis of the detection signal. The test specimens with 

Fig. 3  Schematic of the ECT system

Fig. 4  Calibration method of 16ch ECT sensors
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natural defects were obtained from detection of defects on 

the rail surface of a high speed line in operation and the 

defect type is shelling. Shelling occurs due to the penetra-

tion of foreign substances between the wheel and rail during 

train operation or impact of the rail surface by hard objects 

like ballast about the rail [17]. Therefore, since the surface 

where a portion of the rail broke off is not smooth and takes 

on a geometric shape, the defect length and width can be 

measured but measuring the depth is difficult, and therefore 

the length, width, and depth of the defect were obtained 

using the radiographic test (RT) method.

3  Experiment Results and Discussion

3.1  Artificial Defect Sizing

Figure 6 a–d are 2D and 3D images of artificial defect speci-

mens. Blue is the part with no defects, and parts with a color 

other than blue are defective. Figure 6a is a 2D image of a 

defect with different widths and lengths. It was confirmed 

that as the size of the defect increased, the area of the color 

representing the defect increased. In Fig. 6b, the 3D image 

of Fig. 6a shows that the center and lower part of the defect 

have similar amplitude values, but the upper edge amplitude 

values are relatively large. The reason is that although it was 

machined to a uniform depth of 3 mm, an artificial defect 

was made on the rail that was used, so the lower part of 

the head wears more than the upper part, and the amplitude 

is larger at the lower edge part. That is, the difference in 

amplitude occurred due to the lift-off difference between the 

sensor at the top and the center because the sensor did not 

make perfect contact with the lower curvature. Figure 6c is a 

2D image with increasing depth, and the length and width of 

the defect are the same. Therefore, the size of all 2D images 

appeared to be the same. When looking at the 3D image of 

Fig. 6d to confirm the depth of the defect, the amplitude of 

the amplitude decreased as the depth decreased. When the 

results of 8 artificial defects of different lengths, widths, and 

depths were checked in 2D and 3D images, they were all 

able to be distinguished and the possibility of field applica-

tion of the developed equipment could be determined.

3.1.1  Defect Dimension Sizing

Table 1 shows the length and width sizing results of the 

four defects of varying sizes through measurements repeated 

three times, and the values of Table 1 are plotted in Fig. 7a 

and b. As can be observed in Fig. 7a; Table 1, the aver-

age estimated lengths of 15, 20, 25, and 30  mm were 

approximately 15.29, 20.12, 25.1, and 29.92 mm, respec-

tively, and thus the errors were about + 0.05 and − 0.12 mm 

Fig. 5  Squats artificial defects (UIC60): a artificial defects picture and b defect size
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Fig. 6  Artificial defect 2D and 3D image: a 2D image of the size variation defects and b 3D image of the size variation defects and c 2D image 

of the depth variation defects and d 3D image of the depth variation defects



Journal of Nondestructive Evaluation (2021) 40:83 

1 3

Page 7 of 12 83

for 15 mm, + 0.5 and − 0.06 mm for 20 mm, + 0.5 and 

− 0.12 mm for 25 mm, and − 0.12 mm for 30 mm. As 

shown in Fig. 7b; Table 1, the average estimated widths of 

10, 15, 20, and 25 mm were approximately 10.44, 15.45, 

20.16, and 25.44 mm, respectively, and thus the errors were 

about + 0.5 mm for 10 mm, + 0.5 mm for 15 mm, ± 0.5 mm 

for 20 mm, and + 0.5 mm for 25 mm. Therefore, the estimate 

results for the four defects with regard to the repeated meas-

urements of length and width were approximately + 0.5 and 

− 0.12 mm for length and ± 0.5 mm for width, and hence the 

defect error range where the length and width both increased 

was around ± 0.5 mm.

Table 1  Defect sizing

Category Actual size 

[mm]

Estimate size [mm]

1st 2nd 3rd

Length 15 15.5 14.88 15.5

20 19.94 19.94 20.5

25 24.92 25.5 24.88

30 29.88 29.94 29.94

Width 10 10.37 10.46 10.5

15 15.5 15.5 15.37

20 19.54 20.5 20.46

25 25.46 25.37 25.5

Fig. 7  Estimate sizing: a Length 

sizing and b width sizing
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3.1.2  Defect Depth Sizing

As shown in Fig. 8; Table 2, the average depth sizing results 

obtained from the three measurements were approximately 

1.97, 3.92, 6.15, and 7.52 mm, and the maximum errors were 

approximately + 0.01 and − 0.05 mm for 2 mm, + 0.43 and 

− 0.49 mm for 4 mm, + 0.5 and − 0.35 mm for 6 mm, and 

− 0.86 mm for 8 mm. Also, the calculated error ranges for 

the average values were found to increase as the defect depth 

increased. Therefore, the estimated error range increases 

due to the decrease in sensitivity as the depth increases, and 

hence the maximum estimated depth was determined to be 

8 mm for the developed equipment.

3.2  Natural Defect Sizing

In order to investigate the field applicability of the devel-

oped equipment, three natural defects of varying sizes and 

shapes caused by operational and environmental factors of 

trains were comparatively analyzed. The shape of the defect 

is shelling, and the defect is created by physical factors such 

as the passing tonnage of the train and environmental factors 

such as ice and gravel caught between the wheel and rail. 

The defect depth was measured using the RT method due 

to the nonuniform condition of the surface and the defect 

evaluation algorithm of the eddy current inspection equip-

ment was used to obtain the sizing results of the defect size 

and depth along with the 2D and 3D images. For the shell-

ing defect shown in Fig. 9a, an elliptical shaped piece of the 

rail broke off and each end of the defect had cracks formed 

both above and below. The side of the defect was observed 

to have a semicircular shape, as shown in Fig. 9b, and did 

not appear to have progressed into an internal defect. The 

approximate size of the defect and its location were ascer-

tained from the 2D image of Fig. 9c; however, it was dif-

ficult to distinguish the cracks. The 3D image was obtained 

as shown in Fig. 9d to accurately identify the shape of the 

defect where the amplitude revealed that each end of the 

defect was deep with the lower part being the deepest. The 

upper crack was not visible but the lower crack was observed 

through the peak next to the area with the highest peak in the 

width direction. Table 3 shows a comparison of the actual 

defect size, RT size, and estimated size obtained from the 

developed equipment. The actual width of the defect was 

approximately 30 mm whereas it was measured as around 

29 mm through the RT method and 27.99 mm using the eddy 

current inspection device; for the actual defect length, the 

RT method resulted in a measurement of around 14 mm, 

matching the actual length, while the measurement using 

the eddy current inspection device was around 13.44 mm. 

For the defect depth, the RT method resulted in a measure-

ment of around 3 mm and the eddy current inspection device 

returned a value of around 4.09 mm. Except for the defect 

width, the error was roughly + 1 mm. Figure 10a shows a 

shelling defect shaped like a horseshoe, and from the side 

view image of the defect in Fig. 10b it can be observed that 

Fig. 8  Depth sizing

Table 2  Depth sizing

Depth Actual [mm] Estimate [mm]

1st 2nd 3rd

2 2.01 1.95 1.94

4 3.82 3.51 4.43

6 6.31 5.65 6.5

8 7.67 7.14 7.75
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the left side is deeper and trapezoidal in shape. The rough 

shape and size of the defect could be inferred from the 2D 

and 3D image of Fig. 10c, d but because it was not similar 

to the actual shape of the defect, information on the defect 

through this 2D and 3D image was not sufficiently relia-

ble. The reason why the 2D and 3D images do not match 

the actual defect is that the threshold was set so that only 

defects of 2 mm or larger can be read in the acquired signal. 

Therefore, defects with a depth smaller than 2 mm did not 

appear in the 2D and 3D images, so they did not match the 

shape of the actual defect. Table 4 shows the measurement 

results of the defect size. The RT and eddy current inspec-

tion equipment measurements for the length and width of 

the defect were approximately 1 mm and 2 mm greater than 

the actual measurements, respectively. With regard to the 

defect depth, the RT measurement was around 3 mm while 

the eddy current inspection equipment measurement was 

around 2.1 mm. The error range of the eddy current inspec-

tion equipment was thus measured to be about ± 2 mm. 

Figure 11a shows a shelling defect in the shape of an X 

on the rail surface, and the side view of Fig. 11b was simi-

lar in shape to that of Fig. 10b. The 2D image of Fig. 11c 

also showed an X shape, similar to that of the actual defect 

shape. In addition, it was confirmed that there were addi-

tional defects below the defect center. In Fig. 11d, when 

the depth of the defect is compared, as can be seen from the 

RT image of Fig. 11b, the amplitude at the bottom of the 

defect in the left width direction is the highest, so it can be 

seen that it is deeper than other parts. Comparing the defect 

length measurement results in relation to the actual defect 

length in Table 5, the RT measurement was around 22 mm 

and the eddy current inspection equipment measurement 

was around 22.12 mm. For the width, the RT measurement 

was around 29 mm and the eddy current inspection equip-

ment measurement was around 28.31 mm. The eddy current 

inspection equipment measurement was closer to the actual 

length compared to the RT measurement result. With regard 

to the defect depth, the RT measurement was about 2 mm 

and the eddy current inspection equipment measurement 

was about 2.57 mm. The measurement results of the eddy 

current inspection equipment for the three natural defects 

showed that the error range was largest for the width and the 

Fig. 9  Inspection of the first natural defect: a natural defect, b RT image, c 2D image, and d 3D image

Table 3  Comparison of the actual size of the first natural defect with 

the RT and ECT sizing

Width Length Depth

Actual 30 14 X

RT 29 14 3

ECT detection equip-

ment

27.99 13.44 4.09
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error range of maximum + 1 mm and minimum + 0.31 mm 

for the length were measured excluding the defect of 

Fig. 11a. The error range of maximum + 1.09 mm and mini-

mum + 0.57 mm was measured for the depth.

4  Conclusion

In this study, using the 16ch eddy current rail defect detec-

tion equipment developed by applying the Plus point sen-

sor, finally, the possibility of practical use was confirmed 

through natural defect detection in the currently using 

rail. In addition, through the developed defect evaluation 

algorithm program, the data acquired in the field were 

analyzed precisely. First, eight defects of varying lengths, 

widths, and depths shaped similarly to squats were fab-

ricated on rail that was previously in operation, and the 

inspection results for these defects were shown as 2D and 

3D images. The inspection results had the same location 

and shape as those of the actual artificial defects, and the 

different lengths, widths, and depths of the actual defects 

were observed in the inspection results. The error range of 

the sizing of the length, width, and depth using the defect 

evaluation algorithm was approximately ± 0.5 mm. There-

fore, field applicability was shown through the inspection 

results of artificial defects. Additionally, three defects that 

occurred on rail in operation were inspected and a com-

parison of the obtained 2D and 3D images revealed that 

the defect location and its rough shape and size could be 

ascertained from the 2D image while the shape and depth 

of the defect could be determined from the 3D image. 

Comparison of the actual defect size and the defect size 

results from the RT method and eddy current inspection 

equipment showed that measurement of the defect length 

and width was possible but depth measurement was not 

possible due to the rough surface, and therefore the RT 

Fig. 10  Inspection of the second natural defect: a natural defect, b RT image, c 2D image, and d 3D image

Table 4  Comparison of the actual size of the second natural defect 

with the RT and ECT sizing

Width Length Depth

Actual 23 18 X

RT 24 19 3

ECT detection equip-

ment

25 19.80 2.10
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method results and eddy current inspection equipment 

results were compared with each other. For the width, the 

error range of the eddy current inspection equipment was 

around + 2 mm excluding the defect of Fig. 11a while the 

error range was within around + 0.5 mm excluding the 

defect of Fig. 10a. For the depth, the error range was at the 

most around + 1 mm, in contrast to the RT measurement 

results. The feasibility for practical use was determined 

using the maximum error range of the defect and the accu-

racy of the 2D and 3D images based on the natural defect 

inspection results. The developed equipment was devel-

oped to avoid dependence on overseas rail defect detection 

equipment, and it is equipment that prioritizes user con-

venience through repeated field application experiments. 

In addition, it is possible to select a replacement cycle for 

rails and prevent safety accidents by establishing a defect 

detection D/B through the defect evaluation algorithm pro-

gram. Further studies will be carried out to improve the 

inspection accuracy by enhancement of the resolution and 

error ranges of the 2D and 3D images.
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Fig. 11  Inspection of the third natural defect: a natural defect, b RT image, c 2D image, and d 3D image

Table 5  Comparison of the actual size of the third natural defect with 

the RT and ECT sizing

Width Length Depth

Actual 22 28 X

RT 23 29 2

ECT detection equip-

ment

22.12 28.31 2.57
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