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goods by wheeled vehicles running on railroads that connect 
cities to cities. It has been an efficient means of transporta-
tion, in terms of safety and economy, for a long time, and 
has contributed to the policy of suppressing the recent global 
warming problem with low carbon emission. In particular, 
since the opening of the first high-speed rails, the number of 
passengers using rail has increased, and the transportation 
volume of high-speed rail transport is rapidly increasing 
worldwide [1]. The global rail market showed an average 
growth of 3.6% from 2017 to 2019. Despite the decline of 
8% in 2020 due to the Coronavirus disease-19 (COVID-19) 
pandemic, it is expected to show positive development in 
the mid- to long-term with an average annual growth rate 
of 2.3% until 2025 [2] (2.7% expected before the pandemic 
[3]).

On the other hand, the increase in traction and braking 
force due to the high speed of such railroad vehicles, and 
increase in the axle load to increase the efficiency of railroad 
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Abstract
Non-destructive stress measurement by ultrasonic testing is based on calculating the acoustoelastic modulus obtained from 
the relationship between material stress and sound wave velocity. A critically refracted longitudinal (LCR) wave, which 
is a bulk longitudinal wave penetrating below and parallel to the surface below an effective depth, is most suitable for 
ultrasonic stress measurement tests because it exhibits a relatively large change in travel time in response to a change in 
stress. In particular, the residual stress distribution through the thickness of the subject can be calculated if transducers of 
different frequencies are applied because of the characteristic of propagation to different depths of penetration depending 
on the frequency. The main purpose of this study was to visualize the internal or residual stress distribution through the 
thickness of rails using LCR waves. To this end, LCR probes with different center frequencies were designed and manufac-
tured, and the residual stress values   of an unused railroad rail and two used railroad rails operated under different condi-
tions were calculated. This was done using the ultrasonic signals received from each probe, of which the distributions 
were mapped. Through these mapping results, different residual stress values could be calculated according to the depth. 
The differences in residual stress generation and distribution according to the conditions surrounding the contact between 
train wheels and rails, and their characteristics, were visualized and analyzed. As a result, it could be concluded that the 
non-destructive evaluation technique using LCR waves could detect differences in the residual stress of a rail, and thus can 
be used to measure the residual stress of the rail accurately.

Keywords Non-destructive evaluation (NDE) · Ultrasonic testing (UT) · Acoustoelastic effect · Critically refracted 
longitudinal (LCR) wave · Residual stress mapping · Wheel-rail rolling contact · Railroad rail

Received: 3 March 2022 / Accepted: 14 August 2022 / Published online: 8 September 2022
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Methodology for Mapping the Residual Stress Field in Serviced Rails 
Using LCR Waves

Young-In Hwang1 · Hyosung Lee1,2 · Yong-Il Kim1,3 · Ki-Bok Kim1,2

1 3

http://crossmark.crossref.org/dialog/?doi=10.1007/s10921-022-00895-w&domain=pdf&date_stamp=2022-9-7


Journal of Nondestructive Evaluation (2022) 41:63

transportation, are aggravating the contact fatigue on the 
metal of the wheel-rail interface [4]. Because the speed and 
volume of rail transport is increasing, it is expected that the 
damage occurring at the interface between wheels and rails 
will accelerate. Therefore, research to reduce damage is 
urgently needed because a great deal of money is consumed 
in the maintenance and management of wheels and rails to 
ensure safe driving and riding comfort of the rail vehicles.

1.2 Rolling Contact Fatigue at the Wheel-Rail 
Interface

Railroad vehicles run by repeated rolling contact between 
wheels and rails. It is essential to understand the interaction 
caused by the rolling contact that occurs while a vehicle is 
traveling on rails. This is because one of the factors that 
greatly affects the safe operation and ride comfort of railway 
vehicles is the wheel-rail contact characteristic [5]. Friction 
caused by the wheel-rail rolling contact is an important fac-
tor that affects the braking and traction force of a vehicle. 
Too low friction causes problems with the vehicle’s braking 
and traction [6]. On the other hand, wear or fatigue dam-
age occurs at the wheel-rail contact surface due to repeated 
rolling contact [7]. Because the speed of railroad vehicles 
is increasing, the axle weight and traction force are also 
increasing, which causes more wheel and rail wear and 
fatigue damage. In addition, if damage to the wheel and rail 
is left unattended, fatigue cracks (or the like) may grow and 
cause breakage of the rail.

Fatigue damage caused by rolling contact at the wheel-
rail contact surface due to the operation of the vehicle is 
caused by the simultaneous actions of physical and chemi-
cal mechanisms. The wheel-rail damage is affected by 
a wide variety of factors, such as contact characteristics 
according to wheel-rail shape, vehicle dynamic behav-
ior, and vehicle track interaction. In addition, there is high 
potential for damage to increase rapidly due to increase in 
axle weights, increase in traffic volume, and change in the 
characteristics of wheel-rail materials [8]. Accordingly, the 
lifespan of the wheels and rails may be reduced at a faster 
rate than expected, and the rolling contact fatigue damage 
to the wheel and rail might cause a major accident, such as 
vehicle derailment, if not detected.

The contact characteristics between the wheel and the 
rail are greatly affected by their geometric shapes, which 
affects the maintenance of the rail. In particular, because the 
head of the rail that comes in direct contact with the wheel 
is greatly affected by the weight of the vehicle, traveling 
speed, and curvature of the vehicle, it should be considered 
first for compatibility with the vehicle [9].

According to the wheel shape and load conditions, the 
wheel contacts the rail surface asymmetrically, so uneven 

rolling contact fatigue appears in the rail head [10]. The geo-
metric contact parameters of a wheel-rail interface include 
the rolling radii of the left and right wheels, the rolling 
radius difference, contact angle, contact angle difference, 
contact area, and ratio between the major and minor radii 
of the contact ellipse. Changes in these parameters change 
the position of the contact point between the wheel and rail 
[5, 7, 9]. Because the geometric shapes of the wheel and the 
rail greatly affect the characteristics of the contact between 
them, this change causes the load accumulated by different 
portions of the contact interface to be different.

1.3 Residual Stress Distribution in the Rail Head

Railroad rails are subjected to stresses generated through 
repeated interactions with train wheels. The load condi-
tions generated on the rail by the wheels include the verti-
cal load caused by the weight of the vehicle, the horizontal 
load generated when the vehicle passes through a curve, the 
tangential force generated during acceleration and decelera-
tion of the vehicle, and the thermal load caused by brake 
heat in the case of a vehicle using such as tread braking 
[11, 12]. In addition, a dynamic load acts during the running 
of the vehicle. Among these loads, the vertical, horizontal, 
and tangential forces are transmitted to the rail by the con-
tact between the wheel and the rail. The contact between the 
wheel and the rail occurs in the form of point contact or line 
contact with a small contact area [7]. Therefore, the con-
tact stress generated by the wheel and the rail by the heavy 
railway vehicle exceeds the elastic limit. When the contact 
stress generated by the load exceeds the elastic limit, plastic 
deformation occurs at the contact surface of the wheel and 
rail, and residual stress is generated [11]. By measuring the 
residual stress due to frequent rolling contact, the character-
istics of the load history of the contact surface can be deter-
mined. This stress also affects the occurrence of cracks; thus, 
it is an important factor affecting the strength and lifespan of 
a rail [13]. In other words, residual stress inevitably affects 
fatigue cracking, so measuring the residual stress accurately 
is the first step in evaluating service performance.

A curved railroad track is classified as a representative 
weakness of the track structure. Because the outer rail of 
a curve in the railroad track is subjected to strong lateral 
pressure and impact from the wheel flange to the gauge cor-
ner of the rail, substantial slip occurs along with rotation of 
the wheel, resulting in an imbalance in the internal stress 
distribution of the rail [14]. Therefore, the rail replacement 
cycle is typically faster for the curved portions of rail track 
than for straight track. However, the distribution of residual 
stresses in the head part of the rail is non-uniform even on 
a straight track, and depends on the wheel shape and load 
conditions.
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The rail replacement cycle is generally set according to 
the accumulated tonnage, and in the case of curved parts, the 
wear limit of the amount of direct wear and uneven wear is 
set and the rail replaced before the limit is reached. The pro-
portion of rail welding is increasing due to the use of long 
rails, and the rails on a straight general rail line has always 
exceeded the rail replacement standards, but there are many 
cases where they continue to be used without scientific evi-
dence. In addition, because there are many standards that 
do not provide limit values   for each train speed (including 
those in Korea [15]), there are many cases where rail lines 
are not suitable for the current high-speed situation. There-
fore, to evaluate the safety of long-term rails exceeding the 
rail replacement standard, scientific analysis and a rationale 
for an effective rail-use limit considering the line condi-
tions is required. Moreover, it is necessary to re-establish a 
standard for evaluation of the existing fatigue life. In other 
words, quantitative measurement of the residual stress dis-
tribution characteristics of rails is essential for determining 
the replacement cycle of rails and reducing track mainte-
nance costs.

Accordingly, many studies have been conducted to mea-
sure the residual stress distributed in the wheels and rails. 
Kelleher et al. [16] measured residual stresses in slices of a 
new roller-straightened railroad rail and a worn ex-service 
rail using X-rays and the magnetic anisotropy and perme-
ability system (MAPS). Lo et al. [14] measured residual 
principal stresses of a set of unused and used railroad rails 
of differing service times and loading histories with MAPS. 
Cal et al. [17] measured residual stresses on the surface 
of a rail joined by flash-butt welding using a hole-drilling 
method. Turan et al. measured residual stresses of rails that 
had the same casting number by cutting and X-ray diffrac-
tion methods [18]. Moreover, they measured residual stress 
in differently shaped rail specimens with a strain gauge 
and X-ray diffraction method, and examined microstruc-
tures in the specimens [19]. Jun et al. [20] obtained residual 
stresses at various positions on the rail and performed fail-
ure analyses on a fractured weld-repaired rail. Roy et al. 
[21] evaluated residual stresses of full-scale, cladded rails in 
the cladding layer, heat-affected zone (HAZ), and substrate 
using the neutron diffraction technique. Hwang et al. [22] 
measured stresses by applying tensile loads to unused rails 
and residual stresses remaining in used rails.

1.4 Ultrasonic Method of Residual Stress 
Measurement

Safety evaluation and judgment of usability through resid-
ual stress measurement on currently installed long-term rails 
must be performed non-destructively. Many non-destructive 
methods (involving such as ultrasonics, X-ray diffraction, 

neutron diffraction, magnetism, and electro-magnetism) 
have been developed and applied to measure stress [23]. 
Among them, the residual stress measurement using the 
ultrasonic method has an advantage different from the other 
techniques. Compared to the previously cited methods, the 
ultrasonic equipment is convenient and safe to use, quick to 
install, portable and inexpensive. Moreover, the measure-
ment performance with ultrasonics provides a substantial 
depth of measurement and high spatial resolution. In addi-
tion, it can be applied regardless of the type of material or 
its thickness. Therefore, it is very suitable for on-site non-
destructive inspection of previously installed structures, and 
is also suitable for measuring residual stress at a relatively 
deep position. In particular, because the stress measurement 
method using X-ray diffraction or Barkhausen noise can 
detect only the residual stress on the surface of an object, 
the ultrasonic method is suitable for inspection of subjects 
with different distributions of residual stresses according to 
depth, such as occurs with railroad rails.

Ultrasonic stress measurement technology is based on an 
acoustoelastic effect in which the velocity of propagating 
elastic waves in a solid depends on the applied or inherent 
stress [24]. Recently, many studies using critically refracted 
longitudinal (LCR) waves (which are sensitive to changes 
in the internal stress field while less affected by the mate-
rial texture [25]) have been conducted. Bray and Santos 
[26, 27] evaluated bending stress in plates and steel bars. 
They also measured residual stresses in aluminum and steel 
weld seams and determined the relaxation phenomenon 
of residual stress in the weld [28]. Sadeghi et al. [29] and 
Javadi et al. [30] measured through-thickness stress. Javadi 
et al. optimized the measurement of residual stresses gen-
erated by friction stir welding (FSW) of aluminum plates 
using the Taguchi method [31]. They also measured residual 
stress in stainless-steel welded plates with a finite element 
(FE) model and hole-drilling [32]. In later work, they evalu-
ated welding residual stress of dissimilar joints using finite 
element welding simulation and compared immersion and 
contact ultrasonic methods [33]. They also [34–36] mea-
sured and evaluated the residual stresses of a stainless-steel 
welded plate and welded stainless-steel pipes of different 
thicknesses and at different wave frequencies. Xu et al. [37] 
tested residual stress in oil pipeline weld joints and many 
other mechanical components. Zhu et al. [38] estimated 
the residual stress of welded joints using the longitudinal 
critically refracted wave attenuation velocity (LCR-AV) 
method. Liu et al. [39] discussed the sensitivity of stress 
measurement accuracy to coupling conditions and tempera-
ture variation numerically and analytically. Yang et al. [40] 
measured the residual stresses of steel bars and investigated 
uncertain factors involved in measuring residual stress.
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than the first critical angle. Figure 2 shows schematic dia-
gram of the LCR wave propagation.

While this LCR wave is sensitive to the stress field, it 
is less affected by the influence of the material structure. 
Accordingly, the LCR wave method has an excellent advan-
tage in non-destructive measurement of residual stress com-
pared to other ultrasonic stress measurement methods. The 
stress measurement method using this wave is based on a 
linear relationship by which ultrasonic flight time varies 
according to the stress within the elastic limit. The rela-
tion between the flight time of LCR waves and the stress is 
derived [25] as follows:

 
dσ =

E(dV/V )
L

=
E

Lt0
(t − t0 − dtT ) (1)

where, dσ  is stress change, E  is elastic modulus, V  is the 
velocity of the longitudinal wave in a component, L  is the 
acoustoelastic constant, t  is flight time, t0  is flight time 
when the wave traverses the path in the material under no 
applied stress, and dtT  is change in the flight time caused by 
temperature difference.

2.2 Mapping of the Residual Stress Field Using the 
LCR Wave Method

The penetration depth of LCR waves changes quantitatively 
as the center frequencies of the excitation and receiving 
transducers change [42]. The relationship between the pen-
etration depth and frequency of LCR waves satisfies the fol-
lowing empirical formula [43]:

Some studies have been conducted to measure residual 
stresses in rails specifically using LCR waves. Egle and 
Bray [25] measured acoustoelastic constants for rail steel. 
Li et al. [41] utilized lifting scheme wavelet packet trans-
form (LSWPT) as a denoising method on LCR wave signals 
obtained by measuring the residual stress on the rail surface.

1.5 Objectives

The main purpose of this study was to understand the resid-
ual stress distribution according to the thickness of the rail 
using LCR waves. To measure the residual stress in relation 
to depth, a number of probes with different center frequen-
cies were fabricated. The residual stresses of unused rails 
and other railroad rails used under different service condi-
tions were measured using ultrasonic signals received by 
individual probes. The residual stress distributions in each 
rail head were analyzed by mapping the calculated residual 
stress values from each probe. Figure 1 shows the over-
view of the residual stress field mapping method using LCR 
waves.

2 Theory

2.1 Critically Refracted Longitudinal (LCR) Wave 
Method

An LCR wave is a longitudinal wave that is concentrated 
near the surface and travels parallel to the surface when the 
longitudinal wave is refracted at an incident angle greater 

Fig. 1 Overview of the residual stress field mapping method using LCR waves
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3.2 LCR Probes

To describe the residual stress map in the rail, five LCR 
probes with various center frequencies (0.5, 1, 2.25, 5, and 
10 MHz) were fabricated. Each probe consisted of one 
transmitting transducer and one pair of receiving transduc-
ers for the same frequency, so that flight time could be calcu-
lated for the distance between the receiving transducers. In 
addition, two receivers were used to minimize the effect of 
environmental factors that could cause experimental errors 
such as temperature or coupling conditions. The LCR probes 
were fabricated using Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT) 
elements, which exhibit better pulse echo signal amplitude 
over Pb(ZrxTi1-x)O3 (PZT) [45]. The inclination angle of the 
wedge (28.1°) is the first critical angle calculated according 
to Snell’s law, and the wedges of the probes with frequen-
cies from 0.5 to 2.25 MHz were fabricated using polymethyl 
methacrylate (PMMA). The wedges of the probes with fre-
quencies of 5 MHz and 10 MHz were shorter and were 
made of Ultem polyetherimide. This is because the attenu-
ation is severe and the amplitude of the received signal is 
low when using relatively high frequencies. To make the 
wedges shorter, 0.25-inch piezoelectric elements were used 
for these probes, compared to the 0.5-inch piezoelectric ele-
ment diameters of the other transducers. The newly fabri-
cated probes are shown in Fig. 4.

Table 1 shows each penetration depth according to fre-
quency, as calculated using Eq. 3.

 D = V × f−0.96 (2)

where, D  is the penetration depth, and f  is the center fre-
quency of an ultrasonic transducer.

Residual stress at an optional depth can be calculated 
[43] using the following equation:

 
σi−j =

σjDj − σiDi

Dj − Di
=

σjf
−0.96
j − σif

−0.96
i

f−0.96
j − f−0.96

i

 (3)

3 Experimental Procedures

3.1 Sample Description

For the measurement of residual stresses using LCR waves, 
three rail samples (one unused rail and two used rails) cut 
at different sites were used. The type of rail used to map 
the distribution of residual stress was 50 kgN [44], which 
is used for cargo and passenger transportation in Korea. 
All rail samples were part of straight rail tracks and were 
removed for replacement with new rails as they had been 
used beyond the cumulative passing tonnage specified in 
the regulations. Sample A was from the unused rail needed 
for comparison with the used rails. Sample B was a sample 
showing a relatively flat worn head surface, and Sample C 
was a sample with heavily worn gauge corners. Figure 3 
shows the cross-section of the head of the rail samples used 
to map the residual stress distribution.

Fig. 2 Schematic diagram of the 
LCR wave propagation
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were received by each receiver and displayed on an oscil-
loscope (WaveRunner 640Zi, Teledyne LeCroy, USA). The 
experimental setup for measuring residual stresses using 
LCR waves is shown in Fig. 5.

3.4 Residual Stress Mapping

To map a residual stress field that is non-uniformly dis-
tributed according to the characteristics of the direction 
in which the vehicle’s load is applied and the shape of the 
wheel, ultrasonic signals were acquired by changing the 
position of the probe at intervals of 1 mm in the direction 
perpendicular to the length direction of the rail. As shown 
in Fig. 6., ultrasound signals were acquired by scanning the 
same area using five developed probes, and residual stresses 

3.3 Measurement Devices

Each fabricated LCR probe was connected to a pulser/
receiver (APR-8035, AcouLab, Korea) and attached to a 
rail specimen. Ultrasonic signals were acquired in each spe-
cific frequency range by adjusting high- and low-pass filters 
according to the center frequencies of the connected ultra-
sonic probes. A workstation controlled the pulser/receiver 
to excite ultrasound at the transmitter and to acquire ultra-
sonic waves at the receivers. Excited longitudinal waves 
were transmitted through the wedge of the probe and the 
LCR waves propagated along the surface of the rail sample 

Table 1 Calculated penetration depths for each LCR wave frequency
Frequency [MHz] 0.5 1 2.25 5 10
Penetration depth [mm] 11.477 5.900 2.709 1.258 0.647

Fig. 4 Photograph of the five LCR probes

 

Fig. 3 Cross-section photograph 
of the head part of the rail sam-
ples: (a) Sample A, (b) Sample B, 
and (c) Sample C
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different couplants according to the curvature of the surface 
of the rail head. The ultrasonic signals obtained this way 
were used to calculate residual stress values for each posi-
tion using the acoustoelastic modulus of the rail presented 
in an existing research paper [46].

4 Results and Discussion

The residual stress values calculated for each position are 
shown through the results of linear scanning on the three 
rail samples using each probe. The results in the graphs (col-
ored lines) indicate the results for the center frequency of 
each probe, for each rail sample, as shown in Fig. 8. Here, 
the x-axis does not mean the horizontal distance, but the 
distance from the center of the rail to the contact point of 

at each depth of penetration for all scanned positions for 
field mapping were measured.

When the probe was attached to a surface with a rela-
tively high curvature or an unspecified surface due to wear, 
the ultrasonic signal could not be normally received because 
the wedge bottom and the rail surface did not adhere prop-
erly, and there was a possibility that an experimental error 
might occur. As a countermeasure for this case, a pad-typed 
elastomer (Aqualene Elastomer Couplant, Olympus, Japan) 
was attached between the bottom of the probe wedge and 
the top of the rail. This aqualene dry couplant has almost 
the same acoustic impedance as water and has a low damp-
ing coefficient. And, it has strong elasticity and flexibility, 
so it can be easily deformed according to the shape of the 
contact surface by lightly pressing the probe. Figure 7 is 
shown to supplement the explanation of the application of 

Fig. 5 Photograph of the experimental setup for measuring residual stresses using LCR waves
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and positive values on the same axis mean tensile residual 
stress.

the probe in contact with the rail head surface. And, nega-
tive values on the y-axis mean compressive residual stress, 

Fig. 7 Schematic diagram of scanning using the LCR wave probe with different types of couplants applied depending on the curvature of the rail 
head

 

Fig. 6 Scanning using five LCR probes with different frequency for residual stress mapping
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As a result of visualizing the residual stress values 
according to depth, unlike with the classification of results 
according to the center frequency, it was observed that the 
compressive residual stress values were higher at shallow 
depths (0–2.709 mm).

As illustrated in Fig. 6, using the results for the residual 
stress distribution along the thickness direction obtained 
from Fig. 9, the stress gradient around the surface of the 
head parts in the transverse cross-sections of the rail sam-
ples can be visualized as shown in Fig. 10.

As a result of examining the residual stress distribu-
tion of the rail shown in Fig. 10, it was visualized from the 
map of the used rail samples that the compressive residual 

Regardless of the center frequency, the compressive 
residual stress was found in the serviced rails rather than the 
unused rail (Sample A). On the other hand, residual stress 
values measured with low-frequency (0.5 MHz) or high-fre-
quency (10 MHz) LCR waves tended to have noisy signals or 
relatively poor resolution.

Due to the difference in the penetration depth of the LCR 
waves according to frequency, the waves move shallower as 
the measurement frequency increases, so the residual stress 
in the deeper layer can be confirmed as a relatively low fre-
quency wave. Therefore, residual stress values according to 
depth were calculated by substituting the data in Fig. 8 into 
Eq. (3), and the results are shown in Fig. 9.

Fig. 8 Results from calculating 
residual stress values for three 
rail samples obtained through 
linear scanning using five probes 
with different center frequen-
cies: (a) 0.5 MHz, (b) 1 MHz, (c) 
2.25 MHz, (d) 5 MHz, and (e) 
10 MHz
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However, when the curvature of the rail surface was 
changed, it was confirmed that the error of the results 
increased due to a difference in the degree of adhesion 
between the LCR probe and the surface of the sample.

5 Conclusion

A study was conducted to visualize the stress distribution 
according to depth by measuring the residual stress of rails 
based on the ultrasonic acoustoelastic effect. The residual 
stress was measured using LCR waves, which are the most 
sensitive longitudinal wave, and the residual stress values 

stresses were large in the area of the rail surface where 
wear occurred. That is, Fig. 10 shows that the residual 
stress value of the rail and the pattern of its distribution can 
change when the traffic load is accumulated. In the case of 
Sample 3, it was possible to predict that the residual stress 
was biased toward the gauge corner (on the right side of the 
image) because of severe, visually apparent uneven wear, so 
the mapping result came out as expected. However, it was 
quantitatively confirmed that even in the case of Sample 2, 
which was confirmed to be uniformly worn when checked 
with the naked eye, higher residual stress was inherent in the 
portion where the wheel was in direct contact.

Fig. 9 Results from calculat-
ing residual stress values 
for each layer in depth: (a) 
0.000–0.647 mm, (b) 0.647–
1.258 mm, (c) 1.258–2.709 mm, 
(d) 2.709–5.900 mm and (e) 
5.900–11.477 mm
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are installed by constructing a portable system. In particular, 
when a rail is cut, the residual principal stress in the direc-
tion parallel to the cut surface is not relieved very much, 
but the principal stress along the longitudinal direction of 
the rail is relaxed. For this reason, it is very important to 
measure the stress of installed rails to measure the actual 
residual stress value. Therefore, this approach can be pro-
posed as an alternative solution to overcome the limitations 
of measuring the residual stress of a rail using the Barkhau-
sen noise method or X-ray diffraction method, which is too 
restrictive to make the equipment portable.

inside the rail head were calculated by scanning the head of 
three rail samples subjected to different conditions, using 
LCR probes with five center frequencies (0.5, 1, 2.25 MHz 
and 5, 10 MHz) in two sizes. Through this study, it was con-
firmed that the measured residual stress values depicted in 
the map were quantitatively calculated in proportion to the 
degree of partial wear that could be observed with the naked 
eye.

On the other hand, according to the methodology pre-
sented in this paper, the residual stress measurement appa-
ratus using LCR waves could be miniaturized, so it could be 
applied to real-time stress measurement at sites where rails 

Fig. 10 Residual stress distribu-
tion maps for (a) Sample A, (b) 
Sample B, and (c) Sample C
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