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Abstract: This study involved experimental research to analyze the effect of rail corrugation on
interior noise levels inside railway vehicles. Measurements taken on the Incheon Line 2 light rail
indicated that the vehicle’s age and maintenance condition have minimal effects on interior noise.
Although wheel wear slightly reduces interior noise, it is insufficient to address the issue of abnormal
noise. The analysis of the relationship between vehicle vibrations and interior noise revealed that at
80 km/h and with a 24 mm rail corrugation wavelength, vibrations at 920 Hz in the axle box and car
body increase, coinciding with the dominant interior noise frequency of 926.6 Hz. Furthermore, an
analysis using a car body sweep confirmed a relative increase in noise in the 920 Hz range. Therefore,
abnormal noise in rail corrugation sections is caused by vibrations at 920 Hz due to the corrugation
wavelength and train speed, which align with the car body resonance frequency, leading to increased
car body vibrations and interior noise.
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1. Introduction

Urban railway vehicles serve as public transportation, carrying many people through
urban areas. Noise can negatively affect both the surrounding environment and the safety
and comfort of passengers. Recently, noise management has been implemented at the
vehicle manufacturing stage to prevent railway noise issues, and operating organizations
have established and implemented allowable standards of 80 dB for interior noise within
vehicles. Vehicle noise includes rolling, aerodynamic, traction, structural, and pantograph
noises, with varying contributions depending on the running speed. Rolling noise is
generated by the contact between the wheels and rails. When the wheels run on the rails,
excitation forces are generated by the irregular surface roughness of the wheels and rails,
transmitting vibrations to the wheels, rails, and sleepers, which subsequently propagate
as noise. Severe wear, irregular defects, and corrugation on the wheel and rail surfaces
can worsen ride comfort and increase noise. Rail corrugation induces noise and vibration,
which can damage vehicle components and degrade ride comfort. Consequently, various
studies, including cause analyses, have been conducted to develop solutions for addressing
corrugation issues.

Sato and Oostermeijer reviewed the literature on rail corrugation, detailing the forma-
tion mechanisms, effect analysis, prevention measures, and future research directions [1,2].
Wang systematically summarized the recent research results on the definition, classification,
formation mechanisms, and detection methods of rail corrugation [3]. Grassie developed
measurement equipment to understand rail corrugation characteristics and analyzed the
formation and growth characteristics in different environments, studying the causes and
preventive measures [4–6]. Meehan experimented with controlling the dynamic charac-
teristics based on vehicle speed to predict and control the formation and growth of rail
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corrugation [7]. Wang analyzed the causes of corrugation in sharp curves through field
experiments and numerical analyses, studying the influence of rail inclination and vibra-
tion intensity on the formation of corrugation [8]. Zhang investigated the relationship
between track structure dynamics and corrugation formation in curved sections and ana-
lyzed the correlation between vehicle speed and resonance phenomena [9]. Ling conducted
experimental and numerical analyses on the effects of short-wavelength corrugation on
slab-rail-fastening devices and proposed solutions [10]. Lei studied the effects of resonance
phenomena caused by the overlap between the passing frequency in corrugation sections
and the natural frequency of rail components on corrugation formation [11]. Balekwa
analyzed short-wavelength rail corrugation sections through modal testing and finite ele-
ment analysis to study the correlation between the axle and rail resonance phenomena [12].
Zhang presented methodologies for preventing short-wavelength corrugation based on a
vehicle–rail model, finite element analysis, and validation [13].

Thompson developed a predictive model for rolling noise by measuring the surface
roughness of wheels and rails and suggested noise reduction measures [14]. Eadie con-
ducted long-term experiments with friction modifiers developed to reduce corrugation and
noise in curved sections and documented the results [15]. Sadeghi compared the rolling
noise of vehicles in straight and curved sections with rail corrugation by experimenting
with the causes and characteristics of each section [16]. Han analyzed the effect of cor-
rugation on interior noise by examining the noise, vibration, and roughness in slab rail
corrugation sections [17]. Guo experimented with the effects of rail corrugation on interior
noise by studying the quantitative relationship between wavelength and noise, and the
noise reduction effect of rail grinding [18]. Peng investigated wheel–rail noise and interior
noise due to rail corrugation and evaluated the noise effects of increased transverse stiffness
and grinding of rails [19].

Previous studies have primarily focused on the formation mechanisms of corrugation,
the effects on rail components and surrounding facilities, and the evaluation of noise levels
of vehicles running through corrugation sections. Managing rail corrugation is important
for enhancing the reliability and integrity of facilities; however, it is more crucial and
essential to ensure the safe operation of vehicles and manage ride comfort issues such as
noise and vibrations to prevent operational disruptions.

In this study, we conducted an experimental investigation to analyze the effects of rail
corrugation on interior noise in railway vehicles. Typically, interior noise levels increase
when railway vehicles pass through corrugated rail sections. However, as shown in this
study, cases of abnormal noise level increases in specific frequency bands are rare. To
identify the causes of this phenomenon, the research focused on the Incheon Line 2 light
rail, where noise issues due to rail corrugation are severe. Interior noise levels were
measured in corrugated rail sections under different vehicle maintenance conditions, and
the correlation between vehicle vibration and interior noise was analyzed. Additionally,
tests on vibration and noise characteristics were performed through excitation of the car e
body to comprehensively assess the impact of rail corrugation on interior noise.

2. Current Status of Rail Corrugation
2.1. Operating Line

Rail corrugations have been observed on Line 2 of the light rail transit operating in
Incheon, South Korea. The total length of the line is 29.1 km one way, stretching from
Unyeon Station to Geomdan-Oryu Station, and it comprises 27 stations. Recently, frequent
occurrences of rail corrugations have been reported in several sections of this line, as shown
in Figure 1. Table 1 presents the occurrence of rail corrugation on both the upper and lower
lines. On the upper line, corrugation was found at 12 locations, covering 955 m, and on the
lower line, it was found at 8 locations, covering 790 m. Although corrugation is generally
known to occur more frequently in curved sections, the findings of this study revealed that
most corrugations occurred in straight sections with higher vehicle speeds, except for two
locations, which is a distinctive feature.
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Figure 1. Rail corrugation.

Table 1. Status of rail corrugation.

Section Direction Location
Start (m)

Location
End (m) Curve Speed (km/h)

S2
down 1710 1790 - 72–78
down 1850 1900 - 73–75

S4 up 3750 3870 - 79

S9
down 8520 8550 - 69
down 8480 8540 - 69

up 8480 8530 - 61–63

S10

down 9650 9750 - 53–67
up 9230 9250 - 74
up 9340 9400 - 79
up 9420 9450 - 79

S11
up 10,250 10,370 - 74–79

down 10,220 10,420 - 67–77

S12
down 11,570 11,640 - 57–59
down 12,080 12,280 curve 34

up 12,080 12,280 curve 25–30

S14
up 13,760 13,900 - 77–78
up 13,920 13,985 - 63–74

S15 up 14,600 14,670 - 72–77

S24 up 25,070 25,110 - 59

S26 up 26,360 26,400 - 79

The light rail transit system consists of 43 trains, each comprising two cars, and
operates autonomously. The maximum operational speed is 80 km/h, and the annual
average mileage is approximately 120,000 km, which is substantial. The power supply
method for the LRT is a third rail system, and the wheels are equipped with resilient
wheels that exhibit excellent noise and vibration damping performance. Figure 2 shows
the Incheon Line 2 LRT vehicle, and Table 2 presents the specifications of the LRT vehicle.

Table 2. Specifications of LRT vehicle.

Item Specification

Composition 1 unit (2 cars): MC1–MC2

Weight 1 unit: 63.0 tons, Empty: 31.5 tons/car, Max.: 44.3 tons/car
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Table 2. Cont.

Item Specification

Dimensions Length: 34.4 m, Width: 2.65 m, Height: 3.4 m

Passengers 206 (Seated 58, Standing 148)

Max. Speed 80 km/h

Bogie Bolsterless Bogie

Wheel Resilient Wheel

Power Supply System Third Rail
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Figure 2. LRT vehicle.

2.2. Interior Noise Levels

Recently, numerous occurrences of rail corrugation have been discovered in various
operational sections, and as a result, the level of abnormal interior noise has also increased.
Figure 3 shows the equivalent noise levels and maximum values measured in the light
rail vehicle during commercial operation, segmented by sections between stations. The
equivalent noise level for each section was calculated by averaging the interior noise from
departure to arrival at each station, and the maximum value represents the highest noise
level measured in each section. The average equivalent noise level was 81.8 dB, and the
maximum value was 89.5 dB. The average maximum noise level was 91.3 dB, with the
highest value recorded at 101.6 dB, which is significantly high. These results significantly
exceed the interior noise standard of 80 dB managed by the urban railway operating
organization, deteriorating passenger comfort during commercial operations and leading
to an increase in noise complaints. Further research is required to identify the causes of
these abnormal noise occurrences.
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3. Noise Characteristics According to Vehicle Maintenance Conditions

This study aims to identify the effect of vehicle maintenance conditions on abnormal
interior noise by performing interior noise measurements under different maintenance condi-
tions. International standards for noise measurement include ISO 3381, GB/T 3449-2011, and
JIS E 4021-2008. In this study, noise measurements were conducted in accordance with KS I
ISO 3381, which is identical to the widely adopted ISO 3381 [20–23]. As shown in Figure 4a,
noise sensors were installed inside the vehicle, and the noise recorded during operation was
stored using the data storage device shown in Figure 4b. Four test vehicles were selected,
each reflecting different maintenance conditions, as shown in Table 3. Interior noise levels
were measured during operation for each case, and equivalent noise levels were analyzed
for segments between stations.
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Table 3. Test conditions according to vehicle maintenance status.

Case Year of Vehicle
Manufacture

Wheel
Diameter (mm)

Wheel
Profile State Remark

1 2012 621 worn before heavy maintenance

2 2012 660 new after heavy maintenance

3 2012 618 new after wheel reprofiling

4 2022 660 moderate new vehicle

(1) Case 1: Vehicle just before a major overhaul, conducted every 4 years, with a wheel
diameter reduced to 621 mm from the original 660 mm and with worn wheel treads.

(2) Case 2: The same vehicle as in Case 1, but after a major overhaul, with new wheels
installed, a wheel diameter of 660 mm, and freshly machined wheel treads.

(3) Case 3: Vehicle with wheels machined due to damage during operation, with a wheel
diameter of 618 mm and machined wheel treads in their original condition.

(4) Case 4: Recently manufactured vehicle with a wheel diameter of 660 mm and moder-
ately worn wheel treads after accumulating approximately 50,000 km of service.

Figure 5 and Table 4 present the equivalent interior noise levels measured in each
section under all vehicle maintenance conditions. Overall, the noise levels in sections
with rail corrugation were significantly high, showing a similar trend across the different
maintenance conditions of the vehicles.

In Case 1, which had the poorest maintenance condition, the average noise level across
all sections was 80.6 dB, with a maximum value of 89.2 dB. In contrast, the vehicle in
Case 2, which completed a major overhaul, exhibited an average noise level of 79.9 dB
and a maximum of 85.9 dB. The vehicle in Case 3, with only machined wheels, recorded
an average noise level of 79.6 dB and a maximum of 86.0 dB. Compared to Case 1, Cases
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2 and 3 showed a slight reduction of approximately 1.0 dB in the average noise levels;
however, the maximum values decreased by more than 3 dB. These findings indicate that
wheel machining contributes to a reduction in interior noise. Comparing Cases 2 and 3,
the noise levels were nearly identical, suggesting that other inspection items during the
major overhaul, aside from the wheel machining, had little effect on the interior noise
during operation.
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Table 4. Results of interior noise measurements according to vehicle maintenance status (dBA).

Item Case 1 Case 2 Case 3 Case 4

Mean 80.6 79.9 79.6 81.8

Maximum 89.2 85.9 86.0 89.5

In summary, suspension system components affecting the vehicle’s dynamic perfor-
mance are managed within specific material property limits according to maintenance
regulations, resulting in minimal differences in material properties before and after main-
tenance. Other inspection tasks are limited to exterior inspections, vehicle cleaning, and
consumable replacements, with maintenance related to interior noise primarily involv-
ing cleaning.

Additionally, both the wheels of Case 2 and Case 3 were re-profiled according to
design specifications, and despite differences in wheel diameters, the difference in interior
noise was minimal. This suggests that wheel diameter has a negligible effect on interior
noise. Case 4 showed the highest noise levels, with an average of 81.8 dB and a maximum of
89.5 dB among the four test conditions. Although this vehicle is relatively new and in good
condition, the high noise levels are likely due to differences in body noise characteristics
resulting from variations in manufacturing practices of the current manufacturer compared
to previous ones.

Therefore, vehicle maintenance conditions, particularly wheel re-profiling, have a
measurable effect on interior noise. However, in sections with rail corrugation, the influ-
ence of maintenance conditions on interior noise is not significant enough to provide a
fundamental solution to abnormal noise issues.

4. Identification of the Causes of Abnormal Noise

To identify the causes of abnormal noise due to rail corrugation and analyze the noise
transmission path, noise measurements were taken not only inside the vehicle, but also on
the wheels during operation.

Figure 6 shows the positions of the vibration and noise sensors, while Figure 7 shows
the noise sensors installed on the left and right wheels of the first axle in the direction of
running. Additionally, to analyze the noise transmission path, vibrations were measured at
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key parts of the vehicle, including the axle box, bogie, and car body. As shown in Figure 8,
accelerometers were installed on the right axle box and the upper side frame of the right
bogie to measure the wheelset vibrations. Furthermore, accelerometers were installed on
the floor of the car body above the front bogie to measure the car body vibrations. Table 5
presents the specifications and installation locations of the sensors.
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The test section was selected as the S10 upline section, where the highest noise levels
were observed among the corrugated sections, as shown in Figure 3. Corrugation was
observed in the 350–550 m section, and the vehicle speed was maintained at the same
level as the commercial operation speed. Figure 9 presents the vehicle speed, axle box,
bogie frame, car body accelerations, and wheel and car body noise data measured in the
S10 section.

Figure 10 shows the results of calculating the RMS of the measured accelerations
and noise data every 10 m and converting them into dB units. The noise signal was an A-
weighted sound level adjusted for auditory perception. It was confirmed that the wheel and
interior noises significantly increased when passing through the 350–550 m rail corrugation
section. The interior noise levels reached 102.7 dB in the rail corrugation section, and the
accelerations increased in the vertical direction of the axle box and the longitudinal, lateral,
and vertical directions of the car body.



Appl. Sci. 2024, 14, 11447 8 of 15

Table 5. Accelerometer and microphone specifications.

Item Measurement
Location

Measurement
Direction

Sensor
Specification

Accelerometer

Wheel Longitudinal front axle right side journal box Longitudinal
Lateral Vertical

Kistler triaxial
accelerometer, ±50 g

Bogie Longitudinal front bogie right side frame top Lateral Vertical Kistler triaxial
accelerometer, ±10 g

Car body Longitudinal front bogie center body bottom Longitudinal
Lateral Vertical

Kistler triaxial
accelerometer, ±2 g

Microphone

Right
wheel Longitudinal front axle right side journal box - PCB 1/2 prepolarized

free-field condenser
microphone, 50 mV/Pa,

3.75–20 kHz

Left
wheel Longitudinal front axle left side journal box -

Car body Center of the car body, height 1.6 m -
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To analyze the relationship between vibration and noise in the rail corrugation section,
the correlation between the vibration acceleration of various vehicle components and
interior noise was examined at the maximum noise point (located at 425–525 m). The
results of the correlation analysis between the RMS of axle box, bogie, and car body
vibrations, measured every 10 m, and interior noise are shown in Table 6 and Figure 11.
Vibrations with relatively high correlations included the vertical vibration of the axle box
and the longitudinal, lateral, and vertical vibrations of the car body. Among these, the
vertical vibration of the car body showed the highest correlation with interior noise, at 0.95.
These results indicate that interior noise is strongly influenced by car body vibrations.
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Table 6. Correlation between vehicle vibration and interior noise.

Correlation
Axle Box

Longitudinal
(1)

Axle Box
Lateral

(2)

Axle Box
Vertical

(3)

Bogie
Lateral

(4)

Bogie
Vertical

(5)

Car Body
Longitudinal

(6)

Car Body
Lateral

(7)

Car Body
Vertical

(8)

Noise 0.44 0.06 0.59 0.19 0.20 0.84 0.82 0.95
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Figure 11. Correlation between vehicle vibration and interior noise in the maximum noise section.

For a more detailed analysis, the frequency characteristics of the noise and vibrations
were analyzed based on the presence of corrugation while the vehicle was operating at
80 km/h. Figure 12 shows the frequency analysis results for interior noise. Compared
to sections without corrugation, the frequency characteristics in the corrugated section
increased significantly in the 920 Hz band, and its multiples, 1840 Hz, 2760 Hz, and 3680 Hz,
also increased. Figure 13 shows the frequency analysis results of the vertical vibrations of
the axle box and car body, which exhibited a high correlation with the interior noise. Similar
to the interior noise frequency analysis, it was confirmed that the vertical vibrations of the
axle box and car body increased significantly in the 920 Hz band when passing through
the rail corrugation section. This aligns with the previous correlation analysis results,
confirming that the vertical vibrations of the axle box and car body strongly correlate with
interior noise.
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Considering the vibration transmission path during vehicle operation, it can be in-
ferred that when passing through the rail corrugation section, the 920 Hz band vibration is
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excited in the vertical direction of the wheelset, which is then transmitted to the vertical
vibration of the car body, influencing the interior noise frequency.
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To analyze the increase in the 920 Hz band vibration frequency, the S10 section, where
corrugation occurred, was examined. Figure 14 shows the rail corrugation in the S10 section.
The wavelength of the corrugation was 24 mm, and when the vehicle was operated at
80 km/h, the vibration frequency caused by the corrugation, calculated using Equation (1),
was 926 Hz. Here, V is the vehicle speed, and λ is the wavelength of the corrugation.

f (Hz) = (V × 1000)/3.6λ (1)

Based on this result, it can be confirmed that the 920 Hz frequency, which dominates
the interior noise when passing through the rail corrugation section, matches the excitation
vibration frequency of 926 Hz generated when passing through the rail corrugation section.
Considering the vibration transmission path in the vehicle, the 926 Hz vibration induced
by passing through the rail corrugation section is transmitted to the vertical vibration of
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the axle box, which subsequently excites the car body, matching the car body’s resonance
mode and resulting in increased interior noise. A test was conducted to verify the interior
noise characteristics caused by the car body vibrations.
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Figure 14. Rail corrugation in the S10 section.

Figure 15 shows the setup used for testing the vibration and noise characteristics
of the car body. An exciter was installed on the underframe of the car body, and the
exciter and frame were connected using a stinger. An impedance head was installed at
the end of the stinger on the underframe side to measure the input excitation force and
response, and a frequency analyzer was used to test the natural frequency of the car body.
Accelerometers and noise sensors were installed inside the vehicle to analyze the effect of
car body excitation on interior noise. Table 7 lists the specifications of the car body noise
characteristic test device.
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Figure 16 shows the results of testing the natural frequency of the car body according
to the under-body excitation. Frequencies related to the 920 Hz abnormal noise frequency
observed during the rail corrugation section operation, such as 884.4 Hz and 926.6 Hz,
were detected. These frequency bands have very low damping ratios, indicating a high
possibility of car body resonance. To confirm this, the interior noise was measured by
sweeping the frequency band at approximately 900 Hz, which is the car body resonance
frequency. Figure 17 shows the results of the car body noise characteristic test, confirming
that the noise around (yellow section) the car body resonance frequency of 920 Hz increased.
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Therefore, it is concluded that the abnormal noise observed during rail corrugation
section operation is caused by 920 Hz vibrations induced when the vehicle operates at
80 km/h through a rail corrugation section with a wavelength of 24 mm, transmitted verti-
cally through the axle box and car body. The 920 Hz band vibration of the car body matches
the car body’s resonance frequency of 926.6 Hz, resulting in increased interior noise.
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Table 7. Specifications of the equipment for car body noise characteristics.

Equipment Specification

FFT analyzer Bruel & Kjaer Lan-xi 3160-A-042
Brüel & Kjær, Nærum, Denmark

Exciter Bruel & Kjaer 4808 (frequency range: 5–10 kHz)
Brüel & Kjær, Nærum, Denmark

Impedance head Dytran 58608
Dytran Instruments, Inc. Chatsworth, California, USA.

Microphone PCB 378B02 (frequency range: 3.75–20 kHz)
PCB Piezotronics, Inc., Depew, New York, USA.

Conditioning amplifer Bruel & Kjaer 2690
Brüel & Kjær, Nærum, Denmark

Accelerometer PCB 393B04
PCB Piezotronics, Inc., Depew, New York, USA.

5. Conclusions

The causes of abnormal noise in light rail vehicles passing through sections with rail
corrugation were identified, and the following observations were made:

(1) The measurement of interior noise in rail corrugation sections under different vehicle
maintenance conditions indicated that the influence of the vehicle’s age or mainte-
nance conditions is minimal. Although the wear state of the wheels slightly reduces
the interior noise, it is insufficient to solve the problem of abnormal noise.

(2) An investigation of the rail corrugation section revealed that the corrugation wave-
length was 24 mm, and vibrations in the 920 Hz range were induced when the vehicle
operated at a maximum speed of 80 km/h.

(3) The vertical vibrations of the axle box and car body strongly correlated with the
abnormal interior noise frequency of 926 Hz.

(4) The natural frequency test of the car body through excitation identified natural fre-
quencies of 884.4 Hz and 926.6 Hz. The analysis of the interior noise effect through
car body sweep excitation confirmed a relative increase in noise in the 920 Hz range,
which corresponds to the car body’s resonance frequency.

Therefore, the abnormal noise that occurs when the vehicle passes through the rail
corrugation section is induced by 920 Hz vibrations caused by the wavelength of the corru-
gation and the vehicle speed. These vibrations are transmitted to the car body, matching
the car body’s resonance frequency of 926.6 Hz, resulting in increased interior noise.

Based on these results, reducing abnormal noise when passing through corrugated
sections may require avoiding the 920 Hz resonance mode of the car body. However, this
would require either replacing the car body or performing extensive maintenance to improve
car body noise characteristics, which is challenging in practice. As an alternative, future
studies will explore standard rail grinding methods or adjustments to vehicle speed and
braking control when passing through corrugated sections to mitigate corrugation formation.

Additionally, although corrugation typically occurs on curved sections, it was mainly
observed on straight sections in this study. Further research is also needed to investigate
whether the shorter wavelength of corrugation is related to the use of resilient wheels.
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